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Abstract 

Measurements of the exchange of gaseous ammonia (NH3) and particulate ammonium 

(NH4) between the atmosphere and a range vegetated surfaces were made using 

micrometeorological techniques. The aerodynamic gradient method was applied to 

estimate fluxes, and these interpreted using a resistance analogy and estimates of 

surface concentration. The results are used to develop an understanding of exchange 

processes with a view to estimating annual budgets for different surfaces. NHç' was 

found to deposit very slowly so that the study focused on the exchange of NH3. 

Over natural and unfertilized vegetation, NH3 was generally found to deposit rapidly 

with near zero surface resistance (rc). Some exceptions were seen for dry vegetation (rc 

<50 s rn-1 ) and over vegetation with exposed calcareous soil (mean rc = 125 s rn-1 ). 

Over fertilized agricultural vegetation both emission and deposition fluxes were 

recorded, with emission being favoured in warm dry conditions, and deposition in cool 

wet conditions. In wet conditions in summer rc was variable (0-130 s rn 1 ), whereas in 

winter rc was small (<30 s m4 ). During frozen conditions an increased rc of up to 80 

s rn-1  was observed. In dry summer conditions emission of up to 24 ng NH3 rn -2  s 

was recorded. The estimation of the net 'compensation point' for exchange using 

surface concentration estimates is discussed, and shown to range over 0-7 p.g rn -3  in 

the study here depending on surface type and environmental conditions. 

The different exchange patterns seen over unfertilized and fertilized vegetation are 

compared and described in terms of the net exchange with the surface resulting from 

exchange with leaf surfaces, stomata and the soil. Factors affecting these processes are 

discussed and include environmental conditions (particularly temperature, wetness and 

humidity), the presence of acidic pollutants, and the status of the surface (including 

nitrogen status, stomatal opening, soil pH). Implications are drawn for the 

concentration dependence of exchange rates and approaches to modelling the 

atmospheric behaviour of NH3. 

In order to estimate annual fluxes, atmospheric concentrations of NH3 are needed. 

Background annual concentrations of NH3 measured in this study at several sites in S. 

Scotland were in the range 0.4-1.1 tg m 3 . Using these and other published data, 

annual fluxes over different surfaces are estimated. Over an example fertilized surface a 

small net NH3 emission is predicted (<1 kg N ha 1  year), while over unfertilized 

surfaces larger deposition fluxes are expected (3-55 kg N ha 1  year 1  for the back-

ground sites considered). Comparison with other sources of atmospheric N shows that 

dry deposition of NH3 is frequently the dominant N input to unfertilized surfaces. 
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List of symbols and other notation 

Roman Alphabet 

A 	cross sectional area of a diffusion tube (m 2) 

B 	semi-empirical sub-layer Stanton number (dimensionless). 

Cp 	 specific heat capacity of air (1.01 J g -1  °C 1 ; approximately constant at 
usual environmental temperatures) 

D 	diffusion coefficient of an entrained property in still air (m 2  s-1 ) 

d 	zero plane displacement. Height of apparent (aerodynamic) ground level 
due to a rough surface such as vegetation (rn) 

E 	water vapour flux to or away from a ground surface (g rn -2  s 1 ) 

E{z-d) 	absolute humidity or water vapour concentration at a given height above 
the zero plane (g m 3) 

EsTI z0 ' } 	saturated water vapour concentration at the mean temperature of the 
surface (g rn-3) 

Fx 	flux of trace gas or particulate to or away from a surface (.tg rn -2  s 1 ) 

f(z-d) 	multiplicative stability correction factor, ((DM.(DH) -1  (dimensionless) 

G 	ground heat flux by conduction (W rn 2) 

g 	gravitational acceleration (9.81 m -2) 

H 	sensible heat flux to or away from a ground surface (W rn -2) 

h 	height of vegetation surface (m) 

K 	chemical equilibrium constant. Subscripted: ha, Henry constant for 
ammonia; a, dissociation constant of NH4+;  b, dissociation constant 
of NH3.H20; w dissociation constant of water 

K 	Turbulent diffusion coefficient (eddy diffusivity). Subscripted: M, 
momentum; H, heat; E, water vapour; X, gas or particulate exchange 
(m2  s-1 ) 

k 	von Karman's constant. Constant of proportionality of mixing length (1) 
to height above zero plane in neutral conditions (0.41) 

L 	Monin-Obukhov stability length. Estimate of atmospheric stability above 
a surface. Independent of height within the constant flux layer (m) 

I 	mixing length or mean eddy size at a given height above a surface (m) 

M 	molecular weight (g mol 1 ) 

P 	air pressure (Pa). Subscripted: NH3, partial pressure of ammonia in air 

Q 	mass of NH3 captured during a diffusion tube exposure period (tg) 

q 	mass of NH4 measured in a diffusion tube adsorbent disc (.tg). 
Subscripted: e, exposed tube; b, blank tube 

R 	general gas constant (8.314 Pa m 3  mo1 1  K 1 ) 

Re 	turbulent Reynolds number, used in estimating B (dimensionless). 
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RI 	Richardson number. Estimate of atmospheric stability above a surface. A 
function of height within the constant flux layer (dimensionless) 

Rn 	net radiation flux to or away from a surface (W rn -2) 

r{zl, z2} 	resistance to atmospheric transport of a trace component between two 
heights zi and Z2 (s rn 1 ). 

rt(z-d} 	total resistance to deposition of a trace component, from a defined height 
above the zero plane. Inverse of deposition velocity (s rn7 1 ). 

r(z-d) 	atmospheric resistance to deposition of momentum (s rn -1 ). 

ra( z-d) 	atmospheric resistance of a trace component to turbulent transfer between 
the atmosphere and a surface (s rn 1 ) 

rb 	resistance to transfer for entrained properties across quasi-laminar sub- 
layer surrounding roughness elements of a surface (s rn -1 ) 

rc 	surface or canopy resistance to deposition. A residual or excess 
resistance between rt and (ra + ri,), assuming surface concentration is 
zero. May be envisaged as a number of component resistances acting 
together: rs, stomatal diffusion; rj, mesophyll uptake; rc u, cuticle 
diffusion; rep, epidermal cell uptake; rp, leaf surface uptake by 
reaction; rg, soil uptake (s rn-1 ) 

TsE 	stomatal resistance to water vapour transfer (s m) 

rsEb 	bulk stomatal resistance to water vapour transfer (s rn -1 ) 

s 	 parts per billion (lOu) volume fraction of a constituent in air, ppbv 

Sc 	Schmidt number, used in estimating B (dimensionless) 

T 	 temperature (°C or K). 

t 	time (s and other units) 

u 	mean horizontal windspeed (rn s.l). 

u 	 eddy (or friction) velocity (m s -1 ) 

u(z-d) 	mean horizontal windspeed at a given height above the zero plane (m s 1 ). 

Vd{z -d} 	deposition velocity of gaseous or particulate species at a given height 
above the zero plane (mm s 1 ) 

Vm (zd} 	maximum value of the deposition velocity permissible by turbulence, l/(ra  
+ri3) (mms 1 ) 

w 	mean vertical windspeed (m s) 

w 	instantaneous fluctuations about the mean vertical windspeed (m s) 

z 	 distance; height above the ground; diffusion tube path-length (m) 

zX 	apparent height above zero plane of predicted zero concentration, from 
linearized concentration profile (m). 

z0 	roughness length. Apparent height above zero plane of predicted zero 
windspeed, from linearized wind profile. Mean point of absorption of 
momentum (m) 

z 0 ' 	apparent height above the zero plane of the mean point of exchange of 
entrained properties with a surface, accounting for ra  and r, (m) 

ZO 	as z0 ' but also accounting for a surface resistance e.g. rsEb (m) 



Greek alphabet 

F 	gradient of constituent versus ln(z-d) in error analysis, Appendix 5 

AP 	pressure difference between ambient pressure and forward pressure of 
moving air, used in Pitot tube measurement (Pa) 

Vd 	- error in gradient method estimate of Vd arising from concentration changes 
() during sampling runs of duration (st) (mm s -1 ) 

thermal diffusivity of air (m s: 1 ) 

latent heat of vaporization of water vapour (J g -1 ) 

7 E 	latent heat flux to or away from a ground surface (W rn -2) 

v 	kinematic viscosity of air (m2  s-1 ) 

p 	density of air (g m 3) 

atmospheric residence time of a species. Subscripted Vd:  residence time of 
dry deposition 

Ir 	 flux of momentum (shear stress) toward the ground (g rn-1 2,  N rn-2) 

(D ( (z-d)IL) empirically estimated gradient correction factor for non-neutrality in the 
aerodynamic gradient method. Subscripted: M, momentum; H, heat; 
x trace components (dimensionless) 

x 	mean concentration of trace component. Default reference is to ammonia 
or animonium (.tg rn-3) 

instantaneous fluctuations about the mean concentration (j.tg rn -3) 

Xfz-dl 	mean concentration of trace gas or particulate in the atmosphere at a 
defined height (z-d) above the zero plane of the surface (.tg rn -3 ) 

eddy concentration (.tg rn -3) 

Xcp 	compensation point concentration. Supposed concentration in atmosphere 
in equilibrium with vegetated surfaces (p.g rn -3) 

p'( (z-d)/L) empirically estimated integrated profile correction factor for non-neutrality 
in the aerodynamic gradient method. Subscripted: M, momentum; H, 
heat; X, trace components (dimensionless) 

Other notation 

The following conventions are adopted in the text: 

[n] 	molar concentration of entity n (mol 11);  parenthesis in mathematical 
expressions 

a { b } 	functional relationship of a upon b in mathematical expressions 

ñ 	mean value of n 

median value of n 

Field measurement campaigns are referred to in the text by site and month/year. For 

example, Huntingdon 8/1987 refers to measurements made at this site in August 1987. 

Further conventions are discussed in Appendix 1. 

vi 



Contents 

Title page and declaration........................................................................i 
Abstract........................................................................................... 

Acknowledgements..................................... ........................................ ill 
List of symbols and other notation............................................................iv 

Tableof contents ........................................... ................................. .... VU 

CHAPTER 1: 	INTRODUCTION ...........................................................1 

1.1. Properties of ammonia .................................................................. 3 

1.2. Historic 	Review.......................................................................... 6 

1.2.1 	Early 	work ..................................................................... 6 
1.2.2 	Recent agricultural interest in ammonia.................................... 10 
1.2.3 	Recent interest in 	ammonia as 	a pollutant.................................. 10 
1.2.4 Developments in separate NH3 and NH4 	sampling methods.......... 12 

1.2.5 Concentrations of NH3 and NI-T 	in the atmosphere.................... 13 

1.3. Sources of atmospheric ammonia..................................................... 13 

1.3.1 	Identification of the sources................................................. 13 

1.3.2 	Estimation 	of 	emission....................................................... 17 
1.4. Sinks 	of 	atmospheric 	ammonia........................................................ 19 

1.4.1 	Direct measurements of NH x  dry deposition.............................. 20 

1.4.2 	Dry deposition of NH4..................................................... 21 
1.4.3 	Dry 	deposition/exchange 	of 	NH3 ........................................... 22 

- Controlled environment studies ........................................... 22 
- Micrometeorological field measurements .................................. 27 

1.5. An overall cycle for atmospheric NH 	............................................... 31 
1.6. Effects 	of 	NHx 	on 	the 	environment...................................................33 

- Increased nitrogen supply.................................................. 33 
- Acidification ................................................................. 34 

1.7. Objectives of study and thesis plan................................................... 35 

CHAPTER 2: MICROMETEOROLOGICAL THEORY................................37 

2.1. 	Introduction..............................................................................37 
2.2. Methods assuming a constant flux layer .............................................38 
2.3. Aerodynamic gradient method.........................................................39 

2.3.1 Basic theory ................................................................... 39 
2.3.2 Approximate log-linear approach: integrating D as a constant..........41 
2.3.3 Corrections for non-neutral conditions ....................................42 
2.3.4 Log-linear approach: integrating (I) as a function of height..............43 

- Stable conditions ............................................................ 44 
- Unstable conditions ......................................................... 4-4 

2.3.5 Practical considerations......................................................45 

vii 



2.4. Resistance analysis 	 .48 
2.4.1 	General ...................................................................... ..48 
2.4.2 Atmospheric resistance, Ta ................................................... 50 

2.4.3 Laminar boundary-layer resistance, ri,  ..................................... 51 
2.4.4 Surface resistance, rc, and component surface resistances.............. 52 
2.4.5 Estimation of extrapolated values...........................................53 

CHAPTER 3: MICROMETEOROLOGICAL STUDIES: 
METHODSAND ANALYSIS................................................................56 

3.1. 	Introduction.............................................................................. 56 

3.2. 	Field 	sampling........................................................................... 56 
3.3. Ammonia measurement ................................................................ 57 

3.3.1 Filter pack system ............................................................. 57 
3.3.2 Cleaning of filters and equipment ..........................................60 
3.3.3 Exposure and storage of filters .............................................61 
3.3.4 Analysis 	of 	filters.............................................................62 
3.3.5 Calculation of air concentrations............................................ 65 

3.4. Windspeed measurement............................................................... 65 
3.5. Temperature and humidity measurement.............................................66 
3.6. Analysis of gradient results............................................................67 
3.7. Other supporting information..........................................................67 
3.8. Restrictions and analysis of errors....................................................68 

3.8.1 Micrometeorological restrictions............................................68 
3.8.2 Sources of systematic error .................................................69 
3.8.3 Sources of random error.....................................................71 

CHAPTER 4: SURFACE EXCHANGE RESULTS: 
NATURAL AND UNFERTILIZED ECOSYSTEMS...................................... 73 
4.1. Introduction.............................................................................. 73 
4.2. Study sites: natural and unfertilized surfaces........................................ 73 
4.3. Profile results and interpretation ...................................................... 75 
4.4. Surface exchange of NH4 	............................................................ 77 
4.5. Surface 	exchange 	of 	NH3............................................................... 79 
4.6. Effects of environmental conditions on NH3 exchange............................ 81 

4.6.1 	Great 	Dun 	Fell ................................................................ 82 
4.6.2 	Fala 	Moor 	5/1988 ............................................................ 84 
4.6.3 	Huntingdon 	8/1987 .......................................................... 85 
4.6.4 	Harwell 	3/198 8 ............................................................... 89 

4.7. Discussion ............................................................................... 90 

FAW 



CHAPTER 5: SURFACE EXCHANGE RESULTS: 
FERTILIZED AGRICULTURAL ECOSYSTEMS ........................................96 

5.1. Introduction..............................................................................96 
5.2. Study sites: 	intensive agricultural ecosystems......................................96 

5.3. Profile results and interpretation ......................................................97 
5.4. Surface 	exchange 	of 	NH3.............................................................. 99 

5.5. Effects of environmental conditions on NH3 exchange.......................... 101 

5.5.1 	Bush 	6/1988 	................................................................ 102 

5.5.2 	Bush 	2/1989 ................................................................ 106 

5.5.3 	Stenton 6/1989: 	barley..................................................... 108 

5.5.4 	Stenton 6/1989: 	wheat..................................................... 114 

5.6. Discussion ............................................................................. 117 

CHAPTER 6 MOMTORING OF ATMOSPHERIC 
AMMOMA CONCENTRATIONS ........................................................120 

	

6.1. 	Introduction ............................................................................. 120 

	

6.2. 	Theory..................................................................................121 

	

6.3. 	Methods................................................................................123 
6.3.1 Preparation of NH3 diffusion tubes......................................124 
6.3.2 Sampling and exposure of diffusion tubes..............................126 
6.3.3 Chemical analysis of adsorbent discs....................................126 
6.3.4 Calculation of air concentrations..........................................127 

6.4. Restrictions and precision of results................................................127 
6.5. Results .................................................................................131 

6.5.1 Monitoring sites and studies ..............................................131 
6.5.2 Ammonia concentrations in S. Scotland.................................132 
6.5.3 Ammonia concentrations within and above Devilla Forest............136 
6.5.4 Comparison of ammonia diffusion tubes at Great Dun Fell...........138 

	

6.6. 	Discussion .............................................................................140 

CHAPTER 7: GENERAL DISCUSSION: 
THE SURFACE/ATMOSPHERE EXCHANGE OF AMMONIA.....................147 
7.1. Previous studies and present approach.............................................147 

Present approach............................................................149 
7.2. Exchange processes ..................................................................150 

7.2.1 Surface exchange observed in this study................................150 
- Natural and unfertilized surfaces........................................151 
- Fertilized agricultural surfaces...........................................152 

7.2.2 Comparison with other studies ...........................................153 
7.2.3 Comparison of background NH3 exchange over fertilized and 

unfertilized ecosystems................................................155 
7.2.4 Surface uptake mechanisms and acid gas interactions .................157 

ix 



7.2.5 Concentration dependence of exchange rates 	 . 161 

7.3. Surface exchange budgets of atmospheric ammonia ............................... 163 
7.3.1 Example budgets for natural and unfertilized surfaces ...... ........... 163 
7.3.2 An example budget for a fertilized agricultural grassland.............. 167 
7.3.3 Comparison of NH3 budgets over different vegetation surfaces 

and implications for atmospheric models............................ 170 
7.3.4 Comparison of sources and magnitude of deposition to natural 

and 	unfertilized 	vegetation............................................. 171 

- Nitrogen deposition....................................................... 171 
- Acid deposition............................................................ 173 

7.3.5 Effects of N deposition and implications for emission control 
policies................................................................... 176 

7.4. Areas requiring further study........................................................ 179 

7.5. Recommended criteria for future measurements of NH3 
surface/atmosphere exchange.................................................. 179 

7.6. Summary............................................................................... 180 

REFERENCES...............................................................................183 

APPENDICES 
Reconciliation of units and presentation of results 
Tables of NH3 surface exchange results over natural and low-input surfaces 
Tables of NH3 surface exchange results over intensive agricultural surfaces 
Tables and graphs of particulate and acid gas surface exchange 
Estimation of random errors in flux gradient analysis 
Ammonia monitoring results using diffusion tubes 
Plant species referred to in the text 
Model concentration profiles over surfaces of different roughness 
Continuous flow analysis system for NH 

x 



Chapter 1 

Introduction 

Ammonia (NH3) is increasingly becoming recognized as an important atmospheric 

pollutant. While its source, mainly from agriculture, sets it apart from combustion 

source pollutants such as sulphur dioxide (SO2) and nitrogen oxides (NOt), the scale 

of its emission results in it being one of the major sources of fixed nitrogen deposited 

onto natural ecosystems, alongside NO R. In addition, oxidation of NH3 to nitrates 

(NO3 -) in some soils contributes with these other gases to the acidification of 

ecosystems. Both these inputs may have undesirable ecological consequences. 

Ammonia is an alkaline gas, being readily soluble in water, ionizing to form the 

ammonium ion (NH4). It occurs naturally as both NH3 and NH and is one of the 

major components of the nitrogen cycle in the biosphere. It is an important constituent 

of plants and animals, while in natural ecosystems it derives originally from the 

atmospheric nitrogen fixed by some bacteria - such as those associated with 

leguminous plants - and from the biological conversion of NO3 -  fixed as NOx  in 

electrical storms, as well as a contribution from soils (e.g. Söderlund and Svensson, 

1976). Biological assimilation generally converts the fixed nitrogen to the reduced (R-

NT-12) form. Subsequent decomposition of dead plants and animals, and production of 

animal excreta, release NH3, which may then volatilize into the atmosphere. This later 

returns to earth, either by direct uptake as NH3 or NHI (dry deposition), or as NH4 

dissolved in precipitation (wet deposition). 

It is difficult to ascertain what would be the size of these fluxes in a wholly natural 

system, although attempts have been made (e.g. Söderlund and Svensson, 1976; 

Dawson, 1977; Delwiche, 1977). What is clear however, is that man has increasingly 

disrupted the natural levels by the addition of large quantities of fixed nitrogen into the 

cycle. This is largely due to the increased industrial fixation of NH3 for fertilizers, 

and the ensuing intensive agriculture that is consequently possible. The nitrogen 

produced by the increased use of legumes adds to this effect, while the burning of 

fossil fuels, particularly coal, releases NH3 otherwise isolated from the biosphere for 

millions of years. 

In Europe the agricultural losses to the atmosphere are particularly important (e.g. 

Buijsman et a!, 1987). Losses may occur during production or application of the 

fertilizer, or be connected with livestock farming. This is especially the case for the 

intensive fanning made possible by the use of additional feeds, these being artificially 
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produced or resulting from the crop surpluses that are possible as a result of 

fertilization. The livestock produce large quantities of excreted waste, from which 

ammonia is lost to the atmosphere. This may occur directly from pastures and 

feedlots, may be lost during storage, or may result from the application of the waste to 

fertilize further crops. 

The result of these changes is an increased flux of NH3 into the atmosphere which 

may then influence tropospheric chemical processes. Neutralization reactions may 

occur with other anthropogenic acid pollutants, such as S02, HNO3 and HC1 to form 

N}L+, which is present in sub-micrometre size aerosol particles or dissolved in cloud 

droplets. This change of state from gases to aerosols affects the rate at which each of 

the components return to earth, as dry or wet deposition, and consequently modifies 

the quantity of each component transported in the atmosphere. Given that NH3 may 

affect the rates of conversion of the other components, a change in the pattern of acid 

deposition received by different localities may result. 

Increased deposition of NH (NH3 or NH) to the ground also contributes to the 

nitrogen input of an ecosystem. For agricultural crops such inputs may be small 

compared to fertilizers. However, for natural ecosystems, with no other nitrogen 

added, this may represent a considerable shift in the nitrogen balance, and 

correspondingly lead to biological changes associated with eutrophication (e.g. Heil 

and Diemont, 1983; Roelofs er al. 1985). The scale of inputs may be raised from less 

than —5 to over 50 kg N ha 1  year 1  deposited in polluted areas. In addition nitrificat-

ion of the NT-IA  may occur resulting in soils and water bodies being acidified, exacer-

bating the effect of the other pollutants (Van Breeman etal., 1982; Nihlgard, 1985). 

These observations identify a need for an improved understanding of the processes of 

NH x  circulation. As well as the more widespread interest associated with air 

chemistry and acidification, the concern about ecological effects outlined above has 

been especially prominent in the Netherlands and Belgium, where NH3 emissions are 

large. This concern has only fully been realized in the 1980s, yet has already 

stimulated an increased scientific attention, both in terms of ecological effects studies, 

as well as in the estimation and modelling of emission, transport, and deposition. 

There remains, however, a shortage of information from field studies, on which to 

base such work. This is especially the case with regard to the estimation of NH 

exchange between the atmosphere and the ground, and in the measurement of 

atmospheric concentrations. Results from such studies would be useful, both to those 

modelling atmospheric NH x  budgets, and to those interested in ecological effects. It is 

these, then, which are the subject of this study. 
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1.1. PROPERTIES OF AMMONIA 

As a background to understanding the behaviour of ammonia in the environment, it is 

important to consider its physical and chemical properties. 

Ammonia is a gas at all environmental temperatures, since its boiling point at 

atmospheric pressure is -33.4 °C. It is colourless and may be detected by its pungent 

odour when in high concentrations (>50 ppmv, NRC, 1979). Other physical 

constants and properties of NH3 are given in Table 1.1. As a base, NH3 is important 

in neutralizing acids in the atmosphere where it constitutes the only major gaseous 

base present. Equilibria with HNO3 and HC1 are known to occur in the gas phase 

reacting to form NH4 salts (e.g. Allen er al., 1989). At low humidities these are 

present as crystalline particles of approximately 0.1 to 1.0 .tm diameter, while at high 

humidities (above 70% relative humidity) they progressively deliquesce to form 

aqueous aerosol particles. The dominant NHç' salts in the atmosphere are, however, 

the sulphates (SO4 2-). These are produced predominantly by aqueous reaction with 

H2SO4 in atmospheric water droplets, such as in clouds, with subsequent droplet 

evaporation producing particulates. Oxidation of SO2 to form SO4 2-  may itself also 

be enhanced by NH3. Atmospheric aerosols are important as they affect atmospheric 

turbidity (clarity) and also act as cloud condensation nuclei (Seinfeld, 1986). 

Ammonia is a reactive gas and will readily adsorb on to dry surfaces (NRC, 1979), as 

well as being extremely soluble in water (Table 1.1). The solubility of ammonia is 

particularly important in its environmental circulation. The equilibrium with aqueous 

solutions depends on both its physical solubility and on removal reactions in solution. 

Its physical solubility may be described according to the Henry equilibrium: 

Kha  
NH3 + H20 <=> NH3.H20 	 1.1 

Kha = [NH3.H20] / [NH3(gas)] 	 1.2 

where Kha  is the dimensionless Henry constant (M/M) and square brackets imply 

molar concentrations (M = mol dm 3). The value of Kha  is temperature dependent, 

with solubiity decreasing with increasing temperature. 

The total NHx  solubility is much larger than given solely by Kha  however, because of 

ionization in solution to form NH. This may be described by: 

Kb 
NH3.H20 	NH4 + OH- 	 1.3 

Kb = [NH4] .[OH-] / [NH3.H201 	 1.4 
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Property value 

Molecular weight 17.03 g inol 1  

Boiling point -33.35 °C 
• (NH3) 2.29 x 10 	m2  s 1  

• (H20) 2.49 x 10 	m2  s 1  

Kh1 (O3) 0.23 
Kj. 0.83 

Kh. 30 

Kh. 1.8 x io 
K(HCl) 6.1 x 104  

Kh.  5.1 x 106 

Table 1.1a Selected properties of NH3 and a 
comparison of solubility in water (see Table 
1.1b) with other gases. Diffusion coefficient 
(D) for NH3 in air also compared with H20. D 
and Kha  for 25 °C. 

T (°C) Kha Kb X 10 5  K 	X 10 

0 5206 1.374 1.138 
5 4192 1.479 1.845 
10 3353 1.570 2.917 
15 2722 1.652 4.508 
20 2225 1.710 6.808 
25 1832 1.774 10.07 
30 1517 1.820 14.69 
35 1 	1265 11.849 1 	20.89 

Table 1.1b Dimensionless (M/M) equilib-
rium constants for calculating solubility of NH3 
in water. Kha: Henry constant of NH3; Kb: 
dissociation constant of NH3.H20; Kw: diss-
ociation constant of water. (Data for both parts 
of table from NRC, 1979; Seinfeld, 1986; 
Hargreaves, 1989). 

Values for Kb are also given in Table 1.1. Hence NH3 acts as a base, through the 

production of hydroxide ions (OH -). The effect of this upon pH may be quantified by 

relating this to the ionization of water: 

K 
H20 	H + OH- 	 1.5 

Kw  = [H] .[OH] 1.6 

Substituting the [NH3.H20] and [0H] of equation 1.4 with their values from 

equation 1.2 and 1.6 respectively gives: 

K [NH4] 
[NH3(gas)] - 	 1.7 

- Kha Kb [H] 

Hales and Drewes (1979) and NRC (1979) have provided relationships accounting for 

the temperature dependence of Kha  and Ka  where Ka  = Kw/Kb. These may be 

substituted into equation 1.8 to provide a useful working formula, where temperature 

(7) is in Kelvin: 

1O(-0.09018 - 272992/fl 	- [NH4] 	10(1.60352 - 420762,..[NH] 	1.8 [NH3(gas)] =  10(1477.7/T - 1.6937) [H] - [H] 

Thus given pH = -log io[Hi  (using molar concentrations), the interdependence of pH, 

[NH4], and [NH3(gas)] may be quantified. It is seen that [NH4] increases 

proportionately to [NH3(gas)] and to [H]. However, given the logarithmic 

relationship of the latter to pH, the solubility of NH.4+ will be extremely sensitive to 

pH. Conversely, this shows that an increased quantity of NH3(gas) will give rise to 

an increased pH. These relationships are shown in Figure 1.1 for total dissolved NH. 
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Figure 1.1 Relationships of equilibrium total NH3 and NH4 1  in water for different pH, 
temperature and air concentration of NH3. Aqueous ammonia concentration plotted as p[NH3 + 
NH] = -1091[NH3 + N114+1 for comparison with pH. The main curves are for an air concentration 
of NH3 of 199  rn-3 . The curvature at high pH is due to the increased proportion from [N113.1-120]. 

The total [NH] in solution may be found by adding the dissolved NH x  components 

from equations 1.2 and 1.7. However, at all but the highest environmental pH values 

the NHI dominates over the NH3. Court eta! (1964) have estimated that at a value 

of pH 9, 40% of the total NH x  is NH3.H20, while at pH 8 the value is only 5%. 

Below this pH the NH3.H20 component is negligible. Temperature also affects the 

equilibrium, primarily through Kha.  Over usual environmental temperature ranges the 

effect is smaller than that due to pH, though still considerable (Figure 1.1). 

The parameters that affect NH3 exchange between aqueous and gas phases may 

consequently be described. This discussion, however, represents a simplified analysis 

since it deals only with the solubility in pure solutions. In environmental conditions 

other species will be present, such as the products of dissolved gases, CO2, S02, 

HNO3, HCl or ions from soils such as humic acids or Ca2+.  These all have effects on 

pH and correspondingly modify NH x  solubility. This may be accounted for by a 

similar, but extended, analysis to the above. Acid species, such as the other air 

pollutants enhance solubility, while basic ones such as Ca 2  reduce it. An example of 

these interactions occurs in the (03 catalyzed) oxidation of S02 to S04 2  noted above. 

In the absence of NH3 the production of S04 2  lowers the pH which limits the 
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reaction. However, with  NH3 present a high pH is maintained allowing the reaction 

to proceed (Junge and Ryan, 1958). 

In addition to such pH modification of solubility, Hales and Drewes (1979) also noted 

a further interaction with CO2 which caused solubility to be less than predicted. They 

postulated this could be due to the formation of a volatile adduct, such as carbamic 

acid (NH3CO2), the simultaneous loss of which would reduce solubility. In addition, 

the normal temperature response of the equilibrium was modified. With one exception 

(Horváth, 1982) this effect appears to have been ignored in work modelling surface 

atmosphere exchange of NH3, though it appears to warrant further research, given that 

CO2 is present in usual environmental NH3 equilibria. 

In summary, the equilibrium for ammonia depends on levels of [NH4], [NH3(gas)], 

pH and temperature, though this may be modified by other ions in the chemical envir-

onment. In addition the water balance of a surface affects total quantities dissolved. 

As a consequence, these factors are expected to be important in the exchange of NH3 

between the ground and the atmosphere, and between phases in the atmosphere itself. 

1.2. HISTORIC REVIEW 

1.2.1 Early work 

Interest in atmospheric ammonia is certainly not new. De Saussure, in France, 

observed its presence in the atmosphere in 1804 (see Way, 1855). However, it was 

with the great debate in the mid 19th century, on the source of nitrogen for plants, that 

interest in ammonia in the atmosphere really started. Full accounts of the debate are 

given elsewhere (e.g. Way, 1855; Russell and Richards, 1919; Eriksson, 1952), 

however in essence, Liebig (1847) proposed that plants derived their nitrogen as 

ammonia from the air, in a similar way to carbon dioxide, and also from rain. He 

suggested a figure of 27 kg NH-N ha 1  year 1  was brought down to meet this need. 

The debate that ensued however, showed the situation to be more complicated. 

Boussingault (1856) showed the importance of nitrate in plant nutrition, while the 

precipitation chemistry measurements of others such as Lawes and Gilbert (1851) at 

Rothamsted, U.K., showed that a fertilized non-leguminous crop removed far in 

excess nitrogen than was brought down as ammonium by rain; an amount which they 

estimated to be =5 kg NH4-N ha4  year 1 . 

Many other measurements of ammonium in precipitation followed and these were 

reviewed by Eriksson (1952). A selection of these is given in Table 1.2. Eriksson 

notes some of the problems that might be encountered in these measurements, which 



would include contamination by dust and bird excreta, as well as problems of 

microbial decomposition of samples before analysis. He noted that contamination by 

excreta is usually easy to detect since this gives occasional greatly increased 

concentrations. Decomposition could be minimized by reducing storage before 

analysis or by using lead containers to reduce microbial activity (e.g. Russell and 

Richards, 1919). The problem of dust input appeared most intractable. As a result of 

this and also because of dry deposition to collectors (section 1.2.3), such samples 

have become known as bulk precipitation. With this restriction, most sites in Table 

1.2 gave deposition in the range of 1-15 kg NH4-N ha 1  yeai-1 . Much variation was 

apparent between sites with the highest values associated with major population 

centres, suggesting emission to be of anthropogenic origin. Conversely, remote 

coastal sites in high latitudes gave the lowest values. 

Other studies were made of ammonia in the air, including the demonstration that plants 

could absorb NH3 gas directly from the atmosphere. Studies by Yule (1850) and later 

by Schl6sing(1874) using chlorotic, nitrogen deficient plants showed that they would 

regain a healthy green colour when put in an NH3 rich chamber. Many attempts were 

made to quantify the importance of this absorption, however these were done by 

indirect means, and mostly considering the soil as the sink. Measurements of 

absorption of NH by dilute acid solutions or soil surfaces with a given area exposed 

to the air, were used to estimate the deposition flux. Early results using such acid 

solutions were provided by Bineau (1854; see Hall and Miller, 1911) who recorded 50 

kg NH-N ha-1  year 1  at Lyon and 15 kg ha-1  year 1  at Caluire in France, however 

contamination by insects and dust was again suspected to be important. Similar 

experiments of Heinrich (1881) gave 31 kg ha-1  year 1  at Rostock, while Keliner et al. 

(1886) recorded 11.6 kg ha -1  year 1  at Tokyo. Bretshneider (1872) provided the first 

deposition measurements to soil-like surfaces. He found a moist mixture of 95% 

quartz sand and 5% humic acid absorbed 46 kg ha year 1 . 

Conversely, Hall and Miller (1911) at Rothamsted used a fine mesh screen over their 

collector in an attempt to reduce insect and dust contamination. They obtained results 

showing a deposition of around 1 kg ha 1  year4  to their acid solutions, and 

correspondingly concluded that this dry deposition process was not important. 

However, the reduced air access to their dishes due to the mesh is the most likely 

explanation of their results. The problem of air access to collector surfaces is, 

nevertheless, a general criticism of the approach. Because of the different aerodyn-

amic properties of collector surfaces compared to rough ground or vegetation, it is 

likely that deposition rates will also differ. Despite this, authors have continued to use 

this approach (De Rossi, 1947: 20-25 kgNH3-N ha 1  year 1  to soil; Malo and Purvis, 
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precipitation concentration flux (kg NH4-N 
Year Place (mm) (mg NH4-N dm 3  ha4  year') 

EUROPE 
Belgium 

1889-1893 Gembloux 693 1.14 7.9 
Denmark 

1880-1885 Copenhagen 577 1.91 11.0 
1922-1927 Askov 740 0.71 5.3 
1880..1927 mean 5 sites 628 1.06 6.6 

France 
1877 Methroy 760 0.41 3.1 
1876-1900 Montsouris 545 2.13 11.6 
1864..1886 Germany, mean 6 sites 509 1.49 7.5 

Great Britain 
1888-1916 Rothamsted 730 0.41 3.0 
1906-1909 Garforth, Leeds 685 1.04 7.1 
1908-1913 Buttof Lewis, Stornaway 1060 0.04 0.4 
1907..1913 NW Scotland: mean 4 sites 1359 0.11 1.6 

Holland 
1910-1912 Groningen 700 0.72 5.1 
1932-1937 Hilversum mean 6 sites - - 3.8 

Iceland 
1911-1912 Vifelstadir 949 0.09 0.9 
1869..1890 Italy, mean 4 sites 924 0.64 6.3 
1928-1929 Norway, mean 2 sites 824 0.14 1.2 

ASIA, AUSTRALASIA, 
AFRICA 
East Indies 

1891-1892 Pasoeroean, Java 920 0.14 1.3 
1891..1942 India, mean 6 sites 2162 0.30 	- 5.8 

Japan 
1883-1884 Tokyo 1337 0.13 1.7 

- Austtalia 
1908 Queensland, mean 2 sites 905 0.32 2.6 

New Zealand 
1884-1887 Lincoln, Canterbury 755 0.08 0.6 
1904..1912 South Africa, mean 6 sites 670 0.61 4.0 
1938 Mauritius 1002 0.38 3.8 

AMERICA 
Canada 

1908-1924 Ottawa 860 0.51 4.43 
U.S.A. 

1919..1926 N. Y. State, mean 4 sites 818 1.02 8.4 
1930 Goodwell, Oklahoma 390 0.28 1.1 
1922-1923 Kentucky. mean 6 sites 1090 1.19 13.0 

West Indies 
1886-1889 Barbados 1620 0.07 1.1 
1901-1912 Trinidad 1480 0.16 2.4 

British Guiyana 
1890-1909 Georgetown 2520 0.05 1.1 

Argentina 
1906 Buenos Aires 1 	750 1 	2.96 1 	22.2 

Table 1.2 Pre-1950 data on levels of ammonium in precipitation (Bulk precipitation). Typical data 
from that collated by Eriksson (1952). Note: year..year implies data for selected years through period. 

1964: 3-6 kg ha-1  year 1  to soil; Hanawalt, 1969: 55-74 kg ha-1  year 1  to soil, with 

an applied air concentration of 38 .tg rn-3  NH3; Rodgers, 1978: 4 kg ha-1  year 1  to an 

acid surface). Much of the variation between results undoubtedly reflects air concen-

tration differences. However, this was rarely measured in these studies. 

The results of Hall and Miller (1911) were interesting however, since they exposed 

their collectors at two heights above the ground. Their results, expressed as deposit- 
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deposition to collectors (kg NH-N ha 4  yeaf 1 ) 

field(Plot No.) lawn (1) Broadba]Jc (7) Broadbalk (12) parkland (4) 
sampler height 
above ground (m) 1.15 	0.05 1.15 	0.05 1.15 	0.05 1.15 	0.05 

1908-1909 

1909-1910 

	

1.55 	0.88 

	

1.77 	1.02 

	

1.25 	1.45 

1 	1.28 	1.98 

	

1.17 	1.29 

1 	1.41 	2.11 

	

0.79 	0.68 

1 	0.95 	0.88 

Table 1.3 Deposition of NHx  recorded by Hall and Miller (1911) at Rothamsted, U.K. Depos-
ition was recorded to acid solutions in plates of measured area under fine gauze shields. Results are 
given for measurements above several land surfaces: Plots 1 and 4 were unfertilized grassland; plots 7 
and 12 were fields fertilized with ammonium sulphate and chloride in the Spring of each year. 

Author and year Place jig NH-NH3  m 3  Remarks 

Levy (1880) Monisouris, France 17-24 

Fodor (1881) Budapest, Hungary 32 average 

MUntz er al. (1882) Pic du Midi. summit, France 6-25 

Buenos Aires 	(1906) Buenos Aires, Argentina 62-72 monthly average 

Table 1.4 Early determinations of total NH in air. Samples were collected by bubbling air 
through acid solutions. Data collated by Eriksson (1952). 

ion fluxes, are given in Table 1.3. There was a clear difference in the flux at the two 

heights, and also between the sites. The fertilized sites showed a greater flux to the 

collector nearest the ground, which could relate to an emission of NH x  from the soil. 

The grass sites, however, showed reduced fluxes to the lower collector, which could 

result from absorption of NHx  by the ground. However, since the air flow over the 

lower plates would be less, giving a lower sampling rate, the authors felt unable to 

confirm this. Nevertheless, this did demonstrate that fertilized ground has a greater 

potential for emission of ammonia than unfertilized. 

Some measurements of air concentrations were made in the early years (Table 1.4). 

The method used, was to bubble a measured volume of air through an acid solution. 

Correspondingly this measured total NH, giving no information on the relative 

importance of NH3 and NH4+.  However, some caution must be taken with this small 

amount of data, especially for the Montsouris and Buenos Aires sites. Since both sites 

showed high concentrations in precipitation compared to other sites (Table 1.2.), it is 

possible the NHx  was also high. Hence, typical air concentrations may have been 

lower than these. 

Following this early interest, the number of investigations declined in the early 20th 

century, and while precipitation composition was often measured, there was almost an 

absence of air concentration determinations. Attention was revived in the 1950s as a 

result of both the agricultural and air pollution importance of ammonia. 



1.2.2 Recent agricultural interest in ammonia 

With the increased use of nitrogen fertilizers and manures, and analysis of the 

efficiency of their use, it was apparent that much nitrogen was not being recovered 

either in the crop or remaining in the soil after harvest. Reviewing the literature, 

Allison (1955) concluded that both leaching of nitrate and gaseous loss of ammonia 

were important. He suggested that several environmental conditions would affect the 

degree of ammonia release. These were that: 1) a high pH soil will be more liable to 

volatilization; 2) losses from wet soils are likely to be small unless 3) it is a drying 

alkali soil with much NHx  near the soil surface; 4) losses will be greater at higher 

temperatures; 5) soils of low cation exchange capacity will suffer greater losses and 

6) losses may occur from decomposing nitrogenous material, even if the soil is acid 

since the NH3 produced will raise the pH locally. It is not unexpected that these relate 

closely to the parameters affecting ammonia solubiity listed in section 1.1. 

Many studies have since examined the factors promoting volatilization of ammonia by 

different fertilizers and this has been reviewed by Viek and Crasswell (1980), Freney 

etal. (1983), and Ryden (1984). In addition to the factors above, these authors stress 

the importance of atmospheric turbulence, which affects the rate of diffusion away 

from the surface, and also of vegetation cover, since soil released NH3 may be re-

absorbed by a plant canopy above (Denmead et al., 1976). 

1.2.3. Recent interest in ammonia as a pollutant 

Egner and Eriksson (1955) started the first large scale monitoring network of 

precipitation and air chemistry (European Air Chemistry Network), and this included 

NH measurements. The UK results of this network were analysed by Stevenson 

(1968), and the NHx  values from this are given in Table 1.5. For several of these 

sites, viz. Leeds, Rothamsted and Stornaway, there is also precipitation data from the 

turn of the century (Table 1.2.). Although comparison is difficult, since the data here 

are medians, the values are similar or possibly slightly higher in the later period. 

Comparing the air concentration data with that for Table 1.4, the EACN values are 

rather low. However, if the precipitation for each site is compared the pattern is the 

same, suggesting that this may reflect site differences. Overviews of the EACN data 

have also been provided by Söderlund (1977) and Söderlund and Granat (1982). 

Many other monitoring networks have since been set up. On a global scale the World 

Meteorological Organization (e.g. WMO, 1984) has initiated its Background Air 

chemistry and Precipitation Monitoring Network (BAPMoN), while in Europe, aside 

from various national networks, the European programme for Monitoring and Evaluat- 
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medians, 10 and 90 percentiles 

NH4-N in precipitation (mg din 3) total N11-N in air (ig m 3 ) 
site 10 50 90 10 50 90 

Aberdeen, N.E. Scotland 0.1 0.3 0.6 1.4 2.6 5.3 

Aldergrove, N. Ireland 0.3 0.5 1.5 1.1 1.9 3.5 

Cainboume, S.W. England 0.1 0.3 0.8 1.2 2.0 2.9 

Edinburgh, C. Scotland 0.0 0.2 1.0 1.8 3.3 5.3 

Eskdalemuir, S. Scotland 0.1 0.2 0.7 0.7 1.6 3.1 

Leeds,,N.England 0.4 1.1 2.9 2.8 4.3 6.7 

Lerwick, Shetland, N. Scotland 0.0 0.1 0.6 0.4 1.0 1.9 

Newton Abbot, S.W. England 0.3 1.4 4.8 2.4 4.0 6.0 

Rothamsted, S.E. England 0.2 0.5 1.3 2.4 3.9 6.7 

Stornaway, Lewis, N.W. Scotland 0.1 0.2 1.1 - - - 

Table 1.5 NH in bulk precipitation and air in the U.K. 1959-1964. Data from Stevenson (1968). 

ion of the long range transmission of air Pollutants (EMEP) has monitored extensively 

(Schaug et al., 1987). Buijsman and Erisman (1988) have drawn together the various 

data sets for NH to estimate a wet deposition and precipitation concentration field 

for Europe. Deposition ranges from less than 3 to over 14 kg NH4-N ha -1  year-1 , 

with the highest deposition centring on the low countries of north west Europe. 

One of the major improvements with some of the more recent monitoring programmes 

has been the introduction of wet-only sampling; collectors that only open during 

precipitation events. Hence the problem of contamination by dust, of concern to 

Eriksson (1952), and also dry deposition of pollutants to the collector (Fowler and 

Cape, 1984) that occur in bulk samples, may be minimized. Buijsman and Erisman 

(1988) have estimated correction factors for this, and also for biological decay during 

storage, and conclude the 1960s   EACN data may over-estimate by a factor of 1.1. 

The degree of monitoring for NH x  in the air has, however, been much less. More 

importantly, many of the measurements that have been made, as above, have not 

discriminated between NH3 and NH, despite their different environmental 

behaviour. 

Junge and Ryan (1958) highlighted this difference by demonstrating the role of NH3 

in promoting the aqueous oxidation of SO2 to S04 2 , producing (NH4)2SO4 (see 

section 1.1). They envisaged this reaction to be important in clouds and fogs, a 

suggestion that has since been supported by field studies. An example is the case of 

Tees-side in the 1960s where Eggleton and Atkins (1972) showed that high NH3 and 

S02 pollution from industry and combustion encouraged the formation of high levels 

of (NH)2SO4, which being present as particles reduced visibility. In addition, 

because of the hygroscopic nature of the particles, they acted as condensation nuclei 

which, associated with high humidity sea breezes, encouraged fog formation. 
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Hence NH+ is considered to be a secondary pollutant resulting from reaction of NH3. 

In addition, as is discussed later (section 1.4), the deposition rates of NH3 and N}L+ 

differ considerably. Because of these differences, the importance of separate 

monitoring has been realized, and methods have been developed to do this. 

1.2.4 Developments in separate NH3 and NH4 sampling methods 

An early method of separating NH3 and NH, as used in the Tees-side Investigation, 

was by a dual filter sampling system. Particulate matter, including NHç', was caught 

on a prefilter (in this case a Whatman 41 cellulose fibre filter), while NH3 gas was 

presumed to pass through to be caught on an acidified Whatman 41 filter. However, 

this method has not been without criticism, and it has been suggested that some NH3 

may be caught on the first filter. Conversely, where high loadings on the prefilter 

occur, some of the particulate may evaporate, since the equilibrium of NH4NO3 

particulate with gaseous NH3 and HNO3 is disturbed (section 1.1; Ferm, 1979; 

Appel et al., 1980; Cadle, 1985). 

In response, Ferm (1979) developed an alternative sampling system, known as a 

denuder tube, where NH3 is caught by diffusion as it is passed through a narrow bore 

tube with acidified sides. The NI-L containing particles have a much slower diffusion 

rate so that these are supposed to pass through unaffected, allowing subsequent 

capture on a filter. Unfortunately, in order to maintain the required laminar flow, this 

system suffered from a limitation of very low flow rates. Recently however, the 

method has been modified so as to sample through the gap between two larger tubes, 

arranged concentrically. This 'annular denuder' enables faster flow rates (similar to 

filter packs) and therefore shorter sampling times (Allegrini et al.,1984; HØv et al., 
1988). However, denuders are very laborious to use and also suffer problems at the 

extremes of humidity. In addition sampling artifacts are possible with the deposition 

of large particles to denuder walls (Sickles et al., 1990). Many authors have therefore 

preferred dual filter systems ('filter packs'). It is argued that in temperate conditions 

interferences are minimal when using an inert prefilter, such as PTFE, and low flow 

rates and filter loadings (Goldan et al., 1983; Dollard er al., 1987; Allen er al., 1988). 

Other authors have shown good agreement between filter packs and denuders (Vibelu-

Anderson, 1989, pers. comm.; Sickles et al., 1990). 

Progress has also been made in the development of passive NH3 samplers or 

'diffusion tubes' (Hargreaves and Atkins, 1987). This is an improvement on the old 

passive flux collector, here the diffusive resistance to the acid surface is quantified and 

used to calculate air concentrations (Chapter 6). The tubes are set out for periods of 

about two weeks, and are convenient since they require no electricity supply on site. 
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In &ldition to these chemical methods, gaseous NH3 may be measured by a number of 

physico-chemical methods, with rapid response times of the order of seconds, and 

these have been reviewed by Quinn eral. (1987). They include systems which oxidize 

NH3 to NOR , followed by measurement of the latter, and flame derivitization. 

Measurement may also be made by spectroscopy, and early work in this field has been 

reviewed by Junge (1963). More recently tunable diode lazer absorption spectroscopy 

(TDLAS) has enabled much lower detection limits (O.1 j.tg m 3), comparable to those 

possible by chemical methods and enabled confirmation of the latter (Anlauf et al., 

1987; Sickles er al., 1990). However, the high cost of these machines precludes their 

widespread use. 

1.2.5 Concentrations of NH3 and NH4 in the atmosphere 

In accordance with the above points, most authors have used the chemical methods for 

NH3 detection, with the additional advantage that NH. 4+ may be collected in the same 

sampling train. A selection of results from various authors are given in Tables 1 .6a. 

and 1 .6b. Comparing the two data sets, NH3 shows a much greater intersite 

variability than NH, although the range of values possible at given sites is equally 

wide. In accordance with the precipitation data, the values are lowest in remote or 

oceanic sites. Additionally, the NH3 on land shows very low concentrations in an 

afforested area, and the highest values in some urban areas, or areas with livestock 

agriculture. This again suggests that industry and agriculture are sources of 

atmospheric NH3, and this is discussed in the next section. 

1.3. SOURCES OF ATMOSPHERIC AMMONIA 

1.3.1 Identification of the sources 

While the presence of NHx  in the atmosphere has been known for many years, it has 

only been recently that some degree of consensus has emerged over its sources. 

Perhaps the earliest hypothesis, suggested by Boussingault (1856), was that the sea 

was the source. This idea was strongly supported by Schlosing (e.g. 1875) and even 

later still favoured by Ingham (1950). The body of opinion, however, was against 

this. Monitoring of precipitation in remote coastal sites, such as that of Miller (1913; 

see Table 1.2: sites in N.W. Scotland and Iceland) showed that the level of NH was 

much lower than at inland sites. More recent data have also shown lower levels of 

NH (Georgii and Muller, 1974) and NH3 (Ayers and Gras, 1983) in marine air 

masses compared to continental air. It is therefore more likely that the sea should 

rather be acting as a sink for NH. An exception to this has been provided by Georgii 

and Gravenhorst (1977), who showed that the Sargasso Sea may act as a source of 
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Author and year Place - Conc. NH3 (g m 3 ) Remarks 
mean 	range  

EUROPE 
Eggleton and UK, July-Oct. 1968 tandem (paper 
Atkins 	(1972) Tees-side, Stockton (urban) 33.7 prefilter), Su 

Eston 11.0 
Tees-side Airport 9.9 

Kew, (S.W. London area) 8.2 
Harwell, Oxfordshire (rural) 5.4 

Allen et al. Essex. UK. 1985-1986 tandem (PTFE 
(1988) overall mean:19 sites 4.87 prefilter), Su 

mean: 12 mid range sites 2.60 	0.6-5.0 (monthly 
mean: 2 livestock farms 24.3 	3-66 means) 
roof top, rural area, 	Coichester 1.36 	0.1-29.4 (24 hour runs) 

Erisman et al. Cabauw. the Netherlands, 1985 denuder 
(1988) (livestock agr. area) 	height: 2 in 8.3 	0.8-49.4 Samplers on met- 

25 in 6.2 	0.7-18.0 eorological tower 
lOOm 3.6 	0.1-12.1 (12hourruns) 
200 m 2.1 	0.1-10.1 

Lenhard and Frankfurt region. W. Germany tandem (PVC 
Gravenhorsi (mixed rural) height:100 m 	summer 4.8 prefilter), from 
(1980) winter 1.9 aircraft 

700m 	summer 2.5 
winter 1.5  

AMERICA 
Tjepkema et al. Petersham, Mass., USA, 1980 denuder, Su 
(1981) (afforested area, few livestock) 

Spring (March-May) 0.05 
Summer (June-Aug.) 0.16 
Autumn (Sept.-Nov.) 0.05 
Winter (Dec.-Feb.) 0.01 

Cadle (1985) Detroit, Mitchigan, USA, denuder, Su 
1981-1982 (urban) 
Spring (March-May) 0.16 
Summer (June-Aug.) 0.85 
Autumn (Sept.-Nov.) 0.37 
Winter (Dec.-Feb.) 0.10 

Alkezweeny et a! Kentucky, USA, 1 month, 1983 tandem (PTFE/ 
(1986) (livestock agr. area) glass prefilter) 

0.04-5.6 Su 
0.0-0.55 from aircraft 

Le Bel etal. Bermuda. 1982 0.34 W03 denuder, 
(1985)  from aircraft 

ASIA, PACIFIC and ANTARCTIC 
Pang and Tong Beijing area, 1984 tandem (membrane 
(1985) agricultural areas 	(3 sites) 40-450 prefilter), Su, 

industrial areas 	(9 sites) 0.9-50 (range of single 
residential areas 	(4 sites) 3-65 daily values) 

Yamamoto et al. Yokohama, Japan, 1982-1986 tandem (PTFE 
(1988) (urban) 5.54 	0.5-29.8 prefilter) Su + 14 m 

Summer (Apnl-Sept.) 10.7 (monthly means) 
Winter (Oct.-M arch) 4.0 

Ayers and Gras C. Grim, Tasmania, 1978-1980 tandem, Su 
(1983) (remote) Continental air 0.34 	0.01-0.85 

Marine air 0.06 	0.01-0.10 

Gras (1983) Antarctica, summer 1980 denuder, Su 
Wright Valley, NZ sector 0.01 
South Pole 0.02  

Table 1.6a Examples of reported gas phase NH3 concentrations in air. Tandem samplers refer to 
dual filter packs and re-filtered bubble meters. Denuders are acid coated unless otherwise stated. Su 
implies surface measurements (generally 1.5-2.5 m height height above ground). 
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Author and year P1ae Conc. NH4 (pjg m 3 ) Remarks 
mean 	range  

EUROPE 
Eggleton and UK, July-Oct. 1968 high vol. (paper 
Atkins (1972) Tees-side, Stockton (urban) 4.7 prefilter), Su 

Eston 3.8 
Tees-side Airport 4.7 

Kew, (S.W. London area) 3.5 
Harwell, Oxfordshire (rural) 3.5 

Allen et al. Essex, UK, 1985-1986 tandem (FTFE 
(1988) overall mean:19 sites 4.04 	1.0-9.5 prefilter), Su 

(inter site differences small) (monthly means) 
roof top, rural area, 	Colchester 4.29 	0.05-69.9 (24 hr. runs) 

Erisman er al. Cabauw, the Netherlands, 1985 post denuder filter 
(1988) (livestock agr. area) 	height: 2 m 5.6 	1.2-20.3 Samplers on met- 

25 m 5.0 	1.2-15.6 eorological tower 
100 m 5.0 	1.0-15.4 (12 hr. runs) 
200 m 4.1 	0.8-13.6 

Lenhard and Frankfurt region, W. Germany tandem (PVC 
Gravenhorst (mixed rural) height: 100 m 	summer 4.9 prefilter), from 
(1980) winter 2.6 aircraft 

700 m 	summer 2.9 
winter 2.0  

AMERICA 
Tjepkema et al. Petersham, Mass., USA, 1980 post denuder filter 
(1981) (afforested area, few livestock) Su 

Spring (March-May) 1.3 
Summer (June-Aug.) 2.4 
Autumn (Sept.-Nov.) 1.0 
Winter (Dec.-Feb.) 0.8  

PACIFIC and ANTARCTIC 
Yamamoto et al. Yokohama, Japan, 1982-1986 tandem (PTFE 
(1988) (urban) 1.7 	0.5-4.0 prefilter) Su + 14 m 

Sunmier (April-Sept.) 1.7 (monthly means) 
Winter (Oct.-March) 1.8 

Gras (1983) Antarctica, summer 1980 post denuder filter 
Wright Valley, NZ sector 0.04 Su 
South Pole 	 - 0.05  

Table 1.6b Examples of reported particulate N}L concentrations in air. Tandem samplers refer 
to dual filter packs and pre-filtered bubble meters. Su implies surface measurements (generally 1.5-
2.5 m height height above ground). 

atmospheric NH3, as the concentrations they measured over this area were much 

greater than the surrounding ocean (8 as compared to 1 p.g rn -3). However, this 

source would presumably only be important on a local scale in the marine cycle, a 

subject which has been reviewed by Liss (1983) and Quinn et al. (1987). 

Thus the major sources of NH x  appear to be continental. Several possibilities have 

been suggested: emission from coal or other combustion sources, volatilization from 

the decay of animal excrements and from fertilizer volatilization, and losses from 

transformations in natural soils. Other minor sources are listed by Buijsman et al. 
(1987). It is generally agreed that for each of these, emission occurs in the form of 

NH3 gas; it is then through subsequent reaction in the atmosphere that NH4 is 

produced (e.g. Healy er al., 1970). 
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In reviewing the literature, Eriksson (1952) favoured combustion of coal as the major 

source of ammonia. In this respect he cites the work of Russell and Richards (1919), 

who calculatedthe potential quantity of NH x  released into the atmosphere by burning 

of coal to be about 5 times the quantity brought down in rain - despite the fact that 

these authors did not consider this ratio would occur in practice. Eriksson used this 

theoiy to explain the higher levels of NH4 observed in rain in Europe compared to 

the rest of the world, and also in cities compared to rural areas (see Table 1.2), since it 

is these places where most combustion occurs. Indeed, his view receives some 

support from modern measurements of NH3 levels (Table 1.6a), which are also often 

high in urban areas. 

Russell and Richards (1919), however, believed the soil to be the main source of the 

ammonia. This was based mainly on the work of Hall and Miller (1911), who 

showed fertilized soils could emit NH (Table 1.3), and also on the observation that 

precipitation NFT4+ was highest in summer, when biological activity of the soil would 

be greatest. These authors were not specific about the source of this soil NH3, 

however, later workers have attempted to assess the importance of the different 

possibilities: volatilization from natural soils, fertilizers and animal waste. 

The literature on emission of NH3 from natural soils appears at first sight to be 

somewhat contradictory. In section 1.2.1 soils were discussed as a sink for 

atmospheric ammonia. Other authors, such as Robinson and Robbins (1970) and 

Dawson (1977) considered natural soils to be a source. While the latter admits that 

"emission from uncultivated, unfertilized vegetated land has never been measured", he 

nevertheless proceeds to model the emission on the basis of decomposition and 

nitrification rates, solubility equilibria and a simple diffusion equation. To add to this 

controversy, Georgii and Lenhard (1978) have since measured emission from "natural 

soils", with values in the range equivalent to 0.0-1.8 kg NH3 ha 1  year 1 , depending 
on soil pH and temperature. However their study, which measured NH3 enrichment 

in a chamber over different soils, used bare soil surfaces, and soils which had been 

fertilized at some point, although details of this are not given. Hence the flux recorded 
could relate to the presence of fertilizer residues in the soil, and would not take into 

account the effect of vegetation, which would usually be present in a natural system. 

As will be seen, however, even if their estimate is taken as an upper limit for natural 

soil emission the figures are small compared to other sources. 

Compared to the above, the losses of NH3 from fertilizers and animal wastes have 

been well documented. Interest in fertilizer losses has focused on quantifying the loss 

of nitrogen that would otherwise be available for crops. Attention has focused 
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particularly on the situation concerning alkaline soils, as in such conditions the high 

pH reduces NHx  solubility, favouring NH3 losses. Thus while losses from neutral 

mineral fertilizers, such as (NH4)2SO4 and NH4NO3, are normally small, in alkaline 

soils they may become important. The use of urea fertilizer also promotes losses, 

since its hydrolysis in the soil liberates NH3, which raises the pH locally, reducing 

solubiity, and favouring emission (Ylek and Crasswell, 1981). A similar process 

occurs during the decay of livestock urine, so that losses from this source may also be 

large. In accordance with the solubility equilibria, in wet conditions emission is low, 

but becomes large in drying conditions and at higher temperatures. The exception is 

where urea is present, in which case wet conditions promote its hydrolysis which may 

result in increased emission. 

A major, source of evidence suggesting the loss of fixed nitrogen from agricultural 

surfaces has been the study of crop balance sheets (e.g. reviews by: Allison, 1955; 

Wetselaar and Farquahar, 1979). Other studies include those of Fenn et al. (1981), 

who studied the percentage loss of N as NH3 for different soils and fertilizer type, 

while Sommer etal. (1984) have reviewed percent losses from the storage of manure. 

Buijsman et al. (1987) give an overview of these and other loss mechanisms, which 

also include field losses from urine and faeces, and losses after application as manure. 

Studies using micrometeorological methods have also provided useful information 

(e.g. Denmead et al., 1974; Beauchamp etal., 1982; Leuning et al., 1984; Ryden et al., 

1987; Lockyer er al., 1989). The approach consists of measuring the fluxes in the air 

above a surface, typically up to 2 m, and from this inferring the net exchange at the 

surface (see Chapter 2.). Using a gradient approach, Denmead eral. (1974) measured 

fluxes over a grazed sheep pasture. The mean estimate from their measurements 

(made in summer) was 0.30 j.tg NH3-N m 2  s 1  (95 kg N ha-1  year 1 ). More 

recently, other measurements have been made using the micrometeorological mass 

balance method (see Chapter 2; Denmead, 1983) and field enclosures (or wind-

tunnels). Recent studies include those of Jarvis et al. (1989), Pain and Thompson 

(1989), Van den Abbeel eral. (1989), and Van der Molen er al. (1989). Much variat-

ion is apparent in the measured fluxes; for example Jarvis et al. (1989) estimated 

values lower than those above, of 7-25 kg N ha 4  year 1 , from cattle grazed pastures. 

In addition to environmental variables, differences in results arise from stocking 

density, animal species and sward fertilization, as well as grazing management. 

1.3.2 Estimation of emission 

Many attempts at quantifying emissions have been made using the limited number of 

experimental results. One approach has been the calculation of "emission inventories", 
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in which the contributions from the different sources are identified and summed to 

provide total emission estimates. Global surveys have been made by Robinson and 

Robbins (1970), Söderlund and Svensson (1976) and Mészáros (1981), while 

European inventories include those of Bonis etal. (1980) and more recently Buijsman 

er al. (1987). National inventories have also been made, such as those of Healy eral. 

(1970) and ApSimon et al. (1987) for Great Britain, Cass et al. (1982) for California, 

Buijsman et al.(1984) for the Netherlands, and Möller and Schieferdecker (1989) for 

the GDR. 

The general method of this approach is to estimate individual emission factors for the 

different source types, and then sum occurrences of these sources over the region of 

study. The totals for each source type are finally summed to estimate overall total 

emission. As a result of such studies it has generally been agreed that for Europe 

agricultural sources represent the bulk of the emission, with animal wastes 

contributing most of this, and a smaller proportion from fertilizers. Losses from 

combustion sources appear to be only of small importance on a regional scale. For 

example Healy et al. (1970) estimated this to contribute less than 8% for the U.K., 

with animal urine providing 66% of the emission. The recent estimate of Buijsman et 

al. (1987) suggests a total emission of 6.4 Mt NH3 year 1  over the whole of Europe 

giving a range of 2-40 kg NH3 ha -1  year 1  for grid elements of 150 x 150 km (mid 

1980s values). Of this, over 80% was attributed to livestock and 17% to fertilizers. 

Emission due to combustion sources and natural soils was assumed insignificant and 

ignored. However, for the second of these, on the basis of the results of Georgii and 

Lenhard (1978) and assuming that 75% of the land area of Europe consists of natural 

soils, they estimated a natural soils emission of 0.75 Mt year 1  for Europe to justify its 

exclusion. Since it has been noted above that natural soil emission is probably even 

less than this, its exclusion may be supported. 

Estimates were also given for individual countries. For the U.K. a total emission of 

405 kt year-1  was calculated, while the figure for the Netherlands was 150 kt year 1 . 

Accounting for the different agricultural areas of countries, these authors also devised 

an 'emission density' (= agricultural emission/agricultural area, t knr 2  yearl). The 

mean for Europe was 2.6, with the highest and lowest values from the Netherlands 

(6.4) and Norway (0.3), respectively. The figure for the U.K. was 2.1. 

Such emission inventory calculations have proved useful in identifying the sources. 

However, some degree of caution is needed in using the results, since the calculations 

are poorly coupled to the physical environment where the emissions occur. For 

example livestock emission factors are calculated for an average animal of a given 



species, and multiplied up by the number of animals in a given area, to estimate the 

total emission for that species. In reality however, this linearity may be complicated 

by the relationship to emission and deposition in the locality of emission. Much of the 

emitted NH3 may be redeposited in the immediate vicinity on to vegetation or soils. If 

this is the case the type of vegetation environment of the animals is also important, 

such as the presence of long or short grass in pastures (Denmead et al., 1974, 1976). 

There is consequently a need to define what is meant by emission. It could be defined 

as purely gaseous loss from a surface. Conversely, it could be seen as net release 

above the vegetation canopy, or at a defined height in the atmosphere above this. The 

choice of this definition depends on the method used and the scale of exchange of 

interest. The use of an atmospheric reference height, as in micrometeorological 

studies is favourable since in this way an average figure for a large area is derived. 

This may be of the order of 1 m, where exchange over an area of several tens of 

metres is of interest, so as to understand the budget of different surface types. Results 

from this may also be used to sum emissions from different surface types to help 

understand the net exchange with the atmosphere. 

Another approach has been to use reference heights of the order of hundreds of 

metres, so that the effects of different land uses are integrated, and a net flux to the 

atmosphere estimated. Micrometeorological gradient methods have also been used 

here, making measurements either from aeroplanes (Georgii and Muller, 1974; 

Georgii and Lenhard, 1978; Lenhard and Gravenhorst, 1980; Alkezweeny et at., 

1986) or towers (Erisman et al., 1988). For example, the study of Erisman et al. was 

made in the central Netherlands, in an area of livestock agriculture (see Table 1.6). 

They calculated a net emission of 0.12 .tg NH3 rn-2 54  (38 kg N ha-1  year- i), which is 

large but not surprising for this site, given the high density of livestock in the. 

Netherlands (Buijsman et al., 1987). This method also has restrictions, however, 

since on such large scales, chemical conversions and advection may mean that the 

gradients cannot be interpreted as fluxes toward or away from the surface. 

1.4. SINKS OF ATMOSPHERIC AMMONIA 

NHx  is present in the atmosphere as NH3 gas, NH4 in cloud and precipitation, and 

NH4+ particles. For each of these, different removal mechanisms apply. It has been 

suggested that NH3 gas may be oxidized in the atmosphere (e.g. McConnell, 1973; 

Levine et al., 1980), however, this reaction is slow, and accounts for only a small 

fraction of the loss from the atmosphere (Soderlund and Svensson, 1976; HØv et al., 

1988). The bulk of the removal is therefore by deposition back to earth. Wet 



deposition and early work on total NH x  dry deposition have been considered in 

section 1.2. For the latter, however, it was noted that the collectors used were 

unlikely to give good deposition estimates, as well as not separating the processes of 

NH4+ and NH3 dry deposition. The improvements in recent measurements of 

deposition processes are therefore considered in the following sections. 

1.4.1 Direct measurements of NH x  dry deposition 

Various attempts have been made to measure deposition directly, and yet overcome the 

problems of flat collectors. This has either been done by analyzing washings of 

artificial or real leaves, or by using precipitation events to do the washing, and 

estimating dry deposition as the difference between the wet deposition and throughfall 

fluxes. 

For example, Tjepkema er al.(1980) estimated a deposition of 0.6-2.5 kg NH-N ha 1  

year 1  to a remote forest area of Massachussets, USA, with low air concentrations of 

NH3, on the basis of leaf washing experiments. They attributed the capture to NH4 

and could show no difference between real or artificial leaves, though it is probable 

NH3 also contributed to the deposition. Other studies have been made (e.g. Ingham, 

1950; Bytnerowicz er al., 1987; Dasch, 1987), however, a general criticism is the 

difficulty in scaling up over an area basis, especially when a complex surface such as a 

forest is being considered. 

Mainly for this reason throughfall measurements have been the most popular 

technique. For example, Van Breeman et al. (1982) made throughfall measurements 

in two forests in the Netherlands, in intensive farming areas, and estimated a 

deposition of 64 kg NH-N ha 1  year 1 . For comparison they reviewed the work of 

several other experiments in Europe and N. America. These gave deposition fluxes in 

the range 3-20 kg NH-N ha -1  year 1 , which being much smaller highlighted the large 

size of the NHx  input at the Dutch site. Indeed it was partly as a result of this study 

that the current concern over the direct effects of NH x  pollution began. Further Dutch 

work has emphasized this problem. For example Draaijers er al.(1987) recorded a 

deposition of 133 kg NH-N ha 1  year' to a forest in throughfall compared to 14 kg 

ha -1  year' in precipitation. These authors also looked at initial throughfall 

concentrations after dry periods and found the concentration to be correlated with the 

duration of the intervening dry period. They believed the period of greatest uptake 

was for the first few days after the last rain event. However, after a long dry period of 

4 weeks they found a very high throughfall concentration of 82 mg NH-N dm -3 , 

which was approximately 30 times the mean precipitation [NIL] at the site. In 

neither study was NH,(  in the air measured, however, given the proximity of both sites 
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to intensive agriculture it may be assumed to- have been large (c.f. Erisman et al., 

1988: 8 p.g rn 3. See Table 1.6a). 

Such measurements may, however, be subject to errors because of canopy exchange 

of the ions studied. For example, Heil er al. (1987) measured throughfall over 

heathiand vegetation and found some periods where throughfall deposition was less 

than precipitation, which they attributed to the possibility of canopy uptake. An 

additional criticism is that the method assumes no emission from soil beneath, which 

might contribute to the NH x  deposited, while as with all such measurements it is not 

possible to use the results to predict deposition at other sites. To do this an 

understanding of the factors controlling deposition is needed. 

1.4.2 Dry deposition of NH4 

The deposition of airborne particles has been intensively studied and this has been 

reviewed by Chamberlain and Little(1981), Sehmel (1980) and Nicholson (1988). 

Atmospheric turbulence transports the particles close to the surface, from where 

deposition may occur through either sedimentation or impaction - processes more 

efficient with large particles - and Brownian diffusion, which is more efficient with 

small particles. Atmospheric NH aerosol particles occur predominantly in the size 

range 0.1-1 p.m diameter (e.g. Kadowaki, 1976). This is both too small for sediment-

ation or impaction to be important, yet too large for efficient Brownian diffusion 

(Chamberlain and Little, 1981). Hence these particles are expected to deposit slowly. 

The rate of deposition is often expressed as a deposition velocity (Vd), which is 

considered to be independent of air concentration, and is referenced at a particular 

height (z) above the depositing surface: 

Vd ( z) = Deposition flux / concentration ( z) 
	

1.9 

(See also chapter 2.) A typical upper value for particles in the the same size range as 

NH4 is of the order of Vd(  1 m) = 1 mm (Chamberlain and Little, 198 1), with 

values being largest in windy conditions over rough surfaces. Such values have on 

the whole been confirmed by other laboratory and field studies (e.g. McMahon and 

Denison, 1979; Nicholson and Davies, 1987). As a result, only a small proportion of 

the atmospheric NHx  will be lost as NH particulate dry deposition. Assuming a 

typical NH4 concentration of 2 p.g m 3  and deposition velocity of 0.1 cm s', gives 

an annual flux of 0.5 kg N ha 1  year 1 , which is small compared to precipitation input. 

NH4 is present in cloud or fog droplets owing to the action of the particulates as 

cloud condensation nuclei, and as a result of droplet scavenging of NH4+  and NH3. 
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Such droplets are mostly present in the size range 5-30 ..Lm. At this size impaction 

and sedimentation both become important, so that deposition is much more efficient. 

Thus where fog or ground level cloud are present, deposition of the order of 1-10 cm 
-1 ,  may occur, depending on windspeed and surface roughness. This has been 

demonstrated for example, by Yosida (1953) who measured fog deposition, while 

Dollard er al. (1983) and Gallagher et al. (1988) have measured deposition of surface 

clouds at high elevation sites. As a consequence of this rapid droplet deposition an 

additional input of NH is possible for some sites (Fowler et al., 1989; Saxena and 

Lin, 1990), which may exceed 1 kg NH-N ha year 1 , although, as a regional loss 

mechanism for the atmosphere this will usually be small. 

As a result of the slow dry deposition rate of NELI particles, most is eventually 

removed as precipitation, or in some cases cloud droplet deposition. Similarly, given 

the large amounts of total NHx  dry deposition often recorded (section 1.4.1), it is 

expected that the bulk of this is due to NH3 deposition, rather than NH4 as has 

sometimes been suggested (e.g. Ingham, 1950; Tjepkemaet al., 1981). 

1.4.3 Dry deposition/exchange of NH3 

Until recently there were no actual measurements of NH3 deposition suitable for 

quantifying rates, such as by a deposition velocity. Thus Söderlund and Svensson 

(1976), in compiling their global budget for nitrogen compounds, assumed a value of 

Vd = 8 mm s- i based on supposed similarity of NH3 to S02. However, since it has 

been noted above that NH3 may be both emitted from or deposited to the ground, it is 

clear that a more rigorous approach is needed. The question, then, is to understand 

the bi-directional surface exchange process as a whole. The role of animals and 

fertilizer loss as emission sources has been considered above. In this section the 

background exchange of land surfaces is considered, including both natural (or 

unfertilized) vegetation and fertilized ecosystems, though not considering the emission 

immediately following fertilizer application. Progress has been made both through 

controlled environment studies, and micrometeorological field measurements. These 

are considered and a summary of experiments given in Tables 1.7 and 1.8. 

- Controlled environment studies 

Porter et al. (1972) provided the first modern demonstration of foliar absorbtion of 

NH3. Using 15N labelled NH3 they showed that NH3 was absorbed into the plant 

and metabolized (See also section 1.2.1. for early work). Lockyer and Whitehead 

(1986) and Whitehead and Lockyer (1987), also using 15N, applied air concentrations 

in the range 14-709 .tg NH3 m 3  and showed that plant enrichment was proportional 
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to air concentration, with up to 77% of the plant N deriving from the air at 709 g 

rn 3 . In some of their treatments they also washed leaf surfaces before analysing for 

N, but could detect no difference as compared to unwashed leaves. From this they 

concluded that leaf surface adsorption of the NH3 was insignificant in comparison. 

Hutchinson et al. (1972) made the first study of uptake rates of NH3. Using 

concentrations of 24-44 ,.tg rn -3 , they showed a clear relationship between uptake and 

stomatal opening, by comparison with the flux of CO2 in light and dark periods. This 

is a feature that has since been demonstrated in other similar studies (e.g. Aneja er al., 

1986; Van Hove et al., 1987a). In the study of Hutchinson et al., while much of the 

NH3 passed through stomata, a proportion (not calculated) was deposited on the leaf 

surface. These authors also compared deposition fluxes to plants with different levels 

of fertilization, but could see no trends associated with this. However, a trend was 

seen by Whitehead and Lockyer (1987), with lower fluxes to plants with greater 

fertilization. Since this was supplied as NO3, the change must have been a result of 

altered plant metabolism, rather than simply the presence of fertilizer residues. 

All these experiments, however, used large air concentrations (Table 1.7). By 

contrast Meyer (1973) also used NH3 free air. Whereas he found a similar pattern to 

the above using 27-417 p.g rn -3 , when NH3 free air was applied NH3 emission 

occurred, with the outgoing airstream of his chamber containing between 1.3 and 12 

p.g m 3 , depending on plant species. He considered 27 tg rn -3  to be a normal air 

concentration and therefore did not think this would be important in practice. 

However, since air concentrations are usually much lower than this, other workers 

soon revived the idea of bi-directional fluxes by using both chamber studies 

(Farquahar et al., 1979, 1980; Hooker et al., 1980) and fieldwork (Lemon and Van 

Houtte, 1980). Farquahar et al.(1980), in a study that has become well known, 

formalized the idea of an NH3 'compensation point' concentration (denoted here Xcp). 

They observed deposition to occur when air concentrations were above this level, and 

emission to occur when they were below it; at the X cp itself no net exchange would 

occur. They explained this as being the concentration in equilibrium with the 

intercellular fluid of the plant tissue, accessible through the stomata. As a 

consequence of this study, these authors considered the previous high concentration 

studies to be in error. They also observed an increase in Xcp  with temperature, which 

was consistent with the solubility equilibria (section 1.1.), assuming dissolved NH 

concentration to be constant with temperature. For Phaseolus vulgaris at 25 °C they 

found a Xcp of 1.7 .tg NH3 rn -3 , while at 33 °C this was 3.7 tg rn -3 . Using the lower 

concentration to predict dissolved NH4 at an estimated pH, they plotted the 
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Figure 1.2 Ammonia compensation point determinations of Farquahar et al. (1980). The graph 
is redrawn to show compensation point concentrations (Xcp)  using j.tg NH3 rn -3  for all their reported 
results, with the lowest temperature limit extended from 10 to 0 °C. The curve represents modelled 
values of the Xcp of P. vulgaris at different temperatures, according to the NH3 solubility equilibria, 
given the experimentally derived value at 26 °C, and an estimated leaf pH of 6.8. The ordinate may be 
rescaled directly to fit any of the points. See also footnote 'i'. 

response of Xcp  to temperature, and found the upper value to be close to that predicted 

(Figure 1.2) *. 

Many authors have adopted this idea, to the extent that it has even been included in a 

model of atmospheric transport (Derwent, 1987). However this author, as with many 
others, assumed a constant value Xcp  (here 1.5 .tg m 3), regardless of temperature. 

Such a simplification may well be convenient in modelling, however the relationship 

should not be ignored in explaining observed exchange results. It may also be noted 

that Derwent's estimate,which is for N.W. Europe, is too high. Based on a more 

typical temperature of 10 °C, the result for these conditions would be 0.28 tg m 3 , 

although, given the range of temperatures possible, it is clear that such an approach is 

of limited use. Similarly, the estimate is for P. vulgaris well supplied with nutrient 

solution. Figure 1.2 gives some indication of species variability (not graphed in the 

original), however, again all plants were well fertilized. There appears to be no X cp  

data for unfertilized plant species. An example of the effect of N status was noted 

* Some caution nevertheless needs to be applied to this temperature response given the possibility of 
interactions with atmospheric CO2 equilibria as demonstrated by Hales and Drewes (1979; section 
1.1). An example temperature response for the X cp  of a water surface accounting for this effect has 
been calculated by Horváth et al. (1982). 
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above (Whitehead and Lockyer, 1987). Additionally, in a wind tunnel experiment 

Whitehead and Lockyer (1989) showed emission from moist decomposing cut grass 

herbage, yet only where the grass had previously been well fertilized. This supports 

N status as being an additional factor affecting the size of the 

More recently Parton etal. (1988) have examined the effect of plant nitrogen status on 

exchange. They found NH3 emission to occur for both low and high N treatments of 

winter wheat at the relatively high concentrations of 6-24 .tg m -3  with day-time 

temperatures of 24 °C. This suggests a much higher Xcp  than found by Farquahar et 

at. (1980). In addition, while per plant emission was less from the low N treatments, 

on a leaf area basis emission was similar. In further experiments, over the course of a 

growing season, Morgan and Parton (1989) confirmed this larger y. At their usual 

experimental concentration of 8 tg m 3  emission was recorded in all cases. This 

varied with time and was greatest following anthesis and during leaf senescence (grain 

ripening). For most of the time emission was in the range 5-40 ng m 2  leaf area s 1 , 

though during these periods values of up to 60 and 80 ng rn -2  respectively were 

recorded. Three determinations of Xcp  were made, at early and late grain filling and at 

stiff dough (grain ripening). These gave values of 13, 25 and >25 .tg rn -3  

respectively. This confirmed the greater emission during senescence observed by 

Farquahar et al. (1979) and Hooker et al. (1980), although both these groups found 

much smaller fluxes (Table 1.7). 

These studies show that the stage of plant growth is also important in exchange. The 

different biology of perennials and annuals is probably also relevant given that above 

ground senescence of perennials usually results in translocation of N to roots. This is 

not a major process in annuals where N is predominantly transferred to grain, or lost 

entirely from balance sheets (Wetselaar and Farquahar, 1980). It is therefore possible 

that NH3 emission during senescence from perennial plants is less than from annuals. 

Experiments are needed to examine this. 

Another complication is the role played by the leaf surface. Van Hove etal. (1987b) 

showed this to act as a capacitor for NH3 uptake in an experiment using concentrations 

of 4 to 400 p.g NH3 m 3 . They found that the size of the capacitance increased with 

humidity, suggesting that, even when no free water (e.g. rain or dew) was visible, 

some sort of bound water layer was present. In their conditions, however, they still 

found this to be small compared to transport via the stomata. 

Conversely, there is the evidence from the throughfall studies noted earlier (e.g. Van 

Breeman et al., 1982; Draaijers et al., 1987) that large quantities of NH are adsorbed 
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Authors X NH3 NH3 exchange results Plant species and 

___________________ (j.tg m 3) (Results expressed on a leaf area basis) notes 
' 5 N-NH 3  studies 
Porter et al. (1972) 760— Deposited NH3 metabolized. Zea mays 

15000 

Lockyer & Whitehead 16-520 Deposited NH3 metabolized. Uptake proport- Loliwn perenne 

(1986), Whitehead & 14-709 ional to X.  Less uptake in high N 
Lockyer (1987) status plants. Stomatal deposition implied. 

Deposition 	studies 
using 	NH3  only 
Hutchinson et al. 24-44 Deposition mostly through stomata; some Z. mays, Glycine 
(1972) surface uptake. No difference of uptake to max, Helianthus 

different N status plants seen. Vd = 2— annuus, Gossyp- 
6 mm 1  (day) and < 2 mm s 	(night). ium hirsutum 

Aneja et al. (1986) 38-760 Deposition through stomata; negligible Z. mays, G. max, 
cuticle uptake. 	Approx. Vd = 4 Phaseolus vulgaris, 
(day) and 0.2 mm s' (night) grasses 

Van Hove et al. 4-400 Deposition through stomata; small cuticle P. vulgaris 
(1987 a and b) uptake greater at high humic1ities. Surface 

resistance r = 50-500 s m , depending on 
light intensity (stomatal opening) 

Emission 	/ 	depos- 
ition 	studies 
Meyer (1973) 0 Emission of NH3 Z. mays, Pinus sp. 

26-417 Deposition of NH3: uptake proportional to X P.vulgaris, G. max 

Farquahar et al. (1979 2-3.5 Healthy leaves: emission 	0.68 ng m2 	.l Z. mays 
Senescent leaves: emission 	9.69 ng m 2  s 1  

Farquahar er al. (1980 0-34 y, = 1.7 ig m 3  (26 °C) and 3.7 .tg m 3  (33 °C P. vulgaris 
Emission if x > 	Deposition if x < (see Figure 1.1) 

Hooker et al. (1980) 0 Pre-anthesis: emission 0.5-1.2 ng m 2  s Triticum aestivum 
post-anthesis: emission 1.4-1.8 ng m 2  s' 
(temperature raised from 4 to 25 °C over the 
growing season) 

Parton et al. (1988) 6-24 growing plants: emission 70-150 ng m 2  s T. aestivum 
(48) senescing plants: emission 240-360 ng m 2  s 

Leaf area fluxes similar for low and high N 
plants. 	Day: 24 °C, night 10 °C 

Morgan and Parton =10 background: emission 6-50 ng m 2  s 1  T. aesrivum 
(1989) at anthesis: emission 50-70 ng m 2  s 1  

senescence: emission 35-95 ng m 2  s' 

early grain filling: x, = 16 tg m 3  
late grain filling: X, = 28 tg m 3  
grain ripe (leaves senescent) x> 30 gg m 3  

Deposition 	studies 
using NH3  and SO2  
Adema et al. (1986) 300-600 Deposition to water surface. Uptake of each gas SOoxidation to 

NH3, SO2 enhanced by presence of the other. At fixed pH S042-  increased. 
5-7 both gases deposit at maximal rates. 

Van Hove er aL(1989) NH3: 56— Deposition of each gas enhanced by presence P. vulgaris, 
100; SO2: of the other. 	Mechanism is cuticle adsorption Populus sp. 

5 3-84 saturated after several hours (see below). 

Van Hove er al.(1990) NH3: 100 Stomatal uptake dominates in steady sLate P. vulgaris 
SO2: 100 conditions. 	At 15 °C high humidities increase 

deposition. 	Little effect at 20, 25 °C. 

Table 1.7 Summary of modern controlled environment studies of NH3 exchange with plants. 

Vd = deposition velocity, rc  = surface resistance to uptake (see Chapter 2), X = concentration, X.q, = 
compensation point concentration (see text). Fluxes and concentrations expressed as NH3. 
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on leaf surfaces, which are later washed off by rain. In these cases it is stomatal 

uptake which is assumed to be negligible. Perhaps crucially however, these authors 

also recorded large quantities of S04 2- . This suggests that a pH neutralization of 

depositing NH3 by SO2, and vice versa, was occurring, with subsequent oxidation of 

the SO2 to S04 2 , which would enable greater deposition of both species. It seems 

reasonable that in the chamber studies, with levels of NH3 dominating, there would be 

less leaf surface NH3 deposition as the pH is raised and dissolution limited (section 

1.1), resulting in stomatal uptake dominating. 

Controlled environment studies have been made to look at this possibility. In a wind 

tunnel study, Aderna er al.(1986) confirmed this enhancement process to occur over 

water surfaces, recording increased deposition velocities in the presence of both NH3 

and S02. Van Hove et al. (1989), examined this for dry leaf surfaces and found a 

stimulation of deposition when both gases were present, which as before was 

enhanced at high humidities. However, for their experimental conditions (56-100 .tg 

NH3 rn 3  and 53-83 99  SO2 rn-3 ) they still found the bulk of the deposition to occur 

through stomata, with the leaf surface acting as a capacitor, which was filled after 5-

10 hours. It is interesting to compare this to the results of Draaijers er al. (1987), 

whose highest throughfall concentrations followed a dry period of a month. This 

suggests that in field conditions this process may last much longer. Van Hove et al. 

(1989) also found SO2 to be more soluble than NH3, which is surprising considering 

the Henry equilibria of each would suggest the reverse (Seinfeld, 1986; Table 1.1). 

However, this may relate to their use of large air concentrations with an equivalent 

ratio of approximately 2 NH3: 1 SO2 (4: 1 moles), so that NH3 was in excess. 

- Microm eteorological field measurements 

Examples of regional scale micrometeorological studies have been considered earlier 

(section 1.3.2), and appear to show a general emission from the land areas studied. To 

understand the process of exchange over different surface types however, field scale 

micrometeorological studies are appropriate. Measurements of background exchange 

have used the gradient method exclusively, since this allows for a large time period 

(1-3 hours) needed for ammonia detection. The studies have been stimulated from 

both agricultural and pollution interests. 

The agricultural work has been an extension of the interest in crop N-balances and has 

therefore been linked to the literature dealing with N-losses following fertilization or 

grazing, experiments in which NH3 concentrations are very high. Traditionally 

therefore, only total NH x  has been measured, on the assumption that NH4+  is 

negligible in comparison. However, for the background surface exchange, NH4+  is 
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significant, and the two concentration gradients are confounded. The result is that 

valid deposition velocities and resistances cannot be calculated. Nevertheless, given 

that NH4-'-  deposits very slowly, the NH, gradient is dominated by NH3 exchange; 

since it is this that is used to calculate the flux, it may be concluded that the flux 

estimates are reasonably valid. 

The results of these studies are given in Table 1.8. The experiment, by Harper et al. 

(1983), is included for comparison to show the initial emission after addition of a 

fertilizer (urea). The initial period of elevated losses was estimated to last between 4 

and 14 days depending on environmental conditions. After this period, a background 

exchange was observed, showing a number of possible responses. One example 

showed thy-time emission and night-time deposition, which appeared to be related to 

low air concentrations and dew during the night. In another example deposition 

occurred during the thy giving way to a small rate of exchange at night during a period 

of high air concentrations. Surface wemess and air concentrations are therefore again 

shown to be important in controlling the exchange process. 

Other background crop exchange studies support this pattern. Lemon and Van Houtte 

(1980), interpreted their results in terms of a bi-directional exchange from the crop, 

depending on air concentration, while Dabney and Bouldin (1985) in a study over Aif 

alfa found emission to predominate but suspected deposition to dew at night, although 

this could not be confirmed because of advection problems in these cases. Denmead et 

al. (1978) appear to have observed the reverse over a maize crop, with deposition 

occurring when the soil was dry, and emission from a wet soil. These authors used a 

deposition velocity analysis and found, that for some runs, deposition was too rapid to 

be through the stomata alone, suggesting leaf surface absorption to be occurring. 

Since the measurements were for total NH, this implies that NH3 deposition rates 

were in fact even higher which supports their conclusion. 

These studies measured the net exchange with the atmosphere. In addition, Denmead 

er al. (1976) studied the soil crop interaction. They found a large soil emission to be 

occurring, but most of this was recaptured by deposition to the canopy above, so that 

above canopy emission was small, with even some net deposition at night. They 

calculated deposition to the canopy by the difference between the two fluxes. Here 

also, they suspected leaf surface uptake to be occurring. 

More recently, Harper et al. (1987) examined the exchange of NT-I A  over a growing 

season for a wheat crop fertilized with ammonium nitrate. The net exchange they 

observed was seen to fall into 4 different phases, while they also explored the origin 
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Author X NH, 
(rig m 3 ) 

deposition fluxes 
(tg NH-N m 2  s4) 

Vd and 
resistances  

Notes 

Agricultural 	studies 
Denmead a al. NH-N at soil: -1.6 --0.08 Ungrazed pasture; 0.7 m grass 
(1976) e.g. 2 above canopy: sward with Trifolium sp. 

-0.1 - -0.03 below. Flux largest when 
soil drying. (D+N) 

Denmead et al. NH-N diurnal cycle: some runs Z. mays 	1-1.8 as, fertilized 
(1978) 1-10 wet soil -0.77 r <50 10 weeks before. 21-33 °C. 

mean: 4.6 dry soil 0.18 s m' (D+N) 

Lemon and Van NH-N -0.92-0.59 G. max, Elymus repens 
Houtte (1980) 1-40 Interpreted as X dependent 

exchange, Xc , (D-i-N) 

Harper et al. (1983) NH-N Low density sub-tropical 
570 -9.4 (max. fertilizer loss) pasture (4 cows ha') 370 kg N 
2.5-15 -0.4-0.2 	(background ha 	applied as urea. Fertilizer 
13-28 -0.1-0.9 	exchange) loss period: 4-14 days. (D+N) 

Dabney and Bouldin NH-N -0.69-0.14 Medicago sativa, emission 
(1985) 1.0-5.4 most after hay cutting. Depos- 

ition to dew at night. (D+N) 

Harper et al. (1987) NH-N T. aestivwn. 112 kg N ha 
=10 -0.26 pre-fertilization applied as NH4NO3. 4 phases 
=10 -0.87-0.06 post- of exchange over growing 

fertilization (2 weeks) season. 	Plant height ranged 
20-30 0.06 growing stage over 0.2-0.8 m. 

(foliar N shortage) 
8-15 -0.65-0.02 (mean = 

0.15, leaf senescence) 

Pollution 	studies 
Horváth (1982, NH3 Grass surface 
1983). Mészáros and 2.74(4 m) mean: 0.019 Vd = x dependent exchange: 
Horváth (1984) 0.96 meat 1.4 mm s Vd{4 mI = 1 - 0.93/[NF3] 

annual (cm s 	) 	(p.g m 
50-100 m fetch. 

Duyzer et al. (1987) NH3 mean: 0.046 mean Vd = Natural vegetation: mainly 
mean: 3.9 (-0.03-0.19) 19 mm s 1  moorland + some forest. 

rc  = Deposition independent of 
mean wet surfaces: 0.09 s m 1  air concentration implied. 
mean dry surfaces: 0.28 s m (mostly day-time runs) 

Harrison a al. NH3 Various grassland and crop 
(1989) mean: 1.5 mean: -0.031 not surfaces. Fertilization details 

(-0.10-0.02) calculated not given. (day-time only) 

Table 1.8 Micrometeorological studies of background NH3 exchange over vegetated surfaces. 
Negative fluxes imply emission. Agricultural measurements are for total NH x , though the flux is 
dominated by NH3 (see text). Vd = deposition velocity, rc  = surface resistance to uptake (see Chapter 
2). D+N = both day and night-time measurements made. X = concentration. 

of sources and sinks using within-canopy concentration profiles. These phases are 

shown in Table 1.8. Prior to fertilization net emission was seen with the source being 

the vegetation tops, while the soil acted as a sink. Emission was larger for a period of 

1 week following fertilization, with both the soil and the vegetation acting as sources 

(accounting for an estimated total of 8.3 kg N ha -1 ). This subsequently declined so 

that net deposition was seen from 2 weeks after fertilization through the growing stage 

(a total of 0.7 kg N ha -1 ), although the soil continued to emit NH3 which was 

absorbed by the canopy. Finally a period of net emission was again seen from the 

inflorescence stage to grain maturity and leaf senescence (an estimated total of 7 kg N 
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ha 1 ).They attributed the post-fertilization emission to an excess of nitrogen in leaf 

tissues, and the period of deposition to foliar nitrogen shortages. However, their data 

show higher air concentrations during the latter period which, if Xcp  was exceeded, 

may also have contributed to the deposition observed. They related the final period of 

emission to inefficient translocation of N in filling grain, and an excess of NH3 in 

tissues due to protein break-down during leaf senescence. 

There has been little study of exchange where NH3 has been measured separately; 

what there is relates to interest in the gas as a pollutant (see also table 1.8). Horváth 

(1982, 1983) believed his results over short grassland (conditions unspecified) to 

show both emission and deposition depending on air concentration, and interpreted 

this as a soil Xcp. However, a number of criticisms may be made of this study. In 

particular the measurements were made using only a very limited fetch (13-25 x 

maximum measurement height), and only two reference heights, so that observed 

gradients may not solely reflect surface exchange. Harrison etal. (1989) have recently 

reported measurements over several canopy types, and find most grass and crop 

surfaces to give emission, although as with Horváth, they do not relate this to crop 

fertilization. However, studying their data, emission seems to be favoured by high 

temperatures and dry conditions. While they found some deposition results, they 

dismiss the idea of using a deposition velocity, since the bi-directional exchange 

suggests the exchange is not independent of air concentration. 

The only studies of exchange over natural (or unfertilized) surfaces have been made 

recently by Duyzer et al. (1987). These authors found a consistent pattern of 

deposition to be occurring over different heathland surfaces in the Netherlands, and 

support the use of deposition velocities. They found deposition to be too rapid for 

uptake by stomata alone, which implies that the main site of uptake was the leaf 

surfaces. In wet conditions this uptake was considered to have no surface resistance 

so that deposition was limited solely by aerodynamic transport to the surface. 

Comparing these studies it seems that land use is important in the exchange process 

that occurs. This probably relates to the nitrogen status of the community. Exchange 

also seems to depend on environmental conditions, with temperature, humidity and 

wetness playing important roles. This may be related to the controlled environment 

studies. The idea of a compensation point concentration, X cp, for exchange is 

supported in the field measurements for the crops by Lemon and Van Houtte (1980) 

and for soils by Horváth (1982). However this seems to be complicated by 

environmental conditions as noted above. With the only study on natural surfaces of 
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Figure 1.3 Simplified scheme of the surface/atmosphere circulation of NH. Major fluxes are 
shown by bold lines. The three reactions noted are: 1) SO2 oxidation to S04 2  and neutralization by 
NI-I3 to give ammonium sulphate (e.g. (NH4)2SO4); 2) Equilibria of the gases NH3, HCI and HNO3 
to form particulate NH4NO3 and NH4CI; 3) Oxidation of N1I3 by 0H to form NO N . 

Duyzer et al. (1987) no relationship to X cp was considered, and the idea of 

concentration independent deposition supported. Their work supports the existence of 

leaf surface deposition and agrees with the throughfall measurement results of Van 

Breeman et al. (1982) and Draaijers etal. (1987). Conversely, the chamber work of 

Van Hove er al. (1989) suggests that this sink is filled in several hours. 

It is difficult to see how these different observations and concepts may be reconciled. 

It is therefore clear that there is a need for more work which accounts for each, in 

order to develop a coherent picture of NH3 exchange over both natural and crop 

surfaces. 

1.5. AN OVERALL CYCLE FOR ATMOSPHERIC NH 

From the discussion above a picture of the overall cycle of NH between the earths 

surface and the atmosphere may be built. A simplified representation is given in 

Figure 1.3. Although attempts have been made to model and quantify budgets for the 

different aspects of this cycle, given the uncertainty in many of the routes, only an 

approximate indication of importance is given. A number of budget studies have 
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already been mentioned in the context of estimating emissions (section 1.3.2). In 

addition Mészáros and Horváth (1984) have estimated a deposition budget over 

Hungary, while Möller and Schieferdecker (1985) have estimated the relative 

importance of the sinks for a typical mid European atmosphere. 

Such budgets have often calculated the mean atmospheric residence time of the species 

(t), a process which is reviewed by Seinfeld (1986). t may be found by relating an 

assumed constant air concentration to emission or deposition, or by summing the 

individual process residence times as parallel resistances (reciprocal summatiot). For 

their global budget, Söderlund and Svensson (1976) estimated species residence times 

for NH3 and NH of 1-4 and 7-19 days respectively. M011er and Schieferdecker 

(1985) also used this analysis in their study, and gained values of 0.8 and 7.7 days 

respectively. These estimates agree well with each other given the approximations 

inherent in such a calculation. In addition, such residence times are supported by the 

high degree of local variability seen in field monitoring, characteristic of a species with 

a short t. However, these values depend on field estimates of process rates for which 

there is considerable uncertainty. Möller and Schieferdecker used the dry deposition 

rates of Mészáros and Horváth (1984) (see Table 1.8). If these are replaced by those 

of Duyzer er at. (1987) the estimated process residence time of NH3 dry deposition 

('tVd = (assumed mixing height = 1000 m)/(Vd = 0.0014 m s1) = 200 hours) would be 

an order of magnitude smaller (tVd = 15 hours) and 'r = 0.4 days. Since these 

processes also vary with land surface and meteorological conditions the estimation of t 

must only be considered approximate. 

Long range transport models of NH3 and NH4 have been provided by Asman and 

Janssen (1987), Derwent (1987) and Fisher (1987), and are based largely on 

calculations such as that given  above applied on a geographical basis. These authors 

have used this to provide maps of air concentrations and deposition over Europe. 

Large scale area differences, reflecting the specificity of input data are generally shown 

well by these studies. However, on this scale and using large approximations, the 

large degree of local variability due to the short residence times and variability in dry 

deposition is inevitably not seen. 

Asman and Drukker (1988) have also applied their model to look at the change in 

deposition for Europe over the last century. This is achieved by supplying the relevant 

emission data for given dates in the past, on the assumption that agricultural emissions 

predominate. Since these sources have increased over this period, the model shows a 

corresponding increase in deposition. This gets some support from observations of 

wet deposition increasing with time (e.g. Söderlund and Granat, 1982), however as 
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Skeffington and Wilson (1988) point out, there is a great deal of variability,, with 

many sites showing reductions. This is not unexpected, as changes in the pattern of 

emission have undoubtedly also occurred. However, it seems that in many areas, 

such as the Netherlands, increases have been large, with the result that ecological 

responses appear to be occurring. - 

1.6. EFFECTS OF NHX ON THE ENVIRONMENT 

Deposition of atmospheric NH x  may affect ecosystems by increasing nitrogen inputs, 

causing soil acidification, or by direct toxic effects on organisms. Toxicity effects 

have been reviewed by Van der Eerden (1982) for plants and by NRC (1979) for 

animals and are associated with very high levels of NH3. Although the effects may be 

serious, since such concentrations (>500 p.g rn -3) are only found near strong sources, 

these are only local effects. The greatest environmental concern seems to have 

focused on increased nitrogen inputs and soil acidification. 

- Increased nitrogen supply 

The 19th century interest in the deposition of atmospheric NH x  as a beneficial source 

of N to plants has been considered earlier (section 1.2.1). There is indeed evidence 

that where very high local concentrations occur, crop growth may be stimulated (e.g. 

Malo and Purvis, 1964; Cowling and Lockyer, 1981). Most of the recent interest has, 

however, been concerned with the effects on natural (unfertilized) ecosystems, where 

natural levels of deposition are important to the nutrient economy (Rosswall, 1976). 

As a result any increase in deposition associated with polluted atmospheres represents 

a considerable shift in nutrient balances. Observed effects have been centred on the 

Netherlands and Belgium where NH x  pollution is widespread, and have included 

water bodies, heathiands and forests (Van Breeman and Van Dijk, 1988). 

Deposition to oligotrophic waterbodies has been recognized as a possible problem for 

some time leading to eutrophication and increased possibility of algal blooms (e.g. 

Hutchinson and Viets, 1970), however, most concern revolves around the concurrent 

acidification observed (see below). 

The eutrophication of heathlands is a major issue. Deposition of atmospheric NH x  is 

blamed for a decline in ericaceous communities (e.g. Calluna vulgaris, Erica tetralix) 

and their replacement by grassland communities (e.g. Molinia caerulea, Deschampsia 

flexuosa, Festuca ovina) observed over much of the Netherlands (Schneider and 

Bresser, 1987), and the causality of this seems to have been confirmed in fertilization 

experiments (Heil and Diemont, 1983). Roelofs (1986) has suggested such changes 

33 



are apparent when total N inputs exceed 20 kg ha -1  year 1 . The changes may also be 

exacerbated by an interaction with the heather beetle (Loch,naea sururalis), the growth 

of which is favoured by the increased nitrogen status of the vegetation. Plant death 

opens up the canopy while decay of the dead heather releases more nitrogen, 

favouring increased growth of the grasses (Brunsting and Hell, 1985). 

Concern has also recently extended to species rich calcareous grasslands. The area of 

such communities has decreased in recent years due to conversion to arable farming 

and changes in livestock management. In addition, it has been suggested that the 

increased N deposition favours the growth of taller rough grasses, such as Brachy-

podium pinnatum , which out-compete the short grassland species (Bobbink, 1989) 

Increased deposition NHx  may also exacerbate the poor health of forests. Over 50% 

of forests in the Netherlands are recorded as being less than vital (Van Breeman and 

Van Dijk, 1988). The distribution of damaged trees follows that of intensive livestock 

breeding, which being the major source of NH3, supports this hypothesis. Nihlgard 

(1985) formulated an hypothesis for this decline, whereby the increased nitrogen 

supply can result in imbalances of the other nutrients (K, Mg, Ca, P), and also make 

shoots more sensitive to frost damage and consequently fungal infection. The role of 

ammonia in acidifying soils (see below) may exacerbate this. Nutrient imbalances 

related to high foliar N and large atmospheric NH x  have, for example, been observed 

by Van Dijk and Roelofs (1988), while increased fungal infection has been discussed 

by De Temmerman et al. (1987) and Istas et al. (1988). 

- Acidification 

The processes and proton exchanges by which an increased NH x  supply can also 

result in acidification are summarized in Figure 1.4. These may occur in both soils 

and water bodies. The most important step is the nitrification of NH to NO3 - , by 

the soil bacteria (e.g. Nitrobacter spp), which liberates two H ions: 

NIT4 + 202 => NO3 + H20 +2W 

Clearly the degree of acidification that occurs depends on the fate of the NH. Acid-

ification, may occur from an input of NT-I without oxidation, but only results from 

NH3 where nitrification occurs. Leaching of the NO3 exacerbates this, while assoc-

iated loss of nutrient cations may heighten the problems of plant nutrient shortages. 

This is part of the 'ammonium hypothesis' for forest decline of Nihlgard (1985). 

The concern over N eutrophication and acidification of water bodies, resulting from 

NHx  deposition, has focused on the decline of poorly buffered water pools in the 

Netherlands. Formerly these supported a characteristic aquatic plant community 
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Figure 1.4 Effects of atmospheric NH3 or NH input on soil or water proton balances. The level 
of production of H+  depends on the form of NH input and the fate of the NH4+ ion.  M+  represents a 
metal ion that might be leached from a soil. Diagram modified from Binkley and Richter (1987). 

including Lirtorella uniflora, Lobelia dortmanna, and Isoetes spp. Most have now 

vanished, being replaced by acid tolerant, nitrophilous plants such as Sphagnum spp., 

Drepanocladus fluitans, and Juncus bulbosus (Roelofs 1986). In addition to this, 

there is the general problem of increased levels of NO3 -  entering ground and river 

water supplies, however here, the direct effect of infiltration and run off from 

agricultural residues is more important. Both these nitrification issues and the effects 

of N eutrophication have been reviewed by Van Breeman and Van Dijk (1988) and 

Skeffmgton and Wilson (1988). 

1.7. OBJECTIVES OF STUDY AND THESIS PLAN 

It is clear from the above discussion that ammonia is important both because of its 

direct ecological effects, and because of its more widespread role in acid pollution 

chemistry. At the same time it is also clear that, while some aspects of the sürface/ 

atmosphere ammonia cycle appear to be well categorized, such as the quantity and 

distribution of wet deposition, other aspects are poorly understood or quantified. In 

addition, much of what has been described above has only become available since the 

initiation of this study. The objectives of this project were therefore as follows: 

1. To make field measurements of the swface/at,nosphere exchange of ammonia over 

a range of vegetated swfaces. 

The sparseness of field data on the exchange of NH3 is particularly noticeable. 

Consequently, the main body of this study is devoted to this area. Field micro- 
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meteorological techniques (aerodynamic gradient method) are applied with separate 

NH3/NH4+ samplers, in order to differentiate between the exchange processes of each 

component. The fluxes are interpreted using deposition velocity and resistance 

analyses and related to other environmental factors. Measurements are made over a 

wide range of vegetated surfaces, including both natural (unfertilized) surfaces and 

arable crop surfaces (not including the initial period of fertilizer emission). These are 

then used to develop an understanding of ammonia surface exchange processes. 

To monitor the atmospheric NH3 concentrations at several sites in S. Scotland. 

There is also comparatively little data on the ambient levels of NH3. This is especially 

the case in Scotland, where the only published data is the total NH x  results of the 

EACN (Stevenson, 1968). Ammonia concentrations are provided from monitoring at 

several sites for periods of up to 18 months. The passive diffusion tube method of 

Hargreaves and Atkins (1987) is used. 

To estimate exchange budgets of ammonia over different surfaces. 

The results from the field studies above are used, with other published data, to 

estimate the annual fluxes of NH3 and NH exchange over different land surfaces. 

These are compared with other inputs of fixed nitrogen. 

The following chapters are presented as follows: 

Chapter 2. theory of field micrometeorological exchange analysis to be used in 

surface/atmosphere exchange studies; 

Chapter 3. field and analytical methods used in the surface exchange studies; 

Chapter 4. presentation of the results of the surface exchange studies made over 

'natural' and unfertilized ecosystems, including moorland, grasslands and a forest site; 

Chapter 5. presentation of the results of the background surface exchange studies 

made over agricultural (fertilized) crops, including forage grass and cereals; 

Chapter 6. report of diffusion tube monitoring of atmospheric NH3 in S. Scotland; 

Chapter 7. general discussion of the surface/atmosphere exchange of ammonia and 

the estimation of exchange budgets; 

Appendices. 
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Chapter 2 

Micrometeorological theory 

2.1. INTRODUCTION 

Field measurements that allow the quantification of trace gas exchange between 

vegetated surfaces and the atmosphere may be made either by chamber methods, where 

fluxes are found from the changes in gas concentration in an enclosure over the 

ground, or by micrometeorological methods, where the flux is measured in the free air 

above the surface, and equated with exchange at the surface. 

Although chamber methods have found extensive use in controlled environment studies 

of ammonia exchange, they have a number of disadvantages for use in field conditions. 

The chamber may modify the surface environment, and hence alter exchange patterns, 

and only represents a small area (often less than 1 m 2) so that replication over a site is 

needed to obtain large area averages of fluxes. In addition, deposition of NH3 to field 

chamber walls may become important, especially if condensation of water vapour 

occurs in the system. Thus micrometeorological methods are in principle more 

favourable. Here the surface is not disturbed and field processes can continue 

unaffected, while the net exchange is measured, since measurements are made above 

the surface. This may be important where a number of opposing processes are 

occurring in a plant/soil system. The method also samples over a large area, so that 

variations in exchange over the site are averaged out. Consequently, it is the 

micrometeorological approach that is applied in this study. 

Micrometeorological methods fall into two groups. Most are based on the use of large 

homogeneous surfaces, so that the boundary layer of air flowing over the surface is 

assumed to be in equilibrium with the surface up to a given height above the ground. 

Within this layer the vertical fluxes are assumed to be constant with height and a one 

dimensional analysis of transport made. Various estimates exist as to the relative depth 

of this constant flux layer, but as an approximate rule, 100 m of upwind fetch over a 

uniform surface are needed for it to fully develop to a height of 1 m (Monteith, 1973). 

In practice given practical measurement restrictions, a depth of 2-5 m is often used, so 

that a uniform land surface of several hundred metres upwind is required. 

An alternative procedure is the mass balance method (Denmead, 1983). here meas- 

urement is made of the modification of a developed boundary layer by a small upwind 

patch (e.g. fetch 20 m), that has markedly different exchange pattern to the background 
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exchange. An example for NH3 is the estimation of emission from a fertilizer treated 

plot (Denmead, 1983). The outgoing downwind horizontal flux, found from 

integrating the products of horizontal windspeed and excess concentration over the 

height of the affected layer, is assumed to balance that being lost from the ground. 

This is a useful technique, but is clearly not suitable for measurements of background 

exchange; in this case constant flux layer techniques are appropriate. 

2.2. METHODS ASSUMING A CONSTANT FLUX LAYER 

Theoretically the simplest approach is the eddy covariance technique. This method 

correlates the instantaneous vertical windspeed with the instantaneous concentration of 

individual eddies, at a given point above the surface. The flux of a trace gas (Fx) is 
given by: 

Fx = 
	

2.1 

where w' and ' are the instantaneous fluctuations about the mean vertical windspeed 

(w) and concentration (x)  respectively. The method is favoured for its conceptual 

simplicity and lack of empiricism, however, the scale of some of the eddies 

transporting the gas necessitates sampling at least at 5-10 Hz. The technical difficulty 

of sampling at such rates for NH3 at environmental concentrations means that at present 

eddy covariance is not a viable option for measuring NH3 exchange (Denmead, 1983). 

Alternative approaches are based on the principle of diffusion of an entrained property 

along its mean concentration gradient. These permit the long sampling times (generally 

at least one hour) required for the precise determination of low levels of ammonia. 

Emission or deposition sets up a gradient of concentration with height above the 

surface, corresponding to either enrichment or depletion at the surface. The gradient 

may be characterized by measurement of mean concentrations at several heights above 

the surface in the constant flux layer. The flux toward or away from the surface is then 

found as the product of this gradient and the turbulent diffusion coefficient of trace gas 

or particulate exchange (Kr): 

F = Kx Dx1az 	 2.2 

where z is height above the surface. The estimation of Kx  may be made either by 
comparison with the eddy diffusivity for momentum (KM), found from windspeed 

profiles (aerodynamic method) or from the energy balance of a surface (energy balance 

method). The aerodynamic method is used in this study and is described in full in the 

sections following, though brief consideration may first be given to the energy balance 

method. 
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The energy balance of a ground surface is given as: 

R=H+AE+G 	 2.3 

where net radiation flux (R11) balances the sensible and latent heat fluxes (H and XE 

respectively) and the ground heat flux (G). 	 - 

H and XE may be defined in similar form to equation 2.2: 

H = KHPCP aT/aZ 	 2.4 

XE = KE XaEThz 	 2.5 

where KH and KE are the appropriate eddy diffusivities, p is the density of the air, Cp is 

the specific heat capacity of the air, X is the latent heat of vaporization of water vapour, 

and E is the absolute humidity. There is good field evidence of the equality of eddy 

diffusivities for heat and entrained properties, such as gases and sub-micron particles, 

in all stabilities (e.g. Thom, 1975), so that combining these with equation 2.3 gives: 

R,G = KX[(pCPaT/aZ)+c&aE/aZ)I 	 2.6 

Hence Kx,  and consequently the flux, may be found from the net radiation, ground 

storage and gradients of temperature and water vapour. A more detailed analysis, 

including development of the Bowen ratio formula, is provided by Monteith (1973), 

Thom (1975), and Denmead (1983). 

The method is to be preferred to the aerodynamic method in conditions of very low 

windspeed, where windspeed profiles are difficult to measure accurately, or in 

conditions of extreme non-neutrality, where large empirical stability corrections are 

needed to calculate the flux in the aerodynamic method. Conversely, the energy 

balance method performs poorly in conditions of small heat flux, such as at night and 

in near neutral cloudy day-time conditions. Thus where the cycle of diurnal variation in 

exchange is of interest, as in this study, the aerodynamic method is to be preferred. 

2.3. AERODYNAMIC GRADIENT METHOD 

2.3.1 BasicS theory 

As noted in the previous section Kx  appears to equal KH in all stability conditions. In 

addition in neutral and stable conditions (e.g. Thom, 1975): 

KM=KH=KX 	 2.7 

In unstable conditions the equality with KM does not hold, however, empirical 

relationships exist so that it is possible to use KM to estimate K and obtain trace gas 

fluxes. KM may be found from an equation similar to equation 2.2, describing the 
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momentum flux (t): - 

= pKM au/az 	 2.8 

where p is air density and u is mean horizontal windspeed. r may also be defined by a 

notional 'eddy velocity' (us), which is analogous to the velocity fluctuations of w' of 

the eddy covariance technique (equation 2.1): 

r= pu 2 	 2.9 

The term u may be defined in terms of gradient theory such that: 

= lau/az 	 2.10 

where 1 is the mixing length, or mean eddy size, at a given height above the ground. 

Thus u*  is also equivalent to the mean windspeed change over one mixing length. 

Within the boundary layer u is constant with height, though both I and au/az are not. 

The mixing length for momentum may be given by: 

= k(z-d) 	
2.11 

OM 

where k is the von Karman constant (0.41), defined by this formula as the ratio of 

mean eddy size to height above the surface, 1M  is the empirically estimated correction 

for effects of non-neutrality upon this ratio, while d is the zero plane displacement - 

or apparent increase in aerodynamic ground level - that occurs over vegetated 

surfaces. In effect (z-d) is the height above the aerodynamic ground level. 

KM may be found from equations 2.8-2.11: 

KM =
1'- = k(z-d)u = k2(z-d) 2  Ju 	

2.12 

This formula may be used to estimate Kx  in neutral and stable conditions. The 

difference between KM and Kx  in unstable conditions is due to the stability correction 

for heat (bH) or entrained properties ((bx)  not equaling CbM. Given the equality of (1)11 

and I, a general form of K may be defined by analogy with equation 2.12: 

k(z-d)u 
Kx = 	 2.13 

cbH 

which may then be substituted into the flux equation 2.2: 

k(z-d)u 
Fx= 	.;F 	 2.14 

This may be used to calculate the flux, but in practice it is often more convenient to 

dispense with Kx  and deal solely with u and an analogous term 	(eddy 



concentration). From equations 2.10 and 2.11 and by comparison with 2.14: 

k(z-d) au 2.15 

k(z-d) dX 2.16 X= 

Fx = u*X* 	 2.17 

Equation 2.17 is comparable with the equation describing the eddy covariance 

technique (equation 2.1). 

2.3.2 Approximate log-linear approach: integrating CD as a constant. 

Although the flux may be calculated using the formulae above, since the gradients with 

height are non-linear, this not particularly convenient. Curve fitting procedures could 

be used or, as is often done, the gradients treated as the difference between two heights 

(e.g. Thom,1975). A more useful approach, however, is to linearize the profiles, 

which are approximately logarithmic, by integration. The simplest approach, and one 
which is often used (e.g. Garland, 1977), treats (t) as a constant. 

Integration of equation 2.15 above gives: 

U* M 	____ 
u(z-d) = 	k 	(z-d) Jz 	 2.18 

U* CDM rz-d\ 
u(z-d) = 	ml — ' 	 2.19 k 	zo )  

Similarly by analogy, for concentration: 

X* (Dj-j 	d' 
X{z-d) = 	ln(

z-
-i 	 2.20 k 	ZX) L  

These are often treated as linear functions, though strictly this is only the case in neuiral 

conditions. The constant of integration for the wind profile (equation 2.19), z 0 , 

represents the height above d at which windspeed is predicted to be zero - although in 

practice a finite windspeed usually exists here - and is often termed the roughness 

length, as it is a function of surface roughness. z is the analogous term for 

concentration, being the height above d at which concentration is predicted to be zero. 

The effect of the slight curvature of these profiles in non-neutral conditions is that valid 

estimates of z0  or zX  can only be made in neutral conditions using these equations. 

Nevertheless, linear regression provides a good approximation for the gradient, and is 

often used (e.g. Garland, 1977). The gradients from equation 2.19 and 2.20 may be 

seen to be: 
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au 	UM 	 ax - XH 
2.21, 2.22 

aln(z-d = k 	' 	 aln(z-d) - k 

Substituting these values of u and into equation 2.17 gives the flux as: 

Fxk2 
au 	dX (bMcbFIY1 = 	aln(z-d) aln(z-d) 

2.23 

Precise estimation of the gradients may be made by fitting second order polynomials 

(e.g. Saugier and Ripley, 1978). However, the error in not doing so at most amounts 

to only a few percent, which is often small compared to other sources of error. In 

practice, the linear analysis is usually made. The term (DM (I)-i) -1  is often termed the 

stability factor (Thom, 1975) and in later sections is denoted f. 

2.3.3 Corrections for non-neutral conditions 

The empirical estimation of b for different conditions has been the subject of much 

investigation. The results of Businger (1966) and Dyer and Hicks (1970) for unstable 

conditions and those of Webb (1970) for stable conditions are strongly supported in the 

literature (e.g. Paulson, 1970; Denmead, 1983) and are consequently used here. For 

unstable conditions this gives: - 

= OH = cb = [i - 16 	 2.24a 

where 	Ri 	 2.24b 

while for stable conditions: 

bM=cbH=x=[1+5.27J] 	 2.25a 

z-d 	Ri 
where 	= 1 - 5.2Ri 	

2.25b 

Here the terms L and Ri are the Monin-Obukhov stability length and the Richardson 

number respectively. These are measures of stability and may be calculated from wind 

and temperature profiles. In the above equations (I) is described indirectly in relation to 

Ri. Direct relationships are given by Thom (1975), but since Ri is a function of height 

and L is not, the above analysis using (z-d)/L is more convenient. 

L may be defined as: 

u 3  p c T 
L = 
 

k g H 	 2.26 

where T is absolute temperature (Kelvin), g is gravitational acceleration and c, is the 

specific heat capacity of the air. Since both H and L are needed to calculate one 

another, L cannot be found directly from equation 2.26 when using the aerodynamic 
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method alone. It may however be found by its relationship to Ri. This describes the 

relative importance of buoyancy (free convection) in unstable conditions, or thermal 

stratification in stable conditions, as compared to the forced convection of the wind. It 

is usually expressed (e.g. Thom, 1975) as: 

Ri — 
gaT/az 

- T (au/az) 2  

Here T is again in Kelvin. Both Ri and L are positive in stable and negative in unstable 

conditions. The general form of their relationship, from which equations 2.24b and 

2.25b are derived may be seen to be: 

Ri 
= (z-d) O H 	 2.28 

L DM 2  

As it stands equation 2.27 involves the estimation of slopes of curves, which is not 

convenient. However, the same arguments of section 2.3.2 may be applied to derive a 

more useful equation. Substituting the relationship for au/az given in equation 2.15 

and an analogous expression for aT/az into equation 2.27, then substituting back with 

logarithmic gradients of the form in equation 2.21 gives: 

RI - (z-d) g aT/aln(z-d) 
- T [au1aln(z-d)1 2  

This formula does not appear to have been used elsewhere, however, as with equation 

2.23 a good approximation may be made by linear regression of these gradients, thus 

simplifying analysis. 

Estimation of wind and temperature profiles allow Ri and then L to be calculated from 

which appropriate values of 4 may be found. These may then be applied with 

measured concentration and wind profiles to estimate a corrected flux on the basis of 

equation 2.23. However, it is important to remember that b relies on empirical 

estimation, and as such, where its contribution to the magnitude of the flux is large, the 

uncertainty in the flux will also be large. With this in mind, results in extreme non-

neutrality must be considered with caution. 

2.3.4 Log-linear approach: integrating 	as a function of height 

The reason for the slight non-linearity of the profile equations (2.19 and 2.20) in non-

neutral conditions is because strictly the stability correction is a function of height, 

ct'{(z-d)/L), rather than a constant as treated in these equations. The profiles may, 

therefore, be properly linearized by including (I) in the integration of equation 2.18. 

This is often not done because of the increased complexity of the analysis, and because 

good estimates of the flux may be made by the simpler method. However, the 

2.27 

2.29 
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linearization achieved by integrating (I) ( (z-d)IL } allows z0 , and other related parameters 

(see section 2.4.5), to be estimated directly even in non-neutral conditions. It also 

provides a check on the stability correction, since it is possible to assess the 

improvement of profile linearity that occurs when the stability correction is applied. 

- Stable conditions 

Integration is straightforward in the stable case (Thom, 1975; Biscoe et al., 1975). 

Substitution of equation 2.25a into 2.15 gives: 

Du 	u* r 	52(zd) 
= k(z-d) 1  + 	L ] 	

2.30 

Rearranging this and integrating gives: 

1 u (z r 
u(z-d) = rJ 0  [(z- + ±al az 	 2.31 

u(z-d) = 	1n+ 5.2(z-dfl 
k 

I z o ) 	L j 	
2.32 

This may be rearranged to the standard format of a straight line and a similar 

concentration profile given on the basis of similarity of (DH and tM  in stable conditions 

(equation 2.25): 

Iu(z-d) = u 
	+ 5.2(z-d)] - Th(zo) 

	 2.33 

X(z-d} = 	[1n(zd) + 
5.2t)] 

- -Fln(zx) 	 2.34 

Thus the stability correction is effected by a rescaling of the height axis in equations 

2.33, 2.34. 

- Unstable conditions 

The integration accounting for 1 ((z-d)/L ) in unstable conditions is somewhat more 

complicated. Panofsky (1963) suggested the use of an integrated stability function 

/f((z-d)/L}. Thus integrating the windspeed gradient (equation 2.15): 

u r 1 
u{z-d) = Tj 0  [(z-d) 	 2.35 

u r rz-d\ 
u(z-d) = rL) 

	

rzo V1M{}] 	 2.36a 

where 	
= fz/L 1 - M z-d)/L) 

o 	(z-d)/L 	 2.36b 
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The corrected wind profile (equation 2.36a) may again be re-arranged into the standard 

form for a straight line, and a similar equation for concentration provided: 

u r ufz-d} = 	- 1VM{-] - T'z0) 	 2.37 

X{z-d} = [ ln(zd) - V'H{y] - ln(zx) 2.38 

Dyer and Hicks (1970) calculated and tabulated values of t1  for their data, which 

covered a wide range of instability, so that lymay be found from interpolation of their 

values. Alternatively, Paulson (1970) provided the integrals of equation 2.36b for the 

Dyer and Hicks stability correction (equation 2.24): 

r1 
= 2ln[] + 

nli +
2  2 j - 2tarr 1 (x) + 	 2.39 

= 2141] 	 2.40 
1.

where x = I I - 16_j 
dl 0.25 	

2.41 

Here x is in radians for the tan -1  term. A derivation of this integration is given by 

Miranda (1982). 

Thus given L from the equations in section 2.3.3, values of p' may be found for the 

heights at which the quantities are measured in sampling by using the equations above. 

Linear regression may then be performed for the values of X or u versus stability 

corrected ln(z-d) from equations 2.33 and 2.34 or equations 2.37 and 2.38, depending 

on atmospheric stability. This provides u and X., which may then be substituted into 

equation 2.17 to give the flux. 

2.3.5 Practical' considerations 

The effect of non-neutrality on the standard logarithmic profiles (equations 2.19, 2.20) 

may be seen from Figure 2.1, where different wind profiles are given for the 

hypothetical conditions of z0  = 0.05 m, and u = 0.25 m s 1 . The linear neutral profile 

(L = lool) is compared with examples of moderately strong instability (L = -10 m) and 

stability (L = 10 m), for both of which the non-linearity is clear. In the simpler 

analysis, integrating cb as a constant in relation to z (section 2.3.2.), an estimate of u 

(or equally x) is made by treating each of the plots as linear and the slope as u* t/k. 
In the analysis with cJ  integrated as a function of z (section 2.3.4), the stability 

correction (ut (z-d)/L  }) is applied at each measurement height to provide corrected 

ln(z-d), that is [ln(z-d) - 5.2(z-d)/L] or [ln(z-d) - 1,1((z-d)/L)], with the effect that 
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Figure 2.1 Effect of non-neutrality on windspeed profiles. The examples given are for an 
hypothetical fully developed boundary layer with z0  = 0.05 in and u* = 0.25 in s 1 . L = -10, lool, 10 m 
for the three cases of unstable, neutral, and stable conditions respectively. Correction of the non-
neutral profiles by the integrated cb approach produces lines co-linear with the neutral profile. 

the corrected profiles fit the linear neutral condition profile. u is then found by treating 

the slope as uk/k. 

It is clear from Figure 2.1 that the magnitude of this correction increases with height, 

so that in strong non-neutrality it is wise not to measure over too deep a boundary 

layer. This may be demonstrated by the relationship between Ri and the stability 

factor, f, in stable conditions. For example, at 10 in above the ground with L = 10 m 

then Ri = 0.16 and f = 0.026, which dominates the estimate of the flux (see equation 

2.23). Conversely at 2 m, Ri = 0.098 and f = 0.24, which is an order of magnitude 

less than that at 10 m. The corrections may be viewed as relating to the comparative 

importance of forced turbulence and temperature stratification, so that the greater 

proportion of forced turbulence near the surface results in the stability correction being 

less. In comparison the correction at z0  is generally negligible. 

Profile curvature is also relevant to the estimation of d when working over vegetated 

surfaces. As an approximate guide, relationships between the height of a crop (h) and 

both d and z0  are often suggested (e.g. Jones, 1983): 

z0  = 0.lh 
	

d = 0.6h to 0.7h 
	

2.42a, 2.42b 
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Figure 2.2 Effect of the estimate of zero plane displacement on the logarithmic wind profile in 
neutral conditions. Curvature may be detected by an array of anemometers at several heights (here six) 
above the ground. In this example z0  = 0.05 m and u* = 0.25 m s 1 . 

A more precise estimate of d may however be found by analysis of the wind profile, 

particularly for heights nearest the ground (Figure 2.2). Where a correct value of d is 
used, the profile is logarithmic towards z0 , as described in the preceding analysis; 
however, if d is too large or small the profile is curved. Consequently, the value of d 
may be found as that which linearizes the profile toward z0  for a logarithmic plot. 

Given the non-linearity of profiles in stable and unstable conditions, it is clear this 

estimation should be restricted to neutral runs, although theoretically an iterative 

approach with stability linearized profiles might be possible. 

It is also clear from the above that an accurate determination of Zq depends on an 
equally good estimate of d, because of the inter-relationship between these two 

quantities. Where d is overestimated z0  is underestimated and vice versa. Hence the 
estimation of d may be a potential source of error. Over short vegetation with a small 

z0 , such as grasslands and crops, the curvature toward z0  is easily detected with good 

measurement of wind profiles, so that this is not a great problem. However, over very 

rough surfaces such as forests, estimation of d is more approximate, since the available 

measurement range (see Appendix 8) is further from the surface and this curvature is 

less clear. Some caution is therefore needed in considering such flux estimates. 

In practice the value of d derived from windspeed measurements, is used to estimate d 
for the concentration profile, since the precision of the trace gas concentration, such as 
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ammonia, is usually not good enough to allow independent determination. An error 

might be suggested to result from this procedure where deposition of momentum and 

the trace component occurs to different sites, such as to roughness elements and soil 

respectively. However, this is by no means clear, and requires experimentation. 

Errors in d also affect the values of Fx,  the deposition velocity (Vd) and the surface 

resistance (rc , see following section). However, while Fx  is fairly sensitive to such 

errors, the sensitivity is much less for Vd and r. This is demonstrated for a wide range 

of d for example data collected in this study and given in Appendix 2 (Fala Moor, 

Harwell). 

2.4. RESISTANCE ANALYSIS 

2.4.1 General 

In addition to the analysis of fluxes described above, it is also of interest to be able to 

view transfer in terms of rates and resistances which identify the controlling factors in 

exchange. This may be done by the analogy of trace gas fluxes to current in an 

electrical circuit as described by Ohm's law (resistance = potential difference/current), 

and is relevant to all the constant flux layer methods of estimating surface exchange: 

r(zi, Z2) = (x(zl} - x(z2))/Fx 	 2.43 

where z 1  and Z2 are two heights above the surface and r f z i, Z2 } the resistance to 

transfer of the trace compound between these levels. In measurements of the dry 

deposition of trace gases, such as SO2, the absorbing surface is often assumed to have 

a zero air concentration, and the flux therefore viewed as being dependent on the 

atmospheric concentration (e.g. Garland, 1977; Fowler and Unsworth, 1979). In this 

case, if Z2 is considered to be the notional height of the absorbing surface, where 

concentration is zero, and a zero plane displacement is accounted for, a total resistance 

from a defined height to the surface (rt(z-d}) may be defined: 

rt(z-d) = Xfz -d)/F = 1 T"dtZ4} 
	

2.44 

The inverse of rt is the deposition velocity Vd,  which was introduced briefly in 

Chapter 1. 

This total resistance may be viewed as the sum of a number of resistances in series and 

parallel as shown in Figure 2.3a. In addition, the resistances may be considered as 

applying between notional heights above d as shown in Figure 2.3b. Turbulent 

transfer operates from the free atmosphere down to z 0  - the theoretical point of zero 

windspeed and absorption of momentum - and is accounted for by the aerodynamic 

resistance ra. This is estimated from momentum transport using the wind profile 
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Figure 2.3 Resistance analogy of trace gas transfer between the atmosphere and vegetation. 
For a gas of concentration X the component resistances to transfer are given as: ra, atmospheric 

resistance; ri3 , laminar boundary-layer resistance, r, surface or canopy resistance. rc may be considered 
as several parallel resistances: rg , resistance to soil uptake; r p , resistance to leaf surface uptake by 
pollutant reaction; rs, resistance to uptake through stomata. The notional surface concentrations at z0 , 
z0  and Zn "  are given for different points between resistances. 

The resistances may be viewed as accounting for the transfer between notional heights above the 
surface. For this hypothetical example, deposition would be recorded with a value of rc which is 
greater than rs. For further details of this analysis see text. 

(Figure 2.3b). However, for trace gases and other entrained properties atmospheric 

transport to surface roughness elements involves a further resistance. This is because 

friction and bluff body forces, which allow momentum deposition, set up a quasi-

laminar layer of air immediately surrounding roughness elements. Properties must 

diffuse through this layer of air, and this is accounted for by the laminar boundary-

layer resistance, rj,. Therefore, the notional height of the surface for entrained 

properties, referred to as z 0 ', is less than z0 . The difference between z 0  and z0 '  

depends on the value of r. Finally, a resistance to transfer at the surface may exist 

and, using the assumption of equation 2.44 that the concentration at the surface is zero, 

a surface or canopy resistance, rc, may be defined for the residual concentration change 

between z0 ' and zX. 

Equation 2.44 may be expanded to account for these component resistances, which are 

considered as operating in series between each of the notional heights above d: 

rii' 



= [x{z - d ) 
 - X(zo)] + [X{zo} - X{zo'}] + [X{zo'} - X(z%)] 

rttz-d} 	 Fx 	
2.45 

= ra(z-d)+ri,+rc 	 2.46 

Thus x{zo) represents the concentration at the junction of the laminar and turbulent 

boundary layer and X 
{ 
z0 ') the concentration at the base of the laminar boundary layer, 

at the surface. By definition X(z) equals zero. It must be remembered, however, that 

these concentrations are the product of extrapolating mean profiles measured above the 

canopy and therefore do not imply that such values occur in practice at these heights 

The usefulness of this approach is that the surface resistance (rc) may be found by 

micrometeorological methods. Since rc is independent of the aerodynamic terms, it 

may be explained in terms of processes affecting surface uptake. In addition, ra  and ri3  
may be estimated for given surface roughness and windspeed conditions. 

Consequently, having characterized rc, the analysis may be modelled in reverse to 

predict Vd and for different circumstances. Total deposition fluxes may then be 

estimated from equation 2.44 using the predicted Vd with an estimate of atmospheric 

concentration. rc  may be viewed as the sum of different resistances for exchange acting 

in parallel (Figure 2.3a). Identification and characterization of these is useful in 

understanding the behaviour of rc , and this may be used in modelling exchange. 

In the following sections (sections 2.4.2-2.4.4) a consideration of the resistances ra, r 

and rc (and its components) is given from the stand-point of the aerodynamic gradient 

method. In addition, an alternative analysis considering surface resistances in terms of 

concentrations is developed in section 2.4.5. 

2.4.2 Atmospheric resistance, ra  

The value of ra  for trace component exchange may be found by analogy to the 

resistance to the deposition of momentum (ri) from wind profile measurements. The 

momentum flux (Sr) from equations 2.8-2.9 may be included in a similar Ohm's law 

analysis to the above, which can be simplified, since by definition windspeed at the 

surface is zero: 

p(ufz-d} - u(z0)) - u(z-d) 	
2.47a, 2.47b 

P u 
raM(z-d) = 
	 - u*2  

In neutral and stable conditions heat and entrained properties are transported through 

the atmosphere at the same rate as momentum (equations 2.7, 2.25a) so that this 

formula may also be used for the ra of these properties. However, in unstable 

conditions this equality fails because of a difference in the value of c1 (equation 2.24a), 
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so that modification of the equation is needed. In the case of ra for trace gas exchange, 

analogy is made between r = p u 2  (equation 2.9) and F = u (equation 2.17) as 

the denominator for equation 2.47b. Hence for trace gas exchange, fX = (Ii H)' 

rather than fM = (
1M (b) is used in equation 2.47. 

Following the analysis of Monteith (1973) and Thom and Oliver (1977), equation 

2.47b may therefore by expanded for ü using equation 2.36a and a similar equation 

including 1/flj{ (z-d)IL} as the stability corrector: 

) 
VM 

r fz-d 
In 

 
'{T}] [ln) - VII  

	

z0 	
2.48 rat zd = 	

( I  
	 u{z-d) k 2  

The application of the different stability correctors is clear in this equation. In practice, 

however, given that u includes the 1VM  correction, the expansion of just the 1/'H 

corrected u*  of equation 2.47 is arithmetically simpler. Hence: 

ra(z-d) 
- 	Zø) VfH{} 

- 	uk 

Garland (1977) has further rearranged this formula to provide the numerically 

equivalent expression: 

	

- u(z-d) 	
1H{} VfM{} 

rat zd} 
- ts2 - 	u k 

This may be used in all stabilities. The latter term on the right hand side represents the 

discrepancy between momentum and entrained property transfer which occurs in 

unstable conditions, and is consequently omitted in neutral and stable conditions. 

2.4.3 Laminar boundary-layer resistance, r 

The resistance to diffusion of entrained properties through the quasi-laminar layer of air 

immediately surrounding the roughness elements of a surface may also be considered 

in a form similar to equation 2.49. Notionally this is seen as occurring through the 

layer from z0  to z0' (Monteith, 1973). This gives: 

Z0 
Zø) 	{} 

ln

(

—r 

\ 
1- 1VH 

r= 	uk 

The value of r, however, cannot be found directly from this, since z0 ' is unknown. 

Hence another approach is needed. 

A number of semi-empirical relationships have been developed to describe r, based on 

2.49 

2.50 

2.51 
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an assumption of molecular diffusion to the roughness elements. Owen and Thomson 

(1963) proposed the estimation of a sub-layer Stanton number (B), which could be 

used to calculated ri3 : 

rb = (Bu)- ' 	 2.52 

Garland (1977) reviewed this study and those of Chamberlain (1966, 1968), and 

concluded that for exchange over fibrous surfaces, such as vegetation B 1  may be 

described by: 

B 1  = 1.45 Re 024  Sc08 	 2.53 

Here Re is the turbulent Reynolds number given as Re1. = z0  ut/v and Sc is the 

Schmidt number given as Sc = v/D, where V is the kinematic viscosity of air and D is 

the diffusion coefficient of the entrained property in air. 

This estimation is useful for both heat and trace gases, however, since the transfer of 

particulate material also involves gravitational settling and impaction (see section 

1.4.2), especially for large particles, equation 2.52 may not fully account for observed. 

processes. For sub-micron particles both these processes are inefficient. In addition, 

Brownian diffusion is many times slower than the diffusion of gases. Hence rb is 

large, resulting in the small deposition rates observed. Seinfeld (1986) gives a value of 

D of 7 x 10-10  to 3 x 10-11  m2  s 1  for particles in the size range 0.1-1.0 .tm diameter, 

which applies to most of the NH aerosol. By comparison Hargreaves and Atkins 

(1987) have reviewed the literature on values of Dt4H3  and use 2.09 x 10 5  m2  s 1  at 10 

°C. Values for DH and v are given by Monteith (1973). 

It must be noted however, that this analysis is based on empirical estimation, and as 

such should be treated with some caution. Other formulations for the same purpose 

exist and include those given by Wesely and Hicks (1977) and Monteith and Unsworth 

(1990). These are considered further in sections 3.8 and 7.3, and Appendix 8. 

2.4.4 Surface resistance, rc, and component surface resistances 

Once ra  and ri., are known, rc  may be estimated by difference from equation 2.46 and as 

such this is often referred to as the residual or excess resistance. rc  may be considered 

as the sum of several component resistances to uptake, such as to leaf surfaces, 

through the stomata of leaves, or uptake by the soil. It is sometimes possible to ident-

ify the importance these routes. For example measurements of deposition of SO2 by 

Fowler and Unsworth (1979) showed reduced deposition in dry night-time conditions, 

which they attributed to stomatal closure, implying that the stomatal uptake was 

important. Similarly, in conditions of dewfall they found increased uptake (rc  

diminished), suggesting that wet leaf surfaces would be an efficient sink of SO2. 
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The different components of rc may be related as parallel resistances: 

rc  = (rs' + rp 1  + rg 1 Y 1 	 2.54 

where the resistances are for: rs  = stomatal transfer, rp  = leaf surface reaction; rg  = soil 

transfer. Other paths may also be important. For example, Unsworth (1981) gives 

other resistances which account for: cuticle and epidermis transfer (rca  + rep) and a 

resistance for mesophyll transfer in the substomatal cavity (rj) in series with rs. 

In cases where stomata are implicated as the major route of uptake, such as in the 

example for S02 above, it is of interest to be able to estimate T. This may be found by 

identifying the stomatal resistance to water vapour transfer (rsE). r sE may be found 

where transpiration through stomata is known to be the only major source of 

evaporation, as in controlled environment studies. However in micrometeorological 

studies, other sources such as evaporation from wet surfaces may also be important. 

In this situation the net rsE is referred to as the bulk stomatal resistance (rb),  since in 

dry conditions transpiring vegetation dominates the water vapour flux. rsEb  is 

accessible since water may be assumed to evaporate at the mean temperature of the 

surface, which is given by T( z0 ') (see following section), so that the saturated vapour 

concentration at the surface, ET(z 0 1 ), may be found. Given the predicted vapour 

concentration at the surface, E{z 0'), may be calculated in a similar manner to T(z 0'), 

rsEb is given as: 

Ez0 1 ) - ET(Zo') 
rsEb= 	E 

Over vegetation in dry conditions this may be used to estimate rs  for pollutant transfer. 

For many gases this needs a correction factor to account for the different molecular 

diffusivities (Monteith, 1973); given the similarity of D for NH3 and H20 (Table 

1. la) such corrections are minimal for NH3. Another possible difference is that r1  is 

assumed to be negligible for water vapour transfer, whereas this may not be the case 

for pollutants. Little information is available for values of rj.j 3 , however, on the basis 

of unpublished data by Raven and Farquahar for leaf slices of P.vulgaris, Farquahar et 

al. (1983) conclude that this is also negligible in comparison to the other resistances. 

2.4.5. Estimation of extrapolated values 

In the analysis described above, the difference (or excess) between rt and (ra + ,) is 

interpreted as another resistance, r c  (equation 2.46), by assuming zero concentration at 

the surface (equations 2.44-2.45). However, an alternative analysis may equally be 

made, where rc is assumed to be zero, and the excess is represented as a surface 

concentration. In this case, given that only ra and rb are accounted for, the surface 

concentration is x{zo') (c.f. equation 2.45 and Figure 2.3). By re-arrangement of 
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equation 2.45-2.46 and setting rc  =0, this may be given as: 

x(zo '} = X(z-d} - [Fx (r a (z-d) + ri,)1 	 2.56 

Alternatively, in neutral conditions or where stability effects are accounted for by 

linearization of profiles (equations 2.34, 2.38), X(zo') may be found by extrapolation 

of the concentration profile to z0 . From equations 2.51 and 2.52, z0' may be found as: 

z0' = zo .e/BVH(Zo/L)) 	 2.57 

though in practice the stability effect at this this height is negligible and may be ignored 

(Thom, 1975; Chamberlain, 1968). 

In cases of deposition it is impossible from the micrometeorological analysis alone to 

determine which of the two interpretations of the excess (rc  or X(zo'))  is the more 

physiologically appropriate. However, the interpretation as rc  is only valid where 

deposition occurs, since in the case of emission, the surface concentration cannot be 

zero. Hence, where emission occurs only ( z0') may be calculated, whereas for 

deposition either rc  or X ( z0' may be the more appropriate. 

The interpretation using rc  is commonly used for describing pollutant transfer where 

deposition occurs. In cases such as that for SO2, described in the previous section, the 

resistance interpretation appears appropriate due to the relationship of rc  with the 

component resistances such as rs  and rp. As a result Vd is treated as being independent 

of concentration, which is convenient for modelling purposes. 

In cases where rc results from the existence of a concentration at the surface, Vd may 

still be calculated. However, this loses its usefulness since it is no longer independent 

of air concentration. For a fixed value of x(zo') and an air concentration much larger 

than this, the value of rc  is small. Conversely, at progressively lower air 

concentrations the value of rc  becomes larger until surface and air concentrations are 

equal, at which point no net exchange occurs and rc is infinite. Where air 

concentrations are less than the surface concentration, emission results, and it is clear 

that a surface concentration is controlling exchange rather than r c. This interaction also 

acts in reverse, so that for a fixed value of rc , much lower estimates of X ( z0 ' ) are 

predicted at lower air concentrations, and vice versa. These observations are useful in 

analysing field data collected over periods of different air concentrations and may help 

to identify whether rc  or X tzo') is the factor limiting deposition. 

Other cases are more straight forward. Where no surface resistance is expected, as for 

heat exchange with a vegetation canopy, the value of T(z 0 ') - calculated by an 

equivalent expression to equation 2.56— may be taken as representing the mean 

temperature of the surface. 
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In some cases the use of either rc  or X ( z0' } may, however, be a simplification of the 

exchange process, since it is possible that both resistance and concentration 

components contribute to the difference between rt and (ra  + ri,). For example, this is 

the case with the transpiration of water, which was considered in the previous section. 

Here exchange is predominantly through the stomata while the surface concentration in 

the sub-stomatal cavity is E5T{z 0 1 ). In this case E(z0 1 } — again found from a similar 

expression to equation 2.56 - is not the concentration at the site of exchange but that 

predicted at the leaf surfaces, this being the junction of i,  and rsE (c.f. Figure 2.3a). 

E(z0 1 } is nevertheless required in order to estimate rsEb  in equation 2.55. 

The exchange of NH3 with vegetation has also been suggested as an example where 

both surface resistances and concentrations are important (e.g. Farquahar et al., 1980; 

section 1.4.3). As a result of studies on plants in enclosed chambers, these authors 

concluded that NH3 is transferred through the stomata exchanging with the intercellular 

fluids of the sub-stomatal cavity, for which an equilibrium air concentration or 

'compensation point' exists (denoted here They therefore considered studies 

assuming zero surface concentration to be in error. On the assumption that other routes 

of exchange are small in comparison to that through stomata, xcp  may be estimated 

from micrometeorological measurements using X ( z,"), where this is defined as: 

xfzo"} = { z-d) - [Fx (ra(z-d) + r, + rs)] 	 2.58 

(See also Figure 2.3b.) Hence if rs is found using equation 2.55 it is possible to 

estimate X f z0") and consequently Xcp  by the above formula. Should it be possible to 

characterize X cp  sufficiently well, this equation could therefore be used to predictively 

model the flux in a similar manner as that described in section 2.4.1. 

A number of restrictions may, nevertheless, be applied to z0"). Where deposition to 

leaf surfaces is important (r p  small), then xfzo"}  may represent an under-estimate the 

stomatalXcp. Conversely, soil Xcp  may also exist. In cases where emission from soil 

occurs, ( z0 1 ' } represents an over-estimate of a stomatal Xcp. 

In the absence of estimates of rs, examination of (z0t) remains useful. In cases of 

emission X(zo'} represents the minimum surface concentration possible, since further 

resistances to more remote sources increase the surface concentration estimates. By 

comparison, in cases of deposition X(zo')  represents the maximum surface 

concentration possible (Figure 2.3b). Hence, where deposition occurs at the maximum 

deposition velocity, such that rt = (ra + ri3), then by definition both rc and x t z0 ') equal 

zero. In this case no net Xcp of the surface is possible, and deposition may be modelled 

assuming Vd to be independent of concentration. 



Chapter 3 

Micrometeorological studies: methods and analysis 

3.1. INTRODUCTION 

The major part of this study is devoted to the estimation of ammonia exchange between 

vegetated surfaces and the atmosphere. The aerodynamic gradient method is used 

(Chapter 2) and requires the simultaneous measurement of profiles of windspeed, 

temperature and ammonia concentration above a uniform surface to estimate fluxes of 

ammonia. Background site information was also collected, while in some of the later 

studies this is supported by flux measurements of water vapour and other pollutants, in 

order to help interpret the ammonia exchange. The following sections consider the 

methods used in the collection and analysis of the data, and the restrictions and errors 

associated with the results. 

3.2. FIELD SAMPLING 

Measurements were generally made over sites with an upwind fetch of at least 200 m 

over an homogeneous surface to allow profile measurement within a fully developed 

constant flux layer of approximately 2 m (section 2.1). Profile measurements were 

made on separate masts, located close to one another (generally 3-5 m apart), 

orientated so that each mast had undisturbed access to the air flow. Masts were built 

from 25 mm diameter steel scaffold tubing and joints (Tubeclamps Ltd., Cradley 

Heath, West Midlands, U.K.), being 3 m high, held with guy lines from the top, and 

with side arms (0.6 m) of adjustable height, orientated to face into the wind (Figure 

3.1). The profiles were measured using up to 5 ammonia samplers, and up to 6 

anemometers, spaced exponentially with height away from the ground surface so as to 

measure at points evenly spread over the approximately logarithmic profile. A number 

of different systems and arrays of temperature measurement were used during the study 

(see section 3.5). 

An exception to this system was for measurements over a forest area (Dunslair 

Heights, Peebles), where a fetch of at least 500 m was available allowing 

measurement up to approximately 5 m above the zero plane. In this experiment a 9 m 

scaffold tower was used to fix the sampler masts at the required heights. However, 

because important minimum measurement heights apply over very rough surfaces, 

such as forests - for example, one estimate suggesting a minimum of 10 z0  above the 

zero plane (Raupach, 1979) - the minimum height was limited to 3 m above d at this 

56 



Automatic data 
logging on 
battery powered 
21x logger(s) 

Counter box 
Gas 
meters 

Manifold 
Connection 
for manometer 

Vacuum pump 

FILTER PACK MAST 

ANEMOMETER 
/THERMOCOUPLE 

MAST 

PSYCH ROME T ER 
MAST 

Figure 3.1 Schematic diagram of field sampling equipment. For further details see text. 

site. Because of this limitation, the maximum concentration changes within the 

available measurement band over such sites are very small (see Appendix 8), so that in 

this situation the ammonia samplers were grouped at the two extreme available 

measurement heights to increase the ability to detect the gradient. 

3.3. AMMONIA MEASUREMENT 

3.3.1. Filter pack system 

Concentrations of ammonia in this study were measured using a filter pack system 

similar to that described by Allen et al. (1988) and Harrison et al. (1989) with advice 

given by Harrison (1986, pers. comm.). The advantage of such a filter pack system 

over the main alternative of denuder tubes is that of greatly increased field convenience, 

although the method also enables a relatively good precision and low detection limits 

(section 1.2.4). 

The principle is to separate the particulate NH, also present in the air, from the NH3 

by prefiltering the air with an inert filter, allowing NH3 to pass through and be 

subsequently caught on an acidified filter (Figure 3.2). The prefilter may then be 

analysed for NH.4+ or any other particulate species of interest. In the system used here 

the prefilter was an hydrophobic PTFE (Teflon) membrane filter on a polypropylene 

grid backing, with 1 ).tm pore size (Microfiltration Systems, Dublin, Calif., U.S.A.; 

U.K. disthbutors: CP Instrument Co. Ltd., Bishops Stortford, Herts.,). By sampling 

air using two prefilters in series it was shown that a single filter would fully capture the 
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NH4 particulate as no NHx  was captured on the second filter. Since NH3 was also 

recorded on the acid filter, this result also showed that the prefilter did not capture 

NH3. The acidified filter used to capture the NH3 was a Whatman 42 (high density) 

cellulose filter paper, impregnated with 75 g dm 3  ortho-phosphoric acid (H3PO4) 

solution in water (7.5 % w/v). Tests putting these filters in series showed the first 

filter to capture at least 95% of the NH3 gas, so that in practice only one filter was 

needed for analysis. Prepared filters were clamped in place onto a PTFE support. In 

addition to the particulate and NH3 supports, a third support, set between the other 

two, was also available in this design for inclusion of a nylon membrane filter (0.45 

p.m pore size, Sartorius Instruments Ltd., Belmont, Surrey, U.K.), which could be 

used to capture gaseous nitric and hydrochloric acids. 

The filter packs were built in the Institute of Terrestrial Ecology workshop (Bush 

Estate, Edinburgh) and designed to hold 90 mm diameter filters, giving an open-face 

sampling diameter of 84 mm. This large size, as compared to the more usual 47 mm 

diameter filter packs was chosen so as to increase the possible sampling rate for a given 

face velocity, and hence increase sensitivity. Filter packs were sampled facing into the 

direction of air flow, at a sampling rate of approximately 0.17 dm 3  s and within a 

range of 0.13-0.23 dm 3  s 1  (according to pump available). These low flow rates were 

used, so as to minimize the pressure drop over the prefilter which was approximately 

1 kPa (8 mm Hg). This is important as it has been suggested that large pressure drops 

may disturb the equilibrium of captured NH4NO3 and NH4C1 with the gaseous phase 

components and result in volatilization of some of the salts (see section 1.2.4). In 

addition, the low flow rates and short sampling duration (from 1 hour up to 12 hours) 

kept filter loadings low, so as to avoid this problem. The possibility of such filter 

interactions occurring in the measurements here is considered further in Chapter 4. 

Rain shields were also constructed so as to fit over the open face of the sampler in 

showery conditions. These were constructed from polypropylene filter funnels and 

clamped on to the filter pack case by a circular groove cut in the latter (Figure 3.2). No 

measurable effect was detected of the cowl upon recorded concentrations of NH3; 

for N}Lj+  a small loss of less than 5% was seen when the cowl was used. This is not 

considered a major problem, since when the cowls were in use, they were used on all 

the filter packs, and it is the concentration differences between filter packs which 

requires the greatest accuracy. However, more important losses exist when sampling 

aerosol/particulate within cloud or fogs where the rain shield is used. In this case the 

filter packs fail to catch most of the larger drops, which make up the bulk of the aerosol 

present in these conditions. Conversely, the cowl serves to protect the prefilter from 

getting wet with cloud water, so that its aim is fulfilled. 
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Figure 3.2 Cross-sectional view through a filter pack and rain shield. 

For field sampling, the filter packs were set out on the mast and air drawn through 

them from a single vacuum pump (Edwards High Vacuum Ltd., Crawley, Sussex, 

U.K.) or 2 diaphragm pumps (Charles Austin Pumps Ltd., Weybridge, Surrey, U.K.) 

powered either by mains electricity or from a generator located downwind of the 

measurement point. A hose of 5 PVC tubing lines (12 mm internal diameter) 15 m 

long was used to connect samplers and gasmeters ('Remus' dry gas meter; distributors: 

Charles Austin Pumps Ltd.). The tubing lines down-stream of the gas meters were 

then joined with a manifold and connected to the vacuum pump (Figure 3.1). This 

system utilized the resistance of the filters to balance the flows, so that flow rates also 

acted as a check to ensure that the filter packs were not leaking, a feature to which they 

are commonly prone. However, the design also resulted in the gas meters being placed 

under negative pressure, giving an over-estimation of the volume of air passed. The 

pressure drop was therefore measured by means of a water filled U-tube manometer, 

and the values corrected. In addition each gas meter was calibrated against a bubble 

meter so that volumes would be accurate to within 1%. 

Several causes of air leakage into filter packs were observed with the system used here, 

though measures could be taken to avoid this. Leakage through the screw thread and 

around the base of the bottom filter support stage was found to be a major problem. 

This could be stopped by winding PTFE thread sealing tape over these parts. Leakage 

also occurred where filters were not seated or clamped properly. In order to ensure the 

acid paper filters were clamped tightly, it was necessary to always insert two filters into 
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Figure 3.3. Schematic diagram of the clean air chamber system for drying filters. 

this position of the stage support, although only the front filter was needed for 

concentration determinations. Improper seating of filters was the cause of occasional 

leaks, which could be detected by flow imbalances, and corrected by reseating the 

affected filters. 

3.3.2. Cleaning of filters and equipment 

Given the very low air concentrations encountered in the field (Table 1.6) it is 

important that blank (unexposed) filters have as low and as uniform NH X  contents as is 

possible. To do this requires pre-extraction of the filters before use. 

Two different methods of extracting the Whatman 42 papers were used. In both 

procedures the filters were washed several times in de-ionized water and then several 

times in the 75 g dm -3  H3PO4 aqueous solution, which also served to impregnate the 

filters ready for use. Batches of up to 100 filters were prepared and then dried spread 

out on racks in a perspex glove box, from which NH3 had been removed (Figure 3.3). 

This is important since laboratory air generally contains high levels of NH3 (Chapter 

6). Air was recycled through the glove box at approximately 0.5 dm3  s 1 , being dried 

through silica gel towers and scrubbed of gaseous ammonia by a tower filled with 

potassium hydrogen sulphate granules (KHSO4). A small fan in the chamber served to 

circulate the air during the drying period, which lasted approximately 8 to 10 hours. 

The initial method used to pre-extract the filters was to wash them individually in a 

Buchner funnel, over a flask under negative pressure. Here 3 short rinses in de-

ionized water were followed by 3 in the H3PO4 solution, with the whole apparatus 

placed inside the clean air chamber. However, this method proved to be very laborious 

and was replaced by washing up to 100 filters together in an ultrasonic bath. In this 

case three rinses in water, of at least 30 minutes were followed by 5 rinses in the 

H3PO4 solution. The whole batch was subsequently compressed to remove excess 

water and dried in the usual manner. Both methods gave blank filter NI-L contents of 



equally good quality, though values varied between batches (e.g. Stenton 6/1989: 0.27 

± 0.03 .tg filter 1 , n=9; Wether Law 6/1989: 0.36 ± 0.05 p.g filter 1 , n=14; Errors are 

sample standard deviations, Gn..i). 

Blanks of the PTFE filters were found to have relatively low and consistent NH4 

contents so that there was no need for pre-extraction before use. However, at a cost of 

approximately £6 per filter (U.K. 1987 prices) it was desirable that the filters could be 

re-used. This did not appear to be done by other authors, since these filters may lose 

their shape in storage or during extraction by becoming folded or curled up. In the 

method used here folding of the filters in storage was therefore avoided, and a 

procedure of rolling up the filters into the storage tubes was used. After analysis was 

completed it was found these could be carefully unrolled using forceps, and stacked 

flat in a dish of propan-2-ol, so as to keep the hydrophobic PTFE surface wet. These 

were then extracted in the ultrasonic bath for at least 6 rinses replacing the propan-2-ol 

with de-ionized water over the runs. These were finally dried in an oven at 80 °C, with 

the stack pressed flat, the high temperature serving to soften the filters. It was found 

that by then cooling the filters in this position they generally kept a reasonable shape. 

This procedure produced good blanks (e.g. 0.021 ± 0.017 ,.tg filter 1 , n=10, errors = 

(yn..1) although an approximate loss of 10-15% of the filters occurred in recycling by 

either being holed or torn at some stage. Nevertheless such filters were still useful for 

blanks. 

To keep blank values low it is also important to have all equipment which comes into 

contact with the filters as clean as possible. Filter packs and storage tubes for the filters 

were therefore washed before use in dilute detergent solution (Decon 90), rinsed 

several times in de-ionized water and dried at 70-80 °C in a fan oven. 

3.3.3 Exposure and storage of filters 

The filters were loaded in the filter packs, using carefully cleaned spatula-ended 

microscope slide forceps, so as not to contaminate the filters or damage the PTFE 

membranes. The filter packs were then assembled and tightened as much as possible to 

prevent leaks. Following exposure the filters were removed and carefully rolled up 

using two sets of clean forceps and placed in the storage tubes. These were then 

capped ready for storage until analysis. Polypropylene centrifuge tubes of 18 ml 

capacity (Nalgene Labware, Rochester, N.Y., U.S.A.; U.K. distributors: Techmate 

Ltd., Milton Keynes) were chosen for the storage of filters since this plastic is inert and 

has a low diffusivity for gases. They were very satisfactory in protecting the filters and 

were convenient for laboratory manipulation, keeping storage volume to a minimum. 
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This manipulation of the filters was generally done in a well ventilated outdoor 

location, so as to avoid the contamination by deposition, that would occur in the high 

NH3 concentrations of the laboratory. In practice, the tailgate of a pick-up vehicle was 

used as a work area, with manipulations being performed in a large open top box to 

avoid wind disturbance. 

For the acidified Whatman 42 filters, sets of 5 blanks were taken every 3-4 runs by 

loading the filter packs and then directly unloading the filters and putting them into the 

storage tubes without sampling. Other Whatman 42 blanks were made by simply 

loading unexposed filters directly into the storage tubes, so as to check whether there 

was any contamination arising from contact with the filter packs. Blanks of the PTFE 

filters were made only on an occasional basis, (e.g. 5 or 10 per sampling campaign) 

because of their low and consistent values. 

After preparation, batches of filters were stored in sealed glass or polymethylpentene 

petri dishes, kept inside an NH3 clean environment. This was provided by placing the 

petri dish in a polythene grip-seal bag surrounded by an acid impregnated (KHSO4) 

paper bag, itself placed in another grip-seal bag. In this way NH3 diffusing through 

the outer polythene bag would be captured by the acid paper bag and the filters 

protected from recapture of NH3 before sampling. 

Working with trace levels of NH3 is well known to be susceptible to contamination 

because of its presence in high levels on skin and in breath. In addition to the need for 

clean air chambers, the wearing of protective gloves is extremely desirable. In this 

study heavy duty rubber gloves were used, both in the laboratory and in fieldwork, and 

were regularly washed with de-ionized water. Similarly the forceps for filter handling 

were washed immediately before each use. 

3.3.4 Analysis of filters 

The NH3 in the air is captured by the acidic paper filters by reaction to form ammonium 

phosphate salts. Hence the analysis of both prefilter and acid filters was for NFL. 

This was done by extracting the filters in a defined volume of liquid, and then 

analyzing the solution. For NH this is done by an 'indophenol blue' reaction, imple-

mented on continuous flow analysis (CFA). Other ions, such as SO4 2 , Cl-  and NO3- , 

which might be of interest, were analyzed for some runs using ion chromatography in 

the Chemistry Departments at the Bush and Merlewood Stations of ITE. 

Extraction of paper and nylon filters was initially done in de-ionized water, while the 

PTFE filters were extracted in 10% v/v propan-2-ol solution, following Allen et al. 

(1988). The latter extractant solution was used since the hydrophobic PTFE filters 
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need to be wet up, which may be done by adding a-small quantity of propan-2-ol to a 

filter. Water was then added to dilute this down to 0.1 dm 3  dnr3  propan-2-ol in water 

(10 % v/v). In the analysis here, however, it was found that the sensitivity of the CFA 

was improved by using 10 % propan-2-ol, so that this was also used (premixed) as an 

extractant for the other filters. A total of 5 cm3  of extractant was added to each tube, so 

that for the PTFE filters, 0.5 cm3  of propan-2-ol was followed by 4.5 cm3  of de-

ionized water. Filters were then extracted on a wrist shaker for 20 minutes. 

The NH analysis was implemented on a Chemlab CFA system (Chemlab Inst. Ltd., 

Hornchurch, Essex, U.K.), utilizing the reaction between dichioroisocyanurate 

(DCICU) and salicylate, catalyzed by nitroprusside to form a blue indophenol die in the 

presence of NH3. All the reagents used were present as the sodium salts, and the 

reaction carried out at a pH of 12-14, maintained by the presence of sodium hydroxide. 

In the reaction, the DCICU acts as a hypochiorite source, and the salicylate as a phenol 

source, which are both required for the reaction, however, by supplying these 

indirectly, the need to work with these somewhat toxic chemicals is avoided. The 

reaction mechanisms and different implementations have been extensively reviewed by 

(Searle, 1984), while the method used here approximately follows that of Bietz (1974). 

Advice on procedural matters was received from Thomas (1986, pers. comm.). A 

schematic representation of the CFA system and the composition of reagents are given 

in Appendix 9. 

In the CFA, reagents and either wash or sample solution were passed continuously 

through the flow cell, where light absorption by the indophenol dye at 660 nm was 

measured by a spectrophotometer. The system was timed to alternatively draw up 

wash solution (70 seconds) and sample solution (50 seconds) giving an approximate 

turn-over time of 2 minutes per analysis when running. The additional NHI in the 

samples as compared to the wash, was detected by the spectrophotometer and relayed 

to a chart recorder to give concentration peaks, the height of which, within 2 orders of 

magnitude, was virtually linear in relation to concentration. Concentration was 

therefore calculated by linear regression of peak height versus known standard 

concentrations. However, because of the slight curvature of this response, different 

standard curves were used for each sensitivity scale used. For analysis of the filter 

pack filters the most frequent sets of standard used were: 0, 50, 100, 200, 500 .tg 

NH4 dm 3  wash solution and 0, 200, 500, 1000, 2000 pg dm 3 . Groups of 

standards were run approximately every 15 samples. 

Standards were made up in 10 % propan-2-ol, although the effect of adding H3PO4 

equivalent to that present in the acid filters was also tested. No change in sensitivity 

was observed, but a slight increase in all standard peak heights occurred irrespective of 
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concentration. This was most probably due to the NH present in the acid. The acid 

was therefore not included in the solution. 

Samples were supplied to the system by an automatic sampling carousel, taking up 

approximately 0.2 cm3  of sample solution from 2 cm3  polystyrene cups laid out on the 

carousel ready for sampling. However, because of the problem of deposition of NH3 

onto open samples in the laboratory, the whole carousel, as well as standards and 

samples ready for analysis, was placed in a clean air chamber. This consisted of an 

inflated heavy duty polythene bag with glove ports and a sealable entrance ('Atmos 

bag', Aldrich Chemical Co, Gillingham, Dorset, U.K.). Air was passed through a 

KHSO4 granule tower, to remove NH3, and supplied to the glove bag. The air was 

recycled through this system under slight positive pressure, with a small quantity of 

new air each time to replace leaks (cf. figure 3.3, but without silica gel). Deposition to 

sample cups containing de-ionized water, in the open laboratory was found to be =8 pg 

NH4 1,  which was reduced in the glove bag when well sealed, to =1 pg s 1 . In 

addition to this a maximum of up to 10 prepared samples or standards were set out on 

the carousel at any one time, so as to reduce total deposition. This gave a maximum 

exposure of 20 minutes, and an air concentration elevation equivalent to 2.3 ng NH3 

rn-3  (given a 0.5 m3  sample), which is acceptably small. 

Sample cups were rinsed with de-ionized water in the glove bag immediately before use 

so as to minimize contamination. A sample was then filtered and transferred to each 

cup. This was done by drawing up the extracted sample from the storage tube, using a 

2.5 cm3  syringe fitted with a short length of narrow bore CFA pump tubing, and then 

passing it through a syringe tip filter assembly (13 mm diameter, 0.45 tm pore size 

polyvanilidenedifluoride membrane filter; Acro LC 13, Gelman Sciences Ltd., 

Northampton, U.K.) into the sample cup. Two 0.5 cm3  quantities of sample served to 

flush the system and further rinse the sample cups, while a third 1 cm 3  quantity was 

used as the sample for analysis. The syringe and filter were subsequently flushed with 

approximately 2 cm3  of de-ionized water before the next sample. The sampling was 

started at least 1 hour after starting the system running with the reagents and wash 

solution, to allow time for it to settle. Once started each sample would take 25 minutes 

to reach the flow cell and be recorded. 

A number of problems occasionally occurred with the CFA system. The most usual 

was a trapped or blocked tube. (The latter was most usual in the analysis of diffusion 

tubes where samples were not filtered, Chapter 6.) In addition 'surging' of the reaction 

mixture sometimes occurred through the flow cell, resulting in a poor base line. This 

could be usually avoided by keeping the debubbler waste line outlet above the level of 



the flow cell. When the system was running evenly, with a good base line the aqueous 

sample detection limit was approximately 2-5 mg N}1 rn-3 . 

3.3.5 Calculation of air concentrations 

Given that filters were extracted in 5 cm3  of liquid, and accounting for the NH x  in 

blank filters and the volume of air sampied, then the air concentration of NH3 in .Lg rn-3  

is given as: 

0.005 ([NH4sampie] [NH4b1 ank]) MNH3 
XNH3 = 	 V 	 MN+ 

where aqueous concentrations are in .tg dnr 3 , V is the volume of air sampled (rn 3), and 
M is molecular weight. The ratio of Mj,/MNp+ is omitted when calculating XNH4. 

The sampling precision was assessed on a number of occasions by 'co-sampling' all 

five filter packs at one height (at least 1.5 rn) above the ground. This procedure gives 

an overall precision of the method including the effect of all constituent errors in 

measurement. The precision varied between campaigns, however, typical precision 

for both NH3 and NH4 was 5% (Coefficient of variation: lOOa n..i/mean, n=5) at =1 

.tg rn-3 , for samples of = 1 m 3  of air. The minimum significant concentrations may also 

be calculated for single filter pack samples. Assuming a flow rate of 0.2 dm 3  s 1 , and 

given that a filter value is significantly different (95% confidence) from the set of 

blanks where its concentration is greater by typically 0.05-0.1 tg filter 1  (section 

3.3.2), gives a sensitivity of 0.07-0.13 p.g NH3 rn-3  hour. For NH4 this is 0.05-

0.12 tg rn-3  hour. 

3.4. WINDSPEED MEASUREMENT 

Windspeed profiles were measured with sensitive cup anemometers (Vector 

Instruments Ltd. Rhyl, Ciwyd, U.K.), which were attached vertically onto the side 

arms of a mast. The anemometers were supplied as a set complete with a 6 

anemometer junction box, and a 30 m cable to connect to a battery powered counter 

box. Pulse output anemometers were used, with one count being recorded per 

rotation. During ammonia sampling anemometer counts were recorded at the start and 

end of each run, and the precise start and stop times noted. From this anemometer 

counts per minute were calculated. 

To be able to convert counts per minute into windspeed, the anemometers were 

calibrated, against a Pitot tube in a windtunnel (in the Department of Forestry and 

Natural Resources, University of Edinburgh). Windspeeds between 0.1 and 10 m s 1  

as well as calm conditions, were used and this related to the anemometer output in 
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counts per minute. The Pitot tube measures windspeed by the difference between 

ambient pressure and the forward pressure due to the windspeed. To do this the 

pressure difference was measured by a precision micro-manometer. From this, 

windspeed was calculated according to the following formula: 

u = \I2AP/p 
	 3.1 

where u is windspeed (m s-1 ), EP is pressure difference (Pa), and p is air density (kg 

rn 3). Air pressure and temperature were recorded at the time of calibration in order to 

calculate p. The anemometers were found to be very sensitive, responding to very low 

windspeeds. The stalling speed was found to be 0.2 ms-1 , while the starting speed 

was =0.4ms-1 . 

3.5. TEMPERATURE AND HUMIDITY MEASUREMENT 

A number of systems were used to measure temperature profiles. For the first part of 

the study (1987-88) fine thermocouples (type 'T') were used, with a self referencing 

system in a CR21X data logger (Campbell Scientific Ltd., Sutton Bonnington, Lough-

borough, U.K.). The logger was set up to record temperature measurements every 5 

seconds, and to use these to calculate 10 minute means which were then logged. Once 

this was set up in the field it could be left sampling until the end of each campaign. 

Temperature profiles for given ammonia sampling runs were then calculated by taking 

means of the appropriate group of 10 minute runs. 

During 1989 a number of campaigns were made using a system of ventilated psychro-

meters, so as to provide both temperature and humidity profiles. Four psychrometers 

were used, with data being recorded by two 21X loggers, the system being designed 

and built by J.B.Moncrieff (Department of Forestry and Natural Resources, University 

of Edinburgh). Dry bulb temperature was measured by a platinum resistance 

thermometer, and the difference between the dry and wet bulb temperature by two 

differential thermocouples. Air was drawn over the sensors by means of a small 

battery powered fan in each psychrometer, so as to fully aspirate the sensors. This 

system was again logged as 10 minute runs in the same manner as before. The sensors 

were calibrated in an ice bath at 0°C and in a thermostated water bath at 25 °C. 

The third system available during one campaign in 1989 was a thermocouple and 

cooled mirror dew-point system, with two height levels, for precise temperature and 

humidity measurement. This was part of a Bowen ratio system (Campbell Scientific 

Ltd.) for measuring fluxes, in use at the site during this period, although in this study 

the measurements were used as inputs to the aerodynamic gradient method. 



Temperature values for each of the systems were generally precise to =0.05 °C, while 

humidity was generally precise to =().05 g rn-3  absolute humidity (or O. 1 °C dew point 

temperature). 

3.6. ANALYSIS OF GRADIENT RESULTS 

The profile results were used to derive fluxes according to the aerodynamic gradient 

method described in Chapter 2. The approximate log-linear form of the Richardson 

number (equation 2.29) was used to quantify stability, from which the Monin-

Obukhov length was found according to equations 2.24b and 2.25b. These were then 

used in the full treatment of the log-linear approach (section 2.3.4.), and linear 

regressions calculated of windspeed and concentration versus stability corrected 

logarithm of height (equations 2.33-34, 2.37-38) so as to be able to estimate u,, and X. 

and hence find the flux (equation 2.17). Resistance analysis and estimation of 

extrapolated values was then performed on the results as described in section 2.4. 

These calculations were implemented in a Pascal computer program so that given an 

estimate of d (section 2.3.5), and profiles of wind, temperature, concentration and in 

some cases absolute humidity, the analyses above could be made. The program also 

included estimates of random error, due to scatter in the regressions (section 3.8.3). 

3.7. OTHER SUPPORTING INFORMATION 

In addition to the micrometeorological flux estimation, other background information 

was collected. Plant community type and dominant species were recorded, as well as 

information on the site management. At most sites soil pH (in water) was also 

measured. Weather conditions during runs were also noted, including cloud cover, 

wind direction, precipitation and the presence of dew. Special attention was paid to the 

dryness and stage of development of the plant canopy. 

In the absence of micrometeorological measurement of water vapour fluxes, at one site 

(Bush, 6/1988), measurements of leaf area rsE were made by means of a portable 

'Parkinson' leaf chamber and water vapour analyzer (ADC Ltd., Hoddesdon, Herts, 

U.K.). Samples of 10 plants were measured every 1-2 hours for several periods, and 

mean rsE calculated according to equation 2.55, but assuming chamber conditions 

apply at the leaf surface (i.e. z01 ). A similar procedure with an automatic porometer 

(Delta-T devices Ltd., Cambridge, U.K.) to estimate r sE was also used during one 

campaign (Stenton 6/1989), to supplement other measurements. Leaf area index, was 

estimated at both sites by harvesting a small known ground area of the vegetation (0.3 

m2) and measuring the leaf area using a Li Cor leaf area meter (Lambda Instr. Corp., 

Lincoln, Nebraska U.S.A.). This was then used to estimate r sE for ground area. 
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3.8. RESTRICTIONS AND ANALYSIS OF ERRORS 

3.8.1 Micrometeorological restrictions 

In addition to the fetch requirements, the development of the constant flux layer 

requires that conditions do not vary significantly during a run. As a result run duration 

is effectively restricted to a few hours, since environmental changes occur where much 

longer periods are used. Similarly the trace gas concentrations should remain constant 

during a run, although in practice variations occur. Garland (1977) considered the 

errors arising from this source and provided an approximate relationship for a typical 

upper limit in the error in the deposition velocity, AVd: 

AVd 
< A 	(zi-d) 	

3.2 
(zi-d) At 

where zi = mid height of measurement, AX = net change in concentration over a 

sample run of duration At. Hence taking an example of (zi-d) = 1 m, At = 2 hours, 

and a typical upper value of A/(zi-d) = 1, gives AVd <0.1 mm Since this is 

small compared to expected Vd of NH3 (section 1.4.3) it is clear that this is not 

normally an important source of error. However, the size of AVd increases with 

measurement height, so that it may be important for measurements over forests. 

Another requirement for the development of the constant flux layer is that the fluxes are 

conserved - that is, that there is no production or loss of the trace components in the 

atmosphere as they exchange with the ground. The possibility that fluxes of NH3 are 

not conserved arises because of its equilibrium with HNO3 and HC1 to form NH4NO3 

and NH40 respectively (Huebert et al., 1988; Brost et aI.,1988; Harrison et al., 

1989). Deposition or emission of these components, shifts the position of the 

dissociation, so that reaction occurs to restore the equilibrium. For example, where 

NH3 and FIN03 are both depositing, and NH4NO3 is depositing only very slowly, the 

depletion of the gases may result in a dissociation of the salt, with the apparent results 

of a greater NH4NO3 gradient, and reduced gaseous gradients and fluxes. The 

question, then, is whether the restoration of equilibrium is sufficiently rapid to be 

important during the time scale of deposition in the measured first few meters. 

Estimates of the lifetime of the dissociation have been reviewed by Harrison et al. 

(1989), who gives values ranging between 100 s to many minutes, while Brost et al. 

(1988) considered that values of less than 100 S may give appreciable effects on the 

measured gradients. However, in a study of the gradients and concentration products 

of these species over a number of surfaces, Harrison etal. (1989) were unable to detect 

any deviation from normal surface exchange patterns, therefore favouring a slower 



value of the dissociation lifetime. In agreement with-this, Heubert and Robert (1985) 

and Huebert et al. (1988) also found negligible effect over a grass surface. However, 

in the presence of very large quantities of ammonia (near a strong ammonia source), the 

reactions became important. In this study therefore, where background exchange is 

measured, this process is considered not to be important in the gradients measured (see 

also section 4.3-4.4), although the possibility should not be ignored for situations of 

severe displacement of the equilibrium. 

The filter pack measurements made in this study record component density in situ. In 

this case another restriction applies. Webb et al. (1980) have shown that gradients of 

temperature and water vapour over a surface can modify the apparent flux, with the 

effect of temperature being most important. (The effect of water vapour is usually less 

than 10% of the temperature effect.) The effects of these gradients, and the need for a 

correction, may be avoided by pre-drying samples and bringing them to a common 

temperature. However, this is not possible for ammonia since the gas is removed in 

drying, while heating may disturb the gas/particle equilibria. Hence the need for a 

correction must be considered. 

Webb et at. provide corrections for these errors, given temperature and water vapour 

flux estimates. The importance of the corrections depends on the relative size of the 

flux to the trace component concentration. Thus for gases with large exchange rates 

and low concentrations (in the case of deposition, large Vd),  such as NH3 the 

corrections are small, and may generally be ignored (Denmead, 1983). In comparison, 

Denmead also gives typical corrections and fluxes for other nitrogenous gases. For 

some, like N20,  where high concentrations and small fluxes often occur, corrections 

may be several orders of magnitude larger than the uncorrected flux, making this a 

major restriction on the application of micrometeorological methods. (The corrections 

may also be significant for individual runs of particulate deposition, however, in the 

limited analysis of mean values given here, this largely averages out.) 

3.8.2. Sources of systematic error 

In addition to the restrictions noted above, a number of other possibilities for 

systematic error exist in the analysis. This is the case for the semi-empirical stability 

corrections and the estimation of r. 

The corrections for non-neutrality used in this study (section 2.3.3) are well supported 

in the literature, comparing well with the energy balance method in comparisons of 

several different correction estimates (e.g. Paulson, 1970; Denmead, 1983). 

Nevertheless, there is undoubtedly potential for error, which increases in more extreme 

non-neutrality. It is difficult to assess this error strictly where the aerodynamic method 
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Figure 3.4. Application of the integrated stability correction to a wind profile measured in stable 
conditions. The good profile linearity achieved by using the correction factor 5.2(z-d)/L, suggests 
reasonable confidence in the correction. The data is for run 5, Stenton 6/1989. 

is used alone, however, by using the integrated stability correction approach (section 

2.3.4), the correction may be checked by assessing the improvement on profile 

linearity. An example of this is given in Figure 3.4 for a wind profile measured in 

conditions of moderately strong stability. The improvement in linearity is very good, 

suggesting a reasonable confidence in the correction factors. 

The error in rl, is more difficult to assess. This could be checked in the field by 

measuring resistances to water vapour loss over a freely evaporating wet crop surface, 

assuming r5  = 0 and E{z0 ') = E5 {T(z0')), as described by Thom (1972, 1975). 

However, in the absence of this approach, some idea of the expected error may at least 

be found by comparing the results of different formulations for rj,. This is done in 

Figure 3.5, where the estimation of Garland (1977), used in this study, is compared 

with two alternatives - that of Wesely and Hicks (1977) and of Monteith and 

Unsworth (1990; derived from Thom, 1972) for different values of u*. The size of ra 

for different conditions is also given for comparison. The Garland estimate, has some 

dependence on z0, so several curves are given. 

It can be seen that, for all but the smallest values of u, the difference between 

estimates of rb is mostly =10 s rn' or less. This is quite acceptable given that the main 

purpose of the resistance analysis is to see if a significant rc exists and the range of 

possible rc is much larger than this. For example, where surface uptake is efficient rc 

0, whereas for uptake controlled by stomata, rc = 50-1000 s rn-1  (Wallace et al., 

1981). Hence these differences in rb are small. In calm conditions greater differences 

in ri,, occur. This combines with an increased random error due to larger values of 

both ra and r, as well as the possibility of anemometer stalling, so that results in 
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Figure 3.5 Comparison of different semi-empirical estimations of rirn, with changing u*. Values of 
ra  (neutral conditions) are also given. The different formulations of rb are: Garland (1977), 1.45/ut 
Re*024  Sc08; Wesely and Hicks (1977), (2/u*k)(c/D)067 ; and Monteith and Unsworth (1990), for 
properties with similar D, to water vapour, after Thom (1972), 6.2 u* 067 . 

such conditions should be treated with caution. Conversely, in windy conditions, 

small ra and rb result in a more precise estimation of rc. 

Greater differences in rj, also occur over very rough surfaces such as forests, although 

Garland (1977) limited the use of his formulation to short vegetation.* Nevertheless, 

results over forests are approximate anyway because of a number of other constraints 

on the method. The limitation on the estimation of d in these conditions has been noted 
in section 2.3.5. In addition to this, the constraints of minimum measurement height 

above which gradients accurately reflect the flux (Thom et al., 1975; Raupach, 1979), 

and of maximum height permitted by the fetch, allow little gradient detection (Appendix 

8) resulting in a large random error attaching to the flux estimate. 

* Garratt and Hicks (1973) analyzed the results of both wind tunnel and atmospheric studies of B 1  for 
a wide range of surface roughness (from water surfaces to forests) as a function of Ret. They concluded 
that the dependence of B 1  on z0  found for surfaces with bluff elements in windtunnel studies 
(Chamberlain, 1966, 1968) is not applicable for fibrous vegetated surfaces, where individual elements 
retain similar dimensions with increasing canopy roughness. The formulation of Garland (1977), based 
on the results of Chamberlain, diverges from the atmospheric results reviewed by Garratt and Hicks at 
approximately Ret > 2000, beyond which the approximation used by Wesely and Hicks (1977) gives 
improved estimates. This is the case for forests, where typically Ret > 5000. 
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3.8.3 Sources of random error 

Sources of random error in the results arise from the sampling variability of sensors. 

Since for most profiles readings were taken at several levels, the random error may be 

assessed by looking at the scatter of the regressions. Standard errors or confidence 

limits for the regression parameters may be estimated, and these combined for the 

different regressions to estimate the errOr in combined quantities such as Fx, Vd, rc and 

x f z01 ). A full analysis of this type is given in Appendix 5. It is clear from this that in 

all cases the error is dominated by the scatter in the trace component concentration 

profile; in comparison, the random error from the wind profile and stability correction 

is generally very small. The treatment of the errors may therefore be simplified by 

\ ignoring errors due to these sources. (However, because of simplicity the error from 

the wind profile is included in the error of Fx  and  Vd,  Appendix 5, equation A5.2). In 

the flux gradient data presented in Appendices 2-4, 95% confidence limits (which are 

necessarily approximate because of the small samples) are given for Fx, Vd, rc, and 

x ( z0'). For the trace component concentration data, where more than one sample 

analysis in a profile failed, the results are treated with caution and noted with an 

asterisk. It may be noted that the high degree of scatter for many of the individual runs 

results in the gradients not being significantly different from zero. This is a perennial 

problem in trace flux measurement. However, given the consistency of values over 

series of runs, and the significance of many of these, it is clear the gradients are real. 
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Chapter 4 

Surface exchange results: 
Natural and unfertilized ecosystems 

4.1. INTRODUCTION 

Measurements of ammonia exchange between the atmosphere and vegetation were 

made over a wide variety of surfaces in order to identify the patterns and variability of 

exchange with surface type. The measurements were made on a campaign basis, 

sampling intensively over periods of one to several days, to see the effect of diurnal 

and other environmental changes, with the field campaigns being carried out at 

different times of year, to observe any seasonal effects. 

Sites are divided in this report into two categories: 'natural' and unfertilized 

ecosystems, and fertilized agricultural ecosystems . The results of measurements over 

the natural and unfertilized surfaces are described in this chapter, while those over 

fertilized agricultural surfaces given in Chapter 5. In each of the chapters, an overview 

of the sites and results is presented along with a detailed examination of measurement 

results of particular interest. The full data set of individual flux measurements for the 

two surface categories is given in Appendices 2 to 4. 

4.2. STUDY SITES: NATURAL AND UNFERTILIZED SURFACES 

All measurements were made in the United Kingdom, and included studies over 

grasslands, moorlands and a forest site; Information on the name, location and 

description of each site is given in Table 4.1. This is supported by Table 4.2, where 

dates and site information relevant to the different campaigns are described. 

The sites were chosen to represent background exchange patterns away from specific 

sources. Given that livestock are considered the major source of ammonia (section 

1.3), none of the sites used were located near to major livestock installations. 

However, at each of the sites, except for Dunslair Heights, grazing animals are present 

in low density on an occasional basis. At the moorland sites hill sheep have free 

access, but generally keep to better ground; the grassland at Huntingdon is 

* The term natural is used in a general sense to refer to communities which have developed by natural 
succession of species, while accepting the importance of low level management practices in the 
development of that system (e.g. hay cutting, burning), but not including sites with fertilization or 
heavy grazing. Other unfertiIzed ecosystems are distinguished from this by having a planted or seeded 
vegetation (e.g. plantation forest). 
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site name used 
in study 

site location National 
grid ref. 

height 
AMSL 

(m) 

fetch 

(m) 

soil type 
and pH 

(inH2O)  

Yegetation community (dominant 
species underlined) 

MOORLAND 
Great Dun N. Pennines, NY705 680 >250 peat Eriophorwn vaginatwn, Juncus 
Fell * Cumbria 312 pH 3.92 squarrosus, Nardusstricra 

Fala Moor M. Lothian, NT423 330 >250 peat F. vacinatum. Calluna vulgaris. 
DeschampsiafZezuosa, Sphagnum Scotland 580 pH 3.95 
spp. N. stricra 

Wether Law E. Lothian NT651 410 >500 peat Calluna vulgaris, D.flexuosa 
Scotland 609 (no pH) 

GRASSLAND 
Huntingdon t Cambridge- TL203 15 =200 neutral- unimproved species rich grassland 

shire, 723 calcareous e.g. Dactylus glomerata, Hokus 
England alluvial lanatiLs, Briza media, Sanguisorba 

(no pH) officinalis, Filipendula vulgaris, 
Cenraurea nigra, Orchis mono 

Harwell Oxfordshire, SV468 130 130- calcareous e.g. Agrostis snp., Poa spo. 
England 861 150 (chalk) Ranunculus spp. Taraxicwn 

pH 8.43 spp., Trifoliwn repeizs 

FOREST 
Dunslair Peebles, NT288 590 ''500 mineral Picea suchensis. Lanix decidua, 
Heights Borders, 435 soil Pinus conronla, Abiesprocera 

Scotland 

Table 4.1. Sites used for flux measurement studies. * located in Moorhouse National Nature 
Reserve (NNR); t located in Brampton Race Course Site of. Special Scientific Interest (SSSI); 
AMSL = above mean sea level. 

site name season sampling 
dates 

canopy 
height 
(m) 

d * 

(m) 

mean 
z0t 

(mm) 

air temp- 
eralures 

(°C) 

State of canopy/soil during 
measurements 

MOORLAND 
Great Dun Summer 27/5/87 0.05- 0.05 14 13 AG, canopy dry, soil damp 
Fell Spring 29-3013/88 0.10 0.03 8 -0-4 PG, mostly wet 

21/4/88 " 0.03 12 9 PG, canopy dry, soil wet 
25/4/89 n/a 0.14 1 -1-2.5 under snow 

Fala Moor Autumn 5-6/11/87 -0.25 0.15 28 2-8 PG, wet and dry 
Summer 24-25/5/88 20 0.05 31 5-13 AG, F. vaginaiwn flowering 

wet and dry 

Wether Law Winter 21-23/2/89 0.24- 0.23 27 -2-3 PG, damp, snow or frozen 
0.30 

GRASSLAND 
Huntingdon Summer 11-13/8/87 0.15- 0.12 17 15-20 AG, cut for hay in June, 

0.20 wet and dry 
Harwell Spring 15-18/3/88 "0.04 0.03 4 4-10 PG, recently harrowed, soil 

on leaf surfaces, wet and dry 

FOREST 
Dimslair Autumn 12-17/11/8 =4.3 3.2 200 4-7 PG, wet and dry 
Heights 

Table 41. Dates.of campaigns and conditions during measurement periods. * In cases were d is 
small its value will also depend on the choice of ground reference position used to measure heights. A 
value of d also arises over snow since heights were measured from soil level. t Calculated from the 
mean of In(zo) since z0  is not normally distributed. AG = actively growing vegetation; PG = 
vegetation senescent or dormant from previous season. 
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occasionally used for the grazing of horses, while at Harwell, although no livestock 

are given access, a large population of rabbits is present. 

The other main criteria for choice of site were vehicular accessibility, often provided by 

a farm track, and a surface providing an adequate fetch over uniform terrain. In the 

latter respect the Great Dun Fell and Dunslair Heights sites provided extensive fetches 

over uniform vegetation, but were not ideal according to usual micrometeorological 

criteria because of an undulating land surface at each. However, as Gallagher et al. 

(1988) and Fowler and Duyzer (1989) discuss, these sites can nevertheless provide 

suitable conditions for flux measurement, demonstrated by the existence of good 

logarithmic wind profiles. 

4.3. PROFILE RESULTS AND INTERPRETATION 

Examples of measured wind, temperature and ammonia profiles are given for two 

example runs, from Great Dun Fell and Fala Moor, in Figures 4.1 and 4.2. In 

addition the longer term NH4 particulate profiles (recorded over several NH3 

sampling runs) are shown. Profiles of concentration are the most approximate and 

therefore dominate the sources of error. 

On the assumption that the exchange process of NH3 and NH4 is chemically 

conserved (section 3.8.1), the decrease in NH3 concentration towards the ground 

implies deposition to be occurring. The small concentration gradients of NI-14+  are 

typical and suggest a greatly reduced rate of exchange for this species. 

The possibility that the fluxes are not conserved, however, also needs to be 

considered. The most likely cause is perturbation of the gas/particle equilibria in the 
NH4+, NO3 and Cl system in the air near the ground. In the case here, over natural 

surfaces, where NH3 appears to be depositing, and given that the acid gases, HNO3 

and HC1, are expected to be depositing (e.g. Huebert and Robert, 1985; Dollard et al., 

1987), a reduced gaseous concentration product near the surface might be expected to 

shift the gas/particle equilibrium and result in particulate evaporation. This would 

give greater apparent deposition gradients of NH, and reduced gradients of NH3. 

These changes and those for the NH3 emission situation are shown graphically in 

Figure 4.3. 

Since it is well established that the sub-micron aerosols that make up the NH, 

deposit only very slowly (section 1.4.2.), the rates of exchange of NH4 may be used 

as a check to see if this process is occurring. This is considered in the next section. 
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Figure 4.1 Example profiles at Great Dun Fell (Run 3, 3/1988). 
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emission from the ground surface. For both cases it is assumed that surface exchange of NH4+  is 
negligible in comparison to the gas exchange. 

4.4. SURFACE EXCHANGE OF NH4 

Given the long run periods of much of the NH4+  sampling, often encompassing 

several NH3 sampling runs, the measurements are not strictly suitable for flux 

calculation, since environmental conditions and concentrations may vary during 

sampling. However, since the scatter of the individual NH4 profiles is greater than 

the variation expected due to environmental changes, a limited flux analysis of general 

trends may be made. 

The full data set of calculated NFLj fluxes is given in Appendix 4. Results of the 

NH4 exchange for both unfertilized and fertilized ecosystems are shown in a 

frequency distribution of Vd(  1 m) in Figure 4.4. The arithmetic mean of these values 

is a deposition of 1.9 ± 2.5 mm s (95% confidence limits of mean). The mean value 

of ra/rt  is 0.05, showing that the main restriction to deposition relates to transfer at the 

surface (rI, or rc), which is consistent with the literature on sub-micron particle 

deposition (section 1.4.2). A small number of measurements of major anion fluxes 

were also made. Histograms of these are given in Appendix 4. The arithmetic mean 

values of Vd(l  m} were Cl - : 9.1 ± 9.7; NO3 - : 3.7 ± 5.4; S042- : -0.1 ± 5.6mm s 1  

(95% confidence limits). 
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Figure 4.4. Frequency distribution of measured deposition velocities of ammonium aerosol. The 
hatched component represents values over intensive agricultural sites where NH3 emission was 
recorded. All other values are where NH3 deposition was recorded. Forest results are not included. 

Some question exists as to the use of arithmetic means for derived quantities such as 

deposition velocities. An alternative is to calculate the arithmetic means of the flux and 

x and divide these to give a mean Vd (Fowler, 1976). The resulting estimates of Vd and 

raJrt are similar to the above and are given with the other calculations in Appendix 4. 

In Figure 4.4, the majority of values are for situations where NH3 deposition was 

occurring. Only a few values are available for measurements over fertilized 

agricultural surfaces, where emission was recorded, and these are cross hatched in the 

diagram. If fluxes were non-conserved the bulk of the NH data, over natural 

surfaces, would therefore tend to apparent high deposition velocities (Figure 4.3a). 

Conversely for the few NH3 emission runs apparent particle emission might be 

expected (Figure 4.3b). However, no clear trends of this kind are apparent from 

Figure 4.4. In addition most of the values of the fluxes are not statistically significant, 

so that much of the variation seen in Figure 4.4 may be attributed to random variation. 

Given these observations it is difficult to assess strictly the possibility of non-

conservation of fluxes. However, as a whole, the consistency of the data with the 

expected low value of Vd would suggest that the process is not of major importance in 

this background exchange situation. Consequently the surface exchange methods for 

conserved fluxes are used for the NH3 data here. 

This does not negate the possibility of non-conservation, and in a few instances in our 

data this may be occurring. Thus for Great Dun Fell 4/1988 Run 2, deposition 

velocities were: NH3 5.3 mm s,  NH4 14.5 mm s 1  and NO3 15.8 mm s 1 . In this 

case the large values of Vd for the aerosol are matched by a low value for NH3, which 
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is consistent if conversion is occurring. However, this appears to be the exception. 

Since much of the data show maximal NH3 deposition velocities (next section) it may 

be confirmed that this is not generally important. Clearly more work is needed here. 

As a result of the much smaller deposition velocities of NH compared to NH3, it is 

clear that, apart from when NH concentrations are very much greater than NH3, the 

dry deposition of NH3 will be much more important. It was because of this, and the 

greater uncertainty in NH3 surface exchange, that the main part of this study was 

designed to examine the exchange of the gaseous fraction. 

4.5. SURFACE EXCHANGE OF NH3 

A summary of the conditions and ammonia exchange parameters measured over natural 

and unfertilized surfaces is given in Table 4.3. Values are means of all the data 

excluding only runs where fluxes were not accessible. Other mean values, where runs 

with very poor characterization of the NH3 profiles are excluded, are calculated in 

Appendix 2, however the general trends are very similar to those given here. 

Estimates in Table 4.3 are arithmetic means of the actual quantity, except for 

resistances, which are averaged as reciprocals (conductances) so as to reduce 

skewness. Mean rc  is found as the difference between the mean values of r a+b and rt. 

Alternative mean values of Vd and rc  are also provided in Appendix 2 by the method of 

Fowler (1976), but as with the NH4 data they generally provide similar results to that 

in Table 4.3. 

Deposition was recorded at all of the sites with the mean fluxes for the different 

campaigns ranging from 2-34 ng NH3 m 2  s 1  (equivalent to 0.4-8.8 kg NH3-N ha 1  

year'). These values are, however, dependent on both the atmospheric concentrations 

of ammonia and the turbulent conditions prevailing during the experiments (i.e. 

X{z-d}, u(z-d) and z0). Assuming deposition to be independent of concentration - a 

question considered in section 4.7. - the effect of X is cancelled out. in the deposition 

velocities, the mean values of which were in the range 5-33 mm s 1  for each of the 

groups in Table 4.3. By the same assumption, the value of the surface resistance rc  is 

considered to be independent of the site turbulence and the air concentrations occurring 

during the experiment. For most of the sites the mean value of r c  is much less than the 

atmospheric resistances, suggesting that in these cases the main limitation of deposition 

is the prevailing turbulence at a site. 

For some sites a negative mean rc (and also xfzo'),  see later) is recorded, which is 

clearly not possible. In this case the Vd estimate exceeds Vm, but from the error 

analysis these differences are shown to be insignificant, hence rc  approximates to zero. 
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site, month/year 
(surfacetype) 

no 
of 
nms 

u{1 m} 
(ms 1 ) 

T(z 0') 
(°C) 

ra. 
(1 m) * 
(sm) 

(1 m) 
(9gm 3) 

Deposition 
fluxNH3  

(ngm 2 s') 

Vd{l m} 
(mms 1 ) 

rc  t 
(sm 1 ) 

{z 0 ) 
(j.tgrn 3 ) 

Huntingdon 8/1987 9 2.5 (18) 58.2 2.00 33.9 16.3 3.1 -0.14 
(neutral grassland) 

Harwell 3/1988 6 3.3 8 635 1.77 143 5.3 125 1.01 
(calcareous grass'd) 

Great Dun Fell (all) 12 3.9 (7) 45.0 0.67 173 19.6 5.9 0.01 
(Eriophorwn moor) 

FalaMoor 11/1987 7 1.7 5 65.6 0.23 5.04 21.5 -19.1 -0.06 
(Eriophorum moor) 

Fala Moor 5/1988 8 5.2 13 23.2 0.64 23.5 30.3 7.1 0.07 
(mixed spp moor) 

Wether Law 2/1989 8 7.0 -0 19.0 0.08 1.71 27.7 17.1 0.05 
(Calluna moor) 

Table 4.3 Mean values for NH3 exchange measurement campaigns over natural and unfertilized 
surfaces. Values are arithmetic means of runs (unweighted) apart from where noted: * reciprocal mean, 
from arithmetic mean of Vm ; t difference of mean ra+b and mean rt (reciprocal of arithmetic mean 
V(j). Positive fluxes imply deposition of NH3. Values in brackets are means of available data. Data 
abstracted from Appendix 2. 

Chemical no u(1 m) T(z 0 ) ra  Vm{1 m} (1 m) Deposition Vd(1 m) rc  t Vd(x) 
species of (m s) (°C) 11 m}*  (NH3) (.tg m 3) Flux (mm s') (s m) Vm(NH3) 

runs - (NH3) (mm s (ng m2 	1) 

NH3  4 3.3 (6) 9.7 103 0.20 11.0 65.9 5.5 0.64 

NH4  5 3.5 (6) 10.0 100 1.14 9.7 16.6 - 0.17 

Table 4.4 Mean values for NH3 and NH4+  exchange measurement over coniferous forest at 
Dunslair Heights. rb calculated according to the method of Wesely and Hicks (1977). Equivalent 
Vm(NH3) given for NH data so as to compare rates by Vd/Vm.  Other notes as for Table 4.3. 

Only one site, a calcareous grassland surface at Harwell, gave a large surface 

resistance, the mean value being 125 s rn -1 . This reflects a consistent difference in 

these runs to the other sites such that rc dominates over ra and rj)  at this site. 

The results over forest at Dunslair Heights are given in Table 4.4. The data are limited 

and approximate because of the failure of some of the runs and the low NH3 

concentrations during the experiment. Additionally the large roughness of forests and 

resthcted sampling height range, result in small measurable gradients even for rapidly 

depositing compounds (Appendix 8). The value given in the table shows negligible rc 

in agreement with the other sites. However, some uncertainty must attach to this 

estimate since the inclusion of one dubious run would result in a large surface 

resistance. Nevertheless, both estimates using the alternative averaging method give 

small rc, so that rapid deposition seems most likely. The deposition velocities of 

NH4 are also approximate, with a mean Vd(  1 m) of 17 irn This is large 

compared to the results over short vegetation (Figure 4.4), though may simply arise 



because of the small amount of data; the general trend of Vd(NH)  <Vd(NH3) is 

maintained. For the means presented in Table 4.4, Vd(NH3)fVm(NH3) = 0.64. By 

comparison Vd(NH)fVm(NH3) = 0.17. 

Mean values of the estimated average surface concentration of NH3, X { z), are also 

given for each of the sites. This, as described in section 2.4.5, is another way of 

examining processes at the surface, and is analogous to rc. The usefulness of x(z0} 

is that in cases of deposition it represents the maximum possible mean concentration at 

the surface of the canopy elements. (Conversely in cases of emission it represents the 

minimum mean concentration). This is relevant where the possibility of concentration 

dependent exchange is of interest, which would occur with the existence of an 

ammonia compensation point section 1.4.3). Given this interdependence of rc 

and (z01 ), it may be seen that for most of the data, since rc is not significantly 

different to zero, neither is xtzo'). 

In the case of a compensation point, with the potential driven from beneath the 

stomata, the extra resistance to transfer through the stomata, rst, would mean that the 

compensation point was even less than the X (zo'} estimate (see section 2.4.5., 

X{zo"}). Since for much of the data x(z01 } approaches zero this would imply negative 

concentrations. It is therefore clear that such a substomatal xcp  is not relevant here. 

4.6. EFFECTS OF ENVIRONMENTAL CONDITIONS ON NH3 EXCHANGE 

By comparison with NH4 deposition, the larger gradients of NH3 make it possible in 

many cases to characterize the flux of individual runs and to relate this to environ-

mental conditions. This is examined for the data by following the course of exchange 

over time in relation to changing environmental conditions. Four sites are considered, 

Great Dun Fell, Fala Moor (5/1988), Huntingdon and Harwell. The low air 

concentrations occurring during the campaigns at Fala Moor 11/1987, Dunslair 

Heights 11/1988 and Wether Law 2/1989 result in larger uncertainty in the fluxes 

limiting the quality of data for this analysis. 

For each site, graphs of NH3 exchange parameters and environmental conditions are 

plotted against time. Graphs are given for: u*, x( 1 m}, Fx, Vd( 1 m), rc , x(zo') and 

T(z 01 ). Surface wetness and night-time/day-time are also represented diagram-

matically. Four qualitative wetness classes were used, and note made of frozen 

conditions (see Figure 4.5b). In an attempt to quantify these environmental 

measurements, water vapour fluxes were recorded in the later campaigns, which 

includes the data collected at Wether Law. 
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So as to retain clarity, error bars are not shown. However, the precision of the flux, 

the main restriction, has 95% confidence limits of approximately the same order as 

individual values. Confidence limits are provided for Fx, x(i m), rc and X {z01 } in 

Appendix 2. In the graphs here values with large uncertainties are given in brackets. 

4.6.1 Great Dun Fell 

The course of NH3 exchange and environmental conditions over time for the Great 

Dun Fell data is given in Figure 4.5. A clear pattern of NH3 deposition to the surface 

is seen throughout the data. 

By definition, both the flux and Vd{  1 m) are positively related to u*. However, in 

addition so is Xf 1 m}, which is treated as independent of u* in the analysis. The 

observation may be a result of the deposition process itself where the source of NH3 is 

the air aloft. A greater u* steepens the surface gradient such that the concentrations at 

the 1 m reference height are less depleted by the surface. This is not defmite however, 

since for our data periods of higher u* occurred at the same time as periods of warmer 

conditions. It is therefore possible that the cause of variation of the NH3 levels is the 

changing temperature throughout the day. This would be consistent with both NH3 

solubility equilibria and gas/particle equilibria which favour increased gas 

concentrations at increased temperatures (section 1.1). 

The value of rc  is generally small, with NH3 depositing to the surface at rates limited 

by turbulence. However there are a few exceptions. Two of these runs (3/1988 Run 

6, 4/1989 Run 1) occurred during very cold conditions (T(z 01 ) = 0 °C), and low NH3 

levels (x( 1 m) 0. 1 pg m 3). This could relate to the freezing conditions, or could be 

just scatter at the low concentrations. The third example of a large rc  (4/1988 Run 2) 

was the run noted earlier (section 4.4) where N}Li+ deposition was unusually rapid, 

possibly being an example of non-conservation favoured by the large temperature 

gradient (L = -11 m) occurring during the run. 

Considering the excess resistance (rc) as a concentration (x ( z)), apart from the third 

exception above, all the values are very close to zero. The runs for the 3/1988 

campaign are particularly consistent with a mean X{zo')  of 0.09 tg m 3 . It is possible 

this relates to an equilibrium surface concentration over the leaf surfaces, albeit a very 

small one. In connection with the comment above, relating xf 1 m) to temperature, it 

is interesting that there is no relationship between fzo'}  and temperature. 

The pattern of rapid deposition is seen both in day and night-time runs. This is 

reasonable since the small values of r c  imply that the sink for the NH3 must be the 

surface roughness elements - the leaf surfaces. Hence deposition will not be under 
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Figure 4.5a Course of ammonia exchange and environmental conditions over time at Great Dun 
Fell. Note: positive fluxes of NH3 denote deposition. Figure continued overleaf. 
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the control of biological factors, such as stomatal closure, that might otherwise restrict 

deposition velocities at night. 

4.6.2 Fala Moor 5/1988 

The results for the campaign at Fala Moor in May 1988 are given in Figure 4.6. In 

agreement with the results at Great Dun Fell, NH3 is again seen to deposit to the 

surface. For all except two runs rc  < 10 s rn-1 , showing the vegetation to be an 

efficient sink of the NH3. The measurements were made during a period of high 

windspeed and turbulence, with u* in the range 0.5-0.8 m s. Consequently large 

deposition velocities were possible with some values over 50 mm s1. 



The two runs providing exceptions to this trend were poorly characterized profiles 

(only 3 NH3 points available) so that it is likely, given the consistency of the other 

good data that these runs do not reflect exchange processes at the surface. 

At Great Dun Fell most of the data were for a wet ground surface. In that example it 

could be argued that, because NH3 is a soluble gas, rapid deposition would occur to 

the water on the leaf surfaces. The results here, however, present data for both dry 

and wet vegetation, although the ground was still damp throughout. An interesting 

period is that following the course of vegetation drying in the morning of 25/5, where 

surface temperature increased from approximately 5 to 20 °C. Both these effects might 

be expected to favour a reduced equilibrium level of NHfNH3 in solution, and so 

limit NH3 deposition. In the dry conditions present after midday it might result in only 

very limited uptake. However, only a small change is evident, accounting for a 

difference in rc of 15 s nr 1 . The consistentiy small values of rc suggest that the NH3 is 

efficiently bound to the leaf surfaces even when the surfaces appear dry. 

4.6.3 Huntingdon 8/1987 

A similar pattern of surface exchange to the moorland sites, above, is also shown for 

the natural grassland site at Huntingdon (Figure 4.7). The estimates of both rc and 

x[zo'l, while showing a larger variation, still approximate to values about zero. 

Consequently given the higher air concentrations of NH3 during this experiment (1-

3.5 jig rn-3 ) the fluxes were larger than the other sites, ranging from 10-60 ng m 2  s 1  

(mean: 34 ng m 2  s 1 ). This is despite the relatively small wind speeds which restricted 

Vd( I m) to a maximum of 27 mm s 1 . Temperature measurements were unavailable 

during the first part of the experiment, although conditions were generally warm, 

reaching a minimum of around 15 °C near midnight on 12/8. 

It is difficult to see whether trends with environmental variation occur, given the 

degree of scatter. As with the Great Dun Fell measurements, both u* and surface 

temperature are positively correlated over the measurement period, yet there is no clear 

response to these variables by X( 1 m) as discussed there. 

Trends may however exist between the vegetation dryness, surface temperature and the 

NH3 surface parameters rc and X(zo').  The period between 1600 (GMT) 12/8 and 

0500 13/8 shows dry conditions at the start, with a possible limitation to deposition 

(Run 5, 1700 GMT, rc = 49 [-6, 9001 s m 1 ; X{zo'):  0.76 ± 0.84 .tg m 3 , 95% 

confidence limits). This is lost later in the cooling of the evening and subsequent dew- 
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fall. It is probable that this is related to an increased leaf surface sink provided by the 

dew into which the NH3 could dissolve. Interestingly however, Run 6 (1930 GMT, 

12/8) shows minimal surface resistance even before the onset of dew. 

This effect of surface wetness is also supported by Runs 1 and 2, although for Run 9 

(1040 GMT, 13/8) a significant value of r c  (120 [9.4, emission] s m 1 , 95% 

confidence limits) is recorded over wet vegetation following rain. It is possible this 

relates to the rainwater having already reached NH3/NH4 equilibrium with the 

atmosphere. 
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8/1987. Explanation of surface conditions symbols given in Figure 4.5b. 

4.6.4 Harwell 3/1988 

In contrast to the above sites, the results at Harwell show a very different pattern of 

surface exchange (Figure 4.8). Here rc  is consistently large with values ranging 

between 30-1 300 s m4  (mean: 125 s m1). Within this, several of the individual 

results show significant surface resistance (e.g. Run 1, rc = 87 [31, 4301 5 rn', 95% 

confidence interval). Consequently the values of Vdt  1 m) are small, ranging 1-11 

nm-i s. 

The results for this site may be split into two groups. On the first day (Runs 1-3) 

NH3 air concentrations were approximately 3-4 pg rn 3 . However, for the rest of the 

experiment (Runs 4-8), corresponding to a change in wind direction, concentrations 

became much lower, around 0.1-0.3 p.g m 3 . The fluxes in this latter period are not 

well quantified, since restricted access to the site at night, and the necessity to group 



Runs 5-7 because of low concentrations, resulted in rather long run times. However, 

despite this uncertainty the overall trends are still large enough to be of value. 

As has been discussed, rc and (zo') represent the same excess in the micromet-

eorological calculations and it is impossible from these alone to see which is the most 

physiologically appropriate. From the measurements here rc was noted to be 

consistently large. When plotted on a logarithmic scale, appropriate when dealing with 

such a large range of values of rc, this consistency appears clearer (see Figure 4.8). 

By contrast, the values of X ( zn') separate distinctly between the two air concentration 

groups. If it is taken that X ( z0 ') represents a real concentration maintained by equilib-

rium with the surface, then it would follow that it ought to be independent of air 

concentration. However, this is not the case, and the values of xtzo')  fall into two 

separate groups, giving high and low estimates according to XI 1 m). Given that T 

does not separate in this manner, it seems likely that rc represents the more realistic 

measure of limitation of uptake in this case. That is, the deposition is rather limited by 

a resistance to uptake at the surface, with a minimal equilibrium surface concentration. 

It is interesting to speculate why this site shows such a different pattern of uptake of 

NH3. A possible reason could be the low soil acidity (pH 8.4) of the calareous soil, 

since immediately before the experiment, the site was harrowed, distributing the soil 

particles over the leaf surfaces. In such alkaline conditions NH3 is known to have a 

very low solubility (see Figure 1.1), so that it is possible the leaf surface sink exhibited 

at the other sites was not available to the same extent. It is feasible that NH3 

deposition was restricted to uptake through the stomata, and in this context it is 

interesting that the values of rc are of the same order as stomatal resistances. 

Profiles of the acid gases HNO3 and HC1 were also measured at this site, and although 

very approximate, showed a general pattern of rapid deposition, with a negligible mean 

r. The data for these are given in Appendix 4. 

4.7. DISCUSSIoN 

The results here present a clear picture of ammonia deposition throughout the selection 

of natural and unfertilized ecosystems studied. At none of the sites was there any good 

evidence of ammonia emission over the range of temperate conditions investigated. 

The fluxes were calculated according to the aerodynamic gradient method assuming 

that gaseous NH3 is conserved as it deposits. From a consideration of the particulate 

NH4 exchange processes it is concluded that this assumption is generally valid 

throughout the data, since the recorded deposition velocities of this component 

conform to the low values established for such sub-micron particles. 
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Another possibility not mentioned above is that filter artifacts may occur and give rise 

to modified NH3fNH gradients. As discussed in section 3.3.1, this might arise if 

some of the NH3 is captured on the particulate prefilter, or alternatively, if some of the 

collected Nl-L volatilizes and is captured downstream on the NH3 filter. However, 

the same reasoning as above can be applied, that since the gradients of NFL+ conform 

to the expected small gradients, it is unlikely that this is an important source of error. 
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If the prefilters were to capture NH3, it is likely that the steep gradients of the gas 

would be reflected with increased gradients of the particulate. In support of this tests 

mentioned in section 3.3.1, using two prefilters in series, showed negligible 

NH4/NH3 to be captured on the second filter. Conversely since many of the NH3 

gradients were maximal it is unlikely that NH( volatilization was important, as the 

addition of a contribution from the NH fraction would serve to reduce the observed 

NH3 gradients. 

In all, it seems that with this sampling system, and for the environmental conditions of 

these experiments, the complications to the gradient interpretation, via non-

conservation of fluxes or sampling artifacts, are not of major importance in the results. 

The treatment of the data by straightforward flux-gradient analysis is therefore 

appropriate. 

Within the consistent pattern of NH3 deposition, there is a clear distinction between 

the Harwell measurements and all the other natural and unfertilized sites studied. For 

the other sites, of which Great Dun Fell, Fain Moor (5/1988) and Huntingdon have 

been considered in detail, a pattern of rapid deposition is exhibited, with generally very 

small surface resistances. Although the precision of the measurements at other 

campaigns (Fala Moor (11/1987), Dunslair Heights, and Wether Law) does not permit 

detailed analysis, they also show a pattern consistent with this. 

At these rapid deposition sites some excess resistance or concentration (rc  or 

does nevertheless occur in a number of the runs. In these cases it is not immediately 

clear which is the more physiologically appropriate measure of the excess described by 

these values. If it is wholly rc  this suggests the deposition process occurs independent 

of air concentration, even down to zero air concentration, since the potential of the 

ground is considered to be zero. Since no emission occurs throughout the data 

collected here, even at low concentrations, this is supported. The interpretation of the 

excess as fzo') can also be interpreted similarly if this is considered as simply 

representing a virtual concentration among the series of resistances to deposition 

(Figure 2.3). However, if rc  is assumed to be zero, X(zo')  represents the 

concentration in the air at the surface, which is presumably maintained by equilibrium 

with the surface. In this case the deposition process would be dependent on air 

concentration, so that when air concentrations were above X(zo'),  deposition would 

occur, and when below it emission would occur. 

Interpreting the data at Great Dun Fell, it is interesting that a small value of X f z0') is 

present, which is more consistent than the value of r. The estimate for the wet 
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conditions of the 3/1988 data has a mean of 0.09 tg rn -3 . It is possible that this is the•  

equilibrium value of the wet surface occurring during this period. However, since air 

concentrations did not drop below this very small level this hypothesis could not be 

tested. In addition the pH and concentration of NH4+  in the surface water from this 

site were also measured, so that using solubility theory (section 1.1), it is possible to 

calculate the gaseous NH3 concentration that would be in equilibrium with the surface. 

Given values of pH 3.92 and 4.4 .trno1 drn -3  NHç in solution, and assuming a 

temperature of 5 °C, the equilibrium gaseous NH3 concentration would be 2 x 10 5  .tg 

rn-3 . Even accounting for an order of magnitude in uncertainty due to CO2 effects 

(section 1.1) this concentration is negligible. If this value is representative of the 

surface as a whole it is likely that the value of x I z0 ' } given above is simply an 

approximation to zero. However, even the estimated value of X { z0' } = 0.09 p.g rn-3  is 

small. In practice with air concentrations generally much greater than this (Chapter 6) 

it is reasonable to describe both xl z0 1 ) and rc as approximating to zero. 

The results at Harwell provide a marked contrast to the other sites through the 

existence of a consistently large rc  (mean: 125 s rn-1). The occurrence of both high and 

low air concentrations (due to a change in wind direction) was fortunate as it provides 

information as to whether rc or X {zo'} is the more appropriate interpretation. Given 

that x(zo'} depends on x{l  m} to such a large extent, it is clear that this does not 

represent a concentration maintained by equilibrium with the surface. The 

interpretation as rc seems more likely. It is, nevertheless, still possible that a smaller 

equilibrium concentration exists in addition to an uptake resistance, below which 

emission could occur. However, this would be less than X{zo'},  and therefore less 

than =0.1 .tg nr 3 . This again is small enough to be of negligible importance in 

practice (Chapter 6). 

A possible explanation for the difference in the results at this site to the others, was 

noted earlier. It was suggested that the difference is the result of harrowing the calcar-

eous soil, so that leaf surface moisture is buffered to a high pH, reducing the potential 

to dissolve NH3. Given that equilibrium [NH] is directly proportional to [W] 

(section 1.1), it is clear a major effect on leaf surface capacitance of [NH4+]  is 

possible. Comparing the pH values for this site and the Great Dun Fell data, gives a 

ApH = 4.5, which in otherwise identical conditions would amount to a factor of 

difference in NH capacity of 3 x 10. The high pH of this site therefore seems to be 

a likely explanation of the difference in surface exchange. However, it would be 

desirable to confirm these exchange measurements, by measuring fluxes over a similar 

calcareous surface, both before and after harrowing, or by looking at uptake by soils 

of different pH. 
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The other feature of interest is the effect of wetness/dryness and temperature, which 

promotes a small value of r c  and ( z0t). It is difficult to see which of these is the 

most important, as they tend to occur together in the environment, with an increase in 

solar radiation causing both heating and drying. However, if the controlling process is 

taken as being the NH3fNH solubility in water, the effect of drying will be expected 

to be the most important feature, as in comparison temperature is a second order effect 

(Figure 1.1). 

It is clear though that even in the dry runs in warm conditions the value of rc  is still 

smaller than might be expected by stomatal transfer alone, given that the minimal rst for 

these surfaces is =50 s rn-1  (Jarvis, 1981). Additionally, if transfer was through 

stomata a greater r c  would be expected at night. This was not seen at any of the sites 

(except perhaps Harwell), although in the data presented here there is a lack of dry 

night-time runs needed to confirm this. Nevertheless, the small values of r c  even in 

dry conditions imply that the deposition must be to the leaf surfaces, as these are the 

roughness elements to which the resistance analogy (ra, rj)) models transfer. 

The mechanism by which the NH3 is fixed to the leaf surfaces could be either 

adsorption of the gas to the surface directly, or association with bound water even in 

dry conditions. This is considered further in the discussion of Chapter 7. However, if 

it is associated with water, the capacity for deposition might increase with humidity 

corresponding to an increase in bound water (section 1.4.3). It is interesting that, with 

the increased relative humidity during the evening of 12/8/1987 at Huntingdon, zero rc 

was established even before the onset of dew. Similarly with the results of rapid 

deposition at Fala Moor 5/1988, while the canopy dried out thoroughly, the ground 

below was still damp, presumably maintaining a high relative humidity. Unfortunately 

humidity was not measured in that experiment. Given the possibility of humidity 

effects it would be informative to measure the NH3 exchange in very dry, or droughted 

conditions to clarify its importance and see if larger r c  or X ( zn') do develop. 
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Chapter 5 

Surface exchange results: 
Fertilized agricultural ecosystems 

5.1. INTRODUCTION 

As a complement to the studies over natural and unfertilized ecosystems, ammonia 

exchange was also investigated over fertilized agricultural ecosystems. Previous 

studies have shown that NH3 emission may occur in this case, especially from grazed 

surfaces and during the period immediately following fertilizer application (see section 

1.3). However, little study has been made of the NH3 exchange over ungrazed 

grassland and arable surfaces at periods other than immediately following fertilizer 

application. Consequently, these background exchange patterns are taken as the focus 

for the measurements here. In addition, most of the studies over agricultural surfaces 

have been made using total NH x  sampling as an approximation to NH3. This is 

sufficient where very large quantities of NH3 occur, immediately after fertilizer 

application, although, for the background situation, the NH4 component may be 

expected to be important. Hence in this study, as with the measurements over natural 

surfaces, samplers separating NH3 and N}.T were used. 

5.2. STUDY SITES: INTENSIVE AGRICULTURAL ECOSYSTEMS 

Measurements were made at two sites, Bush and Stenton, both located in S. Scotland, 

the details of which are given in Table 5.1. Both sites were visited twice. At Bush 

sampling was made both in Summer and Winter, with the latter period including 

measurements over snow. The measurements at Stenton were made during Summer, 

with the different campaigns measuring over barley and wheat crops in adjacent fields. 

Further details of the conditions and sampling dates are given in Table 5.2. 

Both sites received typical agricultural fertilization, with ammonium nitrate based 

compounds. The Bush site was fertilized with 150 kg N ha 1  as a single batch in mid 

April 1988, hence the 6/1988 measurements were approximately 8 weeks after fertil-

ization. The grass at this site was cut in July, following which no further treatment was 

made before the 2/1989 campaign. The Stenton sites were fertilized as 3 and 4 batches 

of 43 kg N ha 1  for the barley and wheat respectively (totals: 130, 170 kg N ha -1 ). 

The last dressing for the barley was on 15 May, and that for the wheat on the 3, 8 May 

1989, providing 3 - and 6-7 weeks between fertilization and the measurements. Thus 

for both sites the results may be expected to reflect background exchange processes. 



site name used 
in study 

site location National 
grid ref. 

height 
AMSL 

(m) 

fetch 

(m) 

soil type 
and pH 

(inH2O)  

Vegetation community (dominant 
species underlined) 

GRASSLAND 
Bush Penicuik NT245 200 200 loam Lolium multiflorum, Phleum 

Midlothin 639 pH 6.1 praense, Poa spp, Trfo1iwn repens 
Scotland 

CEREALS 
Stenton Dunbar NT615 45 >300 loam Hordewn vu!gare (Barley) 

East Lothian 768 pH 5.4, Triticwn aestivum (Wheat) 
Scotland 6.1 

Table 5.1. Sites used for flux measurement studies. AMSL = above mean sea level. 

site name season sampling 
dates 

canopy 
height 
(m) 

d*  

•Q 

mean 
z0t 

) 

air temp- 
eratures 

(°C)  

State of canopy / soil during 
measurements 

GRASSLAND 
Bush Summer 14-17/6188 0.85 0.5 4.2 10-19 AG, nearing anthesis, canopy 

both wet and dry, soil damp 
20/6/88 " - - 17-20 Within-canopy profiles only 

AG, anthesis, canopy dry 

Grass cut for hay in July. 

Winter 27-28t2/89 (=0.1) 0.06— range 2-4 Snow melting, frozen at night 
snow: 0.10 0.3-6 and complete melt after rain 
0.07-0 

CEREALS 
Stenton Summer 8-9/6/89 0.45 0.26 60 5-16 AG, spikes emerging, canopy 

dry and wet (dew), soil dry 
20-21/6/88 0.90 - - 10-22 Within-canopy profiles only 

AG, grain filling, lower leaves 
senescing, canopy mostly dry. 

Table 5.2. Dates of campaigns and conditions during measurement periods. * In cases were d is 
small its value also depends on the choice of ground reference position used to measure heights. A 
value of d also arises over snow since heights were measured from soil level. t Calculated from the 
mean of in(s0) since z0  is not normally distributed. AG = actively growing vegetation. 

5.3. PROFILE RESULTS AND INTERPRETATION 

Consideration was given in Chapter 4 to the interpretation of concentration profiles and 

the possibility of non-conservation of fluxes or sampling artifacts. It was concluded 

that these effects are not of great importance in the results here. Consequently, in this 

section the profiles are interpreted solely in terms of surface exchange processes. 

Example profiles measured over these surfaces are given in Figures 5.1 and 5.2. As 

with the results over natural surfaces, the wind and temperature profiles provided the 

most precise data so that concentration profiles dominate the sources of error. In 

addition for Bush 2/1989 and Stenton 6/1989, water vapour fluxes were also measured 

and the profiles are shown. For Bush 2/1989 temperature and humidity were 

measured using four aspirated psychrometers, while at Stenton the psychrometers 

were again used (only two psychrometers available) and compared with measurements 
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from a fine thermocouple and dew-point meter system (section 3.5.). 

As discussed in section 4.4. the profiles of NH show only very small gradients, 

reflecting a slow rate of surface exchange (see also Appendix 4). The NH3 profiles, 

however, show both clear upward and downward gradients, reflecting a bi-directional 

exchange pattern of both emission and deposition according to environmental 

conditions. An example of each is given in the figures. In the run shown in Figure 

5.1 deposition was recorded, while that in Figure 5.2 gave emission. 

5.4. SURFACE EXCHANGE OF NH3 

A summary of the conditions and ammonia exchange measurements over the 

agricultural surfaces is given in Table 5.3. Arithmetic means are given, but as noted 

above, clear relationships exist with environmental conditions so that the means of 

ammonia exchange are only relevant for the experimental conditions encountered. The 

degree of variation is shown in the table by the inclusion of minimum and maximum 

values for each of the campaigns. 

The results in Table 5.3 show a clear distinction between those made in winter, Bush 

2/1989, and those made in summer, Bush 6/1988 and Stenton 6/1989. For the winter 

measurements there is a consistent pattern of deposition to the snow covered or wet 

surface, with rc  ranging from near zero to 80 s m 1  (mean: 25 s m 1 ). Conversely, for 

the measurements in summer, there is an overall trend toward emission of NH3, with a 

mean flux of 6-8 ng m 2  s 1  (equivalent to 1.6-2.1 kg NH3-N ha year 1 ), for both the 

grass and barley surfaces. However, for both these sites, deposition is recorded 

during wet and cool periods. 

In the results section for natural and unfertilized ecosystems, the question was raised 

/ of the interpretation of the excess in the resistance analogy, as rc  or x[z0'} (section 

4.5). In those cases surface concentrations approached zero, even where large values 

of rc  occurred, so that it was concluded deposition would occur independent of air 

concentration, and that re was the most suitable interpretation of the excess. In the 

winter measurements here this could also be the case, and this is considered in section 

5.5.2. However, for the summer measurements, where emission occurs, it is clear 

that the simple resistance analogy using rc is not appropriate. Here, the assumption of 

zero surface concentration of the rc  interpretation breaks down, since a surface 

concentration must exist for emission to occur. Additionally in these cases, Vd is 

dependent on air concentration, and though it may be calculated (with negative values 

denoting emission), it loses its usefulness, so that it is not given here. The values of 



site, campaign no 
of 
runs 

u(l m) 
(ms) 

T(z 0') 
(°C) 

ra  
(1 m) * 

(sm') 

X(1 m) 
(tgm 3) 

Deposition 
F1uxNH3II 
(ngm 2 s') 

Vd(1 m) 
(mms 1 ) 

r 
(sm') 

(z0 ) 

(igm 3) 
x(z 0") 
(jigm 3) 

Bush 6/1988 17 1.47 14.0 58.8 0.21 -7.7 emis. emis. 0.59 3.1 
(cut forage mm.: 000 -222 emis. -15 -0.02 -09 
grass) max.: 096 13 12.8 emis. 1.82 73 

Bush 2/1989 6 6.08 0.6 56.0 1.29 - 14.5 12.3 - 	25 - 0.19 - 

(cut forage mm.: 054 5.1 65 -75 -026 - 
grass) max.: 3.14 35J 20.6 80 042 - 

Stenton6/1989 9 1.70 12.7 48.8 0.99 -6.3 emis. emis. 1.24 2.3 
(barley) mm.: 0.47 -239 emis. 121 057 0.6 

max.: 130 4.7 53 emis. 1.69 7.4 

Stenton6/1989 4 - 16.1 - 1.51 - - - - - 

(wheat) § 

Table 5.3 Summary of NH3 exchange and environmental conditions for measurement campaigns 
over fertilized agricultural surfaces. Values in standard type are arithmetic means of runs (unweighted) 
apart from where noted. Minimum and maximum values occurring during measurement periods are 
given in italics. Notes: * reciprocal mean from arithmetic mean of Vm t difference of mean r a+b 
and mean rt (mean rt = 1/mean Vj); jj negative fluxes imply NH3 emission; t Values calculated using 
stability corrections from psychrometer temperature values; § within-canopy profiles only, reference 
height 1.1 m above ground level. Data abstracted from Appendix 3. 

Vd and rc are nevertheless given for the summer runs showing deposition to compare 

with the results in Chapter 4. 

The emission flux may therefore be envisaged as depending upon the concentration at 

the site of emission, as well as the air concentration and resistances to transfer. The 

surface concentration at the emission site is presumably maintained by equilibrium with 

the surface, and as such may be referred to as a compensation point concentration, Xcp 

(sections 1.4.3, 2.4.5). 

The simplest estimate of Xcp  is the interpretation of the excess in the resistance analogy 

as x(z0 1 ). This is valid for both deposition and emission situations. In the case of 

emission this represents the minimum mean concentration at the surface of the canopy 

elements, since it accounts solely for the transfer through the atmospheric resistances 

(ra, rb). Values of X{zo') are given in Table 5.3 and range from 0.0-1.8 j.tg rn -3  for 

both the summer campaigns. 

However, if further resistances exist in the emission pathway then the value of Xcp  will 

be greater than that predicted by x(zo').  In section 1.4.3 the concept of a 

compensation point driven from equilibrium with the intercellular solution of plants 

was introduced. In this case rs  provides an additional restriction to transfer. The 

estimate zo" } (equation 2.4.6) accounts for the extra resistance and values of this are 

also given in Table 5.3. At Bush 6/1988 stomatal resistance to water vapour, r sE, 

which is similar to that for NH3 (given similar molecular diffusivities), was estimated 
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by leaf chamber measurements (Appendix 3), while at Stenton bulk stomatal 

resistance, rsEb,  was measured by micrometeorological methods (equation 2.54). The 

values of X{zo")  were in the range -0.9-7.4 jig rn -3  for both summer campaigns. 

The estimate xtzo" } nevertheless needs qualification. Where other pathways for 

deposition occur, for example to leaf surfaces as might be expected from the results of 

Chapter 4, the estimated value will be less than a substomatal Xcp. Alternatively, 

where emission occurs from the soil, ( z0 1t ) overestimates a substomatal Xcp 

However, given that the resistance to diffusion though the canopy to the soil is greater 

than that to the leaf surfaces, x(zo')  may still be considered a minimum value. 

Such distinctions cannot be made by the gradient method alone. An attempt to clarify 

the sources and sinks within the soil/plant system was therefore made by measuring 

profiles of NH3 wit1in the canopies. This was done at Bush 6/198 8 and for the barley 

and wheat crops at Stenton. 

In the next sections the results of ammonia exchange from each of the campaigns are 

considered in detail and related to environmental conditions. The results of the within-

canopy profiles are also given to aid the interpretation of the exchange process. 

5.5. EFFECTS OF ENVIRONMENTAL CONDITIONS ON NH3 EXCHANGE 

Each of the flux measurement campaigns over agricultural surfaces provided data of 

sufficient quality to examine the time course of exchange and relate it to environmental 

conditions. The data shown for Bush 6/1988 were the most approximate of the 

campaigns, since air concentrations of NH3 were small for most of the experiment 

(=0. 15 tg m 3), however, the general trends here were still evident. Conversely, the 

data at Bush 2/1989 were particularly good, due to higher air concentrations of NH3 

(=0.5-3 p.g rn-3 ) as well as good performance of the sampling system. In this 

experiment all of the individual flux determinations were significantly different to zero 

(95% confidence limits). In order to show the precision that can be obtained under 

these circumstances, the confidence limits for ( 1 m), Fx, rc, and x(z0') are given 

with the graphs for this site. Confidence limits of these variables for this and the other 

sites are also given in Appendix 3. For the graphs for the data collected at Bush 

6/1988 and Stenton, confidence limits are not shown so as to retain clarity; in these 

graphs very approximate or unsure values are given in brackets. 

As with the results in Chapter 4, surface wetness and night-time/day-time are shown 

diagrammatically (see Figure 5.3b). However, in addition at Bush 6/1988 chamber 

measurements of rsE are given, while at Bush 6/1989 and Stenton, micrometeoro-

logical estimates of heat fluxes, rsEb  and humidity measurements are given, in order to 

101 



improve the quantification of surface conditions. At Bush 6/1988 and Stenton the 

values of rsE and rsEb  are used to estimate x{ z0" 
} 

5.5.1 Bush 6/1988 

The course of ammonia exchange and environmental conditions at Bush for the 

measurements made in 6/1988 are shown in Figure 5.3. The trend toward emission 

fluxes, noted above, is clear, with the maximum emission occurring in day-time runs 

when the crop surface was dry and at its warmest. These runs, however, also 

correspond to the most turbulent conditions, with highest u*, so that Vm  is also at its 

largest. Since a large Vm  increases the magnitude of the flux, it is not immediately 

clear from looking at the flux alone whether turbulence or surface conditions are the 

more important. 

The surface conditions may be expected to control the flux by defining the equilibrium 

concentration, or compensation point (x), of the surface. X (z0 t 
} 

provides an 

estimate of this, and removes the effect of turbulence, assuming that the exchange site 

is the roughness elements of the vegetation. Since x{z0t)  shows the same pattern as 

the flux, of high values in warm dry conditions and low values when cool and wet, it 

may be concluded that these surface environmental conditions are important to the 

resulting flux. In addition it may be noted that Vm only affects the magnitude of the 

flux, so that this cannot account for the switch to deposition in wet conditions. 

The direction of the flux depends on the difference between xcp and the concentration 

in the air, in this case referenced as x{ 1 m}. As a consequence it might be expected 

that in low air concentration conditions emission would predominate, while in high air 

concentration conditions deposition would predominate. However, this is not seen in 

the results here. The period of highest air concentration, at the start of the experiment, 

corresponds to large emission fluxes; for the rest of the data, although air 

concentrations were consistently small, a range of emission and deposition fluxes 
occurred. It is clear that the major effect is the value of X cp at the surface, which varies 

considerably according to surface conditions. 

In order to clarify the distribution of sources and sinks in the canopy, within-canopy 

profiles were measured at the end of the experiment on 20/6/1988. Two profiles of 

NH3 were made in the day-time in warm conditions, the first with a dry canopy and 

the second with the canopy partly wet. These are shown in Figure 5.4 alongside the 

combined N114+ profile for both runs. Unfortunately, because of logistical restrictions 

to the location of the sampling masts and a change in wind direction, only minimal 

fetch over the grass was available, so that the top height measurements do not reflect 

exchange over this surface. 
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Figure 5.4 Within-canopy profiles of NH3 and NH4 at Bush 20/6/1988. Due to limited wind 
fetch, measurements at 1.7 m do not reflect exchange processes of the surface. 

In accordance with the surface exchange results, discussed earlier (section 4.4.), the 

NH4 profile shows only minor changes with height. Conversely, the NH3 

concentrations within the canopy in both runs decrease steeply towards the ground. 

This implies NH3 deposition, although it is not clear from the profiles whether the soil 

or lower vegetation was the main sink. It is clear however, that if emission of NH3 

were occurring, as would be expected at least for the conditions of the first run, the 

soil would not be the source of that emission. By default then, the vegetation itself 

must be the source of emission in this campaign - the most likely mechanism for this 

being a substomatal compensation point. 

Given this reasoning, stomatal conductances were measured in order to estimate Xcp  by 

x(zo"). Values of leaf r sE found from chamber measurements (Appendix 3), were 

divided by the leaf area index to give estimated canopy rsE.  The values of canopy 

rsE are graphed in Figure 5.3 alongside values of rc  for NH3 where deposition 

occurred. The rsE results were then used to estimate ( z n"), which is also given in 

Figure 5.3. For dry conditions the value of Xfzo")  was in the range 2-7 .ig m 3 . For 

the wet conditions values are close to zero, reflecting a greater tendency to deposition 

in these conditions. However, in wet conditions rsEb  approaches zero. If a zero value 

is used in these cases, the estimate X(zo") simply becomes (zo'),  though this has 

little effect in the data here. In this case, the overall canopy or net Xcp  is estimated, and 

any substomatal Xcp  is clearly inaccessible, as the exchange with the wet surface 

dominates. 
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5.5.2 Bush 2/1989 

The surface exchange results for the measurements over the same field at Bush in 

2/1989 are given in Figure 5.5. The measurements were made largely over snow, 

which was melting for much of the time, and over the wet vegetation surface after most 

of the snow had melted. A consistent pattern of deposition is seen throughout these 

runs, which agrees well with the summer 6/1988 measurements where deposition 

occurred in cool wet conditions. The deposition was mostly rapid with small rc, 

though exceptions are considered below. However, despite high windspeeds, Vd( 1 

m) remained small (6-20 mm s -1 ) as a result of the small roughness length, z0 , of the 

snow which limited Vm . 

In addition to the qualitative assessment of surface wetness, surface conditions 

estimated by the gradient method are also shown in Figure 5.5. The wetness of the 

surface is confirmed by surface relative humidities (RH(z o')) of 100%, and near 

zero saturation vapour concentration deficits (SVCD { z0 ' }) throughout the campaign. 

Values of rsEb  were also estimated, though for much of the period the vapour fluxes 

were very small, so that these are rather approximate. The small fluxes result from the 

cooling of the air at the surface by the snow, so that evaporation was reduced, even 

causing vapour deposition in some runs. The flux was greater for the final run, after 

most of the snow had melted, making the rsEb  estimate more precise. As expected for 

the wet surface, this is close to zero. 

As a consequence of these conditions, surface wetness, which was a major factor in 

the exchange pattern at Bush 6/1988, is not a factor in the variation of the results here. 

Conversely, a relationship between exchange and surface freezing may be present in 

the data. For most of the runs the surface was either melting snow or wet vegetation, 

however, during two runs in the night a light frost was observed. This cooling is 

confirmed in the estimates of T(z 0 ), although for the runs as a whole temperatures 

did not drop much below zero. During this period significant values of rc  and X(zo') 

were recorded (rc up to 80 s rn 1 ), whereas for the other runs these were mostly not 

significantly different from zero (95% confidence limits, see Figure 5.5.). It is 

possible that the limitation to deposition was the result of the frozen conditions, 

although it is not clear from the micrometeorological analysis which of the two 

estimates of the excess is the more appropriate. However, given that the trend is more 

clearly seen in rc , and that this was the favoured interpretation in the other deposition 

results of Chapter 4, it is more likely to be a concentration independent exchange with 

an rc operating. 
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Figure 5.5a Course of ammonia exchange and environmental conditions over time at Bush 
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5.5.3 Stenton 6/1989: barley 

The results of the measurements over the barley crop at Stenton are given in Figure 

5.6. The measurements were made during a period of warm weather and present a 

similar overall pattern of surface exchange to the study at Bush 6/1988, with emission 

fluxes for most of the runs between 2-20 ng m 2  s. For one run the canopy was wet 

from dewfall and deposition occurred, although a surface resistance was present here 

of13O sm. 

As noted in section 5.3, temperature and humidity were measured by two separate 

systems, each with two reference heights: an aspirated psychrometer system (system 1) 
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Figure 5.5c Course of NH3 exchange and environmental conditions over time at Bush 2/1989. 
Explanation of surface conditions symbols given in Figure 5.3. Error bars are 95% confidence limits. 

and a fine thermocouple and dewpoint hygrometer system (system 2), although the 

latter was not available for the whole experiment. In Figure 5.6, black symbols 

represent measurements using System 1, and open symbols System 2. 

The general response of the two systems was similar, with good agreement of 

temperature gradients, as shown by the sensible and latent heat flux estimates. 

However, a consistent difference was evident in the absolute value of the temperature 

estimates (AT(1 m): 1.4 °C), which propagated into other estimates (e.g. T(z 0'), 

RH(z0'), SVCD(z0 ), rsEb). It was thought that the discrepancy might result from a 

loss of calibration or wet/dry bulb interactions in System 1. However, applying 

corrections to the temperature estimates here actually removed existing good agreement 

of absolute humidity for the two systems. It is possible that the temperature sensors of 

System 2 (independent of the humidity measurement) were at fault, although this is not 

resolved. 
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As at Bush 6/1988, the interpretation of the NH3 flux in relation to environmental 

conditions is complicated, since it shows agreement with trends in several variables. 

From the graphs in Figure 5.6, the tendency to larger emission fluxes, occurred in 

conditions where the surface conditions were warm and dry (Tfz 0 ), RH(z0 '), 

SVCD(z0 ), wetness) with large sensible and latent heat emission fluxes, stomata 

were open (day-time/night-time) and turbulence was large (u*). Consequently it is 

again difficult to ascertain the relative importance of these different factors, though all 

may be expected to be relevant, either through modifying a surface X cp, or the 

resistance to transfer away from the surface. 

For the emission runs, fzo') is the minimum surface potential for emission, and the 

values for these runs were 0.9-1.7 .tg rn -3 . For the deposition run, X(zo')  is the 

maximum emission potential, which was 0.6 .tg rn 3 . However, apart from the 

difference of this one run, ( z0 ') shows little relationship to the environmental 

parameters noted above. 

In an attempt to identify the source of the NH3 emission, two within-canopy profiles 

were made, and are given in Figure 5.7. This shows NH3 concentrations increasing 

steeply towards the ground, with emission occurring above the canopy (runs 8 and 9). 

However, since the canopy was rather open in this example, with bare ground visible 

from above, and leaf tissue down to ground level, it is difficult to attribute the cause of 

the emission with certainty to either the soil or the vegetation. 

As a consequence, it is not possible to confirm the validity of the estimates of X ( z0 ) 

also shown in Figure 5.6. These are derived using the rsEb  results, and, given the 

difference between the estimates of the two temperature and humidity systems, both 

sets of fzo')  are shown. The best estimates of X(zo")  for dry conditions are in the 

range 1.3-3.1 p.g m 3. If soil emission is occurring in addition to transfer through leaf 

stomata, these values will be over-estimates of a substomatal y,. It is noticeable that 

despite large differences in the two system estimates of rsEb,  the general trends in 

(zo') are similar, and show a positive relationship with the environmental conditions 

noted above. 

Alternatively, it is possible that emission from the soil dominates the exchange 

process. However, a resistance model for diffusion through the air from the soil 

surface is unavailable in this study, so that a Xcp  estimate in the case of soil emission is 

not given. Nevertheless, an extra resistance in addition to ra  and rj-, terms, would be 

present, accounting for the diffusion through the lower crop layers. It is therefore 

possible that such a X cp  would show broadly similar patterns to fzo"), and again 

follow the trends of environmental conditions. 
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Figure 5.7 Profiles of ammonia within and above a barley crop at Stenton 6/1989. All runs gave 
emission of ammonia except run 5. 

In summary, both stomatal and soil ammonia potentials, Xcp, are possible causes of 

emission observed at this site. Emission from either or both would be consistent with 

environmental variables relating to surface temperature, humidity and wetness - 

variables which would be expected to be important from a knowledge of the behaviour 

of NH.4+ in solution at the surface. 

5.5.4 Stenton 6/1989: wheat 

As a result of the uncertainty over the source of emission from the barley in the above 

example, it was decided to make more within-canopy profile measurements for a crop 

under similar management as the barley. These were made in a wheat crop adjacent to 

the barley that was at a later stage of development (grain filling stage, 0.9 m high), 

with full canopy closure. As a consequence of the similar management, it was 

expected that NH3 emission would occur, while the tightly closed canopy would result 

in the NH3 concentrations being largely controlled by processes within the canopy. 

The profiles of four NH3 sampling runs (runs 10-13) and a combined NT-L profile 

are given in Figure 5.8. Temperature and humidity profiles were also measured using 

the psychrometers and results from these are given in Figure 5.10. In accordance with 

the other estimates of particulate exchange (section 4.4), the NH4 gradient is 

approximately zero. Conversely NH3 shows a rapid increase in concentration toward 

the ground, the gradient being approximately logarithmic with distance from the 

ground as is shown in Figure 5.8b. This suggests a diffusive gradient away from a 

soil emission site. 
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Figure 5.9 Distribution of component leaf area index for three classes of plant material in a wheat 
crop at Stenton 6/1989. Total leaf area index estimate = 5.9. This is probably a slight underestimate, 
since the sample material was partly dried by the time of analysis. 

The leaf area index of the crop was also measured and this is shown in Figure 5.9. 

The vegetation sample material was divided into 0.15 m bands above the ground, and 

also into three classes. It may be seen that a considerable portion of the above-ground 

vegetation is dead or yellow leaves, situated mostly near the ground. This somewhat 

confounds the diagnosis of soil emission, since it has been observed elsewhere 
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that senescing vegetation may emit NH3 (see section 1.4.3). Since this leaf class is 

most abundant near the ground, it is possible this was the cause of the emission. 

Consequently for this example also, it is not possible to be definite over the source of 

the emission; either or both of soil and vegetation emission are possible. 

Despite this, the results are still useful to confirm the effect of environmental 

conditions on the NH3 exchange process, on the assumption that the concentrations 

within the canopy reflect the size of the overall X cp . Again with these results, 

concentrations are largest in warm, low humidity runs in the day, with stomata open, 

and least in colder runs with high humidities and stomata closed, at night. 
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5.6. DISCUSSION 

The results of the ammonia exchange measurements presented in this chapter separate 

clearly between the winter and summer-time campaigns, with ammonia deposition 

occurring throughout the former, and a bi-directional exchange, with emission 

predominating, in the latter. 

The pattern of deposition to the wet vegetation or melting snow for the Bush 2/1989 

measurements is largely in agreement with the results for natural and unfertilized 

surfaces in Chapter 4, with small surface resistances, all less than 30 s rn -1 . No runs 

were made with a dry canopy in winter, but as the surface is rarely dry in winter, the 

results here are expected to typify the winter exchange pattern. The data also included 

a period of night frost, where significant rc and X{zo'}  were recorded, which probably 

relate to the freezing of the snow. It is not possible to conclude from these data which 

of these excesses is the most appropriate, but the relationship with freezing is most 

clear with rc, which would also be consistent with the results over natural surfaces as 

at Great Dun Fell, Harwell, and Wether Law. In these cases, even in low 

concentrations no emission occurred, confirming a negligible surface concentration. 

However, measurements during periods of low concentrations in winter at Bush 

would be needed to confirm this. 

The interpretation of the excess as r c  is also reasonable from a consideration of the 

transfer processes. The development of ice would be expected to limit free absorption 

of ions at the surface, as the lattice restricts diffusion into the surface water. Surface 

adsorption however, might still be efficient. 

The exchange pattern at both sites studied in summer contrasts strongly with the winter 

results, with emission occurring for much of the time despite the large time period 

between the measurements and crop fertilization. Nevertheless, during periods in 

these experiments when the surface was wet, deposition was recorded. In these cases 

at Bush 6/1988 the data are approximate, so that r c  and x(z0 1 ) are imprecise, however 

the deposition run at Stenton 6/1989 was well quantified, and here a large excess 

occurred (rc = 130 s m 1 , ( zo'} = 0.6 p.g m 3). 

The interpretation of the surface exchange process in the summer data also differs to 

that for the winter and natural surface data. Here, it is clear that since emission may 

occur, the assumption of a concentration independent rate of exchange (Vj) and zero 

surface concentration fails. Some form of crop or soil compensation point 

concentration (Xcp)  must exist to drive the emission. In this case, the resulting flux 

depends on the Xcp'  the concentration in the air, and the resistances to transfer between 

them. 
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It is therefore of interest to be able to estimate xcp  so that the flux may be modelled 

using it, Xf 1 m) and the resistances. The estimate (zo')  accounts solely for the 

atmospheric resistances and represents the mean surface concentration in the absence 

of any surface resistances to emission. Conversely where the emission entails further 

resistances, (zo'} represents a minimum value of the surface concentration. This 

latter possibility is most probable, as the two expected sites for emission are either 

emission through stomata, or from the soil. 

A stomatal emission process is the simpler to treat of these two possibilities, since the 

exchange elements are the leaves, with atmospheric transfer accounted for by ra and ri3 . 

The extra resistance for diffusion through the stomata, rs, is also measurable by well 

known techniques using either chamber stomatal conductance estimates for water 

vapour, rsE,  or micrometeorological bulk stomatal resistance measurements, rsEb. 

These may then be used to calculate the surface concentration estimate x t zoo). In the 

case of emission through the stomata, the suggestion is that the intercellular solution in 

the plant tissue has a concentration of NHI controlled by plant metabolism, which has 

an equilibrium atmospheric NH3 concentration. Hence, with air concentrations below 

this, emission occurs through the stomata, and when concentrations are above it 

deposition occurs by the same route (see section 1.4.3). 

For the measurements at Bush 6/1988, within-canopy profiles showed the vegetation 

canopy to be the source of the emission so that a stomata! Xcp  is the most probable 

mechanism for emission in this case. Here, soil emission was not important, so that 
the only interference to the estimate of (z0 " ) would be possible leaf surface 

deposition. If dry conditions only are considered, since it is clear from the results that 

wetness changes the exchange pattern, the estimates of X cp  using X { zn") are in 

the range 2-7 tg m 3  (mean: 4.8 tg m 3 ) for this campaign. Since leaf surface 

deposition may still be important to some extent, these values probably represent a 

minimum estimate. Consequently for deposition to occur through stomata, for this 

vegetation surface, would require air concentrations above this level. These did not 

occur in this experiment, and are much greater than the typical concentrations for this 

site (Chapter 6). 

The other possibility for emission, noted above, is a soil compensation point, where 

free NH4 in the soil solution has an equilibrium atmospheric NH3 concentration 

which is higher than air concentrations. This may have been the case with the 

ammonia emission measured over the barley crop at Stenton 6/1989, although the 

within-canopy profiles were unable to distinguish this from possible canopy emission. 

For the measurements over wheat at Stenton, emission may again be from the soil. 

However here senescing vegetation at the base of the canopy is another possible 
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source. For this crop it is unlikely that green leaf material was the source given its 

distribution in the canopy. By comparison, emission from senescing vegetation was 

not possible at either Bush 6/1988 or the barley at Stenton, since for both of these 

campaigns measurements were made before the onset of any senescence. 

In the case of NH3 emission from the soil or senescing vegetation at Stenton, neither 

site of exchange is the roughness elements of the canopy to which Ta  and ri model 

transfer. Here the exchange site is near or at ground level, so that further resistances to 

transfer through the lower layers of the canopy will be present. However, a 

parameterization of these resistances is unavailable in this study, and this would be 

necessary before yp  could be estimated in this situation. 

The importance of leaf surface deposition of NH3 in wet conditions was mentioned 

above for the exchange process at Bush 6/1988. In this situation, despite the large 

values of f z0 11 ), there is an offsetting of any emission from a sub-stomatal Xcp' 

against this deposition process. In addition, as discussed in Chapter 4, since leaf 

surface deposition may also occur in dry conditions, to some extent this is probably 

also important here. Such processes are presumably equally important where soil or 

vegetation is the source, so that internal cycling of ammonia within the canopy may be 

occurring. The tendency to net emission or deposition would thus depend on the 

balance of sources and sinks within the soil/canopy system. 

The other point of interest with the summer measurements is the relationship to 

environmental conditions. In addition to the wetness/dryness effect discussed above, 

the emission fluxes recorded were greatest in warm and low humidity surface 

conditions. In part, this effect is confounded by the presence of greater turbulence in 

these conditions. However, since the largest surface concentration estimates also 

occur in these conditions, this is probably a real effect. Given that in the field 

conditions here low humidity conditions accompany warming, it is not possible to 

separate these effects from these measurements. 
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Chapter .6 

Monitoring of atmospheric ammonia concentrations 

6.1. INTRODUCTION 

In the previous chapters, measurements of surface exchange of ammonia were reported 

for a variety of vegetated surfaces. However, these covered only a few selected days, 

so that the fluxes derived are poor approximations to the annual values, given the 

variability of exchange and dependence on air concentrations and environmental 

conditions. Because of this, the rates and factors controlling exchange were also 

examined. From an understanding of these, it is possible to relate the exchange process 

to environmental conditions and air concentrations occurring over the longer term, and 

to estimate fluxes for given surfaces on an annual basis. This estimation is the most 

simple for deposition situations where concentration independent rates of exchange 

apply, and the exchange process may be described by a deposition velocity (Vd) and 

component resistances. In these situations representative Vd may be derived from 

appropriate values of ra, rb and rc, and these used with concentrations from long term 

monitoring to estimate an annual flux (see section 2.4.1). 

In order to make such estimates it is therefore necessary to know the longer term 

atmospheric concentrations, provided by gas monitoring. For ammonia, however, 

there is very little monitoring data available. In Scotland, the main location of this 

study, until recently the only available values were those of the EACN total NH 

measurements (Stevenson, 1968; see section 1.2.3). Although recently the results of a 

country-wide NH3 monitoring study by Harwell Laboratory (Didcot, Oxfordshire, 

U.K.) have become available (Atkins, 1988, pers. comm.; RGAR, 1990). A 

monitoring study of ambient NH3 concentrations was therefore made here in order to 

provide an independent estimate of air concentrations, and to complement the flux 

measurements reported in the previous chapters. This enables annual NH3 fluxes to 

surfaces to be estimated 

The sampling progranilad 18 months, with measurements being made at four rural 

sites in S. Scotland. These sites were chosen to represent background NH3 concen-

trations, in accordance with the main emphasis of the flux measurements, and were 

therefore located away from known point sources of NH3. In addition to these sites, 

shorter term measurements were made at several other locations, including farm, urban 

and indoor measurements. 
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The gas sampling system chosen for this study was a passive molecular diffusion based 

sampler known as a diffusion tube. This system, now in frequent use for NO2 

measurements (e.g. Atkins er al., 1986; Coils, 1986; Miller, 1988), has recently been 

developed for sampling NH3 (Hargreaves and Atkins, 1987; Hargreaves, 1989) and is 

also the method used in the Harwell Laboratory monitoring study (Atkins, 1988, pers. 

comm.). It is a low-input method, requiring no electricity on site, with a sampling 

time of the order of one to several weeks. Consequently, it is well suited to sampling at 

remote sites, requiring little maintenance and only occasional visits. 

In the following sections, the theory of diffusion tubes, methods of study, and 

restrictions and precision of data are considered, followed by presentation and 

discussion of the results. 

6.2. THEORY 

The principle of a diffusion tube is to provide a diffusion path, of known length and 

cross-sectional area, between the atmosphere and a sink for the gas of interest. In this 

study, cylindrical tubes 71.3 mm long x 11.0 mm diameter were used, these being 

orientated vertically, with the lower end open to the atmosphere and the upper end 

closed off by an inert cap covering an acidified matrix (see section 6.3). The matrix in 

this system acts as an efficient adsorbent of NH3, which sets up a concentration 

gradient between zero at its surface and atmospheric concentrations at the open end of 

the tube. Given that the molecular diffusivity of NH3 and the dimensions of the tube 

are known, and that the total amount of NH3 captured in a given period is found by 

chemical analysis, the mean air concentration may be found. The calculations for this 

are described below. 

The representation of the flux of an entrained property by turbulent transfer was 

introduced earlier (section 2.2.). A similar relationship holds for transfer by molecular 

diffusion. For a gas of concentration X (j.tg m 3): 

6.1 

where Fx  is the flux, with units here of pg m 2  s, D is the molecular diffusion 

coefficient (m2  s 1 ) at a given temperature and pressure, and z is the diffusion path-

length (m). 

Equation 6.1 may be applied for diffusion through a tube, from an open to a closed 

end, where an adsorbent of the gas of interest is located. Given a cross-sectional area, 

A (m2), a tube length, z (m), and an exposure period, r (s), the total quantity of gas 

caught, Q (.tg), is given as: 

121 



Q=AtFX =AtD X I; X2 	 6.2 

Here X1 and X2 are the concentrations of the gas at the open and closed ends of the tube 

respectively. Since an efficient adsorbent is used, X2 equals zero and the equation may 

be simplified: 

Al  
Q = ---tX1 

The term AD/z may be seen to be the effective sampling rate, with units m 3  s* This is 

a constant for fixed tube dimensions, gas species, temperature and pressure. Thus if 

the quantity of gas collected on the adsorbent is found, and the sampling period known, 

the air concentration of the gas may be calculated. 

Reviewing the literature on diffusion rates of NH3, Hargreaves and Atkins (1987) 

calculated the mean of 5 available estimates to be 2.09 ± 0.15 x iO m 2  s, referenced 

for 10 °C, and this is used in the calculations here. Accounting for the tube dimensions 

given above, this gives an effective sampling rate of 2.79 x 10-8 m 3  s 1 , or more 

conveniently 0.100 dm3  hour 1 . 

The effect of temperature on the value of D nevertheless gives some temperature 

dependence to the quantity captured, Q. The relationship with D is of the form: 

D1 - 

ILT2115 D2 - 

where T is in Kelvin, and the subscripts 1 and 2 represent two example cases 

(Hargreaves, 1989). However, since mean monthly temperatures for the U.K. range 

over only 3-17 °C (range of January and July means over the U.K., reduced to sea 

level; Chandler and Gregory, 1976), this only accounts for a difference in D of =7%, 

which is small compared to other sources of error (section 6.4.). 

In this study mass/volume concentrations are used (e.g. p.g m 3) so as to relate the data 

easily to surface fluxes. However, some authors prefer to use volume fractions (e.g. 

parts per billion (10) by volume, ppbv). Formulae for converting between these two 

measures are provided in Appendix 1. Applying the relationship there (equation A 1.1), 

to equation 6.3 above gives: 

AD 	PM 
Q = 	

r

10 3 R T] 

where s is volume fraction in ppbv, P is atmospheric pressure (Pa), M is the molecular 

weight of the gas (g mold), and R is the general gas constant (8.314 Pa m 3  mold K). 

As a result of the temperature dependence in the conversion to a volume fraction, the 

overall temperature dependence of Q reduces to: 

6.3 

6.5 
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Figure 6.1 Diffusion tubes used for long term monitoring of ammonia. Tubes were set Out in 
batches of 5 at 1.5 m above the ground. Sampling was started and stopped by removal and replacement 
of the colourless cap. 

Q oc sT° 5 	 6.6 

Consequently the temperature dependence is even less where volume fractions are used 

(2.5% for the example above), and this effect may again be ignored. 

6.3. METHODS 

A diagram of the diffusion tubes used in this study is given in Figure 6.1. The tubes 

were made of PTFE (polytetrafluoroethane), chosen as it is an inert material, so as to 

minimize deposition of the gas to the diffusion tube walls. The caps were of LDPE 

(low density polyethylene). Both were supplied by Gradko International Ltd., Win-

chester, U.K. In order to reduce confusion in the setting up of the tubes, a coloured 

cap was used to clamp the adsorbent matrix, while a colourless cap was used to seal the 

open end before and after sampling. The adsorbent matrix consisted of a glassfibre 

depth filter, impregnated with 1% H2SO4,  so as to capture NH3. The tubes were set 

out in batches of 5, clamped in a plastic holder, and mounted on a scaffold pole 

(Tubeclamps Ltd., Cradley Heath, West Midlands, U.K.) at 1.5 m above the ground. 

The main tasks of the method were the preparation of the tubes, their setting up and 

exposure, the chemical analysis of the adsorbent matrix, and the calculation of air 

concentrations. These are outlined in the following sections. 
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Figure 6.2 Apparatus for pre-extracting diffusion tube adsorbent discs. The discs in the Soxhiet 
chamber are cleaned by collected condensate which repeatedly flushes back into the boiling solution. 
The KHSO4 tower serves to prevent recapture of ammonia from laboratory air. Approximate scale 1:5. 

6.3.1 Preparation of ammonia diffusion tubes 

Since both air concentrations of NH3, and the effective sampling rate of the tubes are 

small, it is important to minimize the size and variability of the blank diffusion tubes. 

The focus of preparation of the tubes was therefore the pre-extraction of the adsorbent 

discs, and cleaning of the tube bodies and caps. 

The adsorbent discs were stamped out of 90 mm Whatman GF/A filters using a 13.5 

mm cork borer. This provided discs that fit well into the Gradko diffusion tube caps. 

These discs were then pre-extracted, in batches of 5040 in a Soxhlet apparatus 

(Quickfit: EX5/21), over 0.5% sulphuric acid for =6 hours to remove blank NH4 

from the filters (Figure 6.2). The Soxhlet extraction is a refluxing operation, whereby 

the condensate is run into a chamber containing the items to be extracted, and regularly 
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Figure 6.3 Schematic diagram of adsorbent disc drying apparatus. The cleaned and dried air is 
cycled through the chamber containing the discs for approximately 10-12 hours. 

(about every 2 minutes) flushed out automatically by siphoning, when the chamber fills 

to a given level. In this way the filters were repeatedly washed in distilled water; the 

acidic boiling solution simply serves to trap the washed out NH.. 

In this study, a tower filled with KHSO4 granules was connected to the open end of the 

condenser. This served to prevent entry and deposition of NH3 from the laboratory 

back onto the extracting filters. The filters were then dried in situ in a closed cycle 

stream of air, which was passed through silica gel drying towers and again through the 

KHSO4 tower to remove any NH3 (Figure 6.3). This took several hours, and in 

practice was left overnight. The exclusion of NH3 is important because of the long 

exposure times in these tasks, which would otherwise allow redeposition to the discs. 

Tube bodies and caps were cleaned together in dilute Decon 90 detergent solution in 

water (=0.5%; Decon Laboratories Ltd., Hove, Sussex., U.K.). They were then 

rinsed several times in tap water, followed by several rinses in de-ionized water. 

Excess water was shaken off, then the whole batch (50-60 tubes) dried in a fan oven at 

70-80 °C. After cooling, the tubes and caps were assembled, ready for insertion of the 

discs. 

Clean forceps were used to remove the discs from the Soxhiet apparatus. One disc was 

placed under each coloured cap, and the cap replaced. The filters were then acidified by 

the addition of 35 mm 3  1% analytical grade sulphuric acid, using a micropipette, and 

the caps again replaced. These last two stages took only a few seconds for each tube, 

and were therefore done in the open laboratory. Finally the tubes were labelled ready 

for exposure. 
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6.3.2 Sampling and exposure of diffusion tubes 

For each batch of prepared diffusion tubes, at least 10 were kept as blanks and stored in 

NH3 clean bags until the time of analysis (see section 3.3.3). The sampling tubes were 

set out in batches of 5 replicates at each site for approximately 3 weeks, these figures 

being chosen in response to NH3 levels encountered and the error in measurements. 

At each visit to a site, note was made as to the condition of the exposed tubes and these 

replaced with the next batch. The tubes mostly stayed in good condition in each 

exposure period, although at the urban sites the tubes became covered with a film of 

grey/brown dirt, while occasionally spiders would be found in a tube. At one site (Fala 

Moor) the samplers were located in open moorland, providing a good perch for birds, 

so that excrement occasionally contaminated the tubes. This was avoided by providing 

a spiked metal hood to the sampler to prevent perching. 

6.3.3 Chemical analysis of adsorbent discs 

The quantity of NH3 captured by the adsorbent discs was measured by the same system 

as described in section 3.3.4 for the filter pack samples, although the implementation 

was adapted in detail. The Continuous flow analysis (CFA) system was again run in a 

wash of 10% v/v propan-2-ol in water, using standards of 0, 50, 100, 200 and 500 p.g 

NF14+ dm-3  water. Samples at the background sites measured for 3 weeks usually gave 

concentrations of less than 200 ..tg dm 3. The sample carousel was again run in a clean 

air glove-bag, to minimize the deposition of NH3 to exposed samples. 

The polystyrene sample cups (2 cm 3  capacity) described in section 3.3.4 were used in 

the analysis here as both chambers for extracting samples, as well as to hold the 

prepared samples during analysis (Hargreaves and Atkins, 1987). The coloured cap 

with the adsorbent disc was removed from the diffusion tube body and fixed onto a 

freshly pre-nnsed sample cup containing 1 cm 3  of extractant. The whole vessel was 

then inverted and set in place in the sampling carousel. This was left to extract for =20 

minutes, then re-inverted, the cap and disc removed, and the sample cup placed in the 

carousel ready for sampling. 

A maximum of 10 prepared sample extracts were left (in the clean air chamber) waiting 

to be sampled at any time so as to further minimize NH3 deposition. As a general 

procedure, standards were run every 15-20 samples, and the blanks measured in 3 

separate groups, as a precaution in case the analysis should fail part way. Given that 

the solutions were not filtered (cf. section 3.3.4), failure occasionally occurred due to 

a blocked tube. In order to minimize this, extracting discs were not shaken, since this 

encouraged disc disintegration. 
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Output from the CFA was recorded in a similar manner to that in section 3.3.4, using 

linear regression of chart recorder standard and sample peak heights to estimate 

concentration. 

6.3.4 CaLculation of air concentrations 

Given that the discs were extracted in 1 cm 3  of liquid, and aqueous concentration 

expressed as q .tg NH dm 3  ( ng cm-3), the mass of NH I.+ in a disc was found as q 

ng. For each batch a mean blank value (b)  was calculated and then subtracted from the 

mean value of the exposed discs at a site (we).  This gave the quantity of NFLç in the 

filters due to the air, which was then converted to the NH3 equivalent by multiplying by 

the mass ratio NH3/NH (= 0.944). Finally this was divided by the effective sample 

volume (sample rate x exposure time, t) to give air concentration. This is summarized 

below, giving units: 

0.944[ce - cib] (ng) 	
6.7 (tg NH3 rn-3  air ng dnr3) = 0.100 (dm

3  hour-1 ) t (hours) 

In practice the air concentrations were calculated and the precision of the estimates 

found by using a 1 tail (samples> blanks) unpaired t-test, implemented on the Minitab 

computer package. Confidence limits and standard errors are therefore given in the 

results. 

6.4. RESTRICTIONS AND PRECISION OF RESULTS 

The precision of the air concentration data collected is shown in Figure 6.4. Standard 

errors are seen to increase with air concentration, reflecting variability due to sampling, 

as well as a fixed component due to the variability of blank filters. A typical standard 

error of the concentration estimates, (standard error of the difference of blanks to runs, 

from the t-test above) at the lowest concentrations is 0.1 .tg NH3 rn -3. Similarly, a 

typical minimum significant concentration (95% confidence limits) is 0.2 p.g rn 3 . 

The usual comparisons in the determinations were 5 sampled tubes at a site to 10 

blanks. However, for 11% of the exposed tubes, problems were encountered, so that 

these results are excluded from the mean calculations. These included tubes with 

known field contamination or loss of adsorbent disc, laboratory contamination, and 

loss of samples by mis-manipulation. Where contamination events are recorded, or the 

contamination is large (e.g. 3 ig disc 1 ), exclusion is clear. However, where possible 

smaller contamination occurs, the situation is more uncertain. 

In order to develop simple criteria for the exclusion of values the distributions of blank 

and sample discs were considered. Blanks were found to have a bi-modal distribution, 
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Figure 6.4 Precision of air concentrations measured by diffusion tubes. The errors are calculated by 
unpaired t-test comparisons of 10 blanks to -5 (batches of 3-6 included) exposed tubes. 

with 12% of the discs being more than 25 ng disc4  larger than the median for each 

batch, referred to as c. Removing these gave a normal distribution of (cm - qb), with a 

mean of 0 ± 16 ng disc - ' (95% confidence limits of the distribution of values). The 

overall blank mean, q,  was 31 ng disc-1 . The degree of variation due to sampling was 

considered using high concentration runs (e> 600 ng disH). Using 4 runs which 

were judged to have no clear contaminations, the distribution of (qe - q) was 

considered, which gave the ratio: (95% confidence limits of the distribution of values)! 

mean = 0.34, 0.46, 0.41, 0.49; with a mean of these of 0.43. An approximate system 

combining these two results was therefore developed; being to reject a value of q e  if: 

(qe - qe) > O.SWeb] +25 ng 	 6.8 

Or more simply, and given qb -30 ng disc - 

qe 

 

> 1.54 - 0.54 + 25 ng 	 6.9 

> 1.57e + lOng 	 6.10 

. 	 U U 

U 
U 	

• 
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Here the value of 0.5 was chosen in order to be somewhat conservative about rejects, 

while the median was used to reduce the effect of skewness caused by contaminated 

values. Such a system is inevitably somewhat arbitrary, though it gives good 

agreement with removal by simple visual inspection (which was also used), and for 

minor contamination the effect of the decision will not be large anyway. Nevertheless, 

this does demonstrate the need for good replication when using diffusion tubes, so as 

to avoid the inclusion of falsely elevated values, which would otherwise result in an 

over-estimation of air concentrations. 

Another possible cause of over-estimation of air concentrations is deposition of NH3 in 

laboratory air to samples. The main site for this in the analysis, is deposition to 

extracted samples in the CFA carousel awaiting sampling. The deposition rate to 

sample cups was measured by analysing wash solution exposed for different periods of 

time. As discussed in section 3.3.4, this gave a deposition rate of =8 pg s 1  to samples 

in laboratory air, and =1 pg to samples in the clean air chamber. Following the 

protocol of this study, having a maximum exposure of 10 samples at one time in the 

clean air chamber (20 minutes exposure, at 2 minutes per sample), and exposing tubes 

in the field for 3 weeks (E50 dm-3  effective sample volume), this gives a maximum 

concentration elevation of 0.02 .Lg rn -3 . Compared to typical air concentrations of NH3 

of the order 1 tg nr 3  (section 6.5.2) this is acceptably small. 

The importance of the precautions noted above may be demonstrated by the scenario in 

their absence. If the whole carousel (40 samples) were loaded and left to sample in an 

open laboratory, with similar air concentrations as here, the over-estimation would be 

0.7 p.g rn-3 , which is a considerable fraction of typical air concentrations. This also 

points to a restriction upon short field exposure times; given a field exposure period of 

one week, the laboratory elevation of air concentration estimates would be =2 p.g rn -3 . 

It should be stressed that these are the values for maximum laboratory exposure, so that 

only the last samples to be measured would experience such elevation. In addition, 

much of the effect may be removed by similar deposition to blank samples. However, 

where precautions against deposition are not made, care must be taken to expose blanks 

throughout the batch; where blanks are set out solely at the start or end of the analysis, 

a bias due to deposition will result. 

Other possible restrictions include factors which modify the sampling performance of 

the diffusion tubes. These include, wind effects, possible sampling of NH, and 

losses of NH3 to tube walls. 
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Hargreaves (1989) examined the possible effects of wind on diffusion tub.e 

performance. Wind tunnel studies, using similar NO2 tubes orientated vertically, 

showed a sampling elevation following the relationship: % over-estimation = 14.15 x 

u° 653 , where u is windspeed in m This, for example, predicts an over-estimation 

of 40% at 5 m s 1 . However, field studies were unable to show such a trend, a 

difference which he suggests may relate to the laminar nature of the wind-tunnel air 

flow, allowing the development of standing waves in the tubes. By comparison he 

suggests such waves do not have time to develop in the turbulent air flow of natural 

conditions, explaining the absence of detectable wind effects. 

The possibility that NH3 diffusion tubes over-record through the capture of NH4 has 

also been suggested (Martin, 1988, pers. comm.). The basis for this is the results of a 

comparison of concentration measurements by diffusion tubes set out by Harwell 

laboratory (Atkins, 1988, pers. comm.) and filter pack measurements of Allen et al. 
(1988) in S.E. England. At Flatford in Essex measurements were made by both 

systems and gave 4.8 p.g rn 3  NH3 (diffusion tube) as compared to 2.5 p.g rn -3  NH3 

(filter pack). NI-LiP by filter pack was 4.1 .tg rn -3. However, it is unclear whether this 

is the explanation of the difference observed. From a theoretical position, given the 

slow diffusion rates of sub-micron particles such as NT-L (section 1.4.2), it would 

seem unlikely that much NH4 would be deposited on the adsorbent disc. 

Conversely, a possible cause of under-estimation of NH3 concentrations would be 

deposition of NH3 to the diffusion tube walls. This is a reasonable possibility given 

the results of the surface exchange studies (Chapters 4 and 5), which show high 

deposition rates may occur to vegetation. Deposition to the PTFE tube may, therefore 

be important, especially to water around the mouth of the tube in wet conditions. 

However, the PTFE may be inert, and its hydrophobic nature reduce water-associated 

deposition. Hargreaves (1989) extracted NH4 from exposed tube walls but found 

only trace quantities deposited, so it may be that this is not a significant problem. 

Despite each of these criticisms, extensive tests comparing NH3 concentrations as 

measured by diffusion tubes and by denuder tubes of Hargreaves (1989) gave relatively 

good agreement and a regression not statistically different from 1:1, although 

considerable scatter was present. Conversely Vibelu-Anderson (1989, pers. comm.) 

found diffusion tubes to over-estimate, in a comparison against both filter packs and 

denuder tubes. The measurements, made at several sites in Denmark, gave an 

approximate relationship of: (Diffusion tube NH3) = 2(Reference NH3) + 0.4 jig rn -3 . 

In summary then, some question remains at present as to the validity of NH3 

measurements by diffusion tubes, with an over-estimation of air concentrations being 

the most likely possible error. 
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Site Name Site description Dates NGR 

Monitoring in S. Scotland 
Bush Estate Lay field in agricultural area, Pemcuik, Midlothian. 1/1988— NT247639 

6/1989 

Dunslair Heights Clearing at top of hill (600 m AMSL) in Glentress 2/1988— NT288405 
(top site) Forest (conifer plantation), Peebles, Borders. 6/1989 

Glentress Forest Clearing on exposed ridge, S. of Dunslair Heights 211988— NT289405 
(bottom site) (300 m AMSL) in Glentress Forest, Peebles, Borders. 6/1989 

Fala Moor Open moorland (300 m AMSL) managed for low 1/1988— NT423578 
density sheep and grouse. Remote site 2 km N. 6/1989 
of Brothershiels Farm. Nearest road 2 km S.E. 
Heriot, Midlothian. 

Brothershiels By trees in Farm yard. Silage and cattle nearby in 1211988— NT420560 
Farm yard. Silage smell continual. Nearest road 2 km S.W. 6/1989 

Heriot, Midlothian. 

Edinburgh Main road kerbside. (3.5 m up on lamp post) 3/1989— NT260734 
roadside Old College, South Bridge, Edinburgh. 6/1989 

Edinburgh Roof of University Geography departmenL 200 m 2/1989— NT262734 
roof top east of main road site. Edinburgh. 6/1989 

Indoors Indoor site in laboratory work place. No air 12/1988— NT246638 
I.T.E. conditioning, openable windows. Bush Estate, 6/1989 

Penicuik, Midlothian. 

Other sites 
Devilla Forest Measurements within and above Scots Pine (Pinus 6/1989— NS959893 

sylvestris) canopy. 4 reference levels. Kincardine, Fife, 10/1989 
C. Scotland. 

Great Dun Fell Measurements at 4/5 sites in approximate NE-SW 4/1989 
trajectory over hill. 	Wharley Croft (200 m AMSL) NY698246 
N. Pennines, Cumbria 	Feliside (550 m AMSL) NY704295 
and Durham, England. 	GDF summit (847m AMSL) NY7 10322 

Tyne Head (550 m AMSL) NY753350 

Table 6.1. Sites used for monitoring ammonia by diffusion tubes. Notes: NOR, national grid 
reference; AMSL, above mean sea level. 

6.5. RESULTS 

6.5.1 Monitoring sites and studies 

The measurements made in this study may be divided into 3 groups. The bulk of the 

results are for monitoring in S. Scotland, including locations in Midlothian and 

Borders, and site details for this are given in Table 6.1. Profile measurements within 

and above a forest canopy were also made to supply concentration data to another 

experiment on throughfall chemistry, as well as to see if gradients could be detected. 

This experiment was made at Devila forest, Central Scotland. Finally, in an attempt to 

compare the implementation of the diffusion tubes between the methods used here, and 

those used by Harwell Laboratory, a field comparison was made. This took place at 

Great Dun Fell, N. England, in April 1989 as part of a separate investigation into 

atmospheric nitrogen chemistry. Site details of these measurements are also given in 

Table 6.1. 
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Site Name Seasonal mean concentrations of NH3  (j.tg m 3) 

Spring Summer Autumn Winter Annual 
Mar., Apr., May Jun., Jul., Aug. Sep., Oct., Nov. Dec., Jan., Feb. Mean * 

Bush Estste 1.34(6) 1.62(6) 0.85(4) 0.77(6) 1.14 

Dunslair 0.53(6) 0.65(6) 0.19(4) 0.38(4) 0.44 
Heights (600 m) 

Glentress 0.68(6) 0.95(5) 0.32(4) 0.37(5) 0.58 
Forest (300 m) 

Fala Moor 0.69(6) 0.74(5) 0.19(4) 0.59(5) 0.55 
2.50(6) t 

BrotheraKiels 11.2(2) - - 3.68(4) - 
Farm 

Edinburgh 3.41(2) - - - - 
roadside 

Edinburgh 3.02(2) - - 0.84 (1) - 
roof top 

Indoors (ITE) 7.34(2) - - 7.46(4) - 

Table 6.2 Seasonal arithmetic mean concentrations of atmospheric ammonia from diffusion tube 
monitoring in S. Scotland. Values in brackets are the number of runs from which each mean is 
calculated. * Mean of seasonal values. t This value is doubtlul and results from the inclusion of one 
probably contaminated outlying run (run 8) of 10.5 jig rn 3 . 

6.5.2 Ammonia concentrations in S. Scotland 

The results of air concentrations from the main monitoring study are summarized in 

Table 6.2. In this table, air concentrations are divided into seasonal means for each of 

the sites, and the number of determinations for each period at a site shown. The data 

for the four main background sites are also shown graphically in Figure 6.5. 

Following this, the individual run concentrations for each site are shown in histogram 

form, in Figures 6.6-6.7. In Figure 6.6, for the data from the Bush site, 95% 

confidence limits are given to show the significance of the air concentrations. These are 

not given for the other back-ground sites, but, the full data set including standard 

errors, confidence limits, number of exposed tubes and notes, is given in Appendix 6. 

For all of the sites the mean seasonal concentrations were within the range 0.1-11 j.tg 

rn-3  NH3. The highest of these were from the Brothershiels Farm site and the indoor 

measurements. The urban sites provided the next highest 'concentrations, while the 

four background rural sites gave the lowest concentrations. 

The Brothershiels Farm results showed a clear distinction between very high 

concentrations in spring (and early summer) at = 11 p.g rn -3 , and much lower 

concentrations in winter of 3-4 .tg m 3 . This seasonal difference probably reflects a 

tendency for emission of NH3 from the cattle and silage at the farm to be greater in 

warmer conditions. No measurements were made at this site for the months July to 

November. 
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Figure 6.5 Bar charts of seasonal atmospheric NH3 concentrations at four background rural sites in 
S. Scotland. Data from Table 6.2. 

The indoor concentrations, measured in the laboratory at ITE Bush, were relatively 

constant throughout the period of study, with values within the range 6.3-8.3 p.g m 3  

NH3. These  values were about 6-7 times the concentrations measured outdoors at the 

same site, and reflect the previous observation (NRC, 1979) that humans are a source 

of NH3, emitting both through sweat and breath. The relatively constant concentrations 

in the laboratory probably reflect a uniform frequency of laboratory use and similar 

temperatures in the laboratory throughout the period of study. 

Only a short period of monitoring was done at the two urban sites, which showed 

similar air concentrations to each other. It is likely that both combustion sources (e.g. 

vehicles and heating) and people are the source of the elevated concentrations at these 

sites (NRC, 1979). Given that the concentrations are larger than the rural back-ground 

sites it was expected that the roadside site might give larger concentrations than the 

roof-top. However, any such differences are not large enough to show any trends with 

the small amount of data collected here. 

The main bulk of the measurement effort focused on four rural sites which were 

expected to represent background air concentrations in the region; each of the sites 
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Figure 6.6 Histograms of measured ammonia concentrations at background rural sites in S. 
Scotland, 1988-89. Error bars, where given, are 95% confidence limits of the mean. 
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Figure 6.7 Histograms of measured ammonia concentrations at a farm site, indoor site, and two 
urban sites in S. Scotland, 1988-89. Error bars are 95% confidence limits of the mean. 

being located away from expected point sources of NH3. Of these, the Bush site gave 

the highest concentrations, with seasonal means of 0.8-1.3 tg rn -3 , while each of the 
other sites gave lower seasonal concentrations, in the range 0.2-1.0 tg rn -3 . This 
difference, which was statistically significant in each case (Table 6.3), probably relates 

to the Bush site being in an agricultural area, whereas the other sites were more remote 
upland sites. 

From Table 6.2 and Figure 6.5, seasonal differences in concentrations may again be 

seen at each of these background sites, with highest concentrations in summer, the next 

highest in spring, and the lowest concentrations in autumn and winter. 
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Fala Moor Glentress 
(300 m) 

Dunslair 
(600 m) 

Bush 0.02 0.0001 0.0001 
0.19 NS 0.66 034 NS 

18 19 18 

Fala Moor - 0.31 0.11 
0.42 NS 0.02 NS 

17 17 

Glentress (300 m) - - 0.12 
0.79 

17 

Table 6.3 Summary table of statistical comparisons between NH3 concentrations at the four back-
ground rural sites. Analyses were performed on ln(X) transformed data to normalize the distributions of 
values. The first value for each comparison is the probability that the mean concentrations of the sites 
are not different (two tail paired t-test). The figure in bold type is the value of the correlation 
coefficient, r; significance is denoted by: , P< 0.001; , P< 0.01; ',P < 0.05; NS, P > 0.05, 
not significant. The final figure in italics is the number of runs included in the comparisons. 

Inspection of Figure 6.6 shows the data frequently appear to have an approximate 

baseline concentration, with elevation above this in particular runs. At Bush a baseline 

concentration of 0.8 .tg rn-3  is present through much of the year, with a peak in early 

spring 1988 of 1.5-2.0 ig rn -3  (not shown by other sites), and an early summer peak 

of up to 3 p.g rn-3 . At Fala Moor the baseline is 0.3—O.4 .tg m -3 , with the most 

reliable concentrations in late spring and early summer being up to 1.6 j.tg rn -3 . One 

run of 10.5 .tg rn -3  was found in summer 1988 at this site, but as noted in Table 6.2, 

this is probably the result of contaminated samples. 

The Dunslair Heights/Glentress Forest sites were located close to each other (3 km 

apart in a North—South line), the main difference being the higher altitude (600 m) and 

remoteness from valley agriculture of the top Dunslair Heights site, as compared to the 

lower Glentress Forest site (300 m). The two sites had similar concentrations, which 

were not significantly different (Table 6.3), and a significant correlation of concen-

trations to P < 0.001. However, concentrations were somewhat less at the high 

altitude site in each of the seasons except winter (Figure 6.5). Neither of the 

concentrations were significantly different to the results at Fala Moor (Table 6.3), and 

an approximate baseline concentration for these sites was again 0.3-0.4 p.g m 3 . 

6.5.3 Ammonia concentrations within and above Devilla Forest 

Atmospheric ammonia was measured at Devilla forest for a period of 3 months from 

29/6 to 13/10/1989. Measurements were made at four heights, three within the canopy 

at 3.3, 5.5 and 8.9 m above the ground, and one above the canopy, 12.1 m above the 

ground. The trees were Scots Pine (Pinus sylvestris) and 11-12 m tall. 
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Figure 6.8 Ammonia concentration gradients above and within the canopy at Devilla Forest. Tree 
height 11-12 m. Individual determinations are given so as to show the precision of the results. Small 
squares ( s) represent single diffusion tube concentration estimates; large squares (U) represent the 
overlap of two points. The lines are interpolations between the mean concentrations at each height. 

Three sample runs were taken and the results for these are shown in Figure 6.8 as 

concentration versus height above the ground. In each of these graphs individual 

concentration determinations are given in order to show the degree of scatter, while the 

tie lines are drawn from interpolation of the means at each height. The precision of the 

estimates was calculated comparing each height batch of tubes to 19 blanks. Standard 

errors, confidence limits and significance of concentrations are shown in Table 6.4. In 

all but three cases the concentrations at each height were significantly greater than zero 

(P < 0.05, 1 tail test). 

Run 2 

.1 	 • • 
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Sample dates height above 
ground (m) 

mean concent- 
rations (jag m 3 ) 

SE 95% Confidence 
limits 

Significance 
(1 tail) 

Notes 

Run 1 12.1 1.54 0.11 [1.30, 1.971 0.0003 1 cont. 

29/6-8/8/1989 8.9 1.18 0.32 [0.23, 2.281 0.015 1 cont. 

5.5 0.92 0.16 [0.52. 1.431 0.002 

3.3 1.01 0.13 [0.71, 1.421 0.0006 

Run2 12.1 0.40 0.13 [0.06, 0.77] 0.015 

8/8-25)9/1989 8.9 0.17 0.10 [-0.16. 0.461 0.11 1 cent. 

5.5 0.06 0.03 [-0.01, 0.141 0.049 

3.3 0.06 0.06 [-0.12, 0.241 0.20 

Run 3 12.1 0.55 0.13 [0.21, 0.901 0.005 

25)9-13/10/1989 8.9 0.33 0.11 [0.06, 0.591 0.012 

5.5 0.18 0.08 [-0.01, 0.371 0.03 

3.3 0.20 0.07 [0.05, 0.341 0.006 

Table 6.4 Mean values and precision of ammonia concentrations at Devilla forest. Statistics are 
calculated from two-sample t-tests comparing exposed filters to 19 blanks. At each height estimates 
are for 5 exposed tubes, except where values were excluded due to contamination (cont.). 

The mean concentrations above the canopy for the 3 sampling periods were 1.54, 0.40 

and 0.55 p.g rn 3 , with an overall mean of 0.86 j.tg rn 3 . These values are in good 

agreement with the other measured values in summer and autumn given in section 

6.5.3., supporting these values as being typical background concentrations in the 

region. While considerable scatter is present in the data, which is typical for such 

diffusion tube measurements, a decrease in concentration within the canopy is clearly 

present in each of the runs. This may be taken as supporting the finding that NH3 

deposits to natural and low input vegetation including forest, as described in Chapter 4. 

However, it is not possible from such gradients to estimate fluxes, since, in addition to 

the long term nature of the sampling, it is known that the simple flux-gradient 

relationships break down within the canopy. 

One restriction which may be applied to this interpretation of the gradients is the 

possible wind enhancement of sampling. If this were occurring the gradients could 

simply result from greater sampling at higher levels. However, the only study available 

on this subject, that of Hargreaves (1989), as noted in section 6.4, suggests this is not 

important in field conditions. 

6.5.4 Comparison of ammonia diffusion tubes at Great Dun Fell 

In order to assess the performance of the diffusion tube system used in this study, a 

field comparison was made with the diffusion tubes of Harwell Laboratory (set out by 

G.J. Dollard). Two independent sets of diffusion tubes were set out; one set being 

prepared and subsequently analyzed using the methods described in this report, at the 

ITE, Bush Estate, Edinburgh, and the other being prepared and analyzed by Harwell 

Laboratory broadly following the methods described by Hargreaves and Atkins 



site: 
system: 

blanks Wharley 
Croft 

Feilside Summit Tyne 
Head 

ITE x ± SE - 2.57 ± 0.44 2.20 ± 0.33 3.17 ± 0.61 2.40 ± 0.24 

number of tubes* 10(8) 4(4) 5(4) 5(5) 5(5) 

Harweil±SE - 8.19± 1.77 5.92±0.92 0.92±0.53 1.56±0.81 
number of tubes* 2(1) 4(4) 5(5) 4(4)t 5(5)t 

Significance by 2 sample - 0.02 0.01 0.03 0.35 
(2 tail) t-test 1: 

Filter pack ± SE - - 0.23 ± 0.05 0.15 ± 0.05 0.18 ± 0.04 

selected days (9 days) (8 days) (7 days) 

Table 6.5 Comparison of diffusion tube estimates of NH3 concentration (pg rn 3 ) at Great Dun 
Fell. Standard errors are calculated from the concentration estimates assuming a fixed blank value. (For 
the ITE data this differs little from a two sample comparison.) Notes: * The first value is the 
number of tubes set out; the value in brackets is the number of tubes included in the analysis. t Each 
of these runs include two samples where NH3 was not detected in the exposed tube discs; the air 
concentrations of these are set to zero in the calculation of the means. Probability that the mean 
concentrations by the 2 laboratories are not different. Tubes were exposed from 13-14/4 to 30/4/1989 
at 2 m above ground except Wharleycroft, set at 4 rn above ground. 

§ Comparison is also given with results of filter pack sampling made on selected days. Values 
are the means and standard errors of daily concentrations from at least 3 hours measurement per day. 

(1987). In addition to being a simple comparison of results, the aim was to provide 

estimates of NH3 concentration at different locations (in an approximate SW-NE line) 

over the Great Dun Fell field site, for the April 1989 campaign. Measurements were 

made at 4 sites, the locations of which are given in Table 6.1. 

The details of tube exposure, blanks set out, and measured air concentrations at each of 

the sites are given in Table 6.5. Unfortunately the NH3 analysis at ITE failed due to a 

blocked transmission tube in the continuous flow system, which took 4j hours to 

solve. As a result the the concentrations had to be corrected for laboratory deposition to 

samples (equivalent to 35 .tg NI-L dm 3  aqueous concentration), while, by the time 

the analysis worked, only a small volume of sample was available, making the analysis 

somewhat uncertain. As a consequence the ITE results do not reflect the quality of data 

typical of this study. 

Consequently the comparisons here are somewhat tentative. Ammonia was also deter-

mined by ITE using filter packs (section 3.3) on several days at 3 of the sites. These 

results are therefore also available for observation of general trends and are given in 

Table 6.5. 

The comparison of the two diffusion tube results appears rather poor, with only one 

site showing concentration estimates that were not significantly different to each other 

(Tyne Head). The ITE results show similar levels at each site, while the Harwell data 

show high concentrations at Wharleycroft and Fellside, and low concentrations at the 
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Summit and Tyne Head. Overall arithmetic mean concentrations for the 4 sites were 

ITE: 2.5 p.g rn-3 , and Harwell: 4.1 .tg m 3 . 

In addition to this, the filter pack measurements which were made - and may be 

assumed to give a much better measurement of air concentration - gave values much 

lower than both the diffusion tube estimates. For the 3 sites where both measurement 

methods were used, the filter packs gave 0.2 p.g rn -3  compared to 2-3 tg m 3  by ITE 

diffusion tubes and 1-6 xg rn 3  by Harwell diffusion tubes. It is possible that this 

difference is due to the limited sampling by filter pack not reflecting the overall mean 

concentration of the period. However, given the consistency of the filter pack results 

and that approximately half the days in the period were sampled, this seems unlikely. 

It is not clear from this study whether the differences reflect a problem with the 

diffusion tube system itself, or with the implementation of the methods. However, the 

result is in opposition to the agreement found by Hargreaves (1989) in the development 

of the method. While this comparison is on a much smaller scale than that study, and 

contains major uncertainties (ITE analysis failure, discontinuous sampling by filter 

packs), it suggests further tests need to be done before the validity of NH3 diffusion 

tubes can be fully accepted. If the trends in this comparison are real, NH3 diffusion 

tube measurements give an over-estimation of air concentrations, with the over-

estimation being larger for the Harwell results than for those of ITE. 

6.6. DIsCUSSION 

The main aim of this study was to use a simple method to provide estimates of back-

ground air concentrations of ammonia in S. Scotland. The diffusion tubes met this aim 

well, being particularly suitable for remote sites, and for low input monitoring, since no 

electricity supply is required at a site - a prerequisite for active sampling methods. 

The implementation of the diffusion tube method used in this study allowed precise 

determination of NH3 air concentrations. Using a system comparing =5 sample tubes 

exposed for three weeks to =10 blanks gave concentration estimates with a typical 

standard error at the lowest concentrations of 0.1 pg rn -3  NH3, and typical 95% 

confidence limits of the mean of 0.2 g rn -3  at the lowest concentrations, with the main 

error source being the variability in blanks. At the highest concentrations, where the 

error is dominated by sampling variability, the ratio: (95% confidence limits of the 

mean)/mean was =0.2. 

In the development of the procedures used here a number of restrictions and 

precautions were found to be important. These included the requirement to keep the 

blank quantity of NH.4+ in the discs to a minimum, achieved by pre-extracting the discs 
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in a Soxhiet apparatus, following the method of Hargreaves and Atkins (1987), and 

also drying the discs in a closed cycle of clean air (Figure 6.3). Using these methods, 

prepared blank diffusion tubes had a typical value of 30 ng disc -1 . 

The need to minimize laboratory deposition of NH3 to extracted sample solutions was 

also noted. This was done by enclosing the whole sampling stage of the CFA in a 

clean air chamber, and limiting the exposure period of open samples to a maximum of 

20 minutes. Using this system, laboratory enhancement of air concentration estimates 

could be limited to a maximum of 0.02 p.g m 3, compared to 0.7 or 2 j.tg rn 3  for two 

possible exposure scenarios without these precautions. 

In addition, the importance of replicating both exposed tubes and blanks was noted. 

Using the procedure outlined above, it was seen that occasional contamination of the 

tubes could occur, either in the field or in the laboratory, resulting in artificially inflated 

air concentration estimates. These were removed from the calculation of sample means 

in this study. The importance of such removal may be seen from a simple example; 

given 4 samples with a mean concentration of 1 .xg rn -3 , if a fifth contaminated sample 

of 5 tg rn-3  is included then the mean is raised to 1.8 ig rn 3 , nearly double the real 

estimate. (See also example in Table 6.2.) 

A number of possible restrictions to sampling NH3 using diffusion tubes were also 

noted. These included wind enhancement of sampling rates, capture of NH4+  by the 

adsorbent discs, and loss of NH3 to the tube walls. However, the second of these is 

theoretically unlikely, given the slow diffusion rates of sub-micron particles, while tests 

by Hargreaves (1989) have been unable to confirm the others in field conditions. 

The results of the monitoring at each of the sites gave seasonal concentrations within 

the range 0.1-11 tg rn -3 . As expected the highest concentrations were recorded at the 

farmyard site of Brothershiels, nearby to a cattle house and a silage store—both likely 

sources of atmospheric ammonia (section 1.3.). However, compared to other 

measurements in the literature at such sites, the values here, in the range 3-12 pg m 3 , 

are rather small. For example, at 2 farm sites in S. E. England Allen et al. (1988) 

recorded concentrations using filter packs of 3-66 tg rn -3  (monthly means) with an 

overall mean of 24 ig m 3  (see Table 1.6), while Feeney (1988) found concentrations 

of up to 780 jtg rn -3  at a pig farm in S. England using diffusion tubes set out for 2 

week periods. Over the 4 runs of that study, a mean concentration at 100 m N.E. of 

the farm was 25 ig m 3 , while at 1000 m N.E. and beyond background levels of 5-8 

.Lg m 3  were recorded. It is clear that such sites represent sources of NH3, though, 
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with the differences in farm sizes and management practices between farms, there is 

much scope for variation. 

The next highest out-door air concentrations were those recorded in the city centre of 

Edinburgh, with values of between 0.8-4.5 p.g rn-3  for a few runs in winter/spring 

1989; this was approximately 2-4 times the air concentrations measured at the same 

time at the rural back-ground sites. Such differences have been previously observed. 

Early measurements separating NH3 and NH4 by Eggleton and Atkins (1972) gave a 

mean NH3 concentration at Kew in S.W. London (urban) of 8.2 p.g rn 3  as compared 

to Harwell, Oxfordshire (rural) of 5.4 .tg rn-3 . By comparison Cadle (1985) found 

much lower concentrations of 0.10-0.85 .tg m -3 , in an urban area of Detroit, U.S.A., 

although no data was given for the surrounding countryside for comparison. In the 

study here, given that the values measured in the town are greater than the rural values, 

it suggests urban sources of NH3 are present to give these elevated values. These may 

include both combustion and human sources. The existence of the latter is shown by 

the elevated indoor concentrations measured in the laboratory at Bush, although the 

relative importance of urban sources is not clear from this study. 

Some uncertainty must remain however, with the diffusion tube measurements at the 

urban sites, since a film of dirt was present on the inside walls of the tube after 

exposure, especially at the roadside site. It is not known how this effects the sampling 

efficiency, and tests are needed to explore this. 

As was expected the main background sites gave the lowest air concentrations, with 

reliable concentrations (typically 3 week averages) being in the range 0-3 ig rn 3 . Of 

the 4 sites studied, Bush, in a mixed agricultural area, gave the highest values, with a 

mean annual concentration of 1.1 .tg rn -3  NH3. The three other sites, Fala Moor, 

Dunlsair Heights, Glentress Forest, were in upland areas and gave lower 

concentrations with similar mean annual values of 0.4-0.6 .tg m 3 . The monitoring at 

Devilla Forest, which gave similar concentrations as these sites for the season also 

support these sites as being representative of background concentrations in the region. 

The only other reported NH3 concentrations in Scotland that are available for 

comparison to the data here are those of Harwell Laboratory, made at the Acid Rain 

Secondary Network sites (Warren Spring Laboratory, 1988). These used similar 

diffusion tubes, set out at 1 m above the ground, from which a concentration map of 

NH3 over the UK has been produced (Atkins, 1988, pers. comm.; RGAR, 1990). 

The results for 1988-89 are reproduced in Figure 6.9. This gives a mean annual 

concentration of 2-4 ppbv for C. and S. Scotland, equivalent to 1.5-3 ig rn -3 . This 

is clearly much higher than the concentrations found by the sampling in this study, 
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Figure 6.9 Ammonia concent.rauon field for the United Kingdom (June 1988 to May 1989) from 
diffusion tube monitoring by Harwell Laboratory (Atkins, 1988, pers. comm.; RGAR, 1990). 
Isopleths are ppbv concentrations interpolated from measurements at the Acid Rain Secondary Network 
(Warren Spring Laboratory, 1988). Multiplication of these values by 0.75 gives approximate 
concentrations in j.tg m 3 . 

and for the upland sites studied here, which are typical of the conditions over much of 

S. Scotland, represents a factor of difference of 2.5-7 times. The only other 

monitoring in Scotland is the total NHX  EACN data (Stevenson, 1968), which was 

given in Table 1.5. Comparisons here must be approximate, since the values are 

medians and for total N1-I, but assuming typical mean NH4 concentrations to be at 

least 1 .tg rn-3  (Table 1.6b; Appendix 4), this gives a maximum concentration at 

Eskdalemuir - a similar back-ground site in S. Scotland - to be 0.9 jig rn -3 . This 

agrees well with the background values found in this study. It is therefore probable 

that the Harwell data is an over-estimate of typical air concentrations in the region. It is 

feasible in this respect that site criteria are not appropriate for background NH3 levels, 

and that the sites may be located close to agricultural sources of NH3. This may be the 

case with the Warren Spring Secondary Network sites, where the priority is for 

background levels of combustion source constituents, such as S02 and NO R . 

Conversely, as a result of the comparison at Great Dun Fell (section 6.5.4), which 
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showed mean NH3 concentrations by Harwell to be 1.6 times those recorded by 1TE, it 

is probable that the Harwell diffusion tubes falsely over-estimate concentrations. 

In comparison to other rural area measurements in the U.K. the concentrations 

presented for S. Scotland here are rather small. For example, Allen et al. (1988; See 

also Table 1.6) found a mean concentration for typical background sites in Essex, S.E. 

England, to be 2.6 .tg rn 3 . In comparison to concentrations in a livestock farming area 

in the Netherlands (Erisman et al., 1988), the values are much less; in that study the 

mean concentration was 8 .tg rn-3  (2 m above ground). These higher values may be 

related to the higher intensity of agriculture in these areas. Conversely, in remote areas 

much lower concentrations have been recorded. At Lerwick, in Shetland, Scotland, a 

median total NHx  of 1 ig rn-3  was recorded by the EACN (Table 1.5) suggesting very 

low NH3, while in the U.S.A., in a forested area of Massachusetts, Tjepkerna et al. 

(1981) found seasonal mean concentrations of NH3 in the range 0.01-0.16 .tg rn -3 . 

The concentrations reported here are therefore midway between these other reported 

values. For the U.K., the pattern of small NH3 concentrations in the north and large 

concentrations in the south is demonstrated by data in Figure 6.9, though again the 

concentrations are larger than other estimates. 

It is of interest to compare the concentrations of NH3 measured here with those 

predicted by model estimates. Asman and Janssen (1986, 1987) have developed a 

lagrangian model, calculating air concentrations on the basis of emission/deposition 

data and transformation to NH4 for 100 x 100 km squares, with inputs being 

provided by an emissions inventory, approximations of deposition velocities, and 

conversion factors (NH3 to N114+)  from available experimental data. The model 

predicts NH3 concentrations of 1.3 and 1.6 p.g rn -3  for the two grid squares over S. 

Scotland. This is in good agreement with the measured concentrations at the Bush site 

(1.1 .tg rn-3), being in an agricultural area, but somewhat larger than the concentrations 

measured at the upland sites (Glentress, Fala Moor, 0.4-0.6 .tg rn -3). This could relate 

to the model using a constant NH3 deposition velocity (8 mm s -1 ) for all surfaces. This 

has been shown in the previous chapters to be an over-simplification, with rapid 

deposition occurring to natural vegetation such as moorland and forest (Chapter 4; 

Devilla results section 6.5.3), and a bi-directional exchange occurring over intensive 

agricultural surfaces, depending on environmental conditions (Chapter 5). However, 

despite this limitation, and given the limited resolution of the model, the overall 

comparison is fairly good. 

The data collected here also show seasonal patterns of air concentration, with the 

highest levels in summer, the second highest in spring, and the lowest concentrations in 

autumn and winter (Figure 6.5). This is in good agreement with other studies (e.g. 
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Tjepkema, 1980; see also Table 1.6) and probably relates to the change in temperature 

and surface wetness in the seasons, since it was shown in Chapter 5, and elsewhere 

(Allison, 1955; section 1.2.2) that NH3 emission is greater in warm dry conditions. 

However, differences may also relate to agricultural practices, such as the flushing out 

of animal houses, and application of manures. It may be that the elevated 

concentrations at Bush in early spring 1988 are a result of this. 

Such patterns also point to the usefulness of seasonal concentrations, over annual 

concentrations, in the calculation of surface flux budgets. Since air concentrations and 

exchange patterns vary together, appropriate seasonal concentrations, linked to the 

exchange processes occurring, will give an improved estimate of the annual budget. 

For the four background sites of this study the correlation of sample concentrations 

between sites was calculated (Table 6.3). However, only two comparisons were 

significant. The most similar were the nearby Dunslair Heights (600 m AMSL) and 

Glentress Forest (300 m AMSL) sites. The only other significant comparison being 

between the Glentress site and Bush. The similarity of Dunslair Heights and Glentress 

may be attributed to their nearness (3 km apart N—S), and emphasizes the importance of 

local factors to air concentration levels, in common to both these sites. Such local 

influence is also shown by the difference of the Brothershiels Farm high concentrations 

and the Fala Moor (2 km north of Brothershiels) background levels. Conversely 

however, that the Bush site and Glentress Forest (300 m) show a correlation of 

concentrations, when they are 23 km apart (N—S), shows that factors controlling air 

concentrations also operate regionally, such as environmental conditions, and support 

these as being background sites. Given this pattern of local elevation of concentrations 

at sources, yet regional trends in background concentrations, it is clear that monitoring 

to imply concentrations at a regional scale can only be done for background sites; sites 

near specific sources of emission must be considered individually. 

The background monitoring data collected here may be used for estimation of budgets 

of NH3 over different vegetated surfaces, and this is done in the following chapter 

using the understanding of surface exchange developed in Chapters 4 and 5. However, 

some caution is needed because of the evidence that diffusion tubes over-estimate NH3 

concentrations. As discussed earlier, such over-estimation may either be a sampling 

artifact (e.g. wind enhancement, NH4 capture) and therefore apply to all NH3 

diffusion tube sampling systems, or may result from analytical errors (e.g. laboratory 

deposition to samples, inclusion of contaminated values) that may be overcome by 

appropriate techniques and data treatment. 
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The analytical errors have been accounted for in this study and may be the cause of the 

differences observed between the ITE and Harwell diffusion tubes, suggesting that the 

latter over-estimate air concentrations; at Great Dun Fell the Harwell air concentrations 

were a factor of 1.6 larger than the ITE values, while for the annual estimates for S. 

Scotland this value ranged from 1.4 to 7. Further evidence that the Harwell diffusion 

tubes over-estimate air concentrations comes from the comparison of air concentrations 

in S.E. England noted by Martin (1988, pers. comm.) where the Harwell tubes over-

estimated filter-pack air concentrations of NH3 (Allen et al., 1988) by a factor of 1.9. 

As an approximation, it seems reasonable to conclude that the Harwell NH3 

concentration map for the UK (see Figure 6.9) may over-estimate air concentrations by 

a factor of 2. It is possible that an additive correction may be more appropriate, though 

further study is needed to investigate this. 

A major consequence of this conclusion is that estimates of deposition which use the 

Harwell concentration data, such as those given by RGAR (1990), probably over -

estimate dry deposition by a factor of 2. As a consequence, the monitoring data 

collected in this study is considered to provide a more realistic estimate of air 

concentrations for S. Scotland, and is therefore used in the modelling of exchange 

fluxes in Chapter 7. Nevertheless, there is still some evidence that the values in this 

study may also over-estimate air concentrations (Great Dun Fell comparison, section 

6.5.4). If this is sustained, it is presumably a result of the sampling artifacts noted 

above, and suggests that some correction of sampling rates may be needed in order for 

NH3 diffusion tubes to provide an accurate measure of air concentrations. Further 

studies are needed to explore this possibility. 
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Chapter 7 

General discussion: 
The surface/atmosphere exchange of ammonia 

7.1. PREvIOUS STUDIES AND PRESENT APPROACH 

At the start of this report the atmospheric cycle of ammonia was reviewed (Chapter 1), 

and it is useful to summarize briefly the main points made. Consideration was given to 

the chemistry, history of research, atmospheric concentrations, sources and sinks, and 

environmental effects of atmospheric NH3 and NH4+.  Of these, particular attention 

was paid to the 'background' surface/atmosphere exchange over vegetated surfaces, 

where, although much study had been made, important gaps were seen to exist in the 

understanding of the cycle, with many of the studies being largely isolated from one 

another. In that section studies motivated by an agricultural interest were therefore 

brought together with those from an air pollution interest, while field studies measuring 

NHx  dry deposition directly were compared with micrometeorological and laboratory 

exchange studies. 

From this a picture emerged, that, while both NH3 and NH4 are present in the 

atmosphere in approximately similar concentrations (Table 1.6), the NH3 component is 

potentially the more important in terms of dry exchange processes. The NH aerosol 

is a secondary pollutant, resulting from the conversion of emitted atmospheric NH3, 

which dry deposits very slowly, its main sink being removal by nucleation and 

scavenging, returning to earth in precipitation or cloud droplets (section 1.4.2). 

For gaseous NH3, a number of different patterns of surface exchange have been 

observed. Many of the early studies of total NH x  exchange over natural surfaces 

emphasized the importance of soil processes. Most of these authors found NH x  depos-

ition (e.g. De Rossi, 1947; Malo and Purvis, 1964; Hanawalt, 1969; section 1.2.1). 

Conversely one study showed emission from some soils (Georgii and Lenhard, 1978), 

although these authors note that their soils had been fertilized at some point. Another 

study even went so far as to model emission from natural (ungrazed and unfertilized) 

surfaces on the assumption of soil emission (Dawson, 1977; section 1.3.1). 

More recently, exchange measurements over natural surfaces have emphasized the role 

of vegetation. Field studies of NH4 in forest throughfall, in areas of large NH3 

emission in the Netherlands, showed much larger deposition fluxes than by 

precipitation alone (Van Breeman et al., 1982; Draaijers et al., 1987). This was 

suggested to be due to NH3 deposition onto leaf surfaces and subsequent washing off 
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by precipitation. This seems reasonable given the connection between large throughfall 

fluxes and atmospheric NH3 concentrations, although canopy exchange processes may 

complicate observations (e.g. Heil et al., 1987) so that this method cannot be used 

reliably to derive dry deposition fluxes. The only existing micrometeorological studies 

over natural surfaces (Duyzer et al., 1987) have confirmed a process of rapidly 

depositing NH3, and rather slow deposition of NHc'. The small surface resistances 

(rc) calculated by these authors show that the NH3 must have been depositing largely to 

leaf surfaces, rather than to the soil or through stomata (section 1.4.3). 

By contrast to the exchange over natural surfaces, micrometeorological studies of total 

NHx  exchange over fertilized agricultural surfaces have shown that emission can occur. 

(Table 1.8). As expected, this is greatest immediately following fertilizer application 

(Harper er al., 1983). Conversely, the background exchange for these surfaces 

encompasses both emission and deposition. The general trend is toward emission in 

dry conditions, while deposition may occur when the crop surface is wet (Dabney and 

Bouldin, 1985), although Denmead et al. (1978) found the reverse to be true in relation 

to soil wetness. Most of these studies considered the emission to come from the soil. 

This was demonstrated for one study by Denmead eral. (1976) who also showed that 

emitted NH3 could be recaptured by the vegetation above, forming an 'internal cycle' 

within the canopy. Conversely other authors considered that emission of NH3 could 

come from the vegetation itself by emission through stomata (e.g. Lemon and Van 

Houtte, 1980; Harper et al., 1987). 

Controlled laboratory experiments on plants have generally excluded soil from 

chambers, and have predominantly shown deposition of NH3 to occur, the route of 

uptake being stomata (e.g. Hutchinson er al., 1972; Aneja et al., 1986; Van Hove et al., 

1987a; Table 1.7). However, these studies have generally used rather high NH3 

concentrations, often >50 .tg rn 3 . Low concentration studies have shown NH3 

emission can occur by the same route (e.g. Meyer, 1973; Farquahar er al., 1980; 

Morgan and Parton, 1989), suggesting the existence of a substomatal 'compensation 

point' concentration of NH3 which may be of the same order as atmospheric 

concentrations. Deposition occurs when air concentrations exceed X cp , whereas 

emission occurs when they are less than X cp. The study of Farquahar et al. (1980) 

emphasized the role of temperature in controlling the value of X cp, while other studies 

have observed a dependence on growth stage, with larger fluxes at anthesis and during 

leaf senescence for annual plants (e.g. Farquahar et al., 1979; Morgan and Parton, 

1989). However, none of these chamber studies dealt with the effect of leaf surface 

wetness on exchange. More recent measurements by Van Hove et al. (1987b) have 

shown that at higher relative humidities some leaf surface deposition may occur. 
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The situation is further complicated by the role S02 may have in co-depositing with 

NH3, so that each neutralizes the other on the surface, enabling a larger quantity of 

deposition. This was suggested as a result of the throughiall studies of Van Breeman et 

al. (1982), who observed large equivalent quantities of throughfall S04 2  alongside the 

NH4. Van Hove et al. (1989, 1990) have also observed this enhancement in the 

laboratory, though at the high concentrations used (>50 tg rn-3) they found the leaf 

surface sink to be saturated in several hours, the main route for deposition being 

through stomata (section 1.4.3). Conversely, in field conditions with much lower air 

concentrations, it is likely that this saturation period may take much longer, lasting 

several days or even weeks (Draaijers et al., 1987). 

Present approach 

It is clear that these different ideas need tying together in a coherent manner. The study 

reported here aimed to build on the information base summarized above (and discussed 

in full in Chapter 1), by making micrometeorological measurements over vegetated 

surfaces. To examine the processes controlling the exchange of the gaseous and 

particulate fractions, NH3 and NT-Lç' were sampled separately. Measurements were 

made over both natural and unfertilized surfaces, and fertilized agricultural surfaces in a 

wide range of conditions, both during the day and at night, while attention was paid to 

the condition of vegetation, including wetness/dryness, surface temperature and 

humidity. Fluxes were calculated using a standard but thorough implementation of the 

aerodynamic gradient method, as outlined in Chapter 2, the only new development 

being a convenient formulation of the Richardson number (equation 2.29). 

The fluxes were analyzed using the usual form of the resistance analogy as described in 

section 2.4. In addition, a modified resistance analogy for estimating surface 

concentrations was also developed in order to examine the possibility and size of the 

'compensation point' concentration (equations 2.56-2.58). The theory for micro-

meteorological estimation of surface concentrations is well established and has largely 

been developed in ecophysiological research with respect to heat and water vapour (e.g. 

Thom, 1975). However, the application to NH3 exchange represents a new extension 

of this theory. Recently Denmead (1990, pers. comm.) has independently also used 

this approach. Aside from this development, the study here reports unique 

measurements of NH3 exchange over unfertilized neutral and calcareous grasslands, 

while the measurements over moorland contribute to a very limited dataset, especially 

for night-time runs, the only other data being that of Duyzer et al. (1987). Conversely, 

while the study of exchange over agricultural surfaces is not particularly new, the 

measurement as separate NH3 and NH4+,  rather than total NH, has not been reported 

before for surfaces of defined fertilization, and allows the resistance and surface 
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concentration estimates to be made. Finally, the integration of both natural and 

agricultural surfaces into one study is new, and allows a coherent picture of surface 

exchange to be developed. 

The applied interest in developing an understanding of the exchange of ammonia is to 

quantify exchange budgets (long term fluxes) for different surfaces and locations. This 

is useful for providing data to models of air mass transfer and atmospheric chemistry, 

and to define the atmospheric inputs into ecosystems. For the latter, most concern 

centres on the ecological effects of nitrogen deposition to natural surfaces, so that the 

budgets over these surfaces are of particular interest. In order to estimate such budgets, 

where the resistance analysis model of transfer applies, monitored air concentrations 

may be related to transfer resistances to estimate long term fluxes (section 2.4.1). 

Consequently, in this study a small monitoring program of NH3 concentrations was 

made to facilitate such estimates, which was reported in full in Chapter 6. 

In accordance with this dual interest, of NH3 exchange processes, and estimation of 

budgets, the following discussion is divided into two parts. In the first part, the 

surface exchange patterns reported in Chapter 4 and Chapter 5 are summarized and 

related, and then considered in terms of the different surface exchange mechanisms 

discussed above. In the second part, the understanding developed is used with the 

results of the NH3 monitoring and other published concentrations to estimate annual 

budgets of NH3 for different vegetated surfaces. 

7.2. EXCHANGE PROCESSES 

7.2.1 Surface exchange observed in this study 

The particulate NH4 component was found to deposit very slowly to the vegetated 

surfaces studied here, giving very small concentration gradients with height, which 

were generally not significantly different from zero. The mean of 19 determinations 

gave Vd = 1.9 mm s, which is in good agreement with other published results. For 

example, Duyzer et al. (1987) calculated an average of 1.8 mm s', while for similar 

S042  aerosol Nicholson and Davies (1987) recorded 0.7 mm s 1 . Given the 

approximate nature of the results here, no detectable variation with vegetation type or 

conditions was observed. The possibility of non-conservation of NH4+JNH3  was also 

assessed. For the consistently small gradients of NH, and often maximal gradients 

of NH3 (see below) this was not considered to be of great importance in the present 

context of background exchange of NH3 (section 4.3-4.4). 

The NH3 fluxes and rates of transfer were generally much larger than those of N11 4+. 

Consequently the study focused on the exchange of the former component. Two 
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different patterns of exchange were observed for the vegetated surfaces studied. For 

natural and unfertilized surfaces a consistent pattern of deposition was seen in all the 

conditions encountered. For fertilized agricultural surfaces, a bi-directional exchange 

was observed, with warm dry conditions favouring emission, and cool wet conditions 

favouring deposition. These different patterns are considered below. 

Natural and unfertilized surfaces 

Most of the natural and unfertilized surfaces showed rapid NH3 deposition, with rc  
generally approximating to zero for both day and night-time measurements. The 

measurements were most precise over the moorland and grassland sites, while results 

over a forest site, which were subject to much greater uncertainty, were also consistent 

with this pattern. Hence the main limitation to deposition was the atmospheric 

resistances, ra and r, defined largely by site roughness and windspeed. By defmition, 

the near zero rc implies that the surface concentration estimate xtzo'}  also approached 

zero. For cases of deposition, x{z0') defines the maximum net compensation point 

(Xcp) for the soil/plant system. Consequently, no compensation point applies in these 

cases, so that deposition velocities (Vd) are independent of air concentration between 

the concentrations studied (a maximum of 3.5 j.tg rn-3) and zero. Similarly, since only 

aerodynamic resistances are accounted for, the sink for the NH3 must be the roughness 

elements of the canopy - the leaf surfaces. If deposition through stomata were the 

main route, a value of rc  > 50 s rn-1  would be present in the day time increasing to the 

order of 1000 s rn-1  with the closing of stomata at night (Jarvis, 1981; Wallace etal., 

1981). 

In some cases in dry and warm conditions, a small value of rc was recorded. At Fala 

Moor 5/1988 reliable values were up to 8 s rn -1 , which is very small, while at 

Huntingdon 8/1987, values up to 49 s m 1  were found. Changes of rc  in these runs 

were seen to occur even when the vegetation was dry but where humidities and 

temperatures varied, with warm dry conditions favouring the development of a surface 

resistance. No runs were made during very dry or droughted conditions (with very 

low relative humidity), which would be useful for confirming this possibility. 

The only clear exception to this pattern of exchange was the dataset recorded at Harwell 

3/1988. Here rc  was consistently large with a mean of 125 s m'. A possible 

explanation is that this was due to the presence of calcareous soil (from recent 

harrowing) being disthbuted over the leaf surfaces (section 4.6.4). This is reasonable 

if the deposition is normally to water associated with the leaf surfaces, since the high 

soil pH (8.4) would limit NH3 solubility, and hence deposition. 
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-Fertilized agricultural surfaces 

Measurements over fertilized agricultural crop surfaces gave a very different pattern of 

exchange to that for unfertilized surfaces. In wet and cool conditions deposition of 

NH3 occurred, while in dry and warm conditions emission occurred. 

Measurements in winter (Bush 2/1989), to a melting snow pack and wet grass showed 

rapid deposition with rc <26 s rn-1  (mean 18 S rn-1 ), though Vd remained small due to 

the smooth nature of the snow surface. As a consequence of the small rc, x ( z0 ') was 

also small, so that at low air concentrations (between zero and the highest 

concentrations encountered, 3 p.g rn -3), Vd is independent of concentration. During a 

period of light frost a larger rc  was recorded of up to 80 s rn 1 . It is not possible to say 

whether this change was due to an increased X cp when the surface froze Q ( z01 ) up to 

0.4 tg rn-3), but the change was most clear in rc, and the development of a resistance to 

transfer upon freezing might be expected as the ice precludes aqueous diffusion of 

deposited NH3 away from the surface. 

The general pattern of exchange in the summer measurements over fertilized vegetation 

(Bush 6/1988; Stenton 6/1989, barley) was emission of NH3. Nevertheless, 

deposition of NH3 was also recorded during wet conditions. In this situation rc was 

not always near zero and in one well quantified run (Stenton, run 5) rc was 130 s rn-1 . 

Hence the presence of surface water on the vegetation appeared to be the main factor 

controlling the switch between emission and deposition. In addition, the emission 

potential, as measured by the surface concentration estimates X ( z0 '  ) and X ( z0" } (see 

below), was greatest in conditions of highest temperature and lowest relative humidity. 

Since emission occurred for much of the time it is clear that the resistance analogy using 

rc  and assuming zero surface concentration (section 2.4.1) is inappropriate. The exch-

ange must depend on the size of the overall surface or net Xcp, as well as air concentra-

tions and transfer resistances. In the case of emission, the surface concentration 

estimate x{zo') represents the minimum value this might have, since it accounts only 

for Ta and rI,. However, from the previous studies noted above, it is more likely that 

further resistances are involved, with emission from stomata or the soil. No paramet-

erization is available in this study for emission from soil below the canopy, however, if 

emission is through stomata, Xcp may be estimated by xl z0") (equation 2.57). 

At Bush 6/1988, within-canopy profiles showed that the soil was not emitting NH3, so 

that leaf stomata are presumed to be the source of emission. As a consequence, x{zo'} 

was used as an estimate of the substomatal X cp. Values in dry conditions at this site 

were 1.7-7.3 tg rn 3 . Conversely, in wet conditions, because of leaf surface 

deposition, Xtzo")  approached zero. In this case it is clear that a substomatal Xcp  is 
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neither determinable nor relevant, since leaf surface processes dominate. In addition, 

given that leaf surface deposition may also be occurring in dry conditions, 
{ 

z0") may 

again be an under-estimate of the substomatal X cp. 

By comparison, it was not clear from the within-canopy profiles at Stenton 6/1989 

(barley) whether the soil or vegetation was the main source of the emitted NH3. To 

clarify this, further profiles were made within a similarly managed wheat crop at the 

same site - though with the crop at a later stage of development with a fully closed 

canopy. In this case the possible sources were the soil and senescing leaves near 

ground level. Consequently for this site, either or both of soil and stomatal emission 

may be important. For dry conditions reliable estimates of (zo") were 1.3-3.1 pg 

rn-3  for the barley crop, which is similar to the results at Bush 6/1988. If soil emission 

were occurring, this would be an over-estimate of a substomatal Xcp, while as before, 

any leaf surface deposition would offset this to give an under-estimation. 

7.2.2 Comparison with other studies 

No other measurements of NH3 exchange with unfertilized meadows (Huntingdon and 

Harwell sites) have been published, although the results over moorland may be 

compared with those of Duyzer et al. (1987). As noted earlier, these authors found a 

similar pattern of rapid NH3 deposition, though they also found a more pronounced 

development of rc  in dry conditions. Accepting a considerable degree of variation, they 

summarized their results as rc  = 9 s rn-1  for wet conditions and 28 s rn - ' for dry 

conditions (overall mean: 23 s rn -1 ). These authors did not report canopy humidities 

and found no clear relationship between exchange and air temperature. 

Given the good general agreement of this study with that of Duyzer er al. (1987), both 

may be compared with some of the other studies of natural surfaces mentioned earlier. 

In the results presented here, the importance of vegetation exchange is emphasized, as 

compared with the soil exchange suggested, for example, by Di Rossi (1947), Malo 

and Purvis (1964) and Hanawalt (1969), while the consistent pattern of deposition 

suggests that the assumption of emission of Dawson (1977) is incorrect. Conversely, 

the leaf surface deposition observed in this study agrees well with the results of Van 

Breeman et al. (1982) and Draaijers et al. (1987), where they suggested that large 

observed throughfall fluxes of NH4 were due high air concentrations of NH3 causing 

increased dry deposition to leaf surfaces, which was subsequently washed off by rain. 

Nevertheless, because of canopy exchange processes, the use of throughfall studies to 

estimate deposition fluxes should be treated with caution. 

The field results over natural surfaces may also be compared with plant exchange 

studies performed in the laboratory. Most of these studies found little leaf surface 
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deposition, with deposition through stomata dominating (e.g. Hutchinson et al., 1972; 

Aneja et al.,1986; Lockyer and Whitehead, 1986; Van Hove etal., 1987a; see Table 

1.7), which disagrees with the findings of this study. However, these laboratory 

studies generally used unrealistically high concentrations (often >50 p.g rn 3), so that it 

seems likely that saturation of the leaf surface sink must have occurred. Additionally, 

by comparison to the conclusion of Farquahar er al. (1980), the field results here show 
that no overall canopy or net 'compensation point' concentration () exists in the field 

for natural surfaces, as demonstrated by the analysis of ( z 0'). It is possible that a 

substornatal xp  does exist, but not for the surface as a whole, as leaf surface 

deposition dominates. The studies of the effect of humidity on surface uptake of Van 

Hove et al. (1987b,1990) go some way toward the results observed here, but, probably 

as a result of their use of high concentrations, the effect was again limited. 

The very different pattern recorded in this study for fertilized agricultural surfaces, of a 

bi-directional exchange of NH3, is well supported by the literature. The fluxes record-

ed here, however, fall with in a much smaller range of -24 (emission) to 35 (depos-

ition) ng NH3 m 2  s when compared ,with other studies (Table 1.8). For example, the 

only other U.K. measurements of NH3 exchange over crop surfaces gave fluxes in the 

range -120 to 24 ng NH3 rn 2  s 1 , although fertilization details were not provided nor 

the source ascertained (Harrison et al., 1989). Denmead et al. (1978) measured 

background total NHx  fluxes over fertilized grassland in Australia of between -930 and 

220 ng NHx-NH3 rn 2  s* The opposite relationship which they observed to that 

expected for soil moisture may relate to the special case of hydrolysis of applied urea in 

the soil (see section 1.3.1). The soil (fertilized with ammonium nitrate) was probably 

also the source of the emission for the measurements at Stenton 6/1989 in this study, 

though it was not possible to confirm this. Conversely, the canopy emission at Bush 

6/1988, supports the existence of a stomatal compensation point (Farquahar et at., 

1980), first suggested for field results by Lemon and Van Houtte (1980). The estimate 

for dry conditions in this study of 2-7 j.tg rn 3  - which may be an underestimate 

because of leaf surface deposition - is still much larger than the estimate of Farquahar 

er al., whose results predict 0.5 .tg m 3  for the mean dry run T(z o') of 15 °C at Bush 
(Figure 1.1). Other studies have also given larger estimates of X cp. The similar 

micrometeorological surface concentration estimates of Denmead (1990, pers. comm.) 

for rice give a X cp  of 10-15 .tg m 3, although this may be an over-estimate due to the 

use of total NHx  measurement. Morgan and Parton (1989) also found a large X cp, with 

values ranging over 16 to >30 j.tg m 3  depending on growth stage (Table 1.7). 

No other NH3 studies appear to be available for comparison with the winter deposition 

measurements at Bush 2/1989, although large values of rc  in frozen condtions 
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Plant species N fertilization 
kg ha 	year' 

% N content Reference and notes 

Loliumperenne 300 3 Whitehead and Lockyer (1989) 

typical fertilized grass 200-300 2.5 1. For U.K. conditions 
Eriophorum vaginatum none 1.83 Heal and Smith (1978) * 	green leaves 

1.01 brown leaves 
Callzuia vulgaris 1.35 green shoots 
Erica teiralix 0.86 green shoots 

Table 7.1 Typical plant shoot percent nitrogen contents (% N) for fertilized agricultural cultivars 
and unfertilized native plants. Data are approximate since variations occur seasonally and as a function 
of the time period between fertilization and measurement (Whitehead, 1970). * Data for Moor House 
NNR, see Table 4.1 

have been reported for both SO2 and HNO3 (Johansson and Granat, 1986). In addition 

Iribarne and Pyshnov (1990) showed no loss of NH3 from NH4-containing solutions 
upon freezing, which suggests that no Xcp  develops. Consequently, the interpretation 

of the results here as a surface resistance, rc , seems most appropriate. 

7.2.3 Comparison of background NH3 exchange over fertilized and 

unfertilized ecosystems 

The main difference between the natural and unfertilized sites and the fertilized 

agricultural sites in this study is that of the nitrogen fertilization received by the latter, 

although none of the measurements were made immediately following fertilizer 

application. The difference in the exchange patterns may therefore be attributed to the 

nitrogen (and presumably NH3) status of the ecosystem; the higher the nitrogen status 

of the ecosystem the greater the tendency toward emission. This factor appears to have 

been largely ignored in most of the laboratoty studies on plants, with most using well 

fed plants (e.g. Farquahar etal., 1980; Van Hove et al., 1987a; Table 1.7), although 

Parton et al. (1988) have studied the effect of different fertilization rate on NH3 

emission from wheat. They found fluxes (expressed on a leaf area basis) to be similar 

for both low and high N plants. Conversely, studies by Lockyer and Whitehead 

(1986) and Whitehead and Lockyer (1987, 1989) have observed clear effects of plant N 

status on both assimilation of atmospheric NH3 and emission from decomposing 

vegetation, with higher N status reducing deposition and favouring emission. 

The value of a stomatal Xcp  will be maintained by the NH concentration, temperature 

and pH of the plant intercellular fluids (section 1.1). However, there appears to be a 

lack of such NH data for different levels of N fertilization. Nevertheless, shoot % N 

content is commonly measured and might be considered an indicator of this. As shown 

in Table 7.1, there is some relationship between % N content and fertilization, although 

this is very approximate since variations also occur seasonally and for the time period 
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since the last fertilization. It is possible that the tend to higher % N contents in 

fertilized plants reflects a higher intercellular NH concentration. 

The existence of a NH3/NH4 pool in plant metabolism has been discussed by 

Farquahar et al. (1980) and Farquahar (1983). In addition, these authors discuss the 

observation that this concentration, and therefore X cp, may increase following anthesis 

and during leaf senescence in annual plants. This has been observed by a number of 

authors (Tables 1.7, 1.8) and may give an approximate doubling of the normal 

emission flux for these periods. It has been suggested (Morgan and Parton, 1989) that 

this reflects an increased [NH] due to a change in the balance between NH4 

releasing reactions (de-amination reactions, nitrate reduction, senescence induced 

proeolysis) and NH4+  uptake reactions (N transport, and NH assimilation via 

glutamate synthetase) which may occur during senescence. 

By comparison with fertilized systems, natural and unfertilized vegetation probably has 

a much lower intercellular [NH4+] and correspondingly smaller stomatal X cp. In 

addition, soil [NH] is expected to be much smaller in the absence of fertilization, 

giving lower soil y. As a consequence, the overall X cp has little effect and leaf 

surface deposition dominates. Leaf surface deposition is also expected for the fertilized 

crop ecosystems. However, as with the laboratory studies using high NH3 

concentrations, the large quantities of NH3 at these surfaces may also result in a degree 

of leaf surface saturation, so that emission is not as restricted as it otherwise might be. 

Nevertheless, in wet conditions the greater leaf surface sink results in net deposition 

occumng. 

The different processes within the soil/canopy system may be envisaged as internal 

cycles of NH3, such that it is the balance of these which determines the net exchange 

with the atmosphere. The different pathways, exchange sites and factors for such a 

system are summarized in Figure 7.1. The concept of an internal cycle of NH3 within a 

plant canopy is not new; Denmead et al. (1976) introduced the idea for a flux of NH 

from soil to vegetation. However, other routes may also be included, such as stomata 

to the atmosphere, stomata to leaf surface, or stomata to the soil surface. In addition, 

NH3 dry deposited to the leaf surfaces may subsequently be washed to the ground by 

precipitation (Van Breernan er al., 1982; Draaijers et al., 1987). 

The fzo") estimate at Bush 6/1988 may be used to illustrate this net exchange. The 

value of 2-7 p.g m 3  is probably an under-estimate of a stomatal Xcp given the existence 

of leaf surface deposition. Yet, even this is much larger than typical air concentrations 

at Bush (mean: 1.1 .tg rn 3 ; Chapter 6) so that the normal tendency of the crop would 

be toward stomatal emission. However, because of the offsetting leaf surface depos- 
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Figure 7.1 Proposed NH3 cycles in a soil/vegetation/atmosphere system. Individual fluxes are 
denoted by arrows. Boxes denote surface exchange sites and NH3 atmospheric concentration, for which 
factors controlling each are noted. 

ition, this is only the case in warm dry conditions, when surface uptake is most easily 

overcome, and when the X cp is largest. In wet conditions, and over natural surfaces the 

leaf surface sinks outweigh (or short-circuit) the tendency to emission and net 

deposition occurs. This is clearly very different from the simple concept of a bi-

directional exchange process dependent only on the relative magnitudes of the 

substomatal Xcp  and air concentrations (e.g. Farquahar et al., 1980; Morgan and 

Parton, 1988), which is therefore seen to be an over-simplification. At Bush (in 

Summer) it is more likely that a continuous emission occurs through the stomata, but 

only in dry conditions does this result in net emission to the atmosphere. 

7.2.4. Surface uptake mechanisms and acid gas interactions 

The mechanism of leaf surface uptake is probably either physical adsorption to the 

surface waxes of the cuticle or dissolution in water films on the leaf surface. From the 

work of Van Hove et al. (1987a, 1989), it seems that the resistance to diffusion 

through the cuticle is large, and therefore of limited importance. 

In wet conditions it is reasonable to assume that dissolution in surface water is 

important, given the high solubility of NH3 described by Henry's Law. However, in 

this study and that of Duyzer er al. (1987) over natural surfaces, leaf surface uptake 
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was also important when leaf surfaces appeared dry. In this case it is possible that 

deposition occurs by adsorption onto leaf cuticles. It may be speculated that a limited 

number of adsorption sites exist on the leaf surface, which in practice for natural 

surfaces in background concentrations, are not saturated before a precipitation event 

washes the leaves clean. However, in the presence of high NH3 concentrations, such 

as in many of the chamber studies mentioned or in fertilized agricultural situations, it is 

possible that these sites become saturated. 

Another possibility involves the presence of water adsorbed on the leaf surfaces, which 

may exist on a micro-scale even when the leaves are visibly dry. Such a water-

associated deposition process was demonstrated by Van Hove eral. (1987b) with the 

observation of a leaf surface capacitance for NH3 which increased exponentially in size 

toward 100 % relative humidity. For the very high concentrations of their study (56, 

100 pg rn-3  NH3) the effect was limited compared to stomatal uptake, though for back-

ground concentrations this may become more important. It is therefore probable that 

both surface humidity (controlling adsorbed water) and free water are important in 

controlling deposition, which is consistent with the results of this study. 

As has been mentioned earlier, this relatively simple pattern of deposition is 

complicated by the presence of acid gases, such as S02, which may interact with the 

NH3 to increase deposition. For wet surfaces this was clearly demonstrated by Adema 

er al. (1986), who showed greatly increased fluxes of both NH3 and SO2 to distilled 

water in a wind tunnel when they were present together. Singly, these gases tend to 

raise or lower the pH of the water, respectively, eventually reaching equilibrium with 

the atmospheric concentration (section 1.1). However, the opposing pH of the gases 

means that equivalent deposition of each maintains the pH mid-way. Concurrently, 

oxidation of HS03 (from dissolved SO2) to S04 2  occurs, which results in the 

formation of ammonium sulphate (e.g. (NH4)2SO4), as observed in large quantities in 

throughfall by Van Breernan et at. (1982). In comparison, the experiments of Van 

Hove et al. (1989, 1990) to investigate this in dry conditions and for different humid-

ities, as noted earlier, found only a limited effect. Again it is possible that this process 

becomes more important at the lower concentrations typical of background conditions. 

Conceptually, such surface deposits may be compared with atmospheric ammonium 

sulphate aerosols. It is known that at low relative humidities these are present as solid 

particles while at higher humidities they deliquesce to form droplets. The relative 

increase in droplet radius follows an approximate exponential increase similar to that 

found by Van Hove et at. (1987b) for surface NH3 capacitance. Between =40-80% 

relative humidity both solid and aqueous fractions are present. Above this all soluble 

material is dissolved, forming progressively more dilute droplets at higher humidities 
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Site, dates and times 
(GMT) 

X(i m) 
(j.tg m 3 ) 

(1 m) 
(nmol m 3) 

F * 

(nmol m 2  s 1 ) 
r, + r, 
(s m4 ) 

rc  
(s m 1 ) 

Conditions and notes 

Bush 28/2/1989 
NH3 	(1235-1535) 0.59 35 0.71 27.5 21.0 melting snow and wet 

SO2 	(1355-1450) 0.89 14 0.78 27.9 -10.0 vegetation, 

S03 	(1450-1550) 1.1 17 0.50 38.9 -4.4 T(I m): 3.7 °C 

03 	(1450-1550) 33.6 700 5.64 37.2 86.9 

Stenton 20_21/6/1981 

NH3 	afternoon t =2 =120 =-1 t - emission day-time, dry, 

SO2 	(1630-1640) 1.1 17 1.44 8.7 3.3 T{1 m): 22°C 

03 	(1630-1640) 97.1 2023 17.5 8.5 107 

NH3 	night-time t =1 =60 =-0.1 - emission night-time, dry, 

S0.2 	(2245-2255)1 7.1 112 039 181 105 T( 1 m): 11 °C 

03 	(2245-2255) 1] 62.0 1290 1.67 116 659 

Table 7.2 Measurements of NH3, SO2 and 03 exchange over fertilized grassland (Bush) and barley 
(Stenton). SO2 and 03 data from unpublished results of Hargieaves et al. (1990). Results are discussed 
in the text. Notes: * deposition fluxes are positive; t estimated from measurements above an adjacent 
wheat crop, see Figures 5.8-5.10; estimated from measurements on 8-9/6/1989, see Appendix 3; ¶ 
data calculated from Bowen ratio measurements; 

(Winkler, 1986). Hence for the frequently high humidities at leaf surfaces, even in dry 

conditions, this 'bound-aerosol' may be acting as the water layer for deposition. 

The balance between the acid and base component may also be important. In the study 

here, for most of the measurements no S02 data was collected. However, given that 

the mean NH3 concentration for the natural surface measurements was 0.8 p.g m 3  (= 47 

nmol rn-3 , range of campaign means: 6-120 nmol rn -3 ; Table 4.3) and typical 

background SO2 concentrations for the areas studied are 3-17 jig m 3  ( 47-270 nmol 

rn-3 ; RGAR, 1990), it is likely that S02 was generally in excess. As a consequence for 

these situations, it is likely that the excess S02 would tend to lower pH on leaf surfaces 

allowing rapid NH3 deposition. Conversely, over the fertilized agricultural surfaces, 

with emission of NH3, it is likely that NH3 was in excess at the leaf surfaces. This 

might limit the rate of NH3 leaf surface deposition, while SO2 deposited rapidly. The 

importance of leaf surface pH is also supported by the observation of large rc at 

Harwell 3/1988, since it is possible that this was a result of the buffering to a high pH 

by the disturbed soil, which limited surface NH3 uptake. 

Some measurements of S02 fluxes were also made at the same time as the NH3 

(Hargreaves etal., 1990, unpublished data) and this is summarized in Table 7.2. For 

the measurements at Bush 2/1989, NH3 and S02 were present in roughly equivalent air 

concentrations (SO2 being di-basic). Minimal rc was recorded for both gases over the 

wet surface. The fluxes were in similar molar quantities, so as to form N114HSO4 

rather than (NI-L)2SO4. These proportions must be accepted as approximate because 
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of the limited data, although the general pattern is consistent with the co-deposition 

hypothesis outlined above. Ozone (03) data are also given for comparison. Given the 

limited solubility of 03 in water, this deposited rather slowly. 

At Stenton 6/1989 the S02 measurements were made over the barley crop at the same 

time as the NH3 within-canopy profiles for the wheat crop, so that the NH3 fluxes are 

only estimated values. However, for the day-time example, with NH3 emission 

occurring, and an excess air concentration of NH3 to SO2, rapid S02 deposition (near 

zero rc) to the leaf surfaces was recorded. It is likely that the excess NH3 provided a 

high pH so that the leaf surfaces acted as an efficient sink of S02, even in these dry 

conditions. These results may be compared with the night-time run where S02 air 

concentrations were in excess of the NH3, and NH3 emission much less. Here a 

considerable rc  for S02 was present, suggesting that, where relatively less NH3 is 

available to neutralize the S02, some leaf surface saturation may occur. The 03 

deposition was again much slower, and as expected was consistent with stomatal rather 

than leaf surface uptake (Galbally and Roy, 1980; Kerstiens and Lendzian, 1989). 

Given that the rc for SO2 was much less than for 03, it suggests some surface uptake 

was still occurring. 

A further complicating factor which has received little attention is interaction with the 

acid gases HCI and HNO3. The possibility of interactions via non-conservation of 

fluxes was discussed earlier, though considered not to be of large importance for 

background exchange processes here (see sections 3.8.1, 4.3-4.4). However, it is 

also possible that an interaction similar to that for S02 occurs on leaf surfaces. No 

evidence to test this hypothesis is available from for data collected in this study, though 

further calculations made here from the data presented by Harrison etal. (1989) reveal 

the possibility of an interaction (Figure 7.2). Given the limited number of parameters 

provided by these authors the calculations are limited and somewhat approximate. 

Nevertheless, as Figure 7.2 shows, it is possible that high surface concentrations or 

emission flux of NH3  may promote more rapid HC1 and HNO3 deposition. This is 

contrary to the conclusion of these authors and that of others, that HC1 and NH03 

deposit to vegetation at with zero rc for non-frozen conditions (e.g. Huebert and 

Robert, 1985; Dollard et al., 1987). Conversely, it is possible that this data provides 

evidence that fluxes of HCl, HNO3 and NH3 are not conserved as they are deposited or 

emitted, and this again is contrary to the conclusion of Harrison et al. (1989), as 

discussed in the sections noted above. The existence of either of these processes would 

affect exchange rates of these components: leaf surface neutralization would reduce 

emission of NH3 or increase deposition rates (affects r, X(zo')), whereas non- 
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conservation would allow exchange in either direction to be more rapid than permitted 

by turbulent diffusion alone (analogous to reducing ra). 

It is clear that further work is needed to assess the importance of both surface 

neutralization processes (for SO2, HC1 and HNO3) and non-conservation of chemical 

species. In particular, this should focus on understanding and quantifying the chemical 

mechanisms controlling each of these. 

7.2.5 Concentration dependence of exchange rates 

The possibility that exchange rates, as measured by a deposition velocity (Vd), are not 

independent of air concentrations of NH3 for low concentration conditions has been 

discussed earlier (section 7.2.1). This arises where a compensation point concentration 

(Xcp) exists at the surface, rather than zero concentration. It was shown that a net Xcp 

could occur for fertilized agricultural vegetation, causing emission for much of the time, 

with the size of this depending on interacting factors at the surface. Conversely, over 

natural and unfertilized surfaces, leaf surface deposition dominates and no net Xcp  is 

observed. Here Vd is independent of air concentration for concentrations down to zero, 

and the usual resistance model of transfer (equation 2.45) may be applied with 

monitored air concentrations so as to estimate budgets. 

However, NH3 deposition rates, even over natural surfaces, are not expected to be 

independent of air concentrations for very high concentration situations. This was 

demonstrated by the saturation of leaf surface uptake in the high concentration chamber 
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studies, and also suggested for the agricultural surfaces emitting NH3. While no con-

centrations high enough to saturate unfertilized leaf surface sinks were observed in this 

study, one set of measurements made by Duyzer et al. (1987) suggest this is possible. 

For 7 runs in dry conditions over heathiand (T = 6-17 °C), with a mean concentration 

of 17 .tg rn-3  NH3, they recorded a mean rc of 64 s rn-1 , which was much larger than 

their overall mean. Although measurements of rs were not made, this figure is still 

small when compared to the day-time rs  of 50-290 s m4  (median 110 s rn-1 ) found for 

similar vegetation by Miranda et al. (1984), which suggests some leaf surface uptake 

may still have been occurring. Nevertheless, this increase in rc has important conse-

quences for the data collected here and for that collected by Duyzer er al.(1987). It is 

likely that, where very high concentrations occur immediately adjacent to sources (e.g. 

> 50 .tg rn-3 ), deposition of NH3 encounters larger rc than measured in either study. 

The interaction with acid gases, such as S02, is also expected to be important to this 

high concentration limitation. It is likely that at high S02 concentrations, NH3 leaf 

surface uptake remains unsaturated at higher NH3 concentrations. Conversely, a 

similar pattern is expected for S02 transfer. Previously it has been thought that, while 

some leaf surface uptake of S02 may occur in dry conditions, the major route of uptake 

is through stomata. However, many of the measurements have been made in polluted 

atmospheres, where gas detection is easiest. For example, Fowler and Unsworth 

(1979) observed deposition according to the pattern described above in a study with 

atmospheric concentrations between 11-152 p.g rn-3  S02 (mean: 47 .tg m 3 ). By 

comparison, the air concentration for the day-time example at Stenton was 1 .tg rn 3  

S02, and rc  approached zero (see Table 7.2). In the former case it is likely that SO2 

was generally in excess of NH3, while the opposite was true for this run at Stenton. 

Consequently, model estimates predicting S02 dry deposition using conventional 

theory, are likely to give under-estimates at low concentrations. 

In summary it may be concluded that the assumption of concentration independence of 

Vd is appropriate for NH3 deposition to natural and unfertilized surfaces at background 

atmospheric concentrations (=< 5 .tg m 3). However, it is not appropriate where a net 

compensation point exists, as with NH3 emission from agricultural surfaces, or at 

higher air concentrations (=>10-20 p.g m 3), where saturation of leaf surface sinks 

becomes important. At even higher air concentrations in dry conditions (=> 50 j.tg m 3) 

stomata are expected to be the main route for deposition, though such concentrations 

are only applicable very near sources of NH3 emission. Co-deposition or surface 

neutralization with SO2 may modify these ranges, so that the balance between NH3 and 

S02 at the surface is important in controlling deposition. As with NH3, it is also likely 

that S02 deposition velocities are not independent of concentration. At low SO2 
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concentrations, particularly in the presence of high concentrations of NH3, it is likely 

that S02 deposition to leaf surfaces is not saturated, which allows much faster 

deposition than predicted by stomatal uptake alone. For rural areas with low S02 

concentrations, this would result in dry deposition fluxes being substantially larger than 

currently estimated (e.g. RGAR, 1990). In addition, a reduced rcS02,  would allow 

larger deposition velocities to forests, which are already considered to be more efficient 

sinks than short vegetation for other pollutants (Fowler et al., 1989). 

7.3. SURFACE EXCHANGE BUDGETS OF ATMOSPHERIC AMMONIA 

In the previous sections it was seen that NH3 exchange over vegetated surfaces 

depends on the interaction between many factors at the surface, as summarized in 

Figure 7.1. Given the complexity of these different processes, it is clear that further 

research is needed if the functional responses of each are to be fully characterized. 

Nevertheless, the measurements in this study are representative of background 

exchange in a cool-temperate climate, and provide a good basis for the estimation of 

exchange budgets in these conditions. 

Budgets of NH3 surface/atmosphere exchange are of interest both for agricultural and 

natural surfaces. In the agricultural context, exchange represents a gain or loss of 

nitrogen which is required for crop growth. For natural surfaces concern centres on the 

quantities of nitrogen deposited, or the input of acidity which this may represent, either 

of which may give rise to undesirable ecological changes (see section 1.6). In addition 

to this surface orientated approach, budgets are also of interest in the modelling of 

atmospheric transport and chemistry, where exchange represents a gain or loss from the 

atmosphere. In this section, the understanding of surface exchange developed above is 

used to estimate annual background exchange budgets for typical example sites. This 

presentation is primarily of interest for ecosystem dynamics, although implications for 

atmospheric models are also drawn. 

7.3.1 Example budgets for natural and unfertilized surfaces 

Over natural and unfertilized ecosystems it has been concluded from this study that the 

usual resistance analogy for transfer is applicable. For the background exchange 

process described here, rc approaches zero for most of the time. Consequently, Vd 

may be modelled assuming Vd = l/(ra + rb), values for which may be estimated 

(assuming overall neutral conditions) from appropriate values of u ( z)  and z0  (section 

2.4). Vd is then used in conjunction with monitored air concentrations, in this case 

from Chapter 6 and other published sources, to estimate the flux, which is given as an 

annual value. 
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Table 73 shows modelled fluxes of ammonia over example natural and unfertilized 

surfaces calculated on the basis of deposition velocities referenced at the height of NH3 

monitoring. (Data for calculations over wet agricultural surfaces are also included and 

discussed in section 7.3.2 below.) Over short vegetation the different methods 

discussed earlier for calculating ri., give similar values of Vd,  and in this case the method 

of Garland (1977) is used (see Figure 3.5). However, over forests the differences are 

much larger, representing a major uncertainty in the calculation. On the basis of the 

review of Garratt and Hicks (1973), it is considered that the formulation of Wesely and 

Hicks (1977) gives more realistic results for forests. Both this and the method used for 

short vegetation by Garland (1977) are used here for comparison to show the 

magnitude of the errors that result from using the latter formulation for the exchange in 

this situation. The method of Monteith and Unsworth (1990) gives similar results to 

that of Wesely and Hicks (1977) and is not discussed in this section. 

Another source of error is the applicability of estimated air concentrations at the given 

reference heights. For sites such as Fala Moor, where monitored air concentrations are 

available for the reference height and surface to be modelled, this error is avoided. 

However, where air concentrations are monitored over one surface in order to model 

exchange over another, it has to be assumed that the concentration gradients are the 

same over both surfaces, since concentrations monitored nearground level may be 

enhanced or depleted by surface exchange. Hence, monitoring should be made over 

surfaces with similar emission/deposition characteristics as the surfaces to be modelled, 

and this may be reasonably assumed for the data in Table 7.3. 

In addition, the surface gradients also depend on the site roughness. This is discussed 

in full in Appendix 8, and depends on the method used to calculate r. Using the 

method of Garland (1977), gradients of concentration with height above d for surfaces 

with rc  = 0 are similar for a wide range of roughness (Short grass, long grass and 

forest are examined in Appendix 8). However, over forest the method of Wesely and 

Hicks (1977) predicts much larger gradients and therefore much larger surface 

depletion. As a consequence, where the Garland method is used, concentrations 

monitored over short vegetation may be used directly to imply those over forests. 

Conversely, the same procedure using the preferred Wesely and Hicks method results 

in over-estimation of air concentrations, and therefore deposition fluxes. This is 

relevant to the fluxes estimated in Table 7.3, since the concentrations used for the forest 

areas are generally monitored near ground level (e.g. 1.5 m) above short vegetation. 

The resulting error in the estimation of fluxes to forests may be accounted for by 

estimating the concentration in the atmosphere at a height relatively unaffected by 

surface enhancement or depletion, and applying this with a deposition velocity 



site type location =z0  
(m) 

u{lOm} 

(m s 1 ) 

ref. 

height 
(m) 

Vdb 

(mm s 1 ) 

XNH3 

(tg m 3) 

Deposition 

flux NH3-N b 

(kg ha 1  year') 

Moorland 
S. Scotland, upland Fala Moor, Midlothian a  0.03 42d 1.5 20.4 0.55 2.9 

N. Scotland, remote Lerwick, Shetlarid 0.03 7.1 e 1.5 33.0 =04 h 3.4 

Unfertilized 
meadow - 

S. England, lowland SSSI, Huntingdon 2  0.02 36d 2.5 16.0 =2.6 g 10 

Forest 
S. Scotland, upland Glentress forest (300 rn) 2  0.5 3.3 C  1.5 34(61) 0.58 5.1 (9.2) 

Gleness forest (600 m) a  0.3 53 C  1.5 48 (81) 0.44 5.4 (9.3) 

C. Scotland, lowland Glencorse wood, Bush a  1.0 39d 1.5 46(120) 1.1 13 (34) 

E. England, lowland Thetford forest, Norfolk 1.0 3.9 d 2.5 42 (99) =2.6 g 29 (67) 

Agricultural crop Calculations for when 
C. Scotland, lowland grass wet (see Table 7.5) 
Bush a winter (r=0sm') 0.02 3•9d 1.5 17.2 0.771 - 

spring (r = SOs rn 1 ) 0.04 33 d 1.5 9.3 1.3 r - 

summer(r=l00sm') 0.06 33d 1.5 6.6 1. 6 - 

auturnn(r=50sm') 0.02 44d 1.5 9.8 0. 85 f - 

Table 73 Ammonia surface exchange budgets for a range of U.K. natural and unfertilized vegetated 
surfaces. Calculations referenced at the height of NH3 monitoring. Wet surface calculations for an 
agricultural crop at Bush are also given for inclusion in Table 7.5 below. 

Notes: a, For further site details see Tables 4.1 and 5.1; b, For natural surfaces the deposition 
velocity is calculated assuming Tc = 0. In accordance with results for the wet crop surface, in Winter ,-
= 0 and in Summer rc  = 100 s m4 ; for Spring and Autumn rc = 50 s m 1 . r, is calculated according to 
Garland (1977). For forest sites, the method of Wesely and Hicks (1977) gives better estimates (values 
in brackets), but these need to be corrected for surface depletion (see Table 7.4). 

Windspeed data sources: c, transformed from u(2 m) data for 1988-89 (Crossley, 1990, unpublished 
results); d, From the MORECS database (see Ball et al., 1983); e, From Chandler and Gregory (1976). 

Concentration data sources: f, From Chapter 6 diffusion tube data; g, Estimated from Allen er al. 
(1988); h, Estimated from EACN total NH,, data (see Table 1.5) assuming 1/3 NH,, = NIH3. 

site Vd11O m) 

(mm s') 

X(lO m) 

(pig rn 3) 

Deposition flux NH 3-N 

(kg ha4  year') 

Glentress forest (300 m) 25, 38 0.77 5.0, 	7.5 

Glentress forest (600 m) 33, 47 0.58 5.0, 	7.1 

Glencorse wood, Bush 35, 67 1.45 13, 25 

Thetford forest 35, 67 3.15 29, 55 

Table 7.4 Ammonia deposition budgets for example forests in the U.K. calculated using a 10 in 
reference height above the surface. The deposition velocity,V, is calculated as l/(ra( 10 m) + rb). 
Concentrations are rescaled for surface depletion assuming monitoring is made over short unfertilized 
vegetation wherer=0. Toagoodapproximation(10m) = 1.32X(1.5m) = 1.21 (2.5m) (see 
Appendix 8). 

Where paired values are given in the table, the first is calculated using the Garland (1977) 
formulation of Tb and the second using the Wesely and Hicks (1977) formulation. The latter method is 
considered to give better estimates of rb over forest surfaces. 
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referenced at the same height (e.g. .10 m). Using the concentration profiles over 

surfaces with rc  = 0 for short vegetation, to a good approximation x( 10 m) = 1.32 x 

( 1.5 m) (see Appendix 8). This re-scaling is used to give concentration estimates at 

10 m in Table 7.4, from which revised flux estimates to forests are calculated using 

Vd{ 10 m. As expected, a comparison of Tables 7.3 and 7.4, shows little difference in 

the two flux estimates using the Garland method for r. Conversely, using the Wesely 

and Hicks method, the uncorrected fluxes in Table 7.3 over-estimate the corrected 

values in Table 7.4 by between 21 and 36 %. Hence, using this estimation of rirn, (or the 

similar method of Monteith and Unsworth, 1990) alongside implied concentrations 

over forests, requires that the larger near-surface depletion of air concentrations should 

be accounted for in order to avoid over-estimation of fluxes. 

The flux estimates in Table 7.3 and 7.4 are for the surface exchange experienced at 

example background sites. They therefore represent typical fluxes for natural veget-

ation surfaces over much of the U.K. The estimates are the most uncertain for forests, 

since the predicted deposition is very sensitive to the formulation of rj)  that is used. For 

the estimates in Table 7.4 this uncertainty ranges from a factor of 1.4 to 1.9. Given 

that the Wesely and Hicks (1977) method is the more appropriate over forests, this 

shows that applying the estimate of rb used for short vegetation by Garland (1977) to 

the case of forests results in a serious under-estimation of atmospheric inputs. In 

addition, it may be noted that the Wesely and Hicks formulation is based on the 

assumption that k/B = 2 for heat transfer over all values of Re*, which is only an 

approximation of observed determinations (Garratt and Hicks, 1973). Given the 

importance of rb in defining the magnitude of fluxes to forests, particularly where rc  is 

minimal, it is therefore clear that further work is needed to define and quantify the 

factors controlling r. 

A comparison of forests to shorter vegetation shows that the deposition velocities and 

fluxes are much greater to forests, due to the increased turbulence which allows 

increased deposition. This has been demonstrated elsewhere for a number of pollutants 

by Fowler er al. (1989). Using the deposition velocity approach, fluxes are also 

proportional to air concentration, so that the flux to an forest in E. England (Thetford: 

55 kg NH3-N ha 1  year- ') is much greater than to forests in S. Scotland (e.g. 

Glentress: 7.5 kg ha 1  year 1 ) due to the larger air concentrations at Thetford. 

The effect of air concentration may also be seen for the deposition to short vegetation. 

Hence, despite the smaller deposition velocity estimated for for the unfertilized meadow 

at Huntingdon, the flux at this site (10 kg ha 1  year 1 ) is much larger than to the 

moorland examples: Fala Moor, 2.9 kg ha 1  year 1 ; Lerwick, 3.4 kg ha 1  year 1 . 

Conversely, the larger windspeeds on Shetland compared to S. Scotland, result in the 
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larger flux to moorland at Lerwick compared to Fala Moor. Given the similar 

deposition rates to unfertilized grassland and moorland, much moorland or heathiand in 

S. England is likely to receive similar deposition to that at Huntingdon. 

From the above it is seen that deposition to natural and unfertilized surfaces depends on 

air concentration, windspeed and site roughness. In addition, the estimates here are for 

representative background concentrations. Near sources of emission, fluxes will be 

much larger than these. It is difficult to generalize for such sites given the degree of 

variability of concentrations (see Table 1.6), however, fluxes several times larger than 

these may be expected. Conversely, saturation of leaf surface sinks at high 

concentrations is expected to reduce deposition velocities so as to moderate this 

increase. 

7.3.2 An example budget for a fertilized agricultural grassland 

For fertilized agricultural surfaces the approach used above, assuming concentration 

independent exchange rates, was noted to fail because of the existence of a 

compensation point () at the surface, with emission occurring for much of the time. 

In this case the flux depends not only on the air concentration and resistances, but also 

on the value of the net Xcp. Consequently, the main interest for estimating the value of 

Xcp was so that it could be included in models of exchange, as for example by Derwent 

(1987). However, since the net Xcp  may vary greatly both in time and for different 

sites, the simple approach of assuming a mean X cp is of little practical value. As was 

noted in section 7.2.5, there is potential for the development of more complex models 

accounting for this variation, though this is beyond the scope of this study. 

As a simplified approach here, the flux is estimated seasonally. For each season the 

average flux during dry, wet or frozen periods is calculated. These are then summed 

for the percentage occurrence of each environmental condition so as to give seasonal 

fluxes, which are then summed to give an annual value. In dry conditions, emission 

rates are estimated for the mean seasonal temperature from the data collected at Bush 

6/1988 and Stenton 6/1989. In wet and frozen conditions, deposition fluxes are 

calculated using the resistance analogy and monitored air concentrations. For wet 

conditions different seasonal values of rc are assumed in accordance with exchange 

results: in Winter rc = 0 s m 1  while in Summer rc  = 100 s nr 1 . For Spring and 

Autumn rc = 50 s m 1  is assumed, while for frozen surfaces r c  = 100 s m 1  is used. 

The estimation of a typical exchange budget over an agricultural surface is given in 

Table 7.5 for a fertilized grass crop at Bush. Details of the calculation for periods when 

the surface is wet are given in Table 7.3. The calculation of fluxes in frozen conditions 

is similar, though details are not given. It is seen that the background NH3 flux varies 
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season mean flux NH3 mean flux NH3  mean flux NH3  % time surface: mean seasonal 

meanT dry conditions wet conditions frozen conditions dry, wet, frozen flux NH3 
(°C) (ng m 2  s1) a  (ng m 2  s1) b (ng m 2  s1) C d (ng m 2  s) e 

Winter 4 - 13.2 4.9 0, 88, 12 12.2 

Spring 8 -5 12.1 8.3 34, 61, 5 6.1 

Summer 15 -15 10.6 - 60, 40, 0 -4.8 

Autumn 10 -5 8.3 5.6 33, 61, 6 3.7 

Annual background flux (ng NH3  m 2  sd): 4.3 

Annual background flux (kg NH3-N ha' year'): 1.1 
Additional emission following fertilization with NH4NO3 (kg N113-N had): -1.2 

Additional emission during senescence/hay drying (kg N11 3-N ha-1 ): -0.3 

Overall annual flux (kg NH3-N ha7l year'): -0.4 

Table 7.5 Example exchange budget of NH3 for a fertilized grass crop at Bush. Positive fluxes 
denote deposition. The main body of the table considers background exchange processes occurring 
throughout the year. Estimates of the increased emission following fertilizer application and during 
plant senescencelhay drying are included at the base of the table. 

Notes: a, Typical values for the temperatures from the data collected at Bush 6/1988 and Stenton 
6/1989; b, Calculated from Table 7.3; c, Calculated similarly to wet surface data but assuming rc  = 
100 S rn; d, Data from 3 hourly values of state of ground at Edinburgh airport for 1989; e, Sum of 
% components: wet, dry or frozen. 

considerably for the different seasons. In this example, net emission occurs in 

summer, while net deposition occurs in all the other seasons. Accounting for only 

background exchange, as examined in this study, this site receives a small net 

deposition of 1.1 kg NH3-N ha 1  year 1 . 

This estimate is probably biased toward deposition compared to the overall annual 

exchange. Factors not accounted for include emission following fertilizer application 

and possible increased emission following anthesis and during vegetation senescence or 

hay drying. No measurements of the exchange during these periods were made in this 

study, while data from the literature are very limited and variable (see Tables 1.7 and 

1.8) with values depending on both environmental conditions and management. In the 

U.K., fertilization with ammonium nitrate is usual, and this was the case for the grass 

crop at Bush. In this example a single batch of 150 kg N ha -1  was applied in late April. 

Harper et al. (1987) showed that emission rates following fertilization to wheat with 

112 kg N ha-1  applied as ammonium nitrate in the southern U.S.A. were up to 4 times 

the normal emission rate, accounting for a total of 8.3 kg N ha -1  emission in the 2 

weeks following application ( 800 ng NH3 rn 2  si). Since the normal emission rates 

in that study (see Table 1.8) were much larger than here, this value is probably also 

larger. Over vegetation including crops in S.E. England Harrison et al. (1989) 

recorded emission of up to 120 ng NH3 m 2  s 1  though fertilization details were not 

given. For the post-fertilization emission in the example here, an emission of 100 ng 



NH3 rn-2  s -1  for 2 weeks is assumed. This gives a total of 1.2 kg N ha -1  emission, 

though there is considerable uncertainty in this estimate. 

Emission of NH3 may also be larger from senescing crop vegetation. However, most 

study has been made for the senescence of annual rather than perennial crops. In a 

study of exchange over a wheat crop Harper et al. (1987) estimated a loss of 7 kg N ha 
1 during senescence, though, as with the case of losses following fertilization, this may 

again be an over-estimate for U.K. conditions. Conversely, Wetselaar and Farquahar 

(1980) have suggested such losses may be much smaller for perennial plants, where 

translocation to roots can occur. In support of this Whitehead et al. (1988) showed 

negligible loss from shade induced senescence of perennial rye grass. Hence for 

perennial grass crops, such that at Bush, total emission may be less than that from 

annual plants such as cereals. Nevertheless, further emission is possible where cut 

grass is left to dry in the field to make hay. Little information is available on this, 

although controlled laboratory drying of perennial rye grass by Whitehead etal. (1988) 

showed little emission. Conversely, these authors showed that emission could be large 

where rain allows decomposition of the cut grass, although these figures are difficult to 

extrapolate to field losses. The chamber experiments in Table 1.7 generally show an 

approximate doubling of NH3 emission from senescing annual plants. If this is applied 

for the drying of the cut grass crop at Bush for a 3 week period, a further emission of 

0.3 kg N ha-1  is predicted. 

These additional exchange processes are included in Table 7.5. Overall this shows a 

small annual emission of 0.4 kg NH3-N ha 1  year 1 . As has been noted, there is 

considerable uncertainty in this estimate, particularly for fertilizer and senescence 

related emission. Variation will also occur between annual and perennial crops, for 

different management practices and for different environmental conditions. In terms of 

using this estimate to typify exchange over U.K. crops, the uncertainty may be several 

kg N ha-1  year 1 . The results of Harrison et al. (1989) in S.E. England are not strictly 

applicable given that the surface fertilization was not defined. However, the mean of 

19 runs at different times of year was an emission of 31 ng NH3 m 2  s 1 , equivalent to 

9.8 kg NH3-N ha year 1 , which suggests that emission from crops in the U.K. may 

frequently be larger than the estimate here. It is clear that more work is needed in order 

to characterize exchange over fertilized crop surfaces, especially for fertilizer, 

senescence and vegetation drying related emissions. 
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7.3.3 Comparison of NH3 budgets over different vegetation surfaces 
and implications for atmospheric models. 

The difference in NH3 surface exchange processes over natural and unfertilized 

vegetation and fertilized agricultural vegetation, as discussed in section 7.2, is reflected 

in the different annual exchange budgets estimated above; unfertilized surfaces showing 

consistent rapid deposition, and fertilized showing bi-directional fluxes, resulting in 

annual net emission. The exchange over grazed vegetation has not been examined in 

this study, apart from the very low-density grazing at some of the unfertilized surfaces. 

As with fertilized crops, emission also occurs from more heavily grazed surfaces. For 

example, in a study by Jarvis et al. (1989) the net annual emission for 3 different cattle 

grazed pastures was estimated to be 7-25 kg N ha 1  year 1  (see section 1.3.2). 

These observations have important implications for models of atmospheric transport 

and deposition of NH3, since models generally include a fixed deposition velocity 

estimate for all land surfaces (e.g. 8 mm s, Asman and Janssen, 1987). Inventory 

estimates of emission are used as inputs to such models (e.g. Buijsman er al., 1987; 

ApSimon et al., 1987) and these include inputs from point source emissions, such as 

animal houses, and also surface exchange processes, such as emission from grazing 

animals in the field. In the case of the latter, it is clear from the results in this study that 

a deposition velocity should not be applied to the same land area, as is done with 

existing models. 

It is possible that this in part explains the tendency of some European models to predict 

less wet deposition of NH than recorded in monitoring studies (Derwent, 1987; 

Fisher, 1987). This is often attributed to an under-estimation of European emissions 

by the inventory of Buijsman et al. (1987) which is used in these models (Buijsman, 

1987; Derwent, 1987). From the above, an alternative explanation is that regional NH3 

dry deposition is over-estimated by imposing a deposition velocity to emitting crop and 

grazed surfaces. Removing this from these surfaces would reduce the discrepancy, 

although Fisher (1987) has suggested that the disagreement could not entirely be 

accounted for by re-scaling deposition velocities. 

Surface exchange differences may also explain observed geographical inconsistencies 

between models and field monitoring. For example, using an inventory approach in 

England and Wales, ApSimon et al. (1987) have shown that emissions are largest in the 

west, due to high livestock densities. As a consequence deposition may be predicted to 

be highest in these areas (Asman and Drukker, 1988). However, this is inconsistent 

with monitored NH4 wet deposition, which is largest in the east of the country 

(Warren Spring Laboratory, 1988; Buijsman and Erisman, 1988). It is probable that 
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part of this discrepancy results from the different surface exchange processes in the 

west and east. Much of the land in the west is grazed pasture and therefore accounted 

for in the emission inventory. However, large areas here are also unfertilized uplands 

for which rapid NH3 deposition is expected. Conversely, in the east, most of the land 

is either pasture or fertilized crop surfaces, where net annual emission rather than dry 

deposition is expected. If the extra deposition in the west and the emission rather than 

deposition in the east are accounted for, it is possible that much of the geographical 

inconsistency would be removed. 

7.3.4 Comparison of sources and magnitude of deposition to natural and 

unfertilized vegetation. 

Ammonia deposition is of interest both for the input of nitrogen which it represents and 

for its potential to acidify ecosystems (see section 1.6). In order to identify its 

importance for each of these processes, comparison with other inputs of N and 

acidifying pollutants is necessary. Comparison of the relative inputs of N is 

straightforward since this is found directly from the fluxes of each of the components 

of deposition. Conversely, an assessment of the acidifying input into ecosystems can 

only be approximate since this depends on the fate of the deposited species as governed 

by the status of the ecosystem. In addition, because of atmospheric transformations, it 

is important to distinguish between the deposited sources of acidity at a site, and 

attribution of this acidity to different emission sources. 

Nitrogen deposition 

A comparison of the different fixed nitrogen inputs into natural and unfertilized 

ecosystems is given in Tables 7.6 and 7.7. Inputs include dry, wet and cloud-water 

deposition of both oxidized and reduced N, resulting in the addition of NO3 and NH4 

respectively. In each table, deposition to a forest site is compared with that to short 

vegetation. This is done in Table 7.6 for two typical upland examples in S. Scotland, 

and in Table 7.7 for two lowland examples in S.E. England. 

It can be seen that, for both the lowland examples and for the upland forest, dry 

deposition of NH3 is the largest single input. The largest input at the upland moor 

(Fala Moor) is wet deposition of N}Lç, which is also the second largest at the other 

sites. The importance of dry deposition of NH3 is most pronounced for the lowland 

forest example (Thetford Forest) where it accounts for 75% of the total N input. 

Given that these examples are for background air concentrations, it is clear that dry 

deposited NH3 will completely dominate the N input near NH3 sources. These 

examples demonstrate the importance of understanding NH3 surface exchange 

processes. 
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Site (height AMSL) wet dry deposition: cloud-water total 

and nitrogen species deposition a  gaseous b 	particulate C  deposition d deposition 

Upland forest 
e.g. Glentress (600 m) 

NO 3.5 1.0 (NO2) 	0.2 0.9 7.1 
1.5 (HNO3) 

4.5 7.1 (NH3) 	0.6 1.0 13.2 

20.3 

Upland moorland 
e.g. Fala Moor (330 m) 

NO 3.5 1.0(NO2) 	 0.2 0.2 5.5 
0.6 (HNO3) 

NP 4.5 2.9 (NH3) 	0.6 0.2 8.2 

13.7 

Table 7.6 Budgets of fixed nitrogen deposition for example forest and moorland sites in S. Scotland 
(upland). For site details see Table 4.1. Figures in kg N ha 4  year 1  deposited. NH3 and HNO3 fluxes 
to the forest surface are calculated using the Wesely and Hicks (1977) formulation of rj,, and are 
corrected for surface depletion effects. 

Notes: a, wet deposition data from Warren Spring Laboratory (1988); b, Calculated using 10 rn and 
1.5 m reference heights for forest and grassland respectively. Concentrations of NO2 (7 pg rn -3) and 
HNO3 (0.5 pg rn -3 ) from RGAR (1990) are not re-scaled for height. Assumes NO2: Vd = 1.5 mm s 1  
and HNO3: Vd = l/(ra  + rb). NH3 data from Tables 7.3 and 7.4. c, Assumes Vd = 1.5 mm s 1  and x = 
1.5 p.g rn 3  for particulate NH and NO3, see Table 1.6b, Appendix 4; d, from Fowler etal. (1989). 

Site (height AMSL) wet dry deposition: cloud-water total 

and nitrogen species deposition a  gaseous b 	particulate C deposition d deposition 

Lowland forest 
e.g. Thetford (30 m) 
NO3  4.5 4.3 (NO2) 	 0.4 - 12.4 

3.2 (HNO3) 

N}{ 6.5 55 (NH3) 	0.8 - 62.3 

74.7 

Lowland meadow 
e.g. Huntingdon (15 m) 

NO3-  4.5 4.3 (NO2) 	 0.4 - 9.9 
0.7 (FIN03) 

6.5 10.0 (NH3) 	0.8 - 17.3 

27.2 

Table 7.7 Budgets of fixed nitrogen deposition for example forest and unfertilized grassland sites in 
S.E. England (lowland). For site details see Tables 4.1 and 7.3. Figures in kg N ha 4  year 1  deposited. 
NH3 and HNO3 fluxes to the forest surface are calculated using the Wesely and Hicks (1977) 
formulation of ri,,  and are corrected for surface depletion effects. 

Notes: a, wet deposition data from Warren Spring Laboratory (1988); b, Calculated using 10 m and 
2.5 m reference heights for forest and grassland respectively. Concentrations of NO2 (30 j.tg rn -3) and 
HNO3 (0.8 jig rn 3) from RGAR (1990) are not re-scaled for height. Assumes NO2: Vd = 1.5 mm s4  
and HNO3: Vd = l/(ra + ri,). NH3 data from Tables 7.3 and 7.4. c, Assumes Vd = 1.5 mm s1  and X = 
2.2, 3.5 .tg m 3  for particulate NH and NO- respectively, RGAR (1990); d, Cloud water deposition 
negligible. 
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The relative inputs of oxidized and reduced N may also be compared. This is of 

interest since the oxidized inputs result from NO x  emission and reduced inputs from 

NH3 emission. In each of the examples, reduced N deposition (NH) accounts for 

between 60 and 80% of the N input. This shows that, in terms of N eutrophication, 

NH3 emission and deposition is much more important than NO R . 

Acid deposition 

A comparison of the components of acid or acidifying deposition may be made either in 

terms of the emitted primary pollutants (mainly SO2, NO x  and NH3), or in terms of the 

different components of deposition received by ecosystems. The first case is of interest 

in order to identify the contribution of different emission sources to the acidification of 

ecosystems, while the second is appropriate when defining the suite of deposited 

pollutants and the relative contribution to acidification among these. 

A major complication in either approach is that the acidifying potential of NO N, NH3 

and their products depends on their fate when deposited onto ecosystems (Binkley and 

Richter, 1987; Gundersen and Rasmussen, 1988; Driscoll and Shaefer, 1989). This 

was demonstrated in Figure 1.4 for an input of NH3 or NH4. In particular, 

nitrification (bacterial oxidation) in the soil of NH x  to NO3-  is an acidifying process. 

Nitrification generates two H+  ions from each deposited N}Lç and one H+  ion from 

each NH3 molecule. Input of NH4 followed by plant or microbial assimilation is also 

acidifying, since the NH4 is converted to the organic R-NH2 form. Conversely, 

uptake of NH3 and conversion to R-NH2 has no net acidifying effect. The different 

possible fates of deposited HNO3 or NO2 (equivalent to HNO3) or NO3 -  also affect the 

degree of acidification. When taken up by plants and microbes, reduction of NO3 -  to 

R-NH2 results in 1-1NO3 and NO2 having no net acidifying effect, whereas uptake of 

NO3-  may reduce the acidity. Acidification from HNO3 and NO2 occurs where these 

remain in or are leached from the soil. As with oxidized N, plant or microbial uptake 

and reduction of SO2 or H2SO4 to organic R-SH forms may also have no acidifying 

effect, whereas S04 2  may reduce acidity. However, this uptake is much less 

important for S than for N, and most of the deposited S remains in or is leached from 

the soil (Binldey and Richter, 1987; Eriksson, 1988). As a consequence, equivalent 

deposition from S is generally more acidifying than that from N. 

An inventory of the acid and acidifying components of deposition into the four example 

ecosystems considered in Tables 7.6 and 7.7 is given in Table 7.8. Direct sources of 

acidity are given in the table for wet and cloud-water deposition, as well as from dry 

deposition. In addition, potential sources and sinks of acidity are included, with NH 

and NH3 generating acidity, and NO3 with the potential to consume acidity. In Table 

173 



wet dry cloud water H 4  input 

deposition a deposition deposition d 

Chemical Tots.! H % of posit- 

species H 4  NH4  NO SO NO2 C HNO3 c NH 3 : NH4" NO3 C  H 4  NH4  NO (mmol ive inputs 
m 2  year) from NH 

H 4  produced +1 +1 or -1 or i-2 0 or 0 or 0 or +1 or -1 or +1 +1 or -1 or - - 

(mol/mol) +2 0 +1 +1 +1 +2 0 +2 0 

SITES (height 
AMSL) 

Upland forest 0.35 4.5 3.5 3 1 1.5 7.1 0.6 0.2 0.11 1.0 0.9 

e.g. Glentress 35 32.41 -25-0 19 0-7 0-11 0-51 4-9 -1-0 11 7-14 -6-0 76-221 40-62 
(600 m) 

Upland moorland 0.35 4.5 3.5 3 1 0.6 2.9 0.6 0.2 0.02 0.2 0.2 

e.g. Fala Moor 35 32-64 -25-0 19 0-7 0-4 0-21 4-9 -1-0 2 1-3 -1-0 66-164 39-59 
(330 m) 

Lowland forest 0.25 6.5 4.5 10 4.3 3.2 55 0.8 0.4 - - - 

e.g. Thetford 25 46-93 -32-0 63 0-31 0-23 0-393 6-11 -3-0 105-639 37-78 
(30 m) 

Lowland meadow 0.25 6.5 4.5 10 4.3 0.7 10 0.8 0.4 - - - 

e.g. H untingdon 25 46-93 -32-0 63 0-31 0-5 0-71 6-11 -3-0 105-299 37-59 
0 5 m)  

Table 7.8 Acid deposition loadings for example unfertilized ecosystems in 
the U.K. For Site details see Tables 4.1 and 7.3. For each site the first figure is 

the deposition (kg ha -1  year 1 ) expressed as H, N or S. The second figure (in 

italics) is the equivalent H ion input (mmol m 2  year -1 ). Considerable 

uncertainty exists for the potential input of acidity depending on the fate of the 
deposited ion. For nitrogen species, ranges are given: the first figure represents 
the case where complete nitrogen uptake by plants or soil microbes occurs, the 

second is where all the deposited NH x  is oxidized to NO3, and negligible plant 

and microbial uptake of N occurs. 
A diagram of the possible fate and acidification following NH x  deposition 

is given in Figure 1.4. Other relationships for oxidized N are given by Binkley 
and Richter (1987) from which the H balances are calculated. Plant uptake of 
sulphur species is less important and ranges are not calculated. Dry deposition 
of H+  in aerosols is assumed to be small and is not calculated 

Notes: a, from Warren Spring Laboratory (1988); b, from RGAR(1990); 
c, from Tables 7.6 and 7.7.; d, calculated from Fowler etal. (1989). 



Table 7.8 alternative acid production ratios (mol H produced/mol ion deposited) are 

given for the N species. In accordance with the above, minimum acidifying potential 

results from complete plant and microbial uptake, whereas maximum acidifying 

potential results from no uptake of N, with all deposited NH x  being nitrifled. Minimal 

assimilation of S is assumed and ranges are not given. 

Examination of the potential acid loadings in Table 7.8 from each of the deposited 

pollutants shows that the fate of the deposited N species has a major effect on the acid 

loading. In practice, acidification from N deposition only occurs where the deposition 

exceeds N uptake by plants and microbes, and N is no longer the limiting nutrient. 

This state is termed N saturation. Where deposition exceeds this level, NO3 may 

remain in or be leached from the soil, resulting in acidification. 

The percentage of the potential acidifying input from NH x  deposition is also given in 

Table 7.8. Even where plant uptake dominates and minimal nitrification occurs, NH 

represents 40% of the acidifying input, mainly as wet deposition of NH4. Where 

deposition exceeds plant uptake and nitrification is efficient, deposited NH x  has the 

potential to account for up to 60-80% of the acidifying input. The highest percentage is 

for the lowland forest example (Thetford, 78%), which results from the very large dry 

deposition fluxes of NH3. In these cases it is clear that the bulk of the acidifying input 

is not deposited directly in acid form, such as acidic wet or dry deposition, but results 

from plant uptake and nitrification of deposited NH and NH3. 

Although much of the acidifying input is deposited as NH, this is itself a product of 

neutralization of H2SO4 and HNO3 in the atmosphere from emitted SO2, NO x  and 

NH3. In order to attribute the acidifying input into ecosystems to different sources of 

emission, the potential acidifying effect of each of the primary pollutants needs to be 

considered. This has been given elsewhere as (Duyzer et al., 1987; Ivens et al., 1989): 

H+=2SOx  +NOY + NHx 	 7.1 

where SO, = dry deposited SO2 + wet and dry deposited S04 2  

NO = dry deposited NO2 and HNO3 + wet and dry deposited NO3 

NHx  = dry deposited NH3 + wet and dry deposited NH. 

From the above discussion it is clear that this formula should not be used töldentify the 

relative components of deposition, and that the actual acidifying potential of each of 

these depends on the fate of the deposited species. If the latter is accounted for, 

assuming that assimilation of N species may be important, whereas assimilation of S is 

minimal, then the relationship may be modified to: 
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deposited species 
(kgS,Nha 1 year 1 ) 
(mmol H m 2  year 1 ) 

% acidifying input 
auributableto 

pollutant emission 

Sites soa NOb NHb Total H SO2  NO NH3 
(height AMSL) IflpUt 

Upland forest 12 7.1 13.2 
e.g. Glentress 75 0-51 0-94 75-220 34-100 0-23 0-43 
(600 m) 

Upland moorland 12 5.5 8.2 
e.g. Fala Moor 75 0-39 0-59 75-1 73 43-100 0-23 0-34 
(30 m) 

Lowland forest 20 12.4 623 
e.g. Thetford 125 0-89 0-445 125-659 19-100 0-14 0-68 
(30 m) 

Lowland meadov 20 9.9 173 
e.g. Huntlngdon 125 0-71 0-124 125-320 39-100 0-22 0-39 
(15 m) 

Table 7.9 Total acidifying potential of deposited S and N species and attribution to emitted 
pollutants. Ranges of acidifying effect are given for N deposition. Where complete plant or microbial 
uptake of deposited N occurs, no acidification is attributable to N emission, and the lower figure is 
appropriate. Where no N uptake occurs, and where all the deposited NH x  is niirified the upper figure is 
appropriate. In practice neither extreme is likely. For larger N fluxes, non-uptake and nitrification are 
more likely, so that the acidifying effect will tend towards the upper figure. Minimal S uptake is 
assumed so that ranges are not given. Notes: a, from RGAR (1990); b, from Tables 7.6 and 7.7. 

H = 2SO + (0-1)NO + (0-1)NH 	 7.2 

Using this formula the relative acidifying contribution of the different emitted pollutants 

(SO2, NOx  and NH3) may be calculated and compared. This is done in Table 7.9. 

A comparison of Tables 7.8 and 7.9 shows that the estimated ranges of the total 

acidifying input agree well with each other, which confirms the approaches used. 

However, given the ranges of possible acidifying effect, it is clear that only limited 

information on the relative sources of acidity from SO2, NO x  and NH3 may be made 

without a consideration of probable scenarios for the fate of the deposited N, which is 

beyond the scope of this work. Nevertheless, it may be seen that NH3 emission has 

the potential to account for a maximum of 30-70% of the acidifying deposition in the 

examples given. Conversely, NO x  emission accounts for a maximum of 20-25%, so 

it is likely to be less important to acidification than NH3, although it may become more 

important where nitrification of NH x  is limited. 

7.3.5 Effects of N deposition and implications for emission control 
policies 

The extent to which ecological effects result from atmospheric deposition has recently 

been formalized in the concept of a 'critical load', which is the maximum depositiOn 

flux of a pollutant which causes no significant harmful ecological effects (Nilsson and 



Grennfelt, 1988). The estimation of the critical load is necessarily an approximate task 

and values are expected to be revised (generally downwards) as further experiments 

identifying effects are performed. Conversely, poor definition of the deposition 

occurring in critical loads experiments, such as the use of bulk wet deposition and 

under-estimation of dry deposition inputs, may result in values being revised upwards. 

Nilsson and Grennfelt (1988) have estimated critical loads for eutrophication and 

acidification for different ecosystems. Ecosystems differ in sensitivity, though an 

upper value at the least sensitive sites is 20 kg N ha -1  year 1 . At more sensitive sites 

critical loads may approach zero, as any deposition is likely to have an effect. A 

conversion of heathlands to grasslands is expected where deposition exceeds 20 kg ha -1  

year 1 , whereas acidification of heathiands may occur with a much lower deposition of 

less than 5 kg ha year 1 . Critical loads for forests are suggested to be in the range 3-

20 kg ha-1  year 1 , and for neutral unfertilized grassland 3-10 kg ha -1  year 1 . 

A comparison of these figures with the total fluxes presented in Tables 7.6 and 7.7 

shows that N deposition at each of the example sites exceeds the critical load estimates 

for the most sensitive ecosystems. If the examples are taken as approximately 

representative of sites in the U.K. - although it is stressed that much variation is 

likely - it suggests that background deposition of N is likely to cause harmful 

ecological effects. The lowest deposition estimate is for upland moorland (e.g. Fala 

Moor) with an input of 14 kg N ha -1  year 1 . For such sites a change of heathland to 

grassland vegetation is therefore unlikely, although deposition may have acidifying 

effects. Conversely, deposition to heathlands in S. England (with similar fluxes to the 

unfertilized meadow, Huntingdon) is approximately twice this (27 kg N ha -1  year') 

and a transition to grasslands may be expected. The deposition to the unfertilized 

meadow is equally likely to cause ecological effects. A comparison of the two forest 

examples shows that while deposition at upland sites, such as Glentress Forest, is only 

moderately in excess of the critical load, that to lowland forests such as Thetford forest 

is much larger (75 kg N ha-1  year'). It is therefore likely that lowland forests in the 

U.K. are at significant risk from N deposition, on the basis of current critical loads 

estimates. Effects may include eutrophication, leading to a change in ground flora, 

acidification of soils and ground-water, as well as nutrient imbalances in the trees 

(Nilsson and Grennfelt, 1988). In addition, since these flux estimates are for 

background deposition, near sources of emission significantly larger fluxes and 

ecological effects may be expected. 

These conclusions have important consequences for emission control policies. From 

Tables 7.6 and 7.7 it is seen that between 60-80 % of the N input is deposited as NH 
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from emitted NH3, as compared to 20-40 % as oxidized N from emitted NO N . In 

Europe NH3 emission results predominantly from livestock farming activities, whereas 

NOx  emission arises largely from combustion sources, such as from motor vehicles 

and electricity generation. Hence, in terms of atmospheric N inputs into unfertilized 

ecosystems the combustion source input is much less important than that from 

agricultural emission. As a result, control measures aimed at reducing NO x  emission, 

such as the European Community Large Combustion Plants Directive (EC-LCP 

Directive, CEC, 1989) will only have limited effectiveness at reducing N deposition. 

In order to achieve major reductions in N deposition, measures to control NH3 

emission are required. 

As has been shown in Table 7.9 and the discussion above, calculation of the relative 

importance of NH3 emission to the acidification of ecosystems, in relation to SO2 and 

NOR , is a much more complicated and uncertain task. Assimilation of deposited N by 

plants limits the acidifying effect attributable to emitted NH3 and NO R . By comparison, 

minimal assimilation of deposited S occurs, so that deposition of an equivalent quantity 

of S is usually more acidifying than N. Despite this, where N deposition exceeds plant 

uptake, and nitrification of deposited NH x  occurs, N species can contribute signifi-

cantly to the acidification of ecosystems alongside S. For the sites in Table 7.9 a max-

imum of between 30-70% of the acidifying input may be attributable to NH3 emission. 

This demonstrates that NH3 emission should also be considered in emission control 

measures designed to reduce acidifying deposition. Again, the EC-LCP Directive 

(CEC, 1989), which includes reductions in both S02 and NO x  emissions, is expected 

to have only partial effectiveness in the absence of measures to reduce NH3 emission. 

Of the European NH3 emission, over 80% is estimated to result from livestock farming 

activities (Buijsman et al., 1987). The emission is connected with the fate of the 

livestock waste, with major sources being losses from grazing animals in the field, 

from housed livestock and stored waste, and from the application of liquid manure as a 

fertilizer. As a result, measures to control NH3 emission need to focus on these 

sources. Voorburg and Monteny (in preparation), as part of the Dutch Priority 

Programme on Acidification, have reviewed such procedures and conclude that the 

most effective control is to limit emission from the spreading of liquid manure, which 

accounts for 50 % of the agricultural NH3 emission in the Netherlands. Incorporation 

of the manure, by injection in the case of grasslands and by ploughing or harrowing for 

arable surfaces, can reduce emission by between 50-99% depending on the method 

used, although some caution is needed since this may increase denitrification losses of 

N20 (Freney et al., 1990). Other techniques include minimizing losses by using closed 

storage or by acidifying manure. 
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7.4. AREAS REQUIRING FURTHER STUDY 

More information is required on: 

• The extent of increased rc for unfertilized surfaces in very dry conditions (low 

humidity) or in the presence of high atmospheric NH3 concentrations. The effect of 
acid gases (SO2, HNO3, HC1) on this response and the chemical mechanism of 

deposition. 

• The confirmation of increased rc  over unfertilized vegetation surfaces with exposed 

calcareous soil. 

• The size of rc for different temperatures in frozen conditions. 

• The relative importance of surface wetness/dryness (free water and humidity) and 

temperature in controlling the bi-directional exchange over fertilized crop surfaces. 

• The relative size of soil and plant compensation points for fertilized agricultural and 

unfertilized natural ecosystems, and the response to different fertilizer application rates. 

• The magnitude of NH3 emission following fertilizer application to agricultural 
surfaces, from cut vegetation left in the field, and during senescence for both annual 

and perennial plant species. 

• The concentration of NH3 in the atmosphere. 

• The validity of passive diffusion tube measurements of NH3 concentrations. 

• The extent of non-conservation of NH3 fluxes for different exchange situations. 

• The magnitude of ri., over forests. 

• The effect of CO2 on reducing NH3 solubility in water (separate from pH effects). 

7.5. RECOMMENDED CRITERIA FOR FUTURE MEASUREMENTS OF NH3 

SURFACE/ATMOSPHERE EXCHANGE 

Further studies of the exchange of NH3 over vegetated surfaces should: 

• define the vegetation, soil type and management, especially the use or absence of 

fertilizers. 

• measure NH3 and NH4+  separately so as to identify the exchange processes of 

each. This allows resistance and surface concentration analyses to be made. 

• measure environmental variables during exchange measurements, particularly 

surface temperature, wetness and humidity. 

• include both day and night-time measurements. 

• where possible identify the source of any NH3 emission. 
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7.6. SUMMARY 

• The atmosphere contains trace quantities of ammonia gas (NH3) and particulate 

ammonium (NH) in approximately similar concentrations. Background concen-

trations are usually in the range 0.01-10 .tg rn 3 , though near sources much higher 

NH3 concentrations (>100 p.g rn -3) may occur. 

• Monitoring of NH3 concentrations in this study using passive diffusion tubes 

showed mean background concentrations in rural areas in S. Scotland to range between 

0.4 and 1.1 j.xgnr 3 . 

o This is much smaller than the concentrations measured, using similar diffusion 

tubes to those here, by a national monitoring network in the U.K., the results of 

which have been reported by RGAR (1990). These give a regional average of 1.5 

to 3 tg m 3  for S. Scotland. A sampling comparison performed in this study 

confirmed that the methods used in the national network provide larger estimates of 

air concentration than those here. Other available data suggest that the results 

reported by ROAR (1990) typically over-estimate air concentrations (and therefore 

deposition) by at least a factor of 2. As a consequence, the national network data 

are are not used here for the estimation of dry deposition budgets (see below). 

o Possible errors in NH3 diffusion tube sampling arise from sampling artifacts 

(NH3 deposition to tube walls, capture of NH, wind enhancement of sampling) 

and analytical artifacts (deposition to samples from laboratory air, inclusion of 

contaminated samples). Measures to reduce analytical artifacts may account for the 

difference between the results here and those given by ROAR (1990). 

• Evidence in the literature suggests that emissions to the atmosphere occurs as NH3, 

the main source being from livestock agriculture, which may be converted in the 

atmosphere to NH4+. 

• The dry deposition of NH particles is expected be a very slow process, which is 

confirmed by micrometeorological field measurements in this study. Most of the NH 

therefore becomes dissolved in precipitation and is returned to earth as wet deposition. 

• The major part of this study focused on the measurement of the surface exchange of 

gaseous NH3 using micrometeorological methods. The background exchange over 

different vegetated surfaces in a temperate climate was considered and included 

measurements over natural and unfertilized surfaces, and fertilized agricultural surfaces: 

o Measurements over natural and unfertilized vegetation generally recorded rapid 

deposition of NH3 with minimal surface resistance (rc), which shows that the 
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surface behaves largely as a perfect sink, with-NH3 being deposited onto leaf 

surfaces rather than through stomata. Some exceptions to this pattern were seen. 

In dry conditions a small rc (<50 s nr 1 ) was sometimes recorded, while over a 

surface with exposed calcareous soil a mean rc of 125 s rn' was found. 

o Measurements over fertilized agricultural vegetation showed both emission and 

deposition to occur. Emission was favoured in warm dry conditions, with fluxes in 

summer of up to 24 ng rn -2  s 1  being measured. In wet conditions deposition was 

recorded. Measurements to wet surfaces in summer showed rc  to be variable (0-

130 s rn-1 ), while winter-time measurements showed rapid deposition to wet 

surfaces (rc <30 s rn-1 ). During a period of light frost an increased rc of up to 80 

s m4  was observed. 

• The different surface exchange patterns observed are interpreted in terms of the net 

effect of leaf surface, stornatal and soil exchange processes: 

o Deposition to leaf surfaces is a major uptake mechanism, which may be 

enhanced in wet conditions. Acid gases, particularly SO2, may enhance leaf 

surface uptake, often referred to as co-deposition. HNO3 and HCl may also have 

some effect. Partial or complete saturation of this sink may occur in very dry (low 

humidity) conditions or in the presence of very high concentrations of NH3, such 

as with a crop emitting NH3 or in the presence of high atmospheric concentrations. 

o Stomata and soil can act as either sources or sinks of NH3, depending on the 

Henry equilibria of NH3 and NH in plant tissues and soil water with atmospheric 

concentrations of NH3. The atmospheric concentration in equilibrium with the 

surface is often referred to as the 'compensation point' Where air 

concentrations are less than Xcp  emission occurs, whereas with air concentrations 

larger than xcp  deposition occurs. The compensation point concept is most usually 

applied to the exchange of NH3 through stomata, though equally soil X cp  and 

overall canopy or net X cp  may be defined. 

o Over natural and unfertilized vegetation it is probable that the low N status 

results in small stomatal and soil Xcp, with the result that leaf surface deposition 

dominates and the net Xcp  is small. Where rc  = 0 the net Xcp  is by definition zero. 

o Over fertilized agricultural vegetation the higher N status results in larger Xcp' 

and emission may occur through either stomata or soil. However, during wet 

conditions these Xcp  have little effect on the net exchange as leaf surface deposition 

dominates, and the net X cp  again approaches zero. 
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o Surface concentrations may be predicted by extrapolation of the concentration 

gradient using a modified resistance analysis, and these may be used as estimates of 

y. Where emission is through stomata alone and stomatal resistance known, 

estimates of the stomatal Xcp  may be made (referred to as X ( z0 ")). For an 

agricultural crop in dry summer conditions (zo") was 2-7 j.tg rn-3 . Given that 

some leaf surface deposition may also have been present, this may be an 

underestimate of the stomatal X cp. 

• This understanding is used with the results of the air concentration monitoring from 

this study and other published values to estimate annual budgets for different example 

U.K. ecosystems. Examples are for typical exchange not affected by local sources. 

o Over the natural and unfertilized surfaces examined, estimated NH3 deposition 

ranges from 3 to 55 kg N ha year 1 . Estimates are sensitive to air concentration, 

site roughness (e.g. short grass or forest) and prevailing windspeed at a site. 

o The largest deposition is expected to forests in lowland Britain where NH3 

concentrations are frequently higher than in upland areas. However, estimates over 

forests are very sensitive to the value of the laminar boundary-layer resistance, ri,, 

which is a major uncertainty in the calculations. 

o Where a Xcp  exists for fertilized surfaces it is attractive to be able to include this 

in models of exchange alongside monitored air concentrations and transfer 

resistances. However, given the spatial and temporal variability of the net X cp, this 

is beyond the scope of simple models with only long term air concentration inputs. 

o To model annual exchange over an agricultural surface a simplified approach is 

used in this study. The percentage time the surface is dry, wet or frozen in different 

seasons is found, and fluxes for each condition summed to provide net seasonal 

and annual fluxes. Typical emission estimates are used for dry conditions, while a 

deposition velocity approach is used in wet and frozen conditions. 

o A calculated example budget of background exchange for a fertilized agricultural 

surface shows that in summer net emission occurs, whereas the other seasons show 

net deposition. If the emission following fertilizer application and probable extra 

losses during crop senescence or hay drying are included, the net annual NH3 

emission of is <1 kg N ha4  year 1 . Large uncertainty applies in using this as 

typical for fertilized crop surfaces in the U.K. Other sites with larger levels of N 

fertilization may show emission of> 5 kg N ha-1  year-1 . 

o Implications for atmospheric models are drawn from the difference between 

fertilized and unfertilized surfaces and it is concluded that applying a fixed 
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deposition velocity for all land surfaces contributes to the discrepancy between 

predicted and observed deposition. 

o The total N inputs into specific natural and unfertilized ecosystems are estimated 

and comparisons made of the contribution from different sources. Dry deposition 

of NH3 is frequently the largest single N input, which emphasizes the importance 

of understanding NH3 surface exchange processes. Including wet deposited 

NH, NHx  accounts for 60-80 % of the total N input to the examples considered, 

as compared to 20-40 % from oxidized N species (NO2, HNO3, NO3), giving a 

total deposition of 10-75 kg N ha -1  year 1 . Near sources of NH3 emission (mainly 

livestock agriculture) the deposition could be several times larger than this. 

o A comparison of the relative acidifying inputs into the example ecosystems is 

also given, though since the acidifying effect of pollutants depends on their fate 

when deposited only general conclusions may be made. In particular nitrification of 

deposited NHx  to NO3-  is an acidifying process. Comparison may be made either 

of the suite of deposited pollutants, or according to the origin of the acidity as 

emitted pollutants (SO2, NO R , NH3). Because of atmospheric neutralization of 

oxidized S and N by NH3 to form NH, much of the acidifying deposition in the 

examples (up to 60-80%) is as NHx  rather than free acidity. Emission of NH3 

accounts for between a maximum of 30-70% of the potential acidity. Plant uptake 

of deposited N may reduce these figures substantially. This applies for the 

products of both NOx  and NH3, so that SO2 emission is frequently the dominant 

acidifying input. Conversely, where N deposition exceeds plant uptake, NH3 

emission may have a sizeable or even dominant acidifying effect. 

• A comparison of the background deposition estimates of total N with current 

estimates of critical loads given in the literature shows that N deposition in the U.K. is 

typically is excess of the critical loads. This is especially clear for forests in lowland 

Britain where deposition may be several times the critical load. Given the importance 

of NH3 in dominating the N deposition and contributing to the acidification of natural 

and unfertilized ecosystems, it is clear that emission control policies aimed at reducing 

S02 and NO emissions will only have limited effectiveness. In order to achieve major 

reductions in deposition, particularly in the case of N inputs, additional polices 

controlling NH3 emission are required. Given the agricultural origin of the NH3 

emission, measures would require changes in farming practice. Major reductions in 

emission may be achieved by soil incorporation or injection of surface spread liquid 

manure, acidification of manure, and the use of closed manure storage. 
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Appendix 1 

Reconciliation of units and presentation of results 

Units and the SI 

In an attempt to provide a consistent and economic presentation of units, the advantages 

of the SI (Système International d'Unites), as discussed in full by Incoll et al. (1977), 

are recognized and the system broadly followed in this study. However, in several 

cases sthct adherence to the SI provides cumbersome expressions, making it desirable 

to diverge. This occurs where powered units are used, and where there is a particular 

scale of interest to the result. 

The unit prefixes in the SI account for multiples of 103  so that, for example, .tm, mm, 

m and km are all legitimate measures of length. However, where powered units, such 

as areas or volumes are to be described, this results in larger multiples, here 10 6  and 

109  respectively, giving rise to the need for exponents in the presentation of results. It 

is because of this that many authors still use non-standard units such as litres. In this 

study the litre is avoided, however dm 3  (equivalent to a 1), and cm 3  (equivalent to a ml) 

are used where necessary to overcome this problem. 
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Measure units 
used here 

SI Other equivalent non-standard 
units I notes 

aqueous mass 
concentration .tg dm1  mg m 3  g 1 1 , ng m1 1 , ppb(mass) 

mg dm 3  g m 3  mg 1 1 , tg ml, ppm(mass) 
g dm 3  kg m 3  0.1 % (weight/volume) 

mass concentration 
in air .Lg m 3  jtg m 3  (refers to total molecule or ion) 

volumes cm3 103 mm3 ; 106  rn3  ml 
dm3  106  mm3 ; 10 3 rn3  

volume flow mm3  s mm3 -i 0.06 ml mint 
dm3  106  mm3  s; 10 3  m3  s_ i  601 rrirc 1  

pressure Pa Pa 0.01 mbar 0.0075 mm Hg 
mPa mPa lOnbar 

deposition velocity. Vd mm s' mm s' 0.1 cm s 

deposition resistance, r s m s rn- 1  0.01 s cm4  

flux, Fx ng m 2  ng m 2  s 3.6 g m 2 ho&; 36mg ha1  hour4  
(refers to total molecule or ion) 

flux of element, kg N}i3-N 3.1 ng NH3-N ar2  s_ i  2.74 g NH3-N ha4  day 
e.g. NH3 -N hat year 1  (refers to mass of specified element) 

Table A1.1 Comparison of units used in this study, SI, and other commonly used units. 

The scale of interest of the SI units may also be inconvenient. This is the case for 

measures of time, where for example, seconds are inconvenient to describe a process 

taking several hours. In this study therefore periods of time are expressed in the most 

convenient time scale. However, in measures with multiple units, this can become 

complicated, so that in general the SI units are used in the study. In addition, following 

the recommendation of Incoll et al., prefixed units are confined to numerators. 

Exceptions to these are aqueous concentrations and annual fluxes of N. 

The set of units used in this study are given in Table A1.1, along with SI equivalents, 

and other commonly used non standard units. 

Ammonia concentration units 

In accordance with general practice in air pollution research, air concentrations of NH3 

and NH4 4  are expressed as jtg rn 3  throughout the study. The exception to this is 

during discussion of chemical solubility. In this case both aqueous and gaseous 

concentrations are given as mol dm 3  (molar, M), so as to maintain consistency in the 

use of the Henry constant, conventionally expressed as M(gas)IM(aqueous). 

Other authors use parts per billion (10 9) volume fraction (ppbv), here termed s, to 

describe the quantity of a trace gas in air. The relationship between this and 

concentration (j.tg m 3) may be found from the general gas law: 

r 10 3  R T i 
s (ppbv) = L 	M ] x (p.g m 3) 	 A1.1 
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where R is the general gas constant (8.314 Pa m 3  mol 1  K 1 ), T is temperature (K), P 

is atmospheric pressure (Pa), and M is the molecular weight of the entity (g molt). 

For NH3 at standard temperature and pressure (STP: 273.15 K, 101.325 kPa) this 

gives: 

s 3  (ppbv) = 1.316 X (p.g rn-3) 

At 10 °C (283.15 K) this becomes SNH3 = 1.364 X. Partial pressures are also 

sometimes used to describe trace NH3 levels. Again from the gas law: 

r 10-3 R T1 
Pj3  (mPa) = [ 	] x (p.g rn-3) 	 A1.2 

where Pj 3  is partial pressure of ammonia. At S1'P this gives: 

P 3  (mPa) = 0.1334 x (.tg m 3) 

which at 10 °C becomes Pj3  = 0.1382 X . 

Direction of fluxes 

In chapter 2 the derivation of formulae for calculating fluxes using the aerodynamic 

gradient method was considered. From this, accepting standard mathematical 

convention, it may be seen that a deposition flux, with concentrations smaller near the 

ground, has a positive value, while an emission flux, with concentrations larger near 

the ground, has a negative value (section 2.3.1). This convention is consistent with the 

development of the resistance analogy and deposition velocities (section 2.4), where a 

positive Vd implies deposition, and a negative Vd implies emission. Given this 

consistency, this system, as also used by Garland (1977), is used as the basis for 

presentation of the results here. For the flux data sets given in Appendices 2-4 this 

applies to H, A.E and Fx. 

It is noted however, that in micrometeorology, fluxes of entrained properties, such as 

heat, water vapour and CO2 are usually treated with the signs reversed, so that 

deposition is negative and emission positive (e.g. Monteith, 1973). This is because 

fluxes are considered as inputs and outputs from the atmosphere, rather than the 

surface. The exception is momentum fluxes, which are treated by thefirst method 

above. This system, in addition to being inconsistent here, is not consistent with the 

system for Vd used in air pollution research, noted above. Consequently the first 

method is preferred in this study and is used throughout in the presentation of the data 

in tables. Nevertheless, this second method provides a convenient form for the 

presentation of values, and following the microrneteorological convention the values of 

H and XE are graphed this way. To avoid confusion, note is made on the graphs that 

the axes are for 'emission fluxes'. Similarly in Chapter 5, where both emission and 
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deposition fluxes of NH3 occur, it is convenient to plot cases of emission in this way. 

Here again axes are labelled appropriately. 

Notes on symbols used in Appendices 2-4 

In appendices 2-4, which follow this section, details of the results for the flux gradient 

studies are presented. Given the large number of possible parameters which could be 

given, only the most important and relevant to this study are included. Error limits are 

provided for a number of the most interesting variables (x (1 m }, Fx, r, X { z0' }), these 

being 95% confidence limits of the mean values. The error estimates are derived from 

the profile regressions as set out in Appendix 5 and must be accepted as somewhat 

approximate due to the small number of points in the regressions. For rc, upper and 

lower limits are given separately since the intervals for each differ. Here 'em' denotes 

emission, in which case rc is not relevant, while negative values of rc  imply deposition 

at rates faster than permissible by turbulence. 

In the tables, figures in brackets represent very approximate or doubtful values, while 

profiles with less than four NH3 values are noted with an asterisk and the number of 

NH3 points available. Symbols used, other than those described in the main list of 

symbols, are: 

n 	number of values included in the calculation of a mean 

NM 	not measured 

ND 	not detected (for temperature gradients in calculation of stability) 

em 	emission 
* 	values approximate or doubtful 

LS 	long sampling period 

S 	ground-vegetation surface 

V 	vegetation 

G 	ground 

0/8, 8/8 	cloud cover of sky in octas (eighths) 

NE, SW 	wind direction, e.g. north east, south west 
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Appendix 2 

Tables of NH3 surface exchange results over natural and low input surfaces 

cr,trwi 	 orrd nd' RI) 9R7 
	

Night-time: 1935-0440 GMT 
I 
 ;f.t..1111 

. - 

Rui Date and time L SF11} U{1} U z0  ra(I) rb T(z0'} xii) FIUXX Vdfl} rc XPOI Conditions 

- (GMT) (m) - (ms 1 ) (mm) (sm 1 ) (°C) (ggm 3) (ngm 2 s 1 ) (mms 1 ) (sm 1 ) (.tgm 3) andnotes 

11-1318/1987 IightW-Sflow 

1 1118 	1120-1350 NM 1.0 2.98 0.28 13.1 37.5 14.3 - 1.94±0.31 40.8±29.3 21.0 -4.21-24.4, 1291 -0.17± 1.36 Vdrying, thin 8/8 

2 1445-1540 NM 1.0 2.66 0.25 12.4 43.1 15.6 - 1.49 ± 0.79 19.9 ± 59.5 13.4 16.1 [-40.1, em) 0.32 ± 2.93 V dry, rain stopped run at end 

3 1218 	0925-1105 NM 1.0 3.59 0.31 9.1 36.5 12.1 - 2.19 59.8 27.3 -12.1 -0.72 2pt NH3, V dry, 8/8 bright 

4 1335-1 535 NM 1.0 1.82 0.16 8.8 73.0 20.3 - - - - - - I pt NH3, ditto 

5 1600-1800 (-25) (1.45) 1.56 0.18 25.8 45.6 23.6 (20.8) 1.84±0.18 15.6±13.6 8.5 48.71-6.4,8991 0.76±0.84 Vdry,8/8 	- 

6 1835-2025 26.6 0.70 1.03 0.16 83.5 41.6 34.9 16.3 3.43±0.86 57.2±44.6 16.7 -16.7[-43.6,254) -0.95±2.97 V dry, 3/8, dusk 

7 12-13/8 2130-0035 34.2 0.75 1.98 0.19 14.8 57.2 20.3 14.9 2.19±0.50 34.4±47.4 15.7 -13.9[-51.0,em] -0.48±3.50 V wet, dew fall, 1/8 

8 1318 	0130-0500 158 0.94 1.94 0.19 15.8 53.7 20.3 16.0 	. 2.11±1.53 46.9±91.9 22.2 -29.01-59.2,em] -1.36±5.92 Vwetmuchdew,1-8/8 

9 0940-1140 -215 1.06 3.33 0.31 12.8 33.5 13.1 18.7 1.34±0.13 8.0±14.7 6.0 120[12.4em] 0.97±0.62 Vwetrainbetorerun,8/8 

10 1225-1425 -125 1.09 3.60 0.33 11.2 32.7 12.2 20.9 1.44±0.22 22.9±24.2 15.9 17.9(-14.5,em) 0.41±0.98 V wet, drying at end, 8/8 

MEAN VALUES U(1) fl Vm t ra +b1 T{Z0'} z(i) FIUXZ Vd{l) rtjl) 	rjJ x(zo')  

2.52 9 17.2 58.2 (17.9) 2.00 33.9 16.3 61.4 V 	3.1 -0.14 Excluding run 4 

2.39 8 16.8 59.7 1.97 30.7 14.9 67.0 V 	7.3 -0.06 Excluding runs 3 & 4 

17.0 § 58.9 § 	0.7 Excluding run 4 

15.6 § 64.2 § 	4.5 Excluding runs 3 & 4 

Notes t arithmetic mean; t reciprocal of mean Vm; V reciprocal of mean Vd; ¶ from mean rt and mean ra+b. § Alternative mean from mean x (1) & mean flux X . 
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(1 	 (r 	I'ind' '4/1 QXX 	d = 0.03 rn 
	 Night-time: 1810-O615 GMT 

al ...I I \V...UI..4U 	.'J , - - - 	..... - 	- - - 

Run Date and time L SF(1} U(1} U z0  raIl) rb 1(z0 ) (l) FIux X Vd(i} rc x(z 0 '} Conditions and 

(GMT) (m) n/a (m s 1 ) (mm) (S m) (°C) (xg m 3) (ng m 2  s) (mm s 1 ) (sm-1 ) (tg m) notes 

16-18/311988 

1 16/3 	1000-1200 -93.4 1.13 4.59 0.34 4.00 38.6 8.7 10.2 2.97± 0.17 22.0± 15.8 7.4 87.4 [31.0, 433] 1.92±0.62 Sparttywet, 7/8 NW 

2 . 1300-1445 -261 1.05 4.84 0.37 4.56 35.4 8.1 10.3 3.71 ±0.27 28.5±26.3 7.7 86.6 [24.1, 17101 2.47±0.96 Vdry, G damp, 8/8 NW 

3 1535-1645 ND 1.0 4.04 0.28 2.73 51.4 10.7 7.6 3.21 ± 0.69 34.0±51.0 10.6 32.1 [-24.6, em) 1.09±2.68 S dry, NW 8/8 

4 16-17/3 1735-0820 ND 1.0 1.07 0.08 4.37 164.1 27.9 4.2 0.33±0.00 0.23±0.11 0.7 1290 (808, 2750] 0.29±0.02 LS, Swet, NW-NE 

5-7 17/3 	1015-1655 -15.7 1.70 2.37 0.19 5.45 60.7 15.5 9.7 0.25±0.13 1.08±2.38 4.4 154[-47.5,em) 0.17±0.49 *Lss  dry, 1-8/8, SE 

8 17-18/3 1800-0915 ND 1.0 3.01 0.24 6.30 50.6 12.3 3.5 0.12±0.04 0.12±2.81 1.0 916[-23.4,em] 0.11±0.15 LS,Swet,E 

MEAN VALUES U(1) ii Vmt ra 4b t T(z0 ') I xli) FIux X Vd(l) rt{l} 	rjJ x(z o '}  

3.32 6 15.7 63.5 7.6 1.77 14.3 5.3 189w 	125 1.01 

8.1 § 123 § 	59.7 

Notes: t arithmetic mean; ( reciprocal of mean V m; ' reciprocal of mean Vd; ¶ from mean rt and mean r a+b. § Alternative mean from mean x (1) & mean flux X . 

Pmn1e nf cnitivitv of data to varving value of d for run 1 

I d=0.00 

-- ------ 

-96.2 

--- 

1.12 

- --- I  

4.57 0.36 5.68 34.0 9.6 10.3 2.96±0.18 26.4±21.0 8.9 68.7(18.8517] 1.81±0.78 

1 d=0.03 -93.4 1.13 4.59 0.34 4.00 38.6 8.7 10.2 2.97±0.17 22.0±15.8 7.4 87.4(31.0433] 1.92±0.62 

1 d=0.06 -91.6 1.13 4.62 0.32 2.66 44.4 8.9 10.1 2.96±0.14 17.1±10.3 5.8 119.8(54.7,383] 2.05±0.45 
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r 	11 cIlQQl '111022 AI1QRR n nd i/109.Q 
J1(1L LJUII I '.II 	,.Jj I .'JI , 	..' 	•'_''., 'I 	 .' ____________________________________________________________________ 

Run Date and time L SF{1} U(1} 	U z0  rail) rb T(z0 '} x{l} Flux X Vd(l) rc xizo') Conditions 

(GMT) (m) - (ms) (mm) (sm 1 ) (°C) (igm 3) (ngm 2 s 1 ) (mms 1 ) (sm 1 ) 4igm 3) andnotes 

27/5/1987 Night-time: 2020-0345 GMT V dry, G damp, W, 318, hazy 

2 1250-1500 NM 1.0 4.10 	0.40 14.3 26.2 11.3 15 1.24±0.51 645±74.1 52.1 -18.3[-28.9,em] -1.18±2.38 13ptNH3 

3 1630-1910 NM 1.0 4.10 	0.40 14.3 26.2 11.3 15 1.21±1.30 35.1±96.6 28.9 -2.9[-28.8,eml -0.10±2.76 wind data approximate 

29-30/311 988 Night-time: 1840-0545 GMT SW flow, low doud base 
(10-100 m height) 

1 29/3 	1725-1910 ND 1.0 4.90 	0.42 8.53 27.5 9.5 2.2 0.81±0.75 19.0± 258 23.6 5.4[-34.2,em] 0.10±9.50 * 3pt NH3, Swet,8/8 

2 1955-2220 ND 1.0 3.50 	0.30 8.84 38.0 12.3 0.7 0.47± 0.09 7.2±7.4 15.2 15.5[-18.2,em] 0.11 ± 0.32 Swet,8/8 

3 30/3 	1010-1235 -120 1.10 4.65 	0.40 8.41 28.6 9.8 2.1 0.61±0.03 14.1±3.9 23.2 4.6[-4.9,21.6] 0.07±0.13 Swet,7/8 

4 1330-1530 -112 1.11 5.80 	0.51 9.15 22.1 8.4 6.1 1.02±0.20 31.3±31.8 30.8 2.0[-14.5,em] 0.06±0.86 Swet,5/8 

5 1700-1840 -124 1.10 4.05 	0.34 7.41 34.7 10.8 2.8 0.68±0.17 12.2± 18.0 18.0 10.1 [-23.3, em] 0.12±0.73 Swet,3/8 

6 1925-2210 ND 1.0 3.28 	0.28 8.25 41.8 12.9 -0.1 0.12±0.03 0.8 ±4.8 6.7 94.6 [-33.5,eml 0.07±0.25 Swet,2/8 

21/4/1988 Night-time: 1920-0455 GMT WNW hazy 

1 1045-1245 -24.3 1.46 3.88 	0.40 16.6 23.2 11.6 15.0 0.67±0.17 15.9±27.5 23.8 7.3 [-19.5, em] 0.12±0.86 V dry, G wet, 6/8 CuSt 

2 1330-1530 -11.3 1.94 2.95 	0.27 9.12 37.6 13.5 15.1 0.55±0.42 2.9±51.3 5.3 139[40.9,em] 0.40±2.39 V dry, G wet, 8/8 CuSt 

25/4/1989 Night-time: as above Measurements over snow 

1 0835-1000 -11.5 1.92 2.57 	0.14 0.62 118 11.6 (1 .0)* 0.10 ± 0.02 0.0 ± 1.1 0.5 2049 [45.2, em) 0.09 ± 0.13 snow frozen, ESE, 3/8 

2 1200-1330 -19.3 1.57 2.69 	0.19 2.36 74.4 12.9 (3.7)* 0.60±0.08 4.3±4.2 7.2 52.31-17.0,92171 0.22±0.33 meltingsnow,WNW,4/8hazy 

MEAN VALUES U(1} 	fl Vm t ra+bt T{z0'}  x(i) Flux X Vd{l) r{1} 	rc XIzoI 

3.87 	12 22.2 45.0 (6.6) 0.67 17.3 19.6 51.0w 	5.9 0.01 All values 

3.75 	10 21.3 46.9 (6.1) 0.60 12.4 16.0 62.3Y 	15.7 0.12 Excluding 3 point profiles 

25.7 § 38.9 § 	-6.1 All values 

20.5 § 48.7 § 	1.8 Excluding 3 point profiles 

Notes: * Absolute values of temperature in doubt; t arithmetic mean; reciprocal of mean Vm 	reciprocal 01 mean Vd; ii from mean rt and mean ra+b. 

§ Alternative mean from mean x() & mean flux X. 
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Fala Moor 11/1987 	
Nitht-time: 1625-0725 GMT 

Run Date and time L SF{1) U(1} U z0  rail) rb T(z0 ') (1) FIUXX Vd(1) rc x(z0'} Conditions and 

- (GMT) (m) n/a (ms) (mm) (sm 1 ) (°C) (j.tgm 3) (ngm 2 s 1 ) (mms 1 ) (sm -1 ) (gm 3) notes 

5-6/11/1987 G damp throughout 

1 5/11 	1300-1500 -6.5 2.55 1.18 0.16 35.7 38.8 27.5 10.1 0.08±0.02 1.1±2.5 13.6 7.3[-44.4,em] 0.01±0.10 3ptNH3,Vdry,SE,2/8hazy 

2 1545-1745 (1.9) (0.07) 0.75 0.04 4.6 536 51.7 1.2 0.06 - - - - * U + NH3 unsure, V wet, fog 

3 1820-2020 97.2 0.90 1.27 0.14 22.3 69.5 28.4 1.7 0.03±0.02 -1.1±1.4 - - 0.14±0.13 V wet, fog thinning, 0/8 above 

4 2125-2335 -152 1.08 0.88 0.10 27.6 87.3 37.6 3.3 0.12±0.06 2.4 ±3.4 19.5 -73.5[-104,em] -0.17±0.40 V wet, W, 8/8, light mist 

5 6/11 	0015-0340 98.6 0.90 1.84 0.22 32.2 38.1 21.5 2.8 0.07±0.24 1.2±25.1 16.7 0.21-56.8,emj 0.00±1.43 3 pt NH3,  V wet, W, 8/8, clear 

6 0430-0725 167.4 0.94 2.28 0.27 31.6 31.1 18.3 3.4 0.29±0.16 10.9±23.5 37.2 -22.4[41.0,em] -0.24±1.11 Vwet,W,8/8 

7 0815-1020 -947 1.01 2.08 0.23 26.4 37.8 19.5 4.8 0.40±0.06 9.1 ±7.7 22.6 -13.0 [-33.4, 2421 -0.12±0.42 Vdrying, NW, 8/8, dull 

8 1110-1200 -144 1.08 2.29 0.25 24.5 35.0 18.0 6.4 0.60±0.25 11.7±36.5 19.3 -1.2[40.6,em] -0.01±1.89 V dry, 8/8, hazy 

MEAN VALUES U(1) fl Vm t ra+b f T{Z0') xii) Flux X Vd(l) rt(1) 	rc) xfZo'}  

1.69 7 15.2 65.6 4.6 0.23 5.04 21.5 46.5 V 	-19.1 -0.06 Excluding run 2 

22.2 § 45.0 § 	-20.6 

Notes: t arithmetic mean; t  reciprocal of mean V m 	reciprocal of mean Vd; I from mean r t  and mean ra+b. § Alternative mean from mean X(l) & mean flux X . 
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c/1022 	iI - nncm 
	 Night-time: 2030-0345 GMT 

lala ivi.,j& 	.J, 	 , L,. ,  

Rur Date and time L SF(1) U(1) U z0  ra{l} rb T(z0 } z{l} FIux X Vd(l} rc xl z0'} Conditions 

(GMT) (m) n/a (m s) (mm) (sm-1 ) (°C) (tg m 3) (ng m 2  s) (mm s) (s m) (tg rn 3) and notes 

24-25/5/1988 
SW flow, Canopy drying 
cycle, ground damp 

1 24/5 	1445-1645 -261 1.05 5.01 039 30.9 14.2 10.0 13.4 0.53±0.20 -8.3±83.2 -15.7 - 0.73± 2.03 *3pt NH3, V dry, 8/8 bright 

2 1710-1900 1342 0.99 4.89 0.59 32.7 14.3 10.2 10.6 1.15 ± 0.16 64.4 ± 48.3 55.8 -6.6 [-14.3, 51.1] -0.42 ± 1.11 Vdry, 8/8 

3 25/5 	0415-0625 517 0.98 4.18 0.49 29.8 17.6 11.5 4.7 0.62 ± 0.03 29.2 ± 9.7 47.2 -8.0 [-13.3, 2.7] -0.23 ± 0.27 V wet, 1/8 

4 0705-0900 -144 1.08 5.80 0.68 30.0 12.3 8.9 12.8 0.69±0.14 37.0±58.0 53.6 -2.6[-14.0,ern] -0.10±1.18 Vdrying,3/8 

5 0930-1130 -83 1.14 5.72 0.68 30.8 12.1 9.0 17.6 0.59±0.10 25.7±58.6 43.6 1.81-14.1,emj 0.05± 1.23 Vdry,3/8 

6 1205-1405 -101 1.12 6.47 0.77 30.3 10.9 8.2 19.5 0.51±0.58 8.0±447.7 15.8 44.1 [-18.0, em] 0.35±8.78 3ptNH3Vdiy3/8 

7 1430-1715 -101 1.12 5.79 0.69 31.1 12.0 8.9 18.0 0.46±0.06 16.1± 26.7 35.2 7.5 [-10.3, em] 0.12±0.53 Vdry,4/8 

8 1755-1955 -226 1.05 3.83 0.47 34.7 17.3 12.3 10.5 0.55±0.09 15.5±22.6 28.4 5.71-15.3,eml 0.09±0.64 rain1840,V wet,4/8 

MEAN VALUES U11} n Vmt ra.t T(z0')  x(i} Flux X Vd{l} r(1) 	rcj XIZOI  

5.21 8 43.1 23.2 13.4 0.64 23.5 33.0 30.3V 	7.1 0.07 AD values 

5.04 6 41.9 23.8 12.4 0.68 31.3 44.0 227V 	-1.1 -0.08 Excluding 3 point profiles 

36.8 § 27.2 § 	4.0 All values 

46.3 § 21.6 § 	-2.2 Excluding 3 point profiles 

Notes: t  arithmetic mean; t reciprocal of mean V m ; Y reciprocal of mean Vj; [ from mean rt and mean ra+b. § Alternative mean from mean x  (1) & mean flux X. 

Pxamnle of data sensitivity to a varying value of d for run 3 - --------

3 

- 	-- - -------- 

d=-0.10rn 

-d 

572 

- 

0.98 

-, 

3.96 

'-' 

0.57 58.8 12.1 12.0 

______ 

4.6 0.59±0.03 41.5±11.8 70.3 -9.91-13.1-4.21 -0.41±0.27 

3 d=0.00m 529 0.98 4.11 0.51 37.8 15.6 11.7 4.7 0.61±0.03 33.0± 10.2 54.1 -8.9[-13.3,-0.41 -0.29±0.27 

3 d=0.05m 517 0.98 4.18 0.49 29.8 17.6 -11.5 4.7 0.62±0.03 29.2±9.7 47.2 -8.01-13.3,2.71 -0.23±0.27 

3 d=0.10m 501 0.98 4.25 0.46 22.4 20.3 11.3 4.8 0.63±0.04 25.4±9.2 40.4 -6.9[-13.5,7.4] -0.17±0.27 

3 d=0.15m 488 0.98 4.32 0.43 16.0 23.7 11.0 4.8 0.64±0.04 21.6±8.7 34.0 -5.3 [-13.8,15.11 -0.11±0.28 

3 d=0.20m 482 0.98 4.38 0.39 10.7 28.1 10.6 4.9 0.64±0.05 17.9±8.3 27.9 -2.81-14.3,29.31 -0.05±0.29 
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11 	 T ..., 	 ')Il QQ 
	 Night-time: 1730-0725 GMT 

VVCLII1 L.aW 	ki H.at ,  ICI 11 10mli _ , I  ,-  

Run Daand the L 	SF(1} U(1) U z0  raIl) rb T(1} 	T(z 0 ) H )E E 5T(z,') 	E(z 0') rsEb xli) Flux X Va(l) rc x(Zo') Conditions and 

(m) 	n/a (m s) (rmi) (s m) (°C) (N m 2 ) (g m3) is m) (pig m) (ng m 2  s) (mm s) 	(S m 1 ) (119 rn 3 ) notes 

21/2/1989 
SW flow 

1 1410-1715 1870 	0.99 4.65 0.56 33.4 14.8 10.6 2.6 	2.5 8.1 -27.6 571 	5.02 62.2 0.18±0.05 -0.3±9.6 -2.0 - 0.19±0.21 Vdry,Gwet,8'8 

22-23/20989 
SW flow 

2 1435-1610 ND 	1.0 8.48 0.95 25.8 9.4 6.7 2.3 	2.4 -5.5 -7.7 5.69 	3.68 656 0.11 ±0.03 72±11.0 66.9 -1.1[-10.2, &n] -0.01 ±0.16 Vdry,Gdamp,3/8 

5msnow1620 

3 1715-1930 307.5 0.97 5.73 0.64 25.1 14.2 9.0 -1.1 	-2.4 70.6 -8.4 3.99 	4.02 -14.6 0.08 ±0.03 -1.1 ±8.0 -13.6 - 0.11 ± 0.17 ày snow, 1/8 

4 2015-0005 460.2 0.98 6.48 0.73 26.2 12.2 8.2 -1.5 	-2.7 71.0 -' - 	- - 0.06±0.04 33± 11.8 55.6 -2.5[-16.6, 	1i] -0.01 ±0.23 snow sillon V. 54 

5 0045-0405 710.4 0.99 7.38 0.83 25.8 10.8 7.5 -1.8 	-2.8 67.1 -" - 	- - 0.03±0.02 1.0±5.3 37.1 8.61-14.0,ellI 0.01±0.09 Snow blown toG 

6 0515-0740 735.0 0.99 7.11 0.80 26.3 11.1 77 -1.9 	-2.8 59.0 -' - 	- - 0.07±0.13 -1.7±31.9 -24.3 - 0.10±0.53 3ptN133,,4/8 

7 0930-1240 -517 	1.02 8.47 0.96 26.9 9.1 6.7 0.6 	2.5 -148 -11.0 5.73 	4.36 310 0.05±0.01 6.9±52 149.9 -92 1-12.1, 18.61 -0.06±0.08 Vdry, 318 

8 1315-1615 ND 	1.0 7.44 0.84 26.9 10.5 7.4 0.8 	1.4 -36.7 -10.9 531 	3.61 392 0.03 ±0.01 -1.6±3.7 -48.3 - 0.06±0.06 Vdiy, 3-6/8 

MEAN VALUES fl U(1) Vm t ra+b t T(1) 	TIZ0 '} xli) Flux X Vd{l} r1(1) 	r11 x(zo'l 

8 6.97 52.6 19.0 0.0 	-0.2 0.076 1.71 27.7 36.2Y 	17.1 0.049 

22.5* 44.5 § 	25.5 

Notes: * Psychrometers not fully aspirated br runs 4-6. 1 arithmetic mean; t reciprocal of mean Vm; 	reciprocal Of mean v; i rrom mean rt and mean a+b- 

§ Alternative mean from mean %( 1) & mean fluxX. 
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fliind'ir (C.1ntre'c Fnrect'j 1 1/J9XX 
	

Night-time: 1610-0740 GMT 
_ 

Run Date and time L* SF U{1} U z0  ra{l} rb** T(z0'} Ximean z-d} Flux X Vd(1) rc XIzO') Conditions and 

- (GMT) (m) n/a (m s 1 ) (mm) (sm -1 ) (°C) (jig m 3) (rig m 2  s) (mm s 1 ) is m 1 ) (jig m 3) notes 

NH3 data 

1 12111 	1130-1335 -3170 1.00 3.43 1.24 320 2.2 3.8 5.2 0.12 ± 0.05 14.4 ± 122 167 -0.0 0.00 3 Pt NH3, V dry, SW, 8/8 

2 1415-1630 -7710 1.00 4.96 1.47 250 2.3 3.2 4.8 0.11 - - - - 1 pt NH3, V partly wet, 8/8 

3 14/11 	1255-1600 ND 1.0 4.78 1.06 160 4.2 4.5 - 0.43±0.06 27.7±103 82 3.5 0.10 Vmostlyclry, SW, 8/8 

4 15/11 	1110-1355 ND 1.0 4.12 0.93 160 4.8 5.1 6.2 0.06 ± 0.02 - - - - •2 pt NH3, V drying 

5 1445-1640 ND 1.0 2.27 0.54 180 7.6 8.8 .5.7 0.13±0.61 0.8± 527 6.6 137 0.11 3 Pt NH3, V wet, thin 8/8 Ci 

6 16/11 	1115-1350 -246 1.06 2.68 0.63 170 6.7 7.6 7.5 0.13 ± 0.05 1.0 ± 59.1 8.0 111 0.11 V wet, dew, WSW, 4/8, hazy 

7 17/11 	1305-1605 ND 1.0 2.12 0.53 190 7.6 9.0 .7 0.06±0.04 -13.1±29.1 (-218) - 0.37 In cloud, NH3 uncertain, 
V wet, S, 8/8 

MEAN VALUES U(1} fl Vmt ra+bt T(z0'} (1) FIuXX Vd(l} r1{1} rc x{z0 '} 	VdNm  

3.06 5 94.6 10.6 (6.4) 0.174 6.16 9.12 110w 99.4 0.14 	0.10 Excluding runs 2 & 4 

3.29 4 103 9.7 (6.1) 0.203 10.98 65.9 15.2i 5.5 0.08 	0.64 Excluding runs 2, 4 & 7 

35.4 § 28.2 § 17.6 0.37 Excluding runs 2 & 4 
54.1 § 18.5 § 8.8 0.53 Excluding runs 2, 4 & 7 

Run Date and time L SF U{1) U z0  raIl) rb** T{z0'} X(meanz-d)  Flux X Vd{l) r1  Conditions and 

- (GMT) (m) n/a (m 	1) (mm) (S m) (°C) (jig m 3) (rig m 2  s 1 ) (mm s) (S m 1 ) notes 

NH4 	data 

1-2 12111 	1130-1630 -5140 1.00 4.30 1.36 270 2.3 - 5.0 0.32±0.03 10.9±94.5 37.5 26.7 

3 14/11 	1255-1600 ND 1.0 4.78 1.06 160 4.2 - - 0.46±0.09 2.1 ± 146 4.8 208 

4-5 15/11 	1110-1640 ND 1.0 3.39 0.77 160 5.7 - .6 1.22±0.05 18.7±55.9 16.5 61 

6 16/11 	1115-1350 -246 1.06 2.68 0.63 170 6.7 - 7.5 3.26±0.13 9.1 ± 146 2.8 360 

7 17/11 	1305-1605 ND 1.0 2.12 0.53 190 7.6 - .7 0.43±0.06 7.9±59.2 21.6 46 

MEAN VALUES U{1} fl 	Vm (NH3) t ra+b(NH3) t  T(zo') xli) Flux X Vd(l} r1(1} VdNm(NH3)  

3.45 5 	100 10.0 (6.4) 1.14 9.74 16.6 60.1 V 0.17 

8.6 § 117 § 0.09 

Notes: * L from eddy correlation data. ** rb calculated according to Wesely and Hicks (1977). Equivalent V m  for NH3 calculated for NH4 data for comparison of rates 
by V(jIV fl . Further notes as for other tables. 
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Appendix 3 

Tables of NH3 surface exchange results over agricultural surfaces 

man (flIfl flhI'T' 

Bush (Intensive agncultural grasslana) 2/19ö9 I 1 1+U-iJI I'i Ulvi 

Run Daand time L SF11 U(1) U 	z0  ralli 	rb T{1) T(z 0') H .E E 5T(z0') E(z 0 ) rsEb xlii F1ux x Vdll} rc 	x(zo'} Conditions and 

- (GMT) (m) n/a (m s1) 	(rrm) (s m 1 ) (°C) N m) (g m 3) (s m) (i'g m) (rig m2 s)  (mm  s) 	(s m) 	(tg m 3) notes 

27-2801989 Melting snow,W 

1 1450-1745 28.9 0.72 4.71 0.23 	0.26 90.2 	6.5 2.6 0.1 33.2 4.1 4.85 	4.93 48.5 3.14±0.05 35.1±6.2 11.2 -7.5F20.9, 11.51-0.26 ± 0.2 5 100% S 

2 1845-2150 34.1 0.75 4.66 0.23 	0.31 86.7 	6.8 23 0.0 29.7 1.2 4.85 	4.88 673 1.92 ±0.18 16.1 ± 10.4 8.4 25.91-21.3, 251) 0.42 ±0.87 97% S 

3 2230-0150 54.0 0.83 5.35 0.28 	0.43 68.5 	6.4 2.0 0.0 33.5 4.1 4.84 	4.81 -20.1 0.80 ±0.03 5.2±2.5 6.5 79.81299, 2211 	0.41 ±0.16 971/6 S, 5,8, L tost  

4 0235-0535 67.6 0.86 6.24 0.33 	0.46 57.3 	5.7 2.3 0.1 44.4 (0.8) 4.85 	4.73 - 0.54±0.03 5.1 ±2.4 9.4 43.8[&7, 138] 	0.22±0.13 971/.S,4/8,1.frost 

5 0615-0925 103 0.91 7.88 0.42 	0.52 43.8 	4.8 2.9 0.5 62.4 -2.7 5.00 	4.88 116 0.76±0.10 13.3± 11.7 17.6 8.0[-18.6,447] 	0.11±0.51 99-80% S,818 

6 1 235-1535 548 0.98 7.65 0.60 	5.63 20.9 	6.6 3.7 2.9 34.8 -39.6 5.89 	5.84 3.2 0.59 ±0.04 12.1± 6.7 20.6 21.0[ 3.8, 80.8] 	026±0.16 50-51/. S, Vwet 8/8 
rain before run 

PIEAN VALUES fl U(1) Vmt ra+bf T(1) T(z0') Xli) FIux X Vd(1) rt(1) 	rjJ 	x(zo') 

6 6.08 17.9 56.0 26 0.6 1.29 14.5 123 81.4 V 	25.4 	0.19 

4 623 19.5 51.3 29 0.9 1.60 19.2 14.4 692Y 	17.9 exludirig 3, 4(tozen) 

6 11.2 § 89.1 § 	33.1 

4 12.0 § 83.6 § 	32.3 exludi rig 3, 4 (frozen) 

Notes: t arithmetic mean; 1 reciprocal of mean Vm 	reciprocal of mean Vd; ¶ from mean rt and mean ra+b. § Alternative mean from mean Xf 1) & mean flux X. 
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T_r 	 flfltr flflflfl ,fl.K'T' 

Bush (Intensive agncultural grasslan() b/W riqiiu.-uii.. u.i. -u.uJivii 

Run Date and time L SF11) U(1} U z0  raIl) rb T(z0 } r5E xli) Flux X 	Vd(l} 	rc x{z01 (z0") Conditions and 

- (GMT) (m) n/a (ms) (mm) (sm 1 ) (°C) (sm) (j.tgm 3) 	(ngm 2 s 1 ) (mms)(sm 1 ) (igm 3) notes 

14-17/611988 

1 1416 	1430-1645 -19.5 1.57 2.49 0.33 40 21.1 13.4 21.1 224 0.96±0.08 -12.6±23.0 	- 	- 1.39±0.76 4.2 V,G dry, N 0/8, hazy 

2 1700-1820 -29.8 1.38 2.07 0.27 41 26.4 16.3 16.0 204 0.56±0.07 -19.4± 16.7 	- 	- 1.39±0.68 5.3 ditto 

3 1850-1940 -43.6 1.26 1.84 0.25 45 28.7 18.0 12.7 207 0.12±0.10 -8.2±19.0 	- 	- 0.50±0.81 2.2 V,Gdry,NNEO-8/8 

4 2010-2130 -34.6 1.33 1.39 0.20 49 35.0 22.9 10.4 (350) 0.15 ± 0.16 -17.1 ± 25.1 	- 	- 1.14 ± 1.32 (7.1) V ,G dry, N 8/8 

5 2150-2245 ND 1.0 1.25 0.16 41 48.6 28.1 10.0 (1000) ,=0.44 =1.2 	=2.6 	=308 =0.35 (-0.9) * 2pt NH3, V wet, N 8/8, haar 

6 15/6 	0920-1100 ND 1.0 1.15 0.14 33 60.1 32.6 10.9 (250) 0.15 ± 0.08 (1.3±0.3) 	12.8 	-14.9 -0.02 ± 0.03 (-0.3) *3  Pt NH3 unsure, V wet, N 8/8 

7 1155-1305 ND 1.0 1.34 0.16 32 52.7 28.1 13.2 (250) 0.15±0.28 -1.1±25.2 	- 	- 0.25±1.91 (0.5) 3ptNH3,Vdrying,N88 

8 1420-1620 -15.7 1.70 1.93 0.27 43 25.3 16.8 17.7 (250) 0.14±0.14 -5.3±38.0 	- 	- 0.36±1.53 (1.7) Vdry,N6/8,briht 

9 1650-1910 -10.9 1.97 1.34 0.20 47 31.8 22.9 16.6 288 0.08± 0.05 -7.8± 12.5 	- 	- 0.51±0.84 2.8 V dry, N 4/8, hazy 

10 1925-2105 =1.4 ,0.04 0.59 =0.02. 0 1467 224 (9.8) 299 - - 	- - - - L& NH3 unsure, sunset, dew 

11 15-16 2205-0225 ND 1.0 0.35 =0.04 31 208 110 (11.5) - 0.16, 0.16 - 	- - - - 2 @Z( 1 . 4 m),Vwet,caIm 

12 16/6 	0315-0620 ND 1.0 0.96 0.12 37 67.9 37.9 10.8 (700) 0.10± 0.13 0.6± 11.6 	6.7 	445 0.03± 1.17 (-0.4) V wet, NNE 8/8, haar 

13 0710-0910 NM 1.0 1.28 0.15 32 55.1 29.5 - (250) 0.04±0.05 -0.4±6.3 	- 	- 0.07±0.51 (0.2) Vwet,N8/8 

14 0945-1140 NM 1.0 1.19 0.14 28 63.4 32.9 - (250) =0.00 =-2.1 	- 	- =0.21 (01) •2ptNH3,Vdrying,N8/8 

15 1200-1400 -5.1 2.89 0.79 0.13 56 374 33.7 17.9 (250) 0.26±0.15 -22.1±29.1 	- 	- 1.82±1.99 (73) Vdry,NNE8/8bnght,hazy 

16 1430-1630 -15.2 1.71 1.74 0.25 50 25.0 17.7 18.7 (300) 0.16±0.78 -19.0±159 	- 	- 0.64±6.47 (6.3) *3ptNH3 Vdry N8/8brjght 

17 1700-1905 -305 1.04 1.77 0.24 48 31.4 18.9 14.7 322 0.17±0.24 -10.8±43.3 	- 	- 0.72±2.10 4.2 Vdry, NNE8/8 

18 1945-2150 ND 1.0 1.26 0.18 56 39.6 25.3 12.9 (950) 0.08±0.04 4.2±5.8 	- 	- 0.35±0.36 (4.3) V dry, NNE 8/8, dusk 

19 16-17 2220-0125 ND 1.0 1.26 0.18 56 39.6 25.3 11.2 (1700) 0.13±0.07 4.0±10.2 	- 	- 0.38±0.64 (7.1) V dry, NNE8/8 

MEAN VALUES fl U(1) Vmt ra b t 1(z0 ) x(l} Flux X x(z0') 	x(z01 

17 1.47 17.0 58.8 14.3 0.211 -7.71 0.59 	3.1 Excluding runs 10 & 11 

Notes. * rc by Parkinson leaf chamber measurements, see overleaf; t arithmetic mean; 	recipmcal of mean Vm. 
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Bush 6/1988 Measurements of stomatal conductance to water vapour (rsE). 

Data collected by Parkinson leaf chamber. Leaf area index (LAD = 6 (2 samples: 6.6, 5.6). 
Canopy rsE = leaf area rE/LAI. Most runs n = 10. Means are calculated from reciprocal values (l/r sE). 
Confidence limits are calculated from the fractional errors and are therefore only approximate. 
Given the similar molecular diffusion rates of NH3 and H20, r SNH3  rsE. 

Run Date and time 

(GMT) 

Canopy rsE ± 95% 

Confidence limits 

(S m) 

1 14/6 	1620-1 640 224 ± 71 

2a 1710-1740 228 ± 50 

2b 1800-1 815 180 ± 62 

3 1855-1915 207 ± 14 

4 2120-2140 591 ± 181 

9 1516 	1705-1730 288 ± 63 

10 1930-1950 299 ± 86 

17a 16/6 	1705-1730 326± 88 

17b 1830-1 850 318 ± 86 

18a 1955-2010 676 ± 154 

18b 2110-2130 1628 ± 597 

19 2230-2255 1697 ± 672 
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cnt,-s,, #I1O2O (hrlp,\ 
	

Night-time: 2005-0415 GMT 
L"'."• I 	- '-' - _________________ 

Run Daand trne L SF(1) U{i} (1 z0  ra(l)  rb 1(1) T)zo'} H ).E 	E 5T(z0'} E(z 0') rsEb xii) 	Flux y 	Vd(l) 	rc xlzo') x(z0} Conditionsand 

- (GMT) (m) ala (ms) (n-rn) (sm) (°C) m 2) (g m 3) (sm) Qigm) 	(ng m 2 s) (mms 1 ) 	(sm) (JLgm 3) notes 

1989 

System 1* 

1 1305-1545 -13.4 1.80 2.53 0.40 59.9 14.5 15.8 12.0 21.3 -381 -96.1 18.58 8.36 260 0.47±0.02 	-23.9±6.9 	- 	- 1.19±0.20 (7.4) V,Gdryj'E,418 

2 1645-1920 -191 1.06 2.36 0.33 54.5 20.9 17.7 11.5 12.1 -17.0 -53.9 10.67 7.55 143 0.81 ±0.04 	-2.7±8.0 	- 	- 0.91±0.29 1.30 3p1NH3, ,E 

3 1955-2205 19.0 0.62 1.12 0.13 37.6 67.2 33.5 9.8 8.9 11.9 -22.7 8.71 7.94 85.0 1.13±0.07 	-2.0±3.9 	- 	- 1.33±0.37 1.50 V,GdrySE 

4 2330-0210 27.6 0.71 1.08 0.16 74.8 42.7 33.7 8.1 72 14.3 -9.6 7.81 7.44 96.8 1.01 ±0.06 	-2.7±4.5 	- 	- 1.21 ±0.32 1.47 dewat end, SW,618 

5 0245-0450 20.1 0.63 1.20 0.18 83.7 37.0 31.4 5.4 3.8 29.5 -12.5 6.25 6.36 -22.7 0.89 ±0.01 	4.7 ±0.5 	53 	121 0.57±0.03 (057) dew, SW, 1/8 
(103, 1441 

6 0545-0815 -11.4 1.93 1.01 0.16 59.8 35.1 31.5 112 12.7 -28.0 -772 11.12 8.69 78.0 1.09±0.03 	-3.3 ±3.2 	- 	- 1.31 ±0.20 1.57 V, Gcfry, W-SW,4/8 

7 0850-1140 -51.9 122 2.12 0.32 62.5 20.0 18.9 14.4 16.0 -54.1 -130 13.62 9.08 85.8 1.30± 0.07 	-10.0± 13.3 - 	- 1.69 ±0.49 2.55 V,Gdry, SW, 218 

8 1230-1500 -20.9 1.53 1.52 024 61.6 25.5 237 15.2 172 -51.0 -124 14.58 10.50 80.6 1.26±019 -82±29.5 	- 	- 1.66± 1.39 2.32 3 ptN-43, 	,7i8 

9 1600-1710 -330 1.04 2.32 0.34 61.8 19.6 17.9 14.5 14.9 -10.8 -20.7 12.67 9.61 90.6 0.94 ±0.50 	-8.4±89.4 	- 	- 1.26 ±3.24 2.02 3ptNH3, 	,SE,818 

MEAN VALUES n U(1) Vm t ra 1(1) T(Z') (i) 	Flux x {z0'} XIZOI 

9 1.70 20.5 48.8 11.3 12.7 0.989 	-6.28 1.24 2.3 

System 2 * 

1 1305-1545 -26.2 1.43 2.52 0.37 55.0 17.3 16.4 14.3 19.1 -178 -177 16.32 9.08 100 0.47±0.02 	-19.4±6.2 	- 	- 1.12±0.20 3.06 Asabove 

2 1645-1920 -153 1.08 2.36 0.34 55.0 20.7 17.7 12.9 13.6 -22.0 -62.9 11.71 7.74 156 0.81 ±0.04 	-2.7±8.0 	- 	- 0.91 ±0.29 1.33 

3 1955-2205 29.3 0.72 1.13 0.14 45.5 56.5 32.7 10.9 10.3 9.0 -17.0 9.53 7.65 274 1.12±0.07 	-2.4±4.6 	- 	- 1.34±0.38 2.00 

4 2330-0210 16.0 0.57 1.07 0.14 61.7 54.0 35.3 9.0 7.8 16.6 -7.6 8.13 744 223 1.01 ±0.06 	-2.1±3.7 	- 	- 1.20± 0.31 1.67 

5 0245-0450 15.5 0.56 1.20 0.17 762 42.0 323 6.7 5.0 29.4 -13.0 6.75 6.48 53.0 0.89±0.01 	4.2±0.4 	4.7 	140 0.58±0.03 (0.31) 
[119,1601 

6 0545-0815 -10.5 2.00 1.01 0.16 60.6 34.1 313 12.7 14.5 -35.4 -78.9 12.42 8.88 111 1.09±0.03 	-34±3.3 	- 	- 1.32±0.20 1.70 

7 0850-1140 -31.3 1.36 2.13 0.33 65.7 182 18.6 15.6 18.7 -104 -190 15.96 10.1 75.7 1.30 ±0.07 	-10.9±149 - 	- 1.70±0.53 2.53 

Temperature and humidity profiles were recorded with two systems. System 1: aspirated psychrometers (2 heights - other psychrometers not in woricing order). 
System 2: fine thermocouples and a dewpoint hygrometer system from Campbell Scienlilic Ltd. (2 heights). System 2 not available for runs 8-9. Notes: t arithmetic 
mean; t reciprocal of mean Vm; 
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Appendix 4 

Tables and graphs of particulate and acid gas surface exchange results 

Arcvr1 r1th 

Site and NH3 samplOing L SF(1} U(1) U z0  ra(l} T(z} X(l) Flux X Vd(l} rt(1) Conditions 

run numbers (m) n/a (ms 1 ) (mm) (s rn 1 ) (°C) (tg m 3) (ng rn2 s1)  (mm s 1 ) (s m) and notes 

Falall/88 	(1-6) NH4 ND 1.0 1.44 0.17 33.2 47.9 3.5 5.75±0.08 3.8± 7.6 0.7 1500 

(1-6) Cl -  2.60± 0.16 -5.9± 15.4 -2.3 -437 

(1-6) NO3 1.86±0.10 0.0±9.6 0.0 41400 

(1-6) S042  3.82±0.22 7.5±21.6 2.0 511 

(7-8) NH4 ND 1.0 2.12 0.24 25.4 37.8 5.3 9.47± 0.22 -2.1±29.7 -0.2 -4480 

(7-8)CI 3.83±0.49 54.6±64.5 14.2 70.3 

(7-8) NO3 3.63 ± 0.23 1.6 ± 31.0 0.4 2280 

(7) 5042 - 4.44±0.40 2.2±52.6 0.5 2120 

Fala5/88 	(1-8) NH 4  -110 1.11 5.25 0.63 32.0 13.0 14.4 0.49±0.02 -2.4±7.9 -4.9 -207 

Wether Law 	(1)NH 4  1870 0.99 4.65 0.56 33.3 14.8 2.5 0.33±0.01 2.5± 2.7 7.6 132 

(2-6) NH4 632.5 0.98 6.96 0.77 25.4 11.6 -2.1 0.34±0.01 -0.7± 2.0 -1.9 -520 

(7-8) NH 4  -712 1.02 1 	7.79 0.86 24.5 10.5 1.8 0.35±0.02 -0.6±5.2 -1.7 -574 

Site and NH3 sampling L 591) U{1} U z0  rail) T(z,) xii) Flux X Vd(l} rt Conditions 

run numbers (m) n/a (ms) (mm) . (s m) (°C) (rig m 3) (ng m 2  s) (mm s) (S m) and notes 

Bush 6/88 	(1-5)NH4 -26 1.43 1.93 0.26 42.5 27.1 15.5 2.44±0.26 13.3±58.6 5.5 183 

Bush6/88 	(6-10)NH4 -15 1.72 1.31 0.16 30.9 45.9 13.1 3.47±0.07 12.7±11.2 3.7 272 

Bush 6/88 	(11-19)NH 4  - - - - - - - - - - - lters wetted atend 

Bush 2/89 	(1-6) NH4 82.3 0.88 6.09 0.35 0.86 49.6 0.7 0.55±0.02 -0.5± 1.9 -0.9 -1120 

Stenton 6/89 (1-8) NH 4  ND 1.0 1 	1.67 0.25 61.5 27.6 13.0 0.77± 0.01 -1.6±2.0 -21 -474 heights altered at end 
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A 

Site and sampling 

run numbers 

L 

(m) 

SF(1) 

n/a 

PcIUUI uaLo.  

U(1} 	U 

(ms) 

z0  

(mm) 

ra{l} 

(S m 1 ) 

T(z0 } 

( ° C) 

x(i} 
(big m 3) 

Flux 

(ng m 2  s 1 ) 

Vd(l) 

(mm s 1 ) 

rt 

is m 1 ) 

Conditions 

and notes 

GDF5/87 (2-3) NH 4  NM 1.0 4.10 0.40 14.3 26.2 15 1.51±0.11 -3.0±9.5 -2.0 -503 

(2-3) NO3 - 1.07± 0.41 -5.8± 33.5 -5.4 -184 

GDF3/88 (1-2)NH4 ND 1.0 4.07 0.35 8.78 32.8 1.4 0.57±0.03 5.5± 3.0 9.8 103 

(1-2) Cl- - 0.63± 0.68 13.4± 118 21.4 46.7 

(1-2) NO3- 0.61 ± 0.12 9.9±12.6 16.2 61.6 

(1-2)S042 2.94±0.57 41.7±61.3 14.2 70.4 

GDF3/88 (3-6) NH4 -120 1.10 4.29 0.37 8.50 30.9 2.9 0.46 ± 0.06 3.6± 7.0 7.9 127 

(3-6)Cr - 1.52±0.18 32.4±21.3 21.3 46.9 

(3-6)NO3 0.67± 0.07 3.7± 8.0 5.5 181 

(3) SQ42 1.38±0.12 -10.1 ± 13.5 -7.3 -137 

GDF4/88 (1) NH4 -24.3 1.46 3.88 0.40 16.6 23.2 15.0 0.74 ±0.02 2.7± 3.9 3.9 274 

NO 0.74±0.30 4.4±43.4 5.9 168 

NH4  -11.3 1.94 2.95 0.27 9.1 37.6 15.1 1.22±0.10 17.6± 12.8 14.5 69.0 

(2) NO& - - - 1.40 ± 0.74 22.1 ± 89.1 15.8 63.3 

GDF4/89 (1-2) NH4 -15.3 1.71 2.58 0.17 1.61 86.8 2.1 1.16±0.14 -1.0±7.5 -0.9 -1175 

(1-2)Cr 0.25± 0.12 2.4± 6.5 9.7 103 

(1-2) NO3 -  - 1.20± 0.19 -11.8± 10.4 -9.8 -102 

(1-2) SO42  - 2.20±0.22 -9.0± 11.9 -4.1 -244 
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Arrscg'J At 

Site and sampling L SF{1) U(1) 	U zo  rat1) T{z0 } x(l} FIux X Vd{l} rtfl} Conditions 

run numbers (m) n/a (ms 1 ) (mm) (S m 1 ) (°C) (.tg m 3) (ng m 2  s) (mm s) is m 1 ) and notes 

Huntingdon 	(1-8) NH4  - - - 	- - - - 3.58 - - - filter pack order varied 

Huntingdon 	(9-10)NH4 -171 1.07 3.47 	0.32 11.9 33.7 19.7 1.33±0.05 -1.0±5.4 -0.8 -1330 

(9-10)NO3- 1.33±0.10 12.8±12.1 9.6 104 

(9-1 0)S042  - 3.34 ± 0.52 -18.9 ± 59.8 -5.7 -177 

Harwell 3/88 	(1-4) NH4 ND 1.0 1.88 	0.14 4.02 96.1 5.5 3.08± 0.11 -3.0 ±4.2 -1.0 -1030 

(1-4)Cr 1.49±0.18 -6.2±6.7 -4.2 -240 

(1-4) NO3 4.45±0.29 2.8±10.6 0.6 1613 

(1-4)S042  7.41 ± 0.89 5.3 ±32.6 0.7 1389 

Harwell 3/88 (5-8) NH4 ND 1.0 2.87 	0.21 3.45 66.6 4.5 3.28±0.12 -5.0±6.4 -1.5 -657 

(5-8) Cl- - 1.43 ± 0.22 5.0 ± 11.8 3.5 283 

(5-8) NO3 - 7.68± 1.54 17.3±84.3 2.2 444 

(5-8) S042  5.80 ± 0.75 -5.3 ± 40.9 -0.9 -1091 

AEROSOL MEAN VALUES n ra{1)t  X{1} FIux X Vd(l} rt(1) 

NH4 19 26.2 1.96 2.15 1.88 532V 0.05 

Ct 7 47.6 1.68 13.7 9.09 110 V 0.43 

NO 11 38.6 2.24 5.18 3.73 268V 0.14 

50 2  8 45.2 3.92 1.68 -0.08 -12500 V -0.00 

NH4 1.1 § 915 § 0.03 

Cr 8.1 § 123 § 0.39 

NO 2.3 § 432 § 0.09 

S042  0.4 § 2340 § 0.02 

Notes: t rcciprocal arithmetic mean; V reciprocal of mean Vd;  t from mean ra  and mean rt; § Alternative mean from the arithmetic means of x(') & flux X. 
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Distributions of Vd{l  rn} estimates for aerosol data (see section 4.4). 
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T-Trs,p11 (r 	rciic rrivvirind) V19SS• Arid ises (HNO- HC1') 
A 	 TV'.,!! 'UI'.#ttI'./'.JttO ,S . --- 0'• 	 - - 	- - -  

Rur Date & time: see L SF11) U(1) U z0  rail) rb T{z0'} x(i) FIUXX Vd{i} r x(z 0  Conditions 

NH3 runs (App. 2) (m) n/a (m s) (mm) (s m 1 ) (°C) (ig  rn 3) (ng m 2  s) (mm s) (S m 1 ) (pig rn) and notes 

1-3 HCI -177 1.07 4.53 0.34 3.87 40.0 11.7 9.6 2.65± 1.28 48.3± 115.4 18.2 3.2 (-35.7, em) 0.26±4.82 

1-3 HNO3 14.5 0.97±0.85 38.7±76.8 39.7 -29.4 [46.1,emj -0.94±3.21 

4 HCI -52.0 1.22 1.07 0.08 4.37 164 35.3 4.8 3.04±0.55 8.8± 11.9 2.9 150 [-49.4, em) 1.35± 1.89 

4 HNO3 43.9 - 1.82± 1.72 6.1±36.6 3.4 90.4 [-184, em) 0.64±5.88 

5-7 HCI -12.0 1.89 2.39 0.18 3.54 69.6 18.1 10.0 6.66±1.69 84.4±99.0 12.7 -8.8[-51.5,em] -0.44±7.1 13 

5-7 HNO3 22.5 - 5.42±2.18 138±128 25.4 -52.8[-71.7,450] -6.18±9.21 

8 HCI 269 0.96 3.04 0.22 3.94 60.0 15.9 3.5 1.41±0.27 -2.6± 15.8 -1.8 em[-0.1,em) 1.60±0.97 

8 HNO3 19.7 1.49±0.66 2.3± 39.0 1.6 568 [-43.6, em] 1.32± 2.39 

MEAN VALUES fl Vm t ra f liz0') x(') FluxX Vdll} r1(1) 	r 

HNO3 & HCI bulked 8 11.9 83.8 7.0 2.93 40.5 12.8 78.4 V 	-5.4 -0.3 

13.8 § 72.5 § 	-itO 

Notes: tarithmetic mean; t reciprocal of mean Vm V reciprocal of mean Vd; ¶ from mean r 1  & mean raib. § Alternative mean from mean x (1) & mean flux x. 
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Appendix 5 

Estimation of random errors in flux gradient analysis 

It is of interest to know the precision of the individual runs, and to be able to give 
standard errors and confidence limits to the parameters of interest such as Fx, Vd, rc, 

X(z01 ). Multiple sources of error exist for these values, arising from the different 

regression coefficients used in their calculation - the regressions being calculated here 

as set out by Sokal and Rohlf (1969). To estimate the errors in the surface exchange 

parameters, the component errors must be combined or a dominating error source used 

where this occurs. An approximate method of combining errors is to calculate the 

square root of the sum of the squares of the individual errors (Haynes, 1982). For 

combinations involving addition or subtraction actual errors are used, while for 

multiplication and division fractional errors (error of value/value) are used. 

In the case of division, however, the use of fractional errors is approximate as the mean 

error limits are estimated. Thus given y ± n, the error in the reciprocal would be given 

as l/y ± (nly)l/y. In fact, the upper and lower limits will differ in this case, with the 

error more precisely being given by calculating the reciprocals of the individual error 

limits of Y. 

In this section, therefore, the 'root sum of squares' method is used to estimate 

combined errors and to identify dominant errors so as to derive simplified relations. 

However, where these final expressions contain reciprocal errors, individual limits are 

calculated. 

Errors in the flux 

Using the 'root mean sum of squares' method, the fractional error in the flux in neutral 

conditions may be found. Given the flux as: 

Fx = k2 FuFx 	 A5.1 

	

______ 	ax where 	J' = ah(-d 	= aln(z-d) 

EFx 	[ 
A5.2 then 	= .. 

	]2 + 112  
Fx 	 [r'] 

Here E denotes an error estimate, while the constant, k, is omitted since it is not a 

source of random error. 
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In conditions where a stability correction applies, random error associated with the 

wind and temperature profiles also contributes to the combined error of results, through 

the estimation of the stability functions. It is difficult to calculate this error using the 

integrated profile technique, since it is introduced into the regressions of the other 

quantities. However, a good approximation may be achieved by estimating the error in 

the stability correction of equation 2.23, (M.H)1  denoted f, and including this in 

the estimate of the error of the flux. To do this the error in Ri is first estimated, and 

using the empirical stability relationships, this is used to give the error in f. Given the 

formula for Ri (equation 2.29) the appropriate fractional error is: 

	

ERi - 	!rEFT12 + r-ru 	IT[ET1m}12- 	Lr+ lm}j 	 A5.3 

From this the error in f is found from the relationships of equations 2.24, 2.25: 

	

Ri< 0 	EL N1 075[*s116(ERi)2]2 	 A5.4 

	

Ri >0 	
= 	[-I5.2(ER)2l2 

21_ 1 - 5.2Ri j 	
A5.5 

Applying this to an example run, which was of moderate instability (Bush, 1800 GMT, 

14/6/1988), gives Ri = 0.034 ± 0.014 and f = 1.380 ± 0.043, where the errors are 

95% confidence limits. The latter terms may be included in a modified form of 

equation A5.2, alongside the wind and ammonia profile errors for this run, to give a 

combined error for the flux: 

LFX = \/(1.62x 10) + 0.738 + (9.71 x 10) = 0.860 
FX  

(wind) 	(ammonia) 	(stability) 

Hence 

Fx = -19.4 ± 16.6 ng m 2  s (95% confidence limits) 

This could equally have been considered using standard errors, which would have 

given Fx = -19.4 ± 5.2 (SE). It is clear that the error in the ammonia concentration 

gradient dominates the combined error in this example. This is a general feature of the 

data here, which reflects a general ability to measure windspeed and temperature with 

much greater precision than ammonia. This may be used to simplify the error analysis 

here since the error associated with the stability factor, f, may be acceptably omitted. 
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Errors in deposition resistances 

Similar calculations may be used to estimate the errors in Vd and the component 

resistances of deposition. The error in rc includes components from the other 

resistances. From equation 2.46: 

Erc  = 'sjErt2  + Era2  ± Erb 	 A5.6 

The mean fractional error of rt, which is the same as that for Vd,  is given as: 

Ert(lm) - EVd(1m - 	 ErFX  + IExumll2 	 A5.7 
rt{l m) - Vd(l m - 	[Fj 	[Xli mu 

To calculate the error in ra,  the neutral case may again be acceptably used (equation 

2.47): 

Era{l m) - \ UU m12 + 	 A5.8 
raIl m) 	lu f 1 m)] 	[rj 

The error in Tb is more complicated. From equations 2.51 and 2.52: 

1024[(EZo)2 + 	+ L A59 
rb 	 r'u)i 

To solve this the error in z0  is needed. This may be approximated by taking the anti-

logarithm of the error limits in ln(1/z0), given as: 

Eln(l/zo) - 	irE11 11_m u 2  + r1 	 A5.10 ln(l/z) - \I[u(i m}j 	[rj 

A second example may serve to illustrate the application of these formulae. For 

measurements at Harwell, 1100 GMT, 16/3/1988, giving 95% confidence limits, with 

all values in units of s rn': rt = 134.8 ± 97.0; ra  = 38.6 ± 7.5; rb = 8.7 ± 3.8. From 

these, using equation A5.6, rc  = 87.4 ± 97.3. Again standard errors could equally be 

used, which would give rc  = 87.4 ± 26.7. In this analysis rt is the only component 

term to include ammonia concentration estimates, and correspondingly, this dominates 

the sources of error. A good approximation, therefore, that may be seen to hold 

throughout the data collected is: 

Erc  = Ert 	 A5.11 

These estimates are only approximate however, because rt has the main source of error 

(the flux) as a reciprocal, so that the upper and lower errors for rt and r e  differ. The 

individual limits may be found by taking the reciprocal of the limits of Vd.  Using 95% 

confidence limits, this gives rt = 134.8 [78.4, 480.8] s m 1 . These limits are then 
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inserted, into equation 2.46 which gives rc  = 87.4 [31.4, 433.0] s rn -1 . Since the limits 

of rc  do not contain zero, it is clear that in this case rc  is significantly different to zero (P 

= 0.05). In Appendices 2-4 it is this method which is used to describe the errors of rc . 

Error in surface concentration estimates 

The error associated with the surface concentration estimate, x{zo'}  may be estimated 

by the 'root sum of squares' method according to equation 2.56, taking into account all 

sources of error. However, as it has been established above that the errors arising from 

the concentration profile dominate, the analysis may be simplified by ignoring the 

errors arising from the wind profile. In this case it is more accurate to be able to 

estimate the error directly from the regression, estimating the error in X at the height z0 '  

above d. A method for estimating the error in any predicted value at a given value of 

the X-axis, in the regression here (ln(z-d) - 'H), is provided by Sokal and Rohif 

(1969). Applying this to the example run at Harwell, using a stability corrected value 

of z0' (since the integrated stability correction is used) gives (zo'} = 1.92 ± 0.62 

(95% confidence limits). 
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Appendix 6 

Ammonia monitoring results using diffusion tubes 

Bush data 
Run 
No. 

Date of end 
of run 

mean 
%(1.5m} 
(igm) 

±SE 
± 95% 

confidence 
limits 

No. of 
tubes 

averaged 
Notes 

1 8/2188 0.23 0.162 0.70 3 as, set out 19/1/88 

2 213/88 1.76 0.425 1.83 3 as 

3 22/3/88 1.30 0.157 2.00 2 1 cont. 

4 11/4/88 2.10 0.405 1.75 3 as 

5 3/5/88 0.60 0.044 0.12 3 1 cent. 

6 27/5/88 0.55 0.083 0.21 5 

7 1416/88 1.51 0.183 0.51 5 

8 6/7/88 3.13 0.169 0.44 5 

9 29/7/88 0.77 0.116 0.27 5 

10 16/8/88 1.19 0.230 0.96 3 1 cent. 

11 8/9/88 1.01 0.144 0.40 3 1 cent. 

12 28/9/88 0.80 0.101 0.28 4 1 cent. 

13 18/10/88 0.81 0.052 0.12 4 1 cent. 

14 11/11/88 0.89 0.080 0.21 5 

15 3/12/88 0.90 0.087 0.20 5 

16 20/1 2188 0.05 0.088 0.22 5 

17 17/1/89 0.76 0.079 0.18 4 1 cent. 

18 7/2/89 1.11 0.087 0.21 5 
19 3/3/89 0.69 0.099 0.27 5 

20 24/3/89 - - - - lost batch 

21 6/5/89 1.51 0.095 0.27 5 

22 19/6/89 2.57 0.411 1.30 4 1 cent. 

Dunslair Heights data: top site (600 m) 
Run 
No. 

Date of end 
of run 

mean 
x(l .5 m) 
(gm 3) 

± SE 
± 95% 

confidence 
limits 

No. of 
tubes 

averaged 
Notes 

2 2/3/88 0.64 0.093 0.41 3 as, set out 8/2/88 
3 22/3/88 0.62 . 	0.175 2.22 2 1 cent. 
4 11/4/88 0.09 0.113 0.29 3 as 
5 3/5/88 0.44 0.183 0.58 4 as 
6 27/5/88 0.30 0.082 0.21 5 
7 15/6/88 0.55 0.239 1.03 3 1 cent. 
8 5/7/88 1.76 0.135 0.31 5 
9 2617/88 0.16 0.121 0.31 3 1 cent. 
10 16/8/88 0.02 0.066 0.16 5 

11 8/9/88 0.51 0.160 0.42 4 1 cent. 
12 2819/88 0.24 0.045 0.11 4 1 cent. 
13 18/10/88 -0.08 0.074 0.18 4 1 lost 
14 9/11/88 0.76 - - 1 4 cent. 
15 2/12/88 0.11 0.077 0.19 5 
16 20/12/88 - - - - not opened 
17 17/1/89 0.49 0.150 0.41 4 1 cont., fell to ground 
18 7/2/89 0.22 0.110 0.30 4 1 	cent.. 
19 3/3189 0.17 0.042 0.08 5 

20 24/3/89 - - - - lost batch 
21 6/5/89 0.90 0.117 0.32 5 

22 19/6/89 1.14 0.134 0.37 5 
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Dunslair Heights data: bottom site (300 m) 
Run 
No. 

Date of end 
of run 

mean 
X{1.5m} 
(.tgm 3) 

±SE 
± 95% 

confidence 
limits 

No. of 
tubes 

averaged 
Notes 

2 2/3188 0.32 0.116 0.50 3 as, set out 8/2188 

3 22/3/88 0.43 0.081 0.19 2 1 cont. 

4 11/4/88 0.24 0.139 0.44 3 as 

5 3/5/88 0.65 0.151 0.58 3 1 lost 

6 27/5/88 0.69 0.243 3.09 2 3 bad cent. 

7 1516/88 0.62 0.101 0.28 4 as 

8 517/88 2.24 0.221 0.57 5 

9 26/7/88 0.15 0.102 0.26 3 1 cent. 

10 16/8/88 - - - - post blew over 

11 8/9/88 0.51 0.153 0.40 4 1 cent. 

12 28/9/88 0.20 0.078 0.25 3 1 cent., I lost 

13 18/10/88 0.37 0.119 0.31 5 

14 9/11/88 0.39 0.074 0.93 2 3 bad cent. 

15 2112/88 0.31 0.084 0.20 5 

16 20/12/88 0.07 0.068 0.17 5 

17 17/1/89 0.79 0.154 0.40 5 

18 7/2/89 0.30 0.072 0.16 4 1 lost 

19 3/3189 0.37 0.062 0.15 5 

20 2413/89 - - - - lost batch 

21 6/5189 1.00 0.084 0.27 4 1 cent. 

22 19/6/89 1.49 0.135 0.37 5 - 

Fala Moor data 
Run 
No. 

Date of end 
of run 

mean 
X(1.5m} 
(gm) 

±SE 
± 95% 

confidence 
limits 

No. of 
tubes 

averaged 
Notes 

2 7/3/88 - 0.35 0.152 0.37 6 as, set out 15/2/88 

3 22/3/88 0.08 0.131 0.28 6 as 

4 11/4/88 0.58 0.157 0.38 5 1 cent. 

5 4/5/88 0.54 0.125 0.54 3 as 
6 27/5/88 0.83 0.045 0.11 4 1 cent. 

7 15/6/88 0.93 0.210 0.59 5 1 cent. 
8 5/7/88 10.5 1.360 4.34 4 contam odd? 

9 26/7/88 0.38 0.124 0.29, 5 2 cent. 
10 16/8/88 0.85 0.085 0.22 4 as 

11 8/9/88 0.38 0.113 0.26 6 1 cent. 
12 28/9/88 0.33 0.112 0.28 6 1 cent. 
13 18/10/88 -0.15 0.070 0.19 4 1 cont., 2 lost 
14 11/11/88 0.33 0.065 0.16 5 
15 3/12/88 0.23 0.070 0.17 5 
16 20/1 2188 0.40 0.059 0.14 5 
17 17/1/89 0.50 0.143 0.37 5 
18 7/2189 1.18 0.154 0.40 5 
19 3/3/89 0.50 0.174 0.56 4 1 lost 

20 24/3/89 - - - - lost batch 
21 6/5/89 0.99 0.094 0.26 5 

22 19/6/89 1.60 0.282 0.90 4 1 lost 
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Brothershiels Farm data 
Run 
No. 

Date of end 
of run 

mean 
X(1.5m) 
(j.tg m) 

±SE 
± 95% 

confidence 
limits 

No. of 
tubes 

averaged 
Notes 

16 20/12/88 3.55 0.151 0.42 5 set out 3/12/88 

17 17/1/89 3.37 0.329 0.92 5 

18 7/2189 3.61 0.327 0.91 5 

19 3/3189 4.17 0.331 0.92 5 

20 24/3/89 - - - - data lost 

21 6/5/89 11.8 0.762 2.08 5 

22 19/6/89 

1 1  
10.14 0.570 1.58 5 

Laboratory data (indoor ITE, Bush) and other sites 
Run 
No. 

Date of end 
of run 

mean 
%(1.5m} 
(.tg m) 

±SE 
± 95% 

confidence 
limits 

No. of 
tubes 

averaged 
Notes 

16 20/12/88 7.42 0.510 1.60 4 as, set out 3/12188 

17 17/1/89 7.80 1.620 20.6 2 as, poss cent? 

18 7/2/89 8.26 0.128 0.36 4 as 

19 3/3/89 6.35 0.271 0.87 4 as 

20 24/3/89 - - - - lost batch 

21 6/5/89 6.70 0.508 1.62 4 as 

22 19/6/89 7.97 0.570 1.88 4 as 

OTHERS: 
17 17/1/89 0.47 0.222 0.95 3 1 cont., MCB-FM 

4 30/3-30/4/88 0.71 0.112 0.48 2 2 cant., GDF 1988 

EHG (roof) 
19 3/3/89 0.84 0.093 0.25 5 as, set out 7/2/89 

20 24/3/89 - - - - data lost 

21 1215/89 1.52 0.264 0.73 4 1 cent. 

22 19/6/89 4.51 0.602 1.67 5 

EHR (road) 
20 24/3/89 - - - - lost batch,set out 3/3 

21 12/5/89 2.73 0.274 0.87 4 1 lost 

22 19/6/89 4.09 0.646 1.78 5 as(poss 1 cont.?) 

Notes to diffusion tube data tabtes. 

Means and errors of concentrations of NH3 are given. These are estimated by comparing the values of 
batch blanks (' 10) with the exposed tubes at a site using an unpaired t-test. Generally 5 exposed tubes 
are used for each batch at a site. The number of exclusions due to loss of tubes or sample are noted 
with n lost; the number of exclusions due to contamination noted by n cent.; as denotes that the number 
used is the number set out where this does not equal 5. 

Other sites: MCB.FM, Master Cleuch Bum, midway between Fala Moor and Brothershiels Farm; 
GDF, Silverband, on Feilside, Great Dun Fell; EHG (roof), Edinburgh town centre on roof top of 
University Geography Department; EHR(road), Edinburgh town centre by main road, South Bridge 
(3.5 m above pavement). 
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Appendix 7 

Plant species referred to in the text 

The nomenclature for vascular plants follows Clapham et al. (1987) and, for plants not 

native or naturalized in Britain, Tutin et al. (1964; denoted by *) and the Forestry and 

Timber Bureau (1957; denoted by t). For bryophytes nomenclature follows Smith 

(1978). 

SCIENTIFIC NAME AND AUTHORITY 	 COMMON NAME 

Bryophyta (mosses and liverworts) 
Drepanocladusfluitans (Hedw.) Wamst. 
Sphagnum spp. 	 Bog moss 

Pteridophyta (ferns) 
Isoetes spp. L. 	 Quillwort 

Gymnospermae (includes conifers) 
Abies procera Rehder (A. nobilis (Douglas 	 Noble Fir 

ex D. Don) Lindley, non A. Dietr.) 
Larix decidua Miller 	 European Larch 
Picea sitchensis (Bong.) Carr. 	 Sitka Spruce 
Pinussp.L. 	 Pine 
Pinus contorta Douglas ex Loudon 	 Lodgepole Pine 
Pinus sylvestris L. 	 Scots Pine 

Angiospermae (flowering plants) 

Cyperaceae and Juncaceae (sedges and rushes) 
Eriophorum vaginatwn L. 	 Cotton-grass, Hare's-tail 
Juncus bulbosus L. 	 Bulbous Rush 
Juncus squarrosus L. 	 Heath Rush 

Gramineae (grasses) 
Agrostis spp. L. 
Brachypodium pinnatum (L.) Beauv. 
Briza media L. 
Dactylus glomerata L. 
Deschampsiaflexuosa (L.) Trin. 
Elymus repens (L.) Gould 

(syn. Agropyron repens auct., non Gaertner) 
Festuca ovina L. 
Holcus lanatus L. 
Hordeum vulgare L. 
Lolium multflorum Lam. 

Bent-grass 
Tor-grass, Heath False-brome 
Quaking grass, Doddering Dillies 
Cock's-foot 
Wavy Hair-grass 
Couch-grass 

Sheep's-fescue 
Yorkshire Fog 
Cultivated Barley 
Italian Rye-grass 
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L. perenne L. RyeiSs 
Molinia caerulea (L.) Moench Purple moor-grass 
Nardus stricta L. Mat.graSS 
Phleum pratense L. Timothy, Cat's-tail 
Poa spp. L. Meadow-grass 
Triticwn aestivwn L. Wheat 
Zea mays L. * MaJZe 

other herbaceous plants 
Centaurea nigra L. Lesser Knapweed, Hardheads 
Amaranthus edulis L. Hottentot Fig 

(syn. Carpobrotus edulis (L.) N.E.Br.) 
Filipendula vulgaris Moench Dropwort 
Glycine max (L.) Merr * Soya bean 
Gossypium hirsutum L. * Cotton 
Helianthus anuus L. Common Sunflower 
Lirtorella unzflora (L.) Ascherson Shore-weed 
Lobelia dortmanna L. Water Lobelia 
Medicago sativa L. Lucerne, Alfalfa 
Orchis mono L. Green-winged Orchid 
Phaseolus vulgaris L. * French bean, Haricot bean 
Ranunculus spp. L. Buttercup 
San guisorba officinalis L. Great Bumet 

(syn. Poterium officinale (L.) A. Gray 
San guisorba minor Scop.: subsp. minor Salad Bumet 

(syn. Poterium dictyocarpum Spach; P. san guisorba L.) 
Taraxicum sp. Weber Dandelion 

Tnfolium sp. L. Clover, Trefoil 
Trifolium repens L. White Clover, Dutch Clover 

flowering trees and shrubs 
Calluna vu!garis (L.) Hull 
Eucalyptus pauciflora sieb. ex Spitng. 

(syn. E. coniacea A. Cunn.)t 
Enica terralix L. 
Populus sp. L. 

Heather, Ling 
Snow Gum 

Cross-leaved Heath, Bog Heather 
Poplar 
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Appendix 8 

Model concentration profiles over surfaces of different 
roughness 

In cases where pollutant deposition occurs with rc  = 0, as with NH3 deposition over 

natural (unfertilized) surfaces, then by definition, X (zo') = 0 (section 2.4). Given that 

the concentration profile is defined as: 

X(z-d) = (*/k) ln[(z-d)/z] 
	

A8.1 

where zX is the height above the zero plane of predicted zero concentration and 

assuming neutral conditions. Then, where rc =0: 

xfz -d} = (X*/k) ln[(z-d)/z0 '] 	 A8.2 

This equation may be used to construct hypothetical concentration profiles, which are 

useful for predicting maximum possible concentration changes within an available 

measurement height range, or for rescaling concentrations for different heights above a 

surface. 

In order to use equation A8.2 the value of z0 ' needs to be found. This is related toz 0  

through the quasi-laminar boundary-layer resistance, re,, where this is defined and 

found as: 

ri, = ln[z/z0']/(u*k) = (u*B) 	 A8.3 

and B is the empirically estimated boundary layer Stanton number. In this study B is 

found following the method of Garland (1977; section 2.4), which gives good 

agreement with other estimations over smooth surfaces (Figure 3.5). According to 

Garland, for vegetated surfaces: 

B -1  = 1.45 Re*024  Sc° 8 	 A8.4 

where Re* = (z0  u*)/v and Sc = v/D. However, over aerodynamically rough surfaces, 

such as forests, this agreement breaks down and other formulations give very different 

results. According to Wesely and Hicks (1977): 

= 21k (ic/D)0•67 	 A8.5 

which for NH3 gives B = 4.768 for all vegetation roughnesses.* 

* On the basis of the of experimentally determined values of B 1  reviewed by Garratt and Hicks (1973), 
equation A8.5 is expected to give a better estimate of B4  than equation A8.4 for the large Re* typical 
of forest canopies. 
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From equation A8.3, z0 ' may be found from its relationship to z0 : 

zWzo' = ek/B 	 A8.6 

This is used in Figure A8. 1 for three example surface roughnesses, typical of short 

grassland (z0  = 0.005 m), long grassland or cereals (z0  = 0.05 m) and forest (z0  = 0.5 

m). For each case the Garland formulation of B 1  is used, with the Wesely and Hicks 

method also being used for the forest surface. 

The Wesely and Hicks method provides z 0 ' as a constant fraction of z0  for all 

vegetation roughnesses and windspeeds, such that for NH3: z 0/z 0 ' = 7.06. 

Conversely, the value of this ratio for the Garland formulation varies both with z0  and 

windspeed. In Figure A8.1 values of z0 ' are given for uf 10 m} = 1-10 m Given 

that rc  = 0, concentration profiles may be drawn between the appropriate value of z0 ' 

and any concentration. As an example, this is done in each of the three diagrams for 

u( 10 m} = 5 m s 1  and Xli  m) = 1 .J.g rn-3 . The profiles represent maximum possible 

gradients, since where rc  > 0 then X fzo'} > 0, which reduces the gradients. 

Application 

a) Maximum measurable concentration changes with height 

The profiles plotted in Figure A8.1 are useful for demonstrating the effect of surface 

roughness on the ability to detect concentration gradients and fluxes above the surface. 

In order for the one dimensional flux gradient theory to apply, profile determinations 

must be made within the fully developed boundary layer. The maximum measurement 

height (zmax) is often approximately given by Zmax = x/100, where x is the length of 

fetch over the surface to be measured (e.g. Monteith, 1973). Similarly, minimum 

heights apply in order that the effects of individual roughness elements are averaged 

out. Approximately, Zmjn = 10 z0  (Raupach, 1979). Consequently, gradient measure-

ments must be made within this height range. 

Typical available measurement ranges are given in Figure A8. 1. With increasing 

roughness, the range becomes much smaller, so that the gradient is progressively 

difficult to detect over rougher surfaces in the absence of extremely large fetch. For 

example, for the lines drawn in Figure A8.1, the maximum concentration changes, AX, 

are 0.56 tg m 3  (z 0  = 0.005 m), 0.25 tg m 3  (z0  = 0.05 m) and 0.08 tg nv 3  (z 0  = 0.5 
m). Using the Wesely and Hicks method over forest AX is larger, 0.18 p.g rn -3  (z0  = 

0.5 m), though this is still small compared to the values possible over short vegetation. 

As a consequence, estimates of concentration gradients and fluxes over forests tend to 

be more approximate than over short vegetation. 
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b) Rescallng concentrations with height above the suiface. 

The other use of this approach is to rescale concentrations for different heights above a 

surface. For the profiles here, it is clear that this is only possible where the assumption 

of rc = 0 holds, as with NH3 deposition to natural surfaces. For both the short 

vegetation examples in Figure A8.1, the value of z0 ' varies little, so that a good 

approximation may be marie with a single rescaling factor. In the estimation of budgets 

over forests, the effect on the flux of rescaling monitored concentrations from 1.5 m to 

10 m above short vegetation is discussed (Chapter 7). For short vegetation a good 

approximation is given by: 

(1Om} = (1.32±0.06)x(1.5m} 

where the error is for the limits of u( 10 m) = 1-10 m s 4  and for short vegetation with 

z0  = 0.005-0.05 m. For another example rescaling from 2.5 to 10 m the multiplying 

factor is 1.21. This rescaling may be done either graphically or by substitution of 

values into equation A8.2. 
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Appendix 9 

Continuous flow analysis system for NH 

The Continuous flow system used in this study was set up as shown schematically in 

Figure A9.1. The composition of reagents and details of preparation are given below: 

Sodium hydroxide solution in water (25 g dm 3  2.5% w/v): Add 66 cm3  46/48% sodium hydroxide 
to 1 dm3  of water, make up with water to 1.9 dm 3  and mix thoroughly. 

Sodium salicylate (85 g dm 3) and sodium nitroprusside (0.5 g dm 3) solution in water: Dissolve 
42.5 g sodium salicylate and 0.3 g sodium nitroprusside in 0.5 dm 3  of water and mix thoroughly. 

Sodium hydroxide (25 g dnr3) and sodium dichloroisocyanurate (5 g dm-3) in water: Add 18 cm 3  
46/48% sodium hydroxide to 0.2 dm 3  of water. Dissolve 2.5 g sodium dichloroisocyanurate in 
this solution, make up with water to 0.5 dm 3  and mix thoroughly. 

Propan-2-ol solution in water (0.1 dm 3  dm3 = 10% v/v): Mix directly. 

De-ionized water and analytical grade reagents used throughout. 

Peristaltic_pump (flow rate in mm3 -1) 

I 267 I 	Prooan-2-oi In water 

392 1 Sample 

SMC 	SMC 	
NaOH 'Vv 	D1 'VV 	H3 	

100 

1
Air 	

Iwash 

533 Na saulcylate/Na nitroprusslde I Sample 
-0- 

285 	
carousel 

_•_ 	INa dichlorolsocyonurate/NaOH I 	I 

Dl 	 I 650 I 	 waste 

33.3 

SMC 	

i7~ 
t 

Waste 
3m heating 	

Recorder 

bath coil 

3rC 	
Colorimeter 
660nm 15mm flow cell 

Figure A9.1 Continuous flow analysis system used for the analysis of NH x . SMC = single 
mixing coil. Dl and H3 are standard fittings. 
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