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(7)
(8)Abstract  


An overview is given over the processes that play a role in the entrapment of gases and parti-
 cles by shelterbelts close to agricultural point and area sources. The report focuses on ammo-
 nia and particles, but some information is also given that is relevant for gaseous pesticides and 
 odour compounds as well as pesticides, odour compounds and pathogens that are associated 
 with particles. 


The report gives also information on the dry deposition that occurs downwind of sources be-
 fore the shelterbelt is reached, because this dry deposition reduces the amount that can be en-
 trapped by the shelterbelt. 


A model was developed for the entrapment of ammonia and other gases by shelterbelts and an 
 existing model was used to describe the entrapment of particles (Raupach et al, 2001). These 
 models were combined with a two-dimensional atmospheric transport model (Asman, 1998) 
 that includes dry deposition to describe the transport of released material to the shelterbelt. 


The entrapment by the shelterbelt increases with: 


x The height of the shelterbelt. 


x Stability of the atmosphere. 


x Wind speed (for particles). 


x Particle size (for particles with diameter > 1u10-7 m). 


The entrapment by the shelterbelt decreases with: 


x Source height. 


x Distance from the source to the shelterbelt (point source) or length of the field upwind 
 of the shelterbelt (area source). 


x Optical porosity of the shelterbelt. The larger the porosity the larger fraction of the air 
 flow approaching the shelterbelt will be forced to go through the shelterbelt. 


x Typical length of the vegetation elements (leaves, needles) in the shelterbelt. Conifer-
 ous trees that have small needles entrap more efficiently than deciduous trees that 
 have larger leaves. 


x Wind speed (for gases). 


x Surface resistance and molecular mass (gases). 


Research in the UK indicates that it would be possible to design shelterbelts in such a way 
 that they entrap gases and particles somewhat more efficiently than normal shelterbelts do. 


Gases


At maximum 37% of the emission of a ground level point source of ammonia can be dry de-
posited before the plume reaches a shelterbelt that is located 200 m downwind. Then another 



(9)11% can be removed by a 10 m high shelterbelt. In this case it is assumed that there is no re-
 sistance for uptake of ammonia by vegetation. If it is assumed that there is a small surface re-
 sistance for uptake of ammonia, only 28% of the emission is dry deposited between the 
 ground level point source and the shelterbelt and only 3% of the emission is entrapped by a 10 
 m high shelterbelt. 


Is the source height changed from 0 m to 10 m at maximum 4% of the emission of a 10 m 
 high point source can be dry deposited before the plume reaches a shelterbelt that is 200 m 
 downwind. Another 12% will be entrapped by a 10 m high shelterbelt. So in the case of a 
 higher source the dry deposition is less important. If it is also assumed that there is a small 
 surface resistance for uptake of ammonia, both dry deposition and entrapment become even 
 less.


So it is important that the distance between the source and the shelterbelt is not too large. 


For other gases than ammonia (gaseous pesticides, odour compounds) the dry deposition and 
 entrapment will be less than for ammonia. 


Particles 


Particles with a diameter of less than 6u10-6 m are not removed well by the upper respiratory 
 system and may enter the lungs where compounds can be taken up. Particles with a diameter 
 of less than 1u10-7 m do not contribute much to the overall particle mass. Particles with a di-
 ameter between 1u10-7 and 1u10-6 m are not removed well by dry deposition and entrapment. 


For particles with a diameter of 1u10-5 and larger are removed relatively well, but in general 
 dry deposition between the point source and the shelterbelt is more important than entrapment 
 by the shelterbelt. 


Pathogens and part of the odour compounds are associated with particles, but it is not known 
 with which size they are associated. As dry deposition and entrapment are highly dependent 
 on the particle diameter, nothing is known on the dry deposition and entrapment of pathogens 
 and odour compounds associated with particles. 


At the end of the report recommendations for future research are made. 



(10)1. Introduction 


Shelterbelts were originally defined as tree plantings designed to protect fields from wind ero-
 sion, to give shade and change the microclimate so that an improved crop yield is obtained. 


Windbreaks were defined as tree plantings to protect a farms and feedlots from wind. 


Throughout this paper, both terms will be used and assumed to be identical. The following 
 other expressions are also used in the literature for shelterbelts: hedge, hedgerow, vegetative 
 barrier, and wind barrier. 


The present study deals with the subject of entrapment of ammonia, odour compounds in the 
 gas and particulate phase and pesticides and pathogens, emitted from agricultural buildings, 
 storage facilities and fields by shelterbelts. 


Its purpose is: 


x To obtain an overview the current knowledge about this subject. 


x To combine present knowledge on aspects of this problem to obtain new knowledge. 


x To identify gaps in the present knowledge and to make recommendations on how 
 these gaps can be closed. 


Ammonia, odour compounds and pesticides are also deposited to agricultural crops and 
 (semi-) natural vegetation near their sources. For that reason it is important to address how 
 much additional material can be removed by making shelterbelts. 


The time reserved for this study was limited to about 1.5 month and for that reason not all as-
 pects could be covered. Moreover, this report reflects that much was known on some subjects 
 and very little about others. 


A quantification of the amount entrapped by shelterbelts as presented in this report will make 
 it possible to estimate its potential effects on the shelterbelts (plant injury, soil accumulation, 
 nitrate leaching etc.). 


The main focus is on the entrapment of ammonia (NH3) and particles. 


General information on the atmospheric behaviour of ammonia and ammonium can be found 
 in Asman and van Jaarsveld (1992) and Asman et al. (1998). General information on the ef-
 fects of NH3 on vegetation can be found in Pearson and Stewart (1993), Fangmeier et al. 


(1994), Bobbink et al. (1998), van der Eerden et al., (1998), and Krupa (2003).


In this report first some information is presented on basic processes: emission, atmospheric 
dispersion, the wind field around shelterbelts. Then deposition and entrapment processes are 
discussed.



(11)At the end information on all these processes is combined in newly developed models that not 
 only describe the entrapment of gases and particles by the shelterbelts, but also the atmos-
 pheric diffusion from sources to shelterbelts. In addition information is presented on the dry 
 deposition between the source and the shelterbelt as this determines how much is left for en-
 trapment by the shelterbelt. 


At last recommendations are made for future research. 



(12)2.  Sources and emissions 


2.1. Source types 


There are two different types of sources that should be addressed: 


x Point sources (e.g. animal housings, storage facilities etc.). 


x Area sources (emission from fields). 


The source height (housings, storage facilities, fields), the diameter of the source (housings) 
 and the ventilation rate (housings) all influence the dispersion of the material.  


From some types of animal housings material is released from the roof, from other types it is 
 released from the side(s). Other buildings may have natural ventilation, where it maybe diffi-
 cult to define from which part of the building material is being released and at which rate. 


Structures like housings can also influence the airflow and thereby the dispersion (see section 
 4). Housings can be sources of e.g. ammonia, particles (containing odour compounds or 
 pathogens) or gaseous odour compounds. 


Fields can be sources of pesticides due to volatilization after application to crops or due to 
 spray drift, i.e. aerial transport by droplets into which they are dissolved. Fields can also be 
 sources of ammonia (from manure and fertilizer) or sources of gaseous odour compounds 
 (from manure): 


The source type (point source, area source) may have influence on the type of model that 
 needed to describe the diffusion from the source. 


2.2. Emission of ammonia 


The emission rate of ammonia (NH3) depends on many factors. In this report only the factors 
 are discussed that depend on meteorological conditions or that are important for the disper-
 sion of NH3. The reason why it is important to take into account how the emission rate de-
 pends on the meteorological conditions is that atmospheric dispersion and dry deposi-
 tion/entrapment also depend on (some of) these factors such as the wind speed (friction 
 velocity) and that this for that reason is important that this co-dependence on the same mete-
 orological factors should be taken into account throughout the whole chain: emission, disper-
 sion, dry deposition. 


The emission rate of ammonia generally increases with temperature because the vapour pres-
sure increases exponentially with temperature. The NH3 concentration in the air is in equilib-
rium with the dissolved unassociated NH3 concentration in a solution (NH3.H2O), which again 



(13)is determined by the NH4+ and H+ concentration in a solution. The equilibrium between the 
 NH3 concentration in the air and in the solution can be described by: 


NH3 (air) + H2Ol NH3.H2O


A measure for the solubility of a gas is the Henry’s law coefficient HNH3, which relates the 
 NH3 concentration in air to the concentration in water at equilibrium (Dasgupta and Dong, 
 1986):
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T is the temperature in K. 


NH3.H2O associates in the solution with H+ to form NH4+


 (and H2O).


NH3.H2O + H+l NH4+ + H2O


The equilibrium constant KNH4 for this reaction is (Bates and Pinching, 1950): 
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From [1] and [2]: 
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Both KNH4 and HNH3 are functions of the temperature in such a way that [NH3]air doubles for 
each 5q C increase in temperature. This strong temperature dependence plays an important 
role in the emission and dry deposition processes for NH3: the NH3 emission rate from ma-
nure and fertilizer increases with temperature as does the emission rate associated with the 
NH3 compensation point of vegetation or seawater. In the case of concentrated solutions such 



(14)as seawater or humidified particles on leaves some corrections have to be made for the ionic 
 strength (Asman et al., 1994). 
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and KNH4 is the dissociation constant of NH4+ (mol l-1) (Bates and Pinching, 1950) and HNH3 is 
 the Henry’s law coefficient of NH3 (mol l-1 atm-1) (Dasgupta and Dong, 1986). [NH3]air is the 
 gaseous NH3 concentration (atm), whereas the other concentrations are in mol l-1. The func-
 tion f results in a doubling of the vapour pressure for each 5qC increase in temperature. It 
 should be noted that the vapour pressure is not the only factor that determines the emission 
 rate, but that it is an important one.  


When describing the emission from housings it is useful to make a distinction between me-
 chanically ventilated housings and naturally ventilated housings. In general the NH3 emission 
 rate will increase with the ventilation rate in the housing. 


Mechanically ventilated housings have a minimum ventilation rate and a maximum ventila-
 tion rate. In general the ventilation rate is increased to keep the temperature more or less con-
 stant until the maximum ventilation rate is obtained. In winter time the ventilation rate will of-
 ten be at its minimum, whereas the ventilation rate will be at is maximum in summer time. In 
 spring and autumn the ventilation rate is likely to vary with temperature. 


Naturally ventilated housings the emission rate will depend on the wind speed (turbulence) 
 and the temperature. 


NH3 emission from storage facilities (tanks, lagoons, piles) will also depend on meteorologi-
 cal conditions as temperature and wind speed (Olesen and Sommer, 1993) . 


NH3 emission after spreading to fields increases with soil temperature and wind speed (Gé-
 nermont and Cellier, 1997; Søgaard et al., 2002). 


2.3. Emission of odour compounds 


There are over 300 different compounds originating from manure that can cause odour annoy-
ance. The compounds originating from pigs are more offensive than from poultry or cattle. 



(15)Emission of odour compounds from animal housings does not only consist of gaseous com-
 pounds, but an important part of the odour compounds is adsorbed to particles (Hammond et 
 al., 1979; Hartung, 1985; Oehrl et al., 2001). Gaseous odour compounds can condense onto 
 particles, but they can be released again at higher temperature. 


Gaseous odour compounds can have very different properties. Some odour compounds are 
 highly soluble in water, whereas others are not. Some odour compounds have a high vapour 
 pressure, whereas others have a more moderate vapour pressure. These properties will have an 
 influence on the emission and deposition rate.  


When odour compounds are attached to particles the properties of the particles determine the 
 deposition rate. This deposition rate is highly dependent on the particle size. During atmos-
 pheric transport particles may coagulate to form larger particles. 


During atmospheric transport odour compounds can react to other compounds that are more 
 or less offensive than the original compound. 


Odours can be characterised by concentration, intensity, hedonic tone and character (Nim-
 mermark, 2004). The intensity is the perceived strength of the odour sensation. The hedonic 
 tone describes the pleasantness of the odour 


The human perception of odour compounds does not increase with their concentration, but 
 with the logarithm of the concentration (Frey, 1995). This means that a reduction in the con-
 centration by a factor of 10 (which is extremely much), will only result in a reduction of the 
 annoyance by the compound of the order of a factor of 2.  


There is another aspect of the human perception of odour that is important. Concentrations 
 vary with time and humans can only observe concentrations if they are high enough, i.e. if 
 they are over the concentration threshold. For this reason it is important to know the fraction 
 of the time the concentration is over its threshold value and in order to obtain this information 
 it is necessary to know the concentration fluctuations. An additional reason to obtain informa-
 tion on concentration fluctuations is that people adapt to constant high concentrations and are 
 less able to smell them even after a few minutes (Nimmermark, 2004), but they are more alert 
 to variations in concentration, at least when the concentration is over the odour threshold. In 
 that way varying concentrations generate additional annoyance. 


Dispersion models that are normally used, however, calculate only the mean concentration for 
e.g. an hour, but not the concentration fluctuations over 3 seconds, which is about the human 
breathing frequency. This means that information should be obtained on how the fluctuations 
can be derived from models that calculate mean concentrations (Wilson, 1995) or that the in-
formation on concentration fluctuations should be obtained from models that directly calcu-
late these fluctuations (Boeker et al., 2001). Different individuals have quite different concen-
tration thresholds. It has been found that for a certain compound 95% of the population has 



(16)individual odour thresholds, which fall within 1/16 – 16 times the average threshold (Nim-
 mermark, 2004). 


It should be noted that buildings and shelterbelts not only influence the mean concentration, 
 but also the concentration fluctuations. 


2.4. Emission of pesticides 


Pesticides can be emitted by the following processes: 


x Spraying (using boom sprayers or aircraft). 


x Volatilisation after application. 


x Wind erosion, where pesticides that are attached to soil particles are emitted. 


2.4.1. Spray drift of pesticides applied by aircraft 


Not treated here 


2.4.2. Spray drift of pesticides applied by field sprayers 


Spray drift during field spraying is influenced by a number of factors (Asman et al., 2003). 


One can divide these into technical/agronomic factors, which can be influenced by the farmer 
 and climatic conditions at the time of application. The following factors are influencing the 
 spray drift potential: 


a)  Droplet size (nozzle choice) 
 b) Boom height 


c) Driving speed 


d) Air-assistance, shielding 
 e) Dose rate 


f)  Crop development, neighbour crop, shelter belt 
 g) Wind speed 


h)  Temperature and humidity (affects e.g. the volatilization of solute from the droplets) 
The first points a-e relate to the technique used and the droplet size has the largest effect on 
the spray drift from traditional field sprayers. The droplet size is influenced through the 
choice of nozzle and spray pressure. Fine atomising nozzles with a high drift potential are pre-
ferred for some applications because of a high biological efficacy is dependent on the use of 
fine or medium atomising nozzles. When medium range atomising nozzles are used, the spray 
drift is reduced, but the efficacy can be reduced as well. This means that for some applications 
an increased dose rate might be needed in order to retain biological efficacy if drift-reducing 
nozzles are used for the application. 



(17)Raising the boom height above the recommended level increases the drift potential considera-
 bly because the travelling time of the small droplets increases significantly. The drift potential 
 is correspondingly increased when the driving speed is increased due to the increased wind 
 speed experienced by the spray swath. Different types of drift reducing equipment have been 
 developed for traditional field sprayers. Probably the most widespread system is air-
 assistance. The system creates an air-stream parallel to the spray swath, which helps keeping 
 the droplets in the spray cloud until they reach the target. One of the air-assistance systems, 
 the Twin system, has a documented a drift reduction of approximately 2/3 compared to the 
 use of the same droplet size without air-assistance.  


The wind speed at the time of spraying is one of the most important factors influencing spray 
 drift. Temperature and humidity influences spray drift through their effect on evaporation 
 from the droplets during their travel to the target. In this way the droplet size is reduced and 
 the spray drift potential increases. The effect of temperature and humidity on spray drift is dif-
 ficult to quantify under field conditions.


2.4.3. Volatilization of pesticides 


The emission rate of pesticides to crops and fallow soil depends on many factors, e.g. (Asman 
 et al., 2003): 


x Chemical and physical properties of the pesticide. 


x Chemical and physical properties of the soil or crops. 


x Processes in the soil or in crops (e.g. water and heat transport in the soil, uptake 
 through the stomata or in the cuticles in plants etc.). 


x Meteorological conditions (e.g. wind speed, atmospheric stability, temperature, rela-
 tive humidity, and precipitation). 


At present there are no models available that simulate the emission rate of all pesticides ap-
plied to crops as a function of time, but only the accumulated emission as a percentage of the 
applied dose (Smit et al., 1998). There are some models available that simulate the emission 
of pesticides applied to fallow soil as a function of time (see e.g. Jury, 1983; Reichman et al., 
2000a; Reichman et al., 2000b; Scholtz et al, 2002a; Scholtz et al., 2002b) and to crops 
(Scholtz et al, 2002a; Scholtz et al., 2002b). Most of the pesticides are applied to crops. The 
empirical models of Smit et al. (1997) and Smit et al. (1998) can be used to calculate the ac-
cumulated emission after application to soils and crops. These models are based on statistical 
correlation of the observed accumulated emission published in the literature with physical and 
chemical parameters that are likely to play an important role in the volatilisation process. The 
relations found were based on pesticides that do not photolyse or hydrolyse. For that reason 
these methods cannot be applied for pesticides that show a noticeable photolysis or hydroly-
sis. Sometimes these methods lead to extremely high volatilisations, e.g. 80-100%. Such high 
numbers indicate that the compound is highly volatile, but they can in that case not be used as 
a quantitative measure. 



(18)Smit et al. (1998) found the following statistical relation for the accumulated emission of pes-
 ticides during 7 days after application to crops that fully cover the soil in the field and in cli-
 mate chambers (see also Fig. 1): 




CV 
 1.528 0.466 log
VP

log 7 10


10  

; for VPd 10.3 mPa  [7]

where:


CV7 =  accumulated emission during 7 days after application (% of dosage of active 
 ingredient).


VP  =  vapour pressure (mPa). 


This relation is based on 14 field and climate chamber experiments with 13 pesticides. It 
 should be noted that this relation is not be used for the emission of pesticides incorporated in 
 the soil. 


Figure 1. Accumulated emission during 7 days after application of the pesticide to the crop vs. 


vapour pressure of the pesticide (Smit et al., 1998). (Reprinted from Smit et al., 1998, with 
 kind permission from Alterra (F. van den Berg), The Netherlands). 


Smit et al. (1997) found the following statistical relation for the accumulated emission of pes-
 ticides during 21 days after application to normal moist fallow soil (see also Fig. 2): 




 FPgas


CV21 71.911.610log100 ; for 6.33u10-9<FPgasd1   [8]


where:


CV  =  accumulated emission during 21 days after application (% of dosage of ac-
 tive ingredient). 


FP  =  fraction of the pesticide in the gas phase in the soil. 



(19)Note that the accumulated emission CV21 cannot be calculated if FPgas falls outside the range 
 indicated in equation [8]. The maximum accumulated emission during 21 days using this 
 equation is 95.1%. This relation was based on 14 field studies with 31 pesticides. 


In Appendix 1 information is presented on how FPgas can be calculated from soil and pesticide 
 properties.


Experiments show that the emission rate is high in the beginning and shows diurnal variations 
 that are connected to variations in meteorological variables: temperature and turbulence. 


Moreover, the emission rate is affected by precipitation. 


Figure 2. Accumulated emission 21 days after application of the pesticide to fallow soil vs. 


the fraction of the pesticide in the gas phase in the soil (Smit et al., 1997). (Reprinted from 
 Smit et al., 1998, with kind permission from Alterra (F. van den Berg), The Netherlands). 


2.4.4. Wind erosion 
 Not treated here. 


2.5. Emission of pathogens 


No information on the emission rate of pathogens could be found in the literature. 



(20)3. Atmospheric dispersion 


In this report some general information on atmospheric diffusion is presented because this is 
 needed to describe the airborne transport of material from agricultural sources to the shelter-
 belt.


3.1. Wind speed and turbulence 


The planetary boundary layer is defined as that part of the atmosphere that is directly influ-
 enced by the presence of the earth’s surface with a time scale of about an hour or less. The 
 planetary boundary layer is not constant, but varies from about 100 - 3000 m, depending on 
 meteorological conditions. 


Atmospheric movements are almost always turbulent. Wind speed, wind direction, tempera-
 ture, pressure, humidity and concentration of atmospheric constituents show a spatial and 
 temporal variability. This is caused by atmospheric whirls, called “eddies”. Large atmospheric 
 eddies can be observed on sequences of satellite pictures where clouds rotate around low-
 pressure areas. There are eddies of all sizes in the atmosphere, also very small ones. Near the 
 surface they manifest themselves through the flutter of leaves of trees, irregular movements of 
 dust particles, ripples and waves on water surfaces. They cause e.g. diffusion of a plume per-
 pendicular to the wind direction or exchange between the surface and the air. There are two 
 different mechanisms that generate turbulence: mechanical turbulence and thermal turbulence. 


It is important to differentiate between these two types of turbulence because they are associ-
 ated with eddies of different sizes and lifetime, which influence diffusion and surface ex-
 change in a different fashion. 


Mechanical turbulence is generated due to friction exerted on the wind by the surface. This 
 friction is caused by the roughness of the surface. As a result the wind speed increases with 
 height. A rough surface like a forest generates more turbulence than a smooth surface like wa-
 ter. Essential for this form of turbulence is that it is generated by the wind. Mechanical turbu-
 lence is characterised by small eddies, with a relatively short lifetime especially near the sur-
 face.


Thermal turbulence is caused by heating of the air near the surface due to solar radiation. This 
 air is somewhat warmer than the surrounding air, has consequently a lower density, and is 
 lifted up. Colder air is taking its place. Due to these air movements larger, so called “convec-
 tive”, eddies are generated. They have relatively long lifetimes and cause diffusion due to 
 upward and downward air movements that can last up to 10-20 minutes. 


Close to a point source the plume is narrow. In this case only eddies of a size smaller than the 
plume width can cause diffusion, i.e. mixing by exchange of the polluted air parcels with the 
clean air parcels (Fig. 3). 



(21)Figure 3. Schematic illustration of mixing of a plume by exchange of air parcels between the 
 plume and the air outside the plume. 


Larger eddies close to the source do not cause diffusion of the plume, but lead to a displace-
 ment (“meandering”) of the whole plume (Fig. 4). At larger distances from the source when 
 the plume has become wider, larger and larger eddies will also play a role in the diffusion. 


Meandering leads also to concentration variations, which e.g. have an influence on the 
 perception of odour.


Figure 4. Schematic illustration of the effect of large eddies on the shape of a plume. 


3.2. Vertical temperature distribution: atmospheric stability and its influence on vertical 
 mixing


In the atmosphere the pressure decreases with height. Due to this pressure decrease an air par-
cel that is lifted up rapidly by e.g. atmospheric turbulence will expand. Some energy is needed 
for this expansion and this will be taken from the air parcel itself, so that the air cools down 
and consequently gets a higher density. As a result the temperature of the air parcel will de-
crease with height at a rate of 0.01qC m-1 if there are no other processes that influence the 
temperature. If an air parcel is moved downward rapidly its temperature will due to the same 
mechanism increase with 0.01qC m-1. In that case the air parcel will get a lower density. Par-



(22)cels that are lifted upward or downward will show this temperature change if their movement 
 is relatively fast, so that no other mechanisms can influence their temperature. Ideally one 
 would expect a temperature gradient of -0.01qC m-1 in the atmosphere. But over longer time 
 periods other processes than expansion/compression, like solar radiation, cooling due to long 
 wave radiation from the air (“radiative cooling”), condensation of water vapour to clouds or 
 evaporation of clouds may lead to vertical temperature gradients in the real atmosphere that 
 deviate from the theoretical gradient of -0.01qC m-1.


Is the vertical temperature gradient in the real atmosphere less than -0.01qC m-1, then a rising 
 air parcel (of which the temperature still changes with -0.01qC m-1) will become colder and 
 hence more dense than the surrounding air and will show a tendency to move downward to 
 the level where it came from. If an air parcel is forced to move downward in the same situa-
 tion it will become warmer and hence less dense than the surrounding air and will show a ten-
 dency to move upward to the level where it came from. In such a situation the vertical move-
 ments, e.g. generated by mechanical turbulence are suppressed and the atmosphere is called 


“stable”. This situation occurs often in a cloudless atmosphere during night time, when the air 
 close to the surface is cooled down because it looses its energy by radiation. In such an at-
 mosphere there is not much turbulence at all. 


An extreme case is where the temperature in the real atmosphere increases with height (“tem-
 perature inversion”). Vertical movements are then suppressed so much that there is almost no 
 exchange across the inversion and the wind speed at either side of the inversion can differ 
 much.


Is the vertical temperature gradient in the real atmosphere more than -0.01qC m-1, then a ris-
 ing air parcel of which the temperature still changes with -0.01qC m-1 will become warmer 
 and hence less dense than the surrounding air and will continue to rise and even accelerate, 
 until it reaches a part of the atmosphere where the vertical temperature gradient is less than -
 0.01qC m-1. If in the same situation an air parcel is forced to moved downward it will become 
 colder and hence more dense than the surrounding air and will continue to move downward 
 and even accelerate, until it reaches a part of the atmosphere where the vertical temperature 
 gradient is less than -0.01qC m-1 or it reaches the surface. In such a situation the vertical 
 movements generated by e.g. mechanical turbulence are stimulated, and mixing up to larger 
 heights occurs. The atmosphere is called “unstable” in such situations. This situation occurs 
 often in a cloudless atmosphere during daytime in the summer, when the earth’s surface is 
 warmed up by radiation and warm “air bubbles” rise from the surface and can even rise so 
 high up that they lead to formation of cumulus clouds. In this situation thermal turbulence is 
 important. 


In a neutral atmosphere the temperature gradient is -0.01qC m-1 and mechanical turbulence 
dominates. This situation occurs often when it is cloudy and windy.



(23)Atmospheric stability has an effect on diffusion. The effect of atmospheric stability on the dif-
 fusion in the vertical for an elevated point source is illustrated by Fig. 5. 


a. Stable atmosphere. 


b. Unstable atmosphere. 


c. Neutral atmosphere. 


Figure 5. The influence of atmospheric stability on the vertical mixing of a plume.


In a stable atmosphere the plume is narrow and can be observed at long distances from the 
 chimney, because the diffusion is reduced and consequently the plume is not diluted much. 


Usually the wind speed is relatively low in a stable atmosphere and the variation in wind di-
 rection can be relatively large. The plume is said to be “fanning”. In the case of a ground level 
 source, like a field after application of pesticides, the plume is also very narrow and the con-
 centration is relatively high close to the ground under these conditions. 


In an unstable atmosphere there are strong vertical movements. This does not only lead to 
faster diffusion and dilution, but causes also the plume to reach the surface at a relatively 



(24)short distance from the chimney. The plume is said to be “looping” in this case. In the case of 
 ground level sources the average concentration at ground level is relatively low compared to 
 that in a stable atmosphere, but at some distances during a short time relatively high concen-
 trations can be observed. 


In the neutral atmosphere the plume is somewhat wider than in a stable atmosphere, is better 
 mixed and cannot be observed over such long distances because it is diluted more rapidly by 
 diffusion. In this case high concentrations are not observed close to the source, as is the case 
 in an unstable atmosphere. The plume is said to be “coning” in this case. 


Fig. 5 illustrates that it is important to take atmospheric stability into account when describing 
 atmospheric diffusion. Atmospheric stability also influences the exchange between the sur-
 face and the atmosphere. The higher up in the atmosphere, the more important it is to take at-
 mospheric stability into account when describing the exchange between the surface and that 
 height.


As mentioned previously, the wind speed near the surface is retarded by friction at the sur-
 face. By how much, will depend on the surface roughness. The wind speed at above about 
 500 m is generally not influenced by the surface, but at lower heights it is influenced. At 
 about 60 m height the wind speed is influenced more by the surface roughness of a larger area 
 (about 5u5 km2). At lower height the wind speed is more influenced by the local surface 
 roughness.


3.3. Wind speed as a function of height and surface roughness 


Measurements of the wind speed as a function of height have revealed that the wind speed in-
 creases with the logarithm of the height under neutral atmospheric conditions: 
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where u(z) is the wind speed (m s-1) at height z (m); z0m is the surface roughness length (m) 
and is the extrapolated height at which the wind speed is 0, z0m is of the order of 1/10th of the 
height of the obstacles (vegetation, trees etc.); u* is the friction velocity (m s-1) and is a meas-
ure of mechanical turbulence; N is the von Karman’s constant | 0.4 (dimensionless). With this 
equation it is possible to calculate the wind speed at one height from the wind speed at an-
other height if the surface roughness is known. The wind speed profile can be described with 
the same type of function for stable and unstable conditions. It has then to be corrected 
somewhat so that the non-neutral situation is described correctly (Arya, 1988).



(25)In Table 1 values for the surface roughness length are presented for different surfaces. It 
 should be noted that the surface roughness is not constant in agricultural areas, but depends on 
 the heights of the crops, which vary during the year. 


The surface roughness varies with the nature of the terrain. For that reason the wind speed 
 near the surface will be a function of the surface roughness. This means that under the same 
 meteorological conditions (i.e. same wind speed at greater height) the wind speed near the 
 surface will be different for e.g. bare soil, crops, forest and water. The friction velocity u*,
 which is a measure of the mechanical turbulence, is in that case larger for a more rough sur-
 face like a crop than for bare soil. As a result the wind speed near the surface will decrease 
 with surface roughness. Fig. 6 shows some vertical wind profiles for two different surfaces 
 under neutral conditions: a crop and an almost bare soil. The surfaces are chosen so that they 
 represent typical situations encountered in agricultural areas. 


Table 1. Surface roughness length of different surfaces (Stull, 1988). 


Surface Surface roughness length (m) 


Ice, mud flats   0.00001 


Open sea at wind speed of 3 m s-1 a)  0.00005 
 Snow covered flat or rolling ground   0.00006 
 Open sea at wind speed of 10 m s-1 a)  0.0003 


Cut grass (a 0.03 m high)   0.006 


Long grass, crops   0.04 


Farmland incl. some trees   0.25 


Forest 1.00


Centres of cities   2.00 


a)The surface roughness of the sea is not constant and depends on the wind speed, because the height of the 
 waves is a function of the wind speed. 


The existence of a wind speed profile influences the average speed at which a released com-
 pound is transported in the atmosphere. At some distance from the source part of the released 
 compound has been transported upward by diffusion and encounters a higher wind speed than 
 near the surface. This means that the average speed at which a compound is transported in-
 creases with the distance to the source until it is mixed over the whole mixing layer (see be-
 low).


Fig. 6 shows that the wind speed is higher in the case of the bare soil. This means that a com-
pound released from a field with almost bare soil is transported at a greater speed, than a 
compound released from a field with a crop. At some distance from the released point, how-
ever, this difference is not any longer so large, because the air has been transported over areas 
with other surface roughness lengths. Moreover, the compound is then transported higher up 
in the atmosphere where the wind speed is less influenced by the surface. 



(26)Figure 6. Vertical wind speed profile over a crop with a surface roughness length of 0.1 m and 
 cut grass with a surface roughness length of 0.006 m. It is assumed that in both cases the wind 
 speed at 60 m height is the same. 


Not only the wind speed is influenced by the presence of the surface, but also the wind direc-
 tion. Usually the wind direction is veering with height in the Northern Hemisphere. This 
 means that the origin of the air at greater heights is different from that at ground level. 


3.4. Mixing height 


In some parts of the atmosphere stable layers may exist, where vertical air movements are 
 suppressed. This means that air originating from below cannot be transported across this layer 
 and this layer is than functioning as a “lid” on the atmosphere below, where mixing can occur. 


Air from above this layer can also not be transported downward. In case of tall stacks that 
 emit pollution above this lid, this is a favourable situation, because the pollution cannot reach 
 the earth’s surface where humans live. In case of emission of pollution from low or ground 
 level sources, as is the case for agricultural sources, this is an unfavourable situation, where 
 very high concentrations can occur near the ground. This can especially be the case during 
 night time when temperature inversions close to the ground are observed frequently. 


The “mixing layer” is the layer nearest to the earth’s surface where mixing takes place. It is 
bounded by the surface and by the first layer where vertical movements are suppressed. The 
height of the mixing layer is called “mixing height”. It is important to know the mixing 
height, at least when transport of pollutants at some distance from low sources has to be de-
scribed, because the pollution plume may then have come so wide that it has reached the 
height of the mixing layer. Further dilution in the vertical is then not any longer possible and 



(27)this will lead to higher concentrations in the mixing layer than if there were no mixing height. 


During stable conditions the mixing height can become very low (order of 50 m). 


The mixing height shows large diurnal variations. During a cloudless night, radiative cooling 
 may cause the temperature near the surface may to drop so much that a temperature inversion 
 is observed. As we have seen before this leads to high concentrations at ground level near low 
 sources. If the atmosphere is also cloudless after sunrise the next day, the earth’s surface will 
 be heated and the inversion disappears. Also wind can have an effect on the mixing height. If 
 there is much wind during a cloudless night, the air is well-mixed and air that is cooled down 
 near the surface is transported upward so that the mixing height will not be close to the sur-
 face. It must be noted here that water bodies (lakes, seas) do not show the large diurnal tem-
 perature variations as the upper layer of the soil. For that reason the mixing height over sea 
 will generally be different than over land. 


During night time the mixing height is often below 200 m, whereas it is often higher than 500 
 m during day time. If the atmosphere is very unstable the mixing height can be indefinite (i.e. 


over 2000 m). For neutral and stable conditions there is a relation between the friction veloc-
 ity and the mixing height: 
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where zmix = mixing height (m); c1 = a constant; fcor = Coriolis parameter (s-1) and is given by 
 2:sin(lat), where : = angular velocity of the earth (radians s-1) and lat = latitude (radians), 
 for a latitude of 50q N the f is 1.11x10-4 s-1. Van Jaarsveld (1995) uses a value of 0.08 for c1.
 This value is chosen so that reasonable results are obtained for compounds that are trans-
 ported over long distances. It should be noted, that other scientists use different values. 


The mixing height under unstable conditions can only be found from measurements (vertical 
 temperature profile) or from a more complicated model that describes the development of the 
 mixing height during the day as a function of e.g. solar radiation. 


3.5. Concentration distribution within a plume 


Fig. 7 illustrates how the concentration distribution at ground level as a function of distance 
from a point source looks like if buildings, shelterbelts or other obstacles do not influence the 
plume. It can be seen that the plume becomes wider and the maximum concentration lower as 
a function of the distance to the source. In this case the x direction is parallel to the wind di-
rection (the wind blows from left to right), the y direction is in the horizontal perpendicular to 
the wind direction. On the vertical axis the concentration is shown. 
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Figure 7. Ground level concentration due to a point source for several downwind crosswind 
sections.



(29)
(30)4.  Effect of housings and other structures on atmospheric dispersion 


Deflection and disturbance of the wind field by a structure (housing, storage tank etc.) has an 
 influence on the dispersion of the pollutant released from this structure (see e.g. Bjerg et al, 
 2004). There is the upwind displacement zone in which the approaching airflow is deflected 
 around the structure. Immediately leeward of the structure there is a zone that is relatively iso-
 lated from the main flow, and further downstream there is a highly disturbed wake. Is the pol-
 lutant emitted very close to the top of the structure and the outflow speed from e.g. the chim-
 ney is not so high, the pollutant will be transported downward by the whirl on the leeward 
 side of the building. This will often be the case for animal housings with outlets on the roof. If 
 the chimney is relatively high the pollutant will not be transported downward. The dimensions 
 of the structure (height, width, orientation to the wind, inclination of the roof etc.) have an in-
 fluence on the airflow. 


A structure increases the plume spread, which leads to a decrease in the mean concentration. 


The intensity of the concentration fluctuations (ratio of standard to mean) is increased in the 
 near wake of the building and decreased far downwind (Wilson, 1995). 


The effects of a structure can be noted at least 5 times the structure height downwind. At large 
distances from buildings (>10 times the structure height) the influence of the building is mi-
nor.



(31)
(32)5.  Effect of shelterbelts on airflow 


Research on shelterbelts has been focused on the influence of the changes in airflow and mi-
 croclimates downwind of the shelterbelts and their effect on crop yield. Dry deposition of 
 ammonia and entrapment of aerosols/droplets that contain odorous compounds or pesticides 
 occurs within the shelterbelt. To describe these processes information is needed on the airflow 
 and turbulence within the shelterbelt. 


The information provided here originates from reviews of Cleugh (1998), Heisler and De-
 walle (1988) and McNaughton (1988) and Wang et al. (2001). 


Shelterbelts change the mean wind speed, wind direction and turbulence of the airflow. As a 
 result aerial, plant and soil processes are modified (Cleugh, 1998). The following effects can 
 be distinguished: 


x Direct mechanical effects of the wind (wind erosion, sandblasting, burial of seeds and 
 seedlings, stripping of nutrients, plant damage). 


x Effects on the microclimate (shading, turbulent exchanges of heat, water vapour and 
 CO2).


x Effects on water and nutrient flows in the shelterbelt-crop/pasture-soil system (compe-
 tition for water and nutrients, partitioning between soil and plant evaporation, seasonal 
 water use efficiency). 


x Effects on ecological processes (transport pathways for pollens, pollutants and patho-
 gens; biodiversity). 


5.1. Airflow around shelterbelts 


The shelterbelt affects the pressure field, the mean wind velocity and the turbulence. Different 
 situations can be distinguished: a single shelterbelt, a multiple shelterbelt and a shelterbelt 
 grid. Most research has been done on single shelterbelts. 


The structure of the shelterbelt is characterised by its height (h), its width (w) and its length 
(l). The permeability of the shelterbelt is characterised by the porosity I, which is essentially 
the fraction of open spaces in the shelterbelt. If I = 0, the shelterbelt is not permeable at all 
and if I = 1 there is no shelterbelt. It is assumed in the following that l > 20h and h > w and 
that the wind direction is normal to the shelterbelt’s long axis and that there is not horizontal 
and lateral variation in the shelterbelt’s porosity. The coordinate normal to the shelterbelt x is 
by definition zero at the upwind edge of the shelterbelt, is negative in area upwind of the 
shelterbelt and is positive downwind of the upwind edge of the shelterbelt. 



(33)Figure 8. Schematic airflow regimes around a single shelterbelt, oriented normal to the flow, 
 in neutral atmospheric conditions. Shown are hypothetical vertical profiles of mean horizontal 
 wind speed and streamlines Cleugh, 1998). (From Cleugh et al., 1998, Copyright Kluwer 
 Academic Publishers with kind permission from Springer Science and Business Media). 


Fig. 8 shows the schematic airflow. The situation around the shelterbelt can be characterised 
 as follows (Cleugh, 1998): 


x The undisturbed wind speed upwind/downwind of the shelterbelt increases with the 
 logarithm of the height under neutral atmospheric conditions. 


x About 5 heights upwind (x = -5h) of the shelterbelt the flow in the layer below the top 
 of the shelterbelt begins to slow down somewhat and to diverge.  


x Some air immediately upwind of the shelterbelt continues in the original direction and 
 flows through the shelterbelt, creating a region of bleed flow to the lee. The velocity 
 of the bleed flow is reduced due to drag exerted by the vegetation in the break. The 
 minimum wind speed is observed at a downwind distance between x = 2h and x = 8 h, 
 depending on the porosity (see e.g. Wang and Takle, 1997b; Sturrock, 1969; Sturrock, 
 1972). This means also that the wind speed through the wind speed (“bleed flow”) is 
 likely to be higher than the minimum wind speed. 


x Most air, depending on the porosity of the shelterbelt, flows over the top of the 
 shelterbelt. Continuity demands that the convergence above the shelterbelt is associ-
 ated with an increase in wind speed. A layer of air with higher wind speed extends at 
 least at 1.5h above the height h of the shelterbelt. 


x The "kink" in the displaced wind profile is the result of the reduced wind speed below 
 and the increased wind speed above. 


x The region of the displaced air plus the slowed diverging air immediately upwind of 
 the shelterbelt is called the displacement zone (B). 


x The sheltered area downwind of the shelterbelt is called the quiet zone. It has a trian-
gular shape where the boundaries are formed by the shelterbelt itself, the ground sur-
face, and a line sloping downwards from the top of the shelterbelt intersecting the sur-
face at a distance between 3h and 8h downwind of the shelterbelt. The minimum wind 
speed occurs in the quiet zone. Its downwind position moves closer to the shelterbelt 
with decreasing porosity and at increasing height. 



(34)x The turbulence in the quiet zone is mostly influenced by the bleed flow, which in turn 
 is influence by the properties of the shelterbelt, such as the structure, the leaf density 
 etc.


x The turbulent eddies in the bleed area are typically smaller and less energetic than 
 those upwind. 


x If the shelterbelt is very dense (I d 0.3) the flow can reverse direction forming a recir-
 culating eddy, just as downwind of buildings. 


x At a distance x >> 10h downwind the vertical wind speed profile has again reestab-
 lished to its equilibrium value as at some distance before the shelterbelt. The zone be-
 tween the quiet zone and the distance at which the wind speed profile is reestablished 
 is called the mixing zone. 


Figure 9. Vertical profiles of Vw2 (variance of horizontal wind speed, units are m2 s-1) at vari-
 ous locations surrounding the same model shelterbelt used in Fig. 8. (Cleugh, 1998). (From 
 Cleugh et al., 1998, Copyright Kluwer Academic Publishers with kind permission from 
 Springer Science and Business Media). 


Fig. 9 shows how the turbulence, characterised by the variance in the horizontal wind speed 
 (Vu2), varies with location. The strong wind shear above the top of the shelterbelt creates a 
 maximum in the turbulence there and is transported further outwards as a function of the 
 downward distance. The mixing layer intersects the canopy at around x = 3h-8h (Judd et al, 
 1996; Wang and Takle, 1997b) and then enhanced turbulence occurs at canopy level, which 
 can potentially lead to an increase in the vertical exchange of heat, water vapour and other 
 gases/aerosols. 


Wang and Takle (1997b) modelled the air flow around shelterbelts with different porosity 
 (Fig. 10) and found out that the size of the sheltered area did not vary significantly between 
 shelterbelts with a porosity between I = 0.1 and I = 0.5. They conclude that low porosity 
 shelterbelts are only slightly less effective than medium porosity shelterbelts. 


The following publications give information on the leeward wind speed for shelterbelts of dif-
ferent dimension (one or more rows) and different species: Sturrock (1969, 1972), Loeffler et 
al. (1992). 



(35)Fig. 10. Spatial variation of average horizontal wind speed for shelterbelts with varying 
 porosity. The height for which the wind speed was given was not specified, but it is less than 
 0.5h. (Cleugh, 1998). (From Cleugh et al., 1998, Copyright Kluwer Academic Publishers with 
 kind permission from Springer Science and Business Media). 


5.2. Turbulence spectrum 


Richardson and Richards (1995) measured the turbulence spectrum in the field at one height 
 and position upwind and at 3 heights and two positions downwind of a vertically spaced web-
 bing with an approximate porosity of 46%. The webbing caused a reduction in the low fre-
 quency turbulence (10-3-10-1 Hz), but generated high frequency turbulence (10-1-100 Hz). In a 
 real shelterbelt the vegetation generates also high-frequency turbulence, apart from the al-
 ready existing turbulence. This is revealed by a double peak in the turbulence spectrum (Zhu 
 et al., 1992 cited in Wang et al., 2001). 


5.3. Flow not normal to the shelterbelt 


Until now only situations have been treated where the wind direction is normal to the shelter-
 belt’s long axis, but in reality the wind will also often come from other angles. It is for that 
 reason important to address the influence of oblique flows on transport through the shelterbelt 
 and on shelter. 


Cleugh (1998) makes the following comments about oblique flow: 


x The wind speed in the quiet area will be reduced and the position of the minimum 
 wind speed will change. 


x Depending on the situation the flow can be refracted as it passes obliquely through the 
shelterbelt. 



(36)x The aerodynamic porosity typically decreases as the wind direction shifts from normal 
 due to the longer path length through the shelterbelt. 


x Due to the oblique angle the flow around the shelterbelt ends encroaches on the shel-
 tered area. 


x Frictional effects will reduce the wind speed even when the flow is parallel to the 
 shelterbelt. 


5.4. Three-dimensionality of the shelterbelt 


Often field experiments, wind tunnel experiments and modelling have been done for artificial 
 shelterbelts, such as artificial fences that are nearly infinitely thin with different sizes of holes 
 to simulate situations for different porosity. These are very useful exercises that give much in-
 sight and these situations are now understood to a large extent. The situation for natural 
 shelterbelts, however, is different as they have a certain width and three-dimensional spaces 
 through which the wind flows. 


5.5. Multiple shelterbelts 


Judd et al. (1996) did a wind tunnel study, where they not only investigated the effect of a 
 single shelterbelt, but also of a multiple shelterbelts. The shelterbelts were not of distinct 
 width, but were made of brass. The principle results were that the quiet zones behind each 
 shelterbelt were smaller in multiple than in single arrays, because of the higher turbulence 
 level generated by the internal boundary layer, which develops over multiple arrays. Never-
 theless, the overall shelter effectiveness is greater for multiple arrays due to the “non-local” 


shelter induced by the array as a whole. 


At the moment there is only some information on the effect of multiple shelterbelts on the 
shelter. There is, however, no information on the effect of multiple shelterbelts on the en-
trapment of gases and particles. To evaluate this it would be necessary not only to know 
which fraction of the flow goes through the first shelterbelt, but also to have the same type of 
information for the second shelterbelt and to know how the first shelterbelt influences the re-
sults for the second shelterbelt. It becomes even more complicated for the concentration. The 
concentration will not only depend on the properties of the shelterbelts, but also on the spac-
ing between the shelterbelts as dry deposition to the surface occurs between the two shelter-
belts.



(37)5.6. Characterisation of a shelterbelt 


A way to characterise a shelterbelt is by the pressure loss or resistance coefficient kr (dimen-
 sionless):
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where'p is the pressure drop across the shelterbelt (Pa = m-1 kg s-2),U is the density of air 
 (kg m-3) and u is the horizontal wind speed (m s-1),


Wang and Takle (1996) find kr from: 
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where Cd is the form drag coefficient per unit leaf area and unit distance through the shelter, 
 and A is the leaf area per unit volume (m-1). The porosity is then found from the relationship 
 between the porosity and the corresponding form drag coefficients using Fig. 1 of Heisler and 
 Dewalle (1988) and the following empirical equation given by Hoerner (1965): 
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In practise even a planar fences with a I of 0.5 have different kr values for different types of 
 obstacles (Wang and Takle, 1996). The resistance coefficient kr is a dynamic parameter that 
 depends not only on porosity, but also on the shape of the barrier elements. Barrier elements 
 of equal porosity may have different kr (Wang and Takle, 1995). 


Unfortunately, it is impossible to physically measure the aerodynamic porosity of a natural 
 tree windbreak (Loeffler et al., 1992). Instead optical porosity is used. Optical porosity, de-
 fined as the percentage/fraction of open space as seen perpendicularly to the shelterbelt side, 
 is often used to characterise the aerodynamic properties of the shelterbelt, i.e. the properties 
 that have influence on the wind speed and turbulence. Is there no shelterbelt then the porosity 
 is 1 and is the shelterbelt impermeable then the porosity is 0. It is determined from the 
 shelterbelt silhouette. 


Optical porosity is, however, not equivalent to the aerodynamic porosity since it does not take 
into account the three-dimensional nature of the shelterbelt (Loeffler et al., 1992). It is e.g. not 
a function of the width of the shelterbelt. For artificial shelterbelts with almost no width, such 
as a slat fence, the optical porosity gives a proper description.



(38)In most models that describe the flow near shelterbelts it is assumed that the porosity is not a 
 function of the height. This is, however, not realistic. 


Zhou et al. (2004) e.g. plotted the minimum relative wind speed against the optical porosity 
 using experimental data from 19 publications. The minimum relative wind speed is the ratio 
 of the minimum observed wind speed downwind of the shelterbelt to the undisturbed wind 
 speed at the same height upwind of the shelterbelt. They found that there could be up to a fac-
 tor of 6 difference in the relative wind speed for the same optical porosity (0.2), indicating 
 that other factors play a role. Based on a literature survey they propose the following charac-
 terisation of the shelterbelt that can be used for modelling: 


External structure: 


x Height
 x Width 
 x Length


Cross sectional shape (i.e. the same height of all trees, or higher/lower in the centre etc.) 
 Internal structure: 


x Vegetative surface area (if possible separately for leaves/needles, branches, trunk, 
 seed)


x Vegetative volume (if possible separately for leaves/needles, branches, trunk, seed) 
 x Geometric shape of the individual vegetative elements. This is caused by the fact that 


the drag on elements with different shapes is different and that the geometric shape of 
 the openings between the elements has an influence on the flow. 


The internal structure is different for different species, but is also influenced by the age of the 
 trees and the season. 


Although the factors mentioned by Zhou et al. (2004) are all proven to be important it is not 
 clear at the moment how they can be translated into a parameter that can be used in models 
 that describe the flow near shelterbelts. It is also not clear if this description can be used to 
 model the turbulence inside the shelterbelt that is important for dry deposition. For dry depo-
 sition it is important to describe the deposition to the cuticula and stomata separately as the 
 deposition processes are different for those pathways. 


Zhou et al. (2002) apply this method to characterise a green ash shelterbelt. This is done by 
destructive sampling where individual leaves and branches have to be measured. This is a la-
bour-intensive technique. Moreover, it is not always possible to cut the trees in a shelterbelt. 
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