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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: 

The height of the shelterbelt. 
Stability of the atmosphere. 
Wind speed (for particles). 
Particle size (for particles with diameter > 1 10-7 m). 

The entrapment by the shelterbelt decreases with: 

Source height. 
Distance from the source to the shelterbelt (point source) or length of the field upwind 
of the shelterbelt (area source). 
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. 
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. 
Wind speed (for gases). 
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 

7



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 6 10-6 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 1 10-7 m do not contribute much to the overall particle mass. Particles with a di-
ameter between 1 10-7 and 1 10-6 m are not removed well by dry deposition and entrapment. 
For particles with a diameter of 1 10-5 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. 
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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: 
To obtain an overview the current knowledge about this subject. 
To combine present knowledge on aspects of this problem to obtain new knowledge. 
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.
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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. 
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2. Sources and emissions 

2.1. Source types 

There are two different types of sources that should be addressed: 
Point sources (e.g. animal housings, storage facilities etc.). 
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 
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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) + H2O  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+  NH4
+ + H2O

The equilibrium constant KNH4 for this reaction is (Bates and Pinching, 1950): 
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Both KNH4 and HNH3 are functions of the temperature in such a way that [NH3]air doubles for 
each 5  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 
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as seawater or humidified particles on leaves some corrections have to be made for the ionic 
strength (Asman et al., 1994). 

)(4
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dissolved
air     [5] 
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)(
15.298

1110378exp10013.1 11

3

4 atm
TH

K
f

NH
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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 5 C 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. 
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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 
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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: 
Spraying (using boom sprayers or aircraft). 
Volatilisation after application. 
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. 
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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): 

Chemical and physical properties of the pesticide. 
Chemical and physical properties of the soil or crops. 
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.). 
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. 
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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): 

VPCV log466.0528.1log 10
7

10 ; for VP  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): 

gasFPCV 100log6.119.71 10
21 ; for 6.33 10-9<FPgas 1  [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. 
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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. 
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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). 
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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 0.01 C 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 0.01 C m-1. In that case the air parcel will get a lower density. Par-
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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 -0.01 C 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 -0.01 C m-1.

Is the vertical temperature gradient in the real atmosphere less than -0.01 C m-1, then a rising 
air parcel (of which the temperature still changes with -0.01 C 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 -0.01 C m-1, then a ris-
ing air parcel of which the temperature still changes with -0.01 C 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 -
0.01 C 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 -0.01 C 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 -0.01 C m-1 and mechanical turbulence 
dominates. This situation occurs often when it is cloudy and windy.
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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 
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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 5 5 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: 

u z
u z

z m
( ) ln*

0
     [9] 

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;  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).
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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 (  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. 
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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 
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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: 

z
c u
fmix

cor

1 *       [10]

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 50  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.
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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.
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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: 

Direct mechanical effects of the wind (wind erosion, sandblasting, burial of seeds and 
seedlings, stripping of nutrients, plant damage). 
Effects on the microclimate (shading, turbulent exchanges of heat, water vapour and 
CO2).
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). 
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 , which is essentially 
the fraction of open spaces in the shelterbelt. If  = 0, the shelterbelt is not permeable at all 
and if  = 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. 
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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): 

The undisturbed wind speed upwind/downwind of the shelterbelt increases with the 
logarithm of the height under neutral atmospheric conditions. 
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.  
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. 
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. 
The "kink" in the displaced wind profile is the result of the reduced wind speed below 
and the increased wind speed above. 
The region of the displaced air plus the slowed diverging air immediately upwind of 
the shelterbelt is called the displacement zone (B). 
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. 
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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.
The turbulent eddies in the bleed area are typically smaller and less energetic than 
those upwind. 
If the shelterbelt is very dense (  0.3) the flow can reverse direction forming a recir-
culating eddy, just as downwind of buildings. 
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 w
2 (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 
( u

2), 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  = 0.1 and  = 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). 
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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: 
The wind speed in the quiet area will be reduced and the position of the minimum 
wind speed will change. 
Depending on the situation the flow can be refracted as it passes obliquely through the 
shelterbelt. 
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The aerodynamic porosity typically decreases as the wind direction shifts from normal 
due to the longer path length through the shelterbelt. 
Due to the oblique angle the flow around the shelterbelt ends encroaches on the shel-
tered area. 
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.
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5.6. Characterisation of a shelterbelt 

A way to characterise a shelterbelt is by the pressure loss or resistance coefficient kr (dimen-
sionless):

2u
pkr       [11]

where p is the pressure drop across the shelterbelt (Pa = m-1 kg s-2),  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: 

dxACk
sx

dr
0

     [12]

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): 

24
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      [13]

In practise even a planar fences with a  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.
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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: 

Height
Width 
Length

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

Internal structure: 

Vegetative surface area (if possible separately for leaves/needles, branches, trunk, 
seed)
Vegetative volume (if possible separately for leaves/needles, branches, trunk, seed) 
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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For that reason there is a need for non-destructive sampling techniques or indirect methods to 
characterise the shelterbelt. 

Zhou et al. (2002) show that this green ash shelterbelt shows a maximum in the leaf surface 
area per m-3 at 2/3 height of the shelterbelt, whereas the volume per m-3 shows a maximum at 
the surface. Functions are given for e.g. the surface area and the volume per m-3 as a function 
of height, diameter of the trunk and width of the tree. 

The characterization by Zhou et al. (2004) was made to obtain information needed to model 
the wind field near a shelterbelt. It could well be that additional information is needed to 
model the entrapment of gases and particles to shelterbelts. 

5.7. Minimum relative wind speed and porosity 

For heights of up to about 0.6 times the shelterbelt height the ratio of the wind speed just after 
and the undisturbed wind speed before the shelterbelt measured at the same height does usu-
ally not depend on the absolute wind speed and not on the height either. This ratio is called 
the minimum relative wind speed and is a property of the shelterbelt. The word minimum re-
fers to the fact that the wind speed is lowest at a short distance after the shelterbelt. Zhou et al. 
(2004) plotted the minimum relative wind speed as a function of the optical porosity for 19 
publications that either describe wind tunnel experiments or field experiments (Fig. 11). 

These results show that the minimum relative wind speed can be very different for the same 
optical porosity. The variance explained by the regression is only about 51%. This means that 
there must be other factors that can explain the remaining variance. One of the factors could 
be difference in surface roughness upwind of the shelterbelt, which was not given for some of 
the experiments. 

Another important result is that the minimum relative wind speed is usually larger than zero if 
the optical porosity is zero. 
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Figure 11. The minimum relative wind speed leeward of shelterbelts with a significant width 
as a function of the optical porosity (Zhou et al., 2004); H is the height of the shelterbelt (m), 
z is the measurement height (m), z0 is the roughness length and PVE is the percentage of the 
variance explained by the regression function. (From Zhou et al., 2004, Copyright Kluwer 
Academic Publishers with kind permission from Springer Science and Business Media). 

5.8. Modelling the airflow in and near shelterbelts 

Wilson (1985) and Wang et al. (2001) give an overview over mathematical modelling of the 
airflow around shelterbelts and give also the equations necessary for modelling. Information 
on mathematical modelling of the flow around shelterbelts is also provided by Plate (1981), 
Hagen et al. (1981), Wilson (1985), Wilson et al. (1990), Wang and Takle (1995a, 1995b, 
1995c), Wang and Takle (1996), Wang and Takle (1997a, 1997b), Wilson and Mooney 
(1997), Patton (1997), Patton and Shaw (1998), Takahashi et al. (1998), Vigiak et al. (2003), 
Wilson and Yee (2003) and Wilson (2004). 

The information presented in the previous sections is partly based on the results of these mod-
els and gives a good impression of the airflow near shelterbelts. These models, however, do 
not describe directly the situation near a natural shelterbelt of a certain width, but only around 
an artificial shelterbelt with an indefinitely small width, similar to a windscreen with open-
ings.

Wang et al. (2001) give basic equations neglecting the Coriolis force (because shelterbelts are 
shallow), limiting to a neutral atmosphere, using the Boussinesq approximation: 
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where u, v, and w are mean wind speed components in the x, y, and z direction (m s-1), re-
spectively, and u , v , and w  are their fluctuating values (m s-1). For convenience the overbar 
on mean values is omitted. The term p is the pressure perturbation (Pa = kg m-1 s-2), t is time 
(s),  is air density (kg m-3), U is the total mean wind speed (m s-1), A(x,y,z) is the leaf area 
density (m2 m-3), and Cd is the form drag coefficient per unit leaf area density (dimen-
sionless). These equations include turbulent stress terms that only can be solved by applying a 
turbulent closure scheme. 

Within the scope of this report would have been impossible to build a model that describes the 
airflow and combine it with a model that describes the entrapment of gases and particles in 
shelterbelts. For that reason this report is based on a parameterization of the airflow in and 
near shelterbelts given by Raupach et al. (2001) in combination with models that describe the 
entrapment by shelterbelts.  

5.9. Parameterization the flow through a shelterbelt according to Raupach et al. 

The parameterization given by Raupach et al. (2001) is a simplification and cannot fully de-
scribe all processes that play a role. It is, however, a useful model that gives insight in how 
the most important processes interact. Raupach et al (2001) assume the following: 
The optical porosity is constant with height. 

The wind speed outside the shelterbelt is averaged over the height of the shelterbelt 
(and thereby also the wind speed inside the shelterbelt). In reality the wind speed in-
creases with height and is also influence by the density of the canopy, which is also 
height dependent. 
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The wind direction is perpendicular to the shelterbelt. This is, of course, not always 
the case. 

The flow in the shelterbelt is called the bleed flow and is a function of the porosity. Raupach 
et al. (2001) assume that the transmission of light in the shelterbelt is governed by Lambert-
Beer’s law. Based on this assumption they define the following relation between  (the fron-
tal area of vegetation elements within the shelterbelt per unit volume; m2 m-3) and the optical 
porosity  (dimensionless) of the shelterbelt: 

bxexp      [18] 

where xb is the thickness of the shelterbelt. Using  instead of  is convenient because  is 
difficult to measure. As mentioned in a previous section optical porosity is the percent-
age/fraction of open space as seen perpendicularly to the shelterbelt side. If the shelterbelt is 
very thin, this relationship is probably correct, but  becomes zero long time before xb be-
comes indefinite. Leaves of deciduous trees tend to streamline in a strong wind. Raupach et 
al. (2001) estimated how  depends on the wind speed (Appendix 2). This effect is not taken 
into account here. 

Raupach et al. (2001) found that the average height-independent wind speed in the shelterbelt 
(bleed velocity ub; m s-1) is a function of the undisturbed wind speed uh (m s-1)at the same 
height as the top of the shelterbelt: 
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k
uu b

hb      [19]

where b is the bulk shelterbelt drag coefficient (dimensionless) and k is the screen pressure 
coefficient (dimensionless), which is an empirical coefficient akin to a drag coefficient. In re-
ality the wind speed increases with height. Moreover, it will also depend on variations in leaf 
area density within the shelterbelt. 

b is defined by: 
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F
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b
b 2)2/

     [20]

where air is the density of air (kg m-3) and h is the height of the shelterbelt (m). 

Fb the drag on the shelterbelt is, provided k is uniform with height: 
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In order to find ub from uh [19] it is necessary to find the relationship between b and k. Rau-
pach et al. (2001) propose the following relationship: 
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where b1 is the bulk drag coefficient for a solid barrier (1.07) and k1 is also a dimensionless 
empirical coefficient (1.5)  

From [19] and [20]: 
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It is now necessary to find the relation between the screen pressure coefficient k and the opti-
cal porosity . Raupach et al. (2001) found the following relationship: 

lnebe cXck      [24] 

Substituting this relation in [23] gives: 

2/1

11

1

ln kc
uu

be

b
hb     [25] 

Fig. 12 shows the result of the parameterization.  
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Figure 12. The ratio between the wind speed in the shelterbelt (bleed velocity) and the undis-
turbed wind speed upwind of the shelterbelt at the height of the shelterbelt as a function of the 
optical porosity. 

The model of Raupach et al. (2001) implicates that if  is 1, then ub/uh is k1
-1/2, which is about 

0.82. In that situation just the average wind speed up to the top h of the shelterbelt is obtained. 

2/1
1kuu hav      [26]

This is in agreement with the fact that the average wind speed up to a height h uav is about 0.8 
times the wind speed at height h under neutral atmospheric conditions, but the value is some-
what different from 0.8 for stable or unstable conditions. 

Equation [23] can then also be written as: 
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This makes it possible to use uav in stead of uh. Fig. 13 gives the result of this parameteriza-
tion.

Figs. 12 and 13 show clearly that in the model of Raupach et al. (2001) the wind speed in the 
shelterbelt approaches zero for a zero porosity. This contradicts with the measurements col-
lected by Zhou et al. (2004) who find that the wind speed at zero porosity can be larger than 
zero in many cases (section 5.7). For that reason one could conclude that the model of Rau-
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pach et al. (2001) is probably not adequate to describe the wind speed in the shelterbelt at low 
porosities for all situations. 

Figure 13. The ratio between the wind speed in the shelterbelt (bleed velocity) and the height 
averaged wind speed upwind of the shelterbelt from the surface up to the height of the 
shelterbelt as a function of the optical porosity. 
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6. Dry deposition of NH3 to horizontal surfaces 

Although this section focuses on ammonia, sometimes some information is given on particles 
or other gaseous compounds, so that the reader gets an impression of the difference in proper-
ties. Some general information can e.g. be found in Sutton et al. (1995b). 

6.1. Introduction 

The vertical flux of a component (gas, particle) between the atmosphere and a horizontal sur-
face (manure, urine, soil, vegetation, water etc.) is given by: 

surfaceaire ccvF      [28]

where:

F = flux (kg m-2 s-1). The flux is defined negative when material is removed from the 
atmosphere. 

ve = exchange velocity (m s-1) at reference height (zref).
cair = concentration in air (kg m-3) measured at reference height z (m). 
csurface = for gases: concentration in the air that would be in equilibrium with the concentra-

tion of the dissolved gas in the surface. This concentration is often named the 
compensation point. The reason for this is that the flux becomes zero when cair be-
comes as large as csurface. It depends on the applied deposition model what this 
compensation point stands for. It can be the stomatal compensation point or the 
canopy compensation point (see the following sections). 

  For particles: concentration at the surface can be assumed to be zero. 

It can be seen from [28] that for gases dry deposition occurs when cair>csurface and that emis-
sion occurs when cair<csurface.

Transport to and from the surface occurs by diffusion. In the atmosphere turbulent diffusion 
(transport by whirls of different sizes) is responsible for the transport. Turbulent diffusion is 
the same for gases and particles. Only very large particles (diameter > 10 m), such as pesti-
cide spray droplets are also subject to gravitational forces and have a higher downward veloc-
ity, but e.g. ammonium containing particles are not that large. 

Close to the surface, in the so called “laminar boundary layer” the air is no longer turbulent 
and the transport takes place by molecular diffusion (gases) or Brownian motion (particles). 
For particles with a radius > 0.2 m interception plays also a role close to the surface espe-
cially if the surface has sharp edges or is covered with hair-like objects. For particles with a 
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radius > 1 m also impaction close to the surface plays a role, i.e. the mass of the particle is 
so large that continues its movement despite change in air flow. Molecular diffusion or 
Brownian diffusion depends on the size of the molecules/particles. As the molecules are 
smaller than the particles they diffuse faster through the laminar boundary layer than particles. 
This is one of the reasons that the maximum dry deposition velocity of gases is much higher 
than the maximum dry deposition velocity of particles that are important for nitrogen deposi-
tion.

Gases can be taken up by the stomata, but they can also be deposited onto the leaves/needles 
especially if the gases are soluble in water and the leaves are covered by a water-layer. Sto-
mata are closed when it is dark (no photosynthesis occurs then). Particles diffuse too slowly 
and can therefore not transported through the stomata. For that reason deposition of particles 
occurs mainly onto leaves/needles. Once deposited particles are not easily released to the at-
mosphere again. This means that the emission term vecsurface in [28] can be neglected. 

6.2. Simple model for dry deposition to be used for (semi-) natural vegetation 

Models for exchange or dry deposition of gases usually use a resistance analogy similar to 
that of Ohm’s law for electricity. The resistances are in series if the processes that the resis-
tances describe occur subsequently and are in parallel if the processes that the resistances de-
scribe occur simultaneously. In the lowest part of the atmosphere the flux is independent of 
the height. 

Fig. 14 shows different models for the dry deposition of gases. 

Figure. 14. Different types of resistance models (see e.g. Asman et al., 1998). a = cair; c = 
ccabopy ; a = cstomata (see also the next sections for an explanation of all figures). 
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Fig. 14a shows the simplest model for dry deposition. It is assumed that the surface is a per-
fect sink for the gas, so that it cannot be released again. The first resistance ra is the aerody-
namic resistance (s m-1; Note resistances are the reverse of a velocity). The aerodynamic resis-
tance describes the transport by turbulent diffusion in the atmosphere from an arbitrary 
reference height zref to the laminar boundary layer. It is a function of the friction velocity and 
the atmospheric stability. Then the laminar boundary layer resistance rb should be overcome, 
which for gases depends on molecular diffusion. At last the surface resistance rc , i.e. a resis-
tance for uptake by the surface, in this case the canopy as a whole, should be overcome. This 
resistance depends on processes going on in the surface. For NH3 this model does a good job 
for (semi-) natural vegetation, where the compensation point usually is negligible. 

The flux is then given by the dry deposition part of [28] and ve is now called dry deposition 
velocity vd : 

)(1)()( refair
cba

refairrefd zc
rrr

zczvF    [29] 

where:

vd(zref) = dry deposition velocity at a reference height zref; vd depends on the height at 
which the concentration in the air is measured. 

cair(zref) = concentration in the air at reference height zref

The aerodynamic resistance ra is given by: 
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where:

 = von Karman’s constant (0.4; dimensionless) 
u*  = friction velocity (m s-1), which is a measure for the turbulence and increases with 

wind speed for the same atmospheric stability. 
d = displacement height (m), which is about 0.7 times the height of the vegetation. If 

individual vegetation elements are packed closely together, then the top of the 
surface begins to act as a displaced surface. The height of this displaced surface 
is called the displacement height. 

z0m = the surface roughness length (m), which is a measure for the roughness of the 
surface. It is about 0.1 times the height of the vegetation. It is the height at which 
the  wind speed is zero in an extrapolated logarithmic wind profile. 

h = a correction function for atmospheric stability 
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L = the Monin-Obukhov length (m) and is a measure of the atmospheric stability. If 
it is very large (negative or positive) the atmosphere has a neutral stratification, 
if it is relatively small and positive the atmosphere is stable, if it is relatively 
small and negative the atmosphere is unstable. 

For neutral conditions: h = 0 
For stable conditions : h = -5(zref – d)/L 
For unstable conditions: h = 2 ln((1 + x2)/2), with x = (1 – 15(zref –d)/L)1/4

From [30] it can be seen that the ra decreases with the friction velocity (turbulence) and in-
creases with the reference height zref.

The laminar boundary layer resistance rb for gases for vegetation is often parameterized as 
follows (Hicks et al. 1987): 
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where:
Pr = Prandtl number (dimensionless; value 0.72) 
Sc = Schmidt number for gases (for NH3: about 0.662). Sc decreases with the diffu-

sivity of the gas and does not depend much on temperature. 

Pesticide molecules are much larger than NH3 and for that reason diffusivity of gaseous pesti-
cides is less than for NH3 and consequently rb is larger than for NH3.

For particles rb depends on the particle size, but the resistance rb is much larger for particles 
than for gases as particles have to be transported by Brownian diffusion through the laminar 
boundary larger and due to much larger size of the particles as compared with the molecules it 
takes them much more time to cross this layer.  

From [31] it can be seen that also rb for gases decreases with the friction velocity (turbulence). 
Both ra and rb increase with turbulence. The dry deposition velocity cannot become higher 
than for the situation for which rc is zero, i.e. vd (max) = 1/(ra + rb).

The surface resistance rc is derived from experiments where the flux was measured and ra and 
rb are calculated using a measured friction velocity.  

This model describes the dry deposition well for (semi-) natural vegetation, which has a low 
nitrogen status. Vegetation with a high nitrogen status has a noticeable NH3 concentration in 
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the substomatal cavities and may emit NH3, which cannot be described adequately by this 
model.

6.3. Measured dry deposition velocities of NH3 to (semi-) natural vegetation 

In this section an overview is given of experimentally determined dry deposition velocities for 
(semi-) natural vegetation. It should be noted that the number of experiments for each entry in 
the Tables 2-4 can be very different. In general daytime measurements will be overrepre-
sented. At low wind speeds < 0.8 m s-1 the dry deposition velocity can usually not be meas-
ured. Sometimes emission is reported. It should be noted that the dry deposition velocity is 
measured at different reference heights in different experiments. This means that they are not 
directly comparable. The tables show in general higher dry deposition velocities for forest 
than for moorland and unfertilized grassland, which can be expected because the friction ve-
locity (turbulence) is higher over forest. 

Sometimes there are indications that the dry deposition flux of NH3 is influenced by evapora-
tion of NH3 from NH4

+ containing aerosols that are deposited onto the leaves (Nemitz et al, 
2004a; Nemitz et al., 2004b, Nemitz and Sutton, 2004). This can lead to a slight underestima-
tion of the NH3 deposition in those cases. 

Measurement of exchange of NH3 with semi-natural vegetation in northwest Europe showed 
that the dry deposition to vegetation often was larger than could be accounted for by uptake 
through the stomata (Duyzer, 1994). Moreover, it appeared that dry deposition also could be 
relatively high during nighttime when the stomata were closed. The dry deposition velocity 
increased with surface wetness (Wyers and Erisman, 1998) and decreased with concentration 
(Flechard and Fowler, 1998). For that reason it was concluded that deposition of NH3 to 
leaves plays an important role in northwest Europe, where vegetation is often covered by a 
very thin water layer that can absorb (or desorb) NH3. In dryer climates water layers do not 
occur so often and for that reason a lower dry deposition velocity is to be expected for those 
regions (Loubet, 2000). Due to this deposition to the leaves the dry deposition velocity of 
NH3 is often larger than for SO2 or O3.
Table 2. Dry deposition to moorland. 
vd (cm s-1) rc (s m-1) Reference
1-4 <10a) Sutton et al. (1992) 
1.9b) 0-150 Duyzer (1994)
1.2 dry : 61

wet : 23 
snow : 56 
frozen : 50-100 

Flechard and Fowler (1998)c)

a) During frozen conditions rc = 50 – 200 s m-1. 
b) Measurements made mainly during daytime. Estimated annual average 24-hour vd = 1.4 cm s-1. 
c) Emission observed during 6% of the time. 
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Table 3. Dry deposition velocity to unfertilized grassland. 
vd (cm s-1) rc (s m-1) Reference
1.5-2.0 3-6 Sutton et al. (1993) 
0.13-1.4 - Hesterberg (1996)a)

- 5-27 Sutton et al. (1997)b)

a) A compensation point between 3 and 6 ppbv (2.1-4.2 g m-3) was observed. 
b) Sometimes emission occurs. 

Table 4. Dry deposition velocity to forest. 
Forest type vd (cm s-1)  rc (s m-1) Reference
Sitka Spruce, European Larch, 
Lodgepole Pine, Noble Fir 

6.6 6 Sutton et al. (1993)a)

Douglas Fir 2.5 20-25 Duyzer et al. (1994)a)

Douglas Fir 3.2 - Wyers et al. (1992)a

Norway Spruce 0.88 (stable atmosphere)

1.8-4.0 (other conditions)

- Andersen et al. 
(1999)a)

a) Emission observed during some periods. 

Erisman et al. (1994b) used the following parameterization for rc (s m-1) for humid (semi-) 
natural ecosystems and forests: For temperatures > 1 C : Daytime dry (relative humidity < 
60%, temperature > 15 C): 500, daytime wet: 0, nighttime dry: 1000, nighttime wet 0. During 
daytime and dry periods it is estimated that emission occurs at ambient concentrations less 
than 2 g NH3 m-3. For temperatures between - 5 C and -1 C a value of 200 was chosen. 

More recent measurements (Flechard and Fowler, 1998) show somewhat lower resistances 
during dry periods than Erisman et al. (1994b) have adopted. A value of about 30-60 s m-1

seems to be a reasonable guess for an annually averaged rc under these conditions. This leads 
to an average vd for a reference height of 1 m of about 1.2 10-2 m s-1 for low vegetation and 
an average vd for (zref –d) = 10 m of about 2.5 10-2 m s-1 for forests. For the dryer Mediterra-
nean ecosystems an average rc value of 100-150 s m-1 is suggested. 

In semi-natural areas like heathland and forest the compensation point is generally so low that 
it does not play a role and only dry deposition occurs. In some cases, however, when air con-
centrations are very low, or under very dry conditions or at high temperatures emission has 
been observed (e.g. Langford and Fehsenfeld, 1992; Erisman et al., 1994a; Pitcairn et al., 
1995; Flechard and Fowler, 1998; Andersen et al., 1999). 

For information on deposition to grassland see also Sutton et al. (2001). 

Fig. 14b represents the situation where there exists a compensation point and NH3, once de-
posited can be released again, 
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6.4. A single-layer model for exchange with stomata and cuticula 

For plants with a high nitrogen status, such as agricultural crops, a dry deposition model 
should be able to describe stomatal exchange of NH3 through the stomata, as NH3 can be 
taken up or be emitted by the stomata, as the NH3 concentration in the substomatal cavities is 
not necessarily zero (Sutton et al., 1995a). Moreover, such a model should be able to describe 
that substantial part of the NH3 in humid climates is dry deposited onto a water layer on the 
cuticula or on the soil surface (a sink only). Fig 14b describes such a model. The stomatal 
compensation point, where the NH3 concentration in air is in equilibrium with the NH4

+ and 
H+ concentration in the substomatal cavities can be described with equation [3] (the concen-
tration in mol l-1 has then to be converted to kg m-3).

The equation for the flux for model in Fig. 14c can be derived easily by assuming that a can-
opy compensation point exists (ccanopy in e.g. kg m-3), which is linked to the stomatal resis-
tance and the stomatal compensation point on the one hand and to the resistance for deposi-
tion to water layers on the cuticula rw (m s-1) on the other hand. The flux from the atmosphere 
to the canopy and including the soil is then: 

brefa

canopyrefair
ref rzr

czc
zF

)(
    [32] 

The flux can then be split up in a flux to the stomata and a flux to the canopy (including the 
soil). The flux to the stomata is: 
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s r

cc
F      [33]

The flux to the canopy (including the soil is): 
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Mass conservation implicates that: 

wsref FFzF      [35]

In these equations ccanopy can now be eliminated: 
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Note that this is the equation of Smith et al. (2000) corrected for a typing error. 

The cuticular rw resistance depends on the humidity and on the chemical climate, especially 
the SO2 concentration. The higher the humidity or the SO2 concentration, the more NH3 can 
be adsorbed by the cuticula and the lower is rw. In field experiments values of rw are derived 
from periods, where the stomatal resistance rs is larger than 1000 s m-1 and excluding situa-
tions where ra(zref)+rb is larger than 500 s m-1. In such situations rw can be approximated by 
the excess resistance that is needed apart from ra(zref) and rb to obtain the measured flux. Ne-
mitz et al. (2001) find a linear decrease of rw as a function of the concentration ratio SO2/NH3

(mol l-1/mol l-1). In this case values rw is normalised to a relative humidity of 95% and a tem-
perature of 10 C. The value of rw may also be influenced by the leaf-area index (Spindler et 
al., 2001). 

Cuticular resistance rw

Smith et al. (2000) give the following empirical functions for rw (s m-1) that can be applied in 
atmospheric transport models: 

7/)100()2(10log10 rht
w er  t >0 

200wr   (-5 < t < 0)  [37]

1000wr   (t < -5) 

where rh is the relative humidity (%) and t is the temperature (C). It is better to refine this us-
ing the information from Nemitz et al. (2001) to include the dependence on the SO2/NH3 con-
centration ratio, but this relation is not given for all possible conditions. It is also possible to 
derive rw from a dynamical model that takes into the uptake of gases and their chemistry in 
the water layer (Flechard et al., 1999). 

Stomatal resistance rs

The stomatal resistance rs can be modelled using the parameterization of Hicks et al. (1987): 
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where rs,min is the minimum value of rs, which varies with plant species and leaf area index (s 
m-1), b is an empirical plant-specific constant (W m-2), Ip is the radiation intensity (W m-2).
The correction factors fe, fw, ft and fs account for the effects of humidity, water stress, tem-
perature and differences in the molecular diffusivity between the gas of interest and e.g. CO2

(Jarvis, 1976). More information on how the stomatal resistance can be parameterized as a 
function of incoming solar radiation can be found in Smith et al. (2000). 

Compensation point cstomata

The NH4
+ and H+ concentrations in plant leaves are caused by physiological processes. Agri-

cultural crops have NH3 compensation points that vary from 0.1 to 20 ppbv (0.07 – 14 g m-3)
(Schjoerring et al., 2000). These compensation points are higher than of the natural vegetation 
because of the high nitrogen input in agricultural systems (Husted and Schjoerring, 1996). 
This is well within the range of atmospheric ammonia concentrations, which means that 
fluxes over agricultural crops are essentially bidirectional: both dry deposition and emission 
occur (Schjoerring, 1991; Holtan-Hartwig and Bøckman, 1994). The compensation point can 
be determined from the NH4

+ and H+ concentration in the leaf apoplastic solution (Husted et 
al., 2000). It can also be determined from flux measurements by estimating rw and its relation 
with the humidity and SO2/NH3 concentration ratio from night time measurements when the 
stomata are closed and then use the this relation to calculate rw for daytime measurements and 
then to use equation [36] to derive cstomata. The compensation point is not constant but will 
show variations as a function of time. It depends e.g. on species, nitrogen status, growth stage 
and meteorological conditions such as the temperature and wind speed. As the (leaf) tempera-
ture shows diurnal variations, the compensation point will also show diurnal variations, often 
being highest in the middle of the day (Husted et al., 2000). 

As the compensation point increases rapidly with temperature it is attractive to define the 
compensation point in terms of the more constant concentration ratio  (mol l-1/mol l-1),
which depends directly on the plant physiology (Flechard and Fowler, 1998, Sutton et al., 
1998a; Flechard et al., 1999): 

H
NH 4       [39]

The compensation point can then be derived from  using equation [5] and [6]. 

Smith et al. (2000) assume for general dry deposition modelling purposes that the apoplastic 
solution of arable land and grassland on average contains 600 mol l-1 NH4

+ and has a pH of 
6.8. The resulting, temperature dependent, NH3 concentration can then be calculated with 
equation [5] and [6]. 
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On an annual basis a net emission is observed from agricultural crops that will depend on the 
plant species, meteorological conditions and stress due to drought, diseases or pests. An an-
nual average emission is of the order of 1-5 kg N ha-1 yr-1 during a growing season (Schjoer-
ring and Mattsson, 2001) 

Measured  values 

The value of  for semi-natural grassland with short grass in Germany, which received fertil-
izer at a rate of 70 kg N ha-1 yr-1, was about 1000. This is lower than observed for grassland in 
the UK, which received 300 kg N ha-1 yr-1 where values for  were observed of 3000 (long 
grass, 15 cm high) and 13000 (short grass, 5 cm high) (Sutton et al., 1998b). For a Dutch 
heathland that was not fertilized, but is situated in an area with a high N deposition a value of 

 was observed of 1200, which is large for semi-natural vegetation (Nemitz et al., 2004). Hu-
sted et al. (2000) found for oilseed rape (Brassica napus ssp. Napus)  values of 200-500. 

6.5. Two-layer model for exchange with the stomata, cuticula and the ground 

The single-layer model, however, cannot describe the situation where there is a source at 
ground-level that emits the gas, which is subsequently is adsorbed by the leaves above. This 
situation is sometimes observed for some gases like NH3. The emission can be caused by fer-
tilizer or decomposing leaf litter (Denmead et al., 1976; Sutton et al., 1993; Nemitz et al., 
2000a). This problem can be overcome by adopting a two-layer model (Nemitz et al., 2001) 
(Fig. 14d). 

As with the single-layer model with stomatal and cuticular resistances the canopy compensa-
tion point ccanopy has to be eliminated by expressing it in compensation points and resistances 
(Nemitz et al., 2001). In this model also a concentration cair(z0m) is needed which is the con-
centration in the air just above the canopy (kg m-3). The canopy compensation point can be 
found from (Nemitz et al., 2001): 

The total flux Ft (kg m-2 s-1) is: 

a

mairair
t r

zccF 0      [40]

The flux Fs from the canopy to the stomata is: 

s

stomatacanopy
s r

cc
F      [41]

The flux Fw from the canopy to the cuticula is: 
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w

canopy
w r

c
F      [42]

The flux Ff from the air just above the canopy to the canopy is: 

b

canopymair
f r

czc
F 0      [43]

The flux Fg from the air just above the canopy and the ground is: 

bgac

groundmair
g rr

czc
F 0      [44]

In this equation cground is the compensation point at ground level (kg m-3), rac is the in-canopy 
aerodynamic resistance (s m-1) and rbg is the ground boundary layer resistance (s-1).

Mass conservation implicates that: 

wsf FFF      [45]

and

gft FFF      [46]

When [20], [43] and [44] are substituted into [46]: 

gba

b

canopy

g

ground
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air

mair
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r
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r
c

r
c

zc 1110     [47] 

In this equation rg = rac + rbg.

When [41], [42] and [43] are substituted into [45] an alternative expression for cair(z0m) is ob-
tained: 

s

bstomata

w

b

s

b
canopyair r
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r
r

r
rczc

m
1

0
   [48] 
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Equality of [47] and [48] gives an equation for ccanopy, which can be simplified to yield: 
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gb

ground
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ba

air
canopy

rrrrrrrrrrrrrrrr

rr
c

rrrrrr
c

rr
cc

11111111
1

111

  [49] 

Once ccanopy is known Fs and Fw can be found and then also the sum of them: Ff. From Ff then 
cair(z0m) can be found and then Ft and Fg can be calculated. 

The in-canopy resistance rac (s m-1) at height (d + z0m) (sum of the roughness length and the 
displacement height) is (Nemitz et al., 2000b): 

dz
zK

zdr
mzd

H
mac

0

0
0

1     [50a] 

where KH is the eddy diffusivity for heat (m2 s-1), which is also often taken to describe ex-
change of gases and particles. 

*

0

u
zdr m

ac      [50b] 

where  (z) is a dimensionless height dependent constant (Nemitz et al., 2000b). 

For neutral conditions Nemitz et al. (2000b) mention that Shuttleworth and Wallace (1985) 
provide the following equation, which only holds for neutral atmospheric conditions: 

c

m

c

c
m h

zdnn
dhkn

hzd 0
0 1expexp   [51] 

where hc is the height of the canopy, k is the von Karman’s constant (dimensionless; value: 
0.4) and n an exponential-decay constant (see e.g. Monteith and Unsworth, 1990). No infor-
mation is apparently available on a parameterization for stable or unstable conditions. Nemitz 
et al. (2001) note that for unstable conditions (free convection) it is likely that scaling with w*

would be more appropriate. 

The boundary layer resistance at ground surface rbg (s m-1) can be parameterized as (Schuepp, 
1977):
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where Sc is the Schmidt number (dimensionless), 0 is the distance above ground (m) were 
the molecular diffusivity equals the eddy diffusivity, and z1 is the upper height of the loga-
rithmic wind profile that forms above the ground of which u*g/k is the slope. Nemitz et al. 
(2001) note that there are no comprehensive datasets for hc, (z), u*g, 0 and z1 for a wide 
range of plant species and vegetation stages. 

6.6. Dry deposition of ammonia to forest edges 

Dry deposition is enhanced at forest edges (Beier and Gundersen, 1989; De Jong and Klaas-
sen, 1997). This “edge effect” is caused by two processes. The first process is transport by the 
wind into the edge and thus bringing ammonia in direct contact with leaves or needles. The 
same effect at shelterbelts is called entrapment in this report and is treated in detail in section 
10. The second process is enhanced turbulence behind the edge, resulting in increased vertical 
exchange. If the land upwind of the forest is grassland and the fetch is long enough, the verti-
cal concentration profile that reaches the forest edge will be in equilibrium with the dry depo-
sition velocity to the grassland. The dry deposition velocity over forest is larger. Therefore the 
vertical concentration profile over the forest will become steeper than over grassland and as a 
result additional NH3 is removed. There will be a kind of forest edge effect on the top of the 
shelterbelt, resulting in increased dry deposition, but this will be different from the effect near 
forest edges. At present there are no measurements of this effect, or models that describe it. 

6.7. Dry deposition of particulate ammonium 

The dry deposition velocity for particles depends strongly on their size, the characteristics of 
the surface they are deposited onto and the friction velocity (turbulence). The dry deposition 
velocity vd of NH4

+ containing particles for neutral atmospheric conditions can be estimated 
by (Erisman et al., 1994b): 

A
uvd

*       [53]

where: vd and u* are in m s-1. A = 500 (dimensionless) for low vegetation and A = 100 for for-
ests. There is a large uncertainty in this equation. 
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Measurements show that the dry deposition velocity of NH4
+ containing particles to moorland 

or grass is of the order of 0.2 cm s-1, with an uncertainty of at least the same order (Sutton et 
al., 1993; Duyzer, 1994). The dry deposition velocity to forests is higher than to moorland. 

The dry deposition velocity of NH3 is relatively high and is about a factor of ten higher than 
that of particulate NH4

+. This means that NHx after conversion from NH3 to NH4
+ is dry de-

posited very well and is transported over long distances. The only efficient removal process 
for particulate NH4

+ is wet deposition. 

6.8. Wet deposition of ammonia and ammonium 

Cloud droplets and raindrops are usually acidic, i.e. they contain H+ ions. If NH3 is adsorbed 
by cloud droplets or raindrops, it reacts with H+ to form NH4

+. If NH4
+ containing particles 

are taken up by cloud droplets of raindrops they also found as NH4
+ ions in rainwater. Both 

NH3 and NH4
+ containing particles can be removed by processes in clouds (in-cloud scaveng-

ing) and by processes below clouds (below-cloud scavenging). All these different processes 
contribute to the NH4

+ concentration in rainwater.  

In general in-cloud scavenging of particulate NH4
+ contributes most to the NH4

+ concentra-
tion in rainwater. This holds, however, not for the contribution of a point source to the wet 
deposition close to this point source. There are two reasons for that: 

At short distances from the source the NH3 plume has usually not reached the clouds 
and for that reason in-cloud scavenging of the NH3 originating from the source will 
not occur. 
Most of the NH3 will not yet have reacted with acid compounds (H2SO4 in aerosols or 
gaseous HNO3 and HCl) so close to the source (see section 7) and for that reason most 
of the NHx will be in the form of NH3 and not in the form of NH4

+ in particles. 

For that reason it can be expected that most of the NHx from a nearby source is removed by 
below-cloud scavenging of NH3. Below-cloud scavenging of NH3 is not as efficient as in-
cloud scavenging of NH3 or particulate NH4

+. In the following below-cloud scavenging of 
NH3 will be discussed in more detail. 

Under clouds NH3 is taken up by falling raindrops (typical radius 0.1-1 mm). Falling rain-
drops have a relatively high speed (0.71-6.5 m s-1). Moreover, they have a much smaller sur-
face to volume ratio than cloud droplets. As a consequence it takes much more time before 
they get saturated with NH3 than the much smaller cloud droplets. This means that when rain-
drops are falling through a NH3 plume they are not long enough in the plume to get saturated 
with NH3, i.e. no equilibrium is reached between the concentration in the drop and the con-
centration in the air. Only very small raindrops can maybe get saturated with NH3. If it is as-
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sumed that raindrops do not get saturated at all, a maximum rate at which NH3 can be taken 
up by raindrops can be calculated and the removal rate of NH3 by below-cloud scavenging 
can be calculated. The following expression can be derived for the below-cloud scavenging 
coefficient for NH3 as a function of the rainfall rate for a temperature10 C and a relative hu-
midity under convective conditions (Asman, 1995): 

616.051085.9 mmb I      [54]

where:
b =  below-cloud scavenging coefficient for NH3 (s-1). This gives the fraction of the 

concentration that is removed per second. 
Imm = rainfall rate (mm h-1). The rainfall rate is here expressed in mm h-1 because that 

is the unit in which it usually is reported. 

Equation [54] shows that the removal rate of NH3 by below-cloud scavenging increases with 
the rainfall rate. Although this expression is only valid for convective conditions it can as a 
first approximation be used for other conditions as well. A low rainfall rate that can occur for 
hours during the passage of a warm front is of the order of 1 mm h-1. A high rainfall rate that 
usually is observed during showers is of the order of 10 mm h-1. The uncertainty in the below-
cloud scavenging coefficient due to different functions of the drop size distribution as a func-
tion of the rainfall rate is about a factor two. The NH3 concentration in the plume will show 
large vertical and horizontal variations. As long as the drops are not (partly) saturated the per-
centage of the concentration removed in the plume will be approximately the same every-
where in the plume. This means that the shape of the plume does not change due to below-
cloud scavenging. 

To estimate the effect of below-cloud scavenging on the NH3 concentration in the plume the 
situation up to 1000 m from the source is examined. If we assumed that the wind speed is low, 
e.g. 2 m s-1, it will last 500 s for the plume to travel over 1000 m. If the rainfall rate is 1 mm h-

1 5% of the concentration is removed within this distance; at a rainfall rate of 10 mm h-1 this 
number is 20%. But it is only raining 5-10% of the time. This means that on an annual basis 
only of the order of 0.25-2 % of the emission of a continuous source will be removed by be-
low-cloud scavenging up to 1000 m from the source. 

The vertical diffusion determines to a large extent how large the dry deposition is as a func-
tion of the distance to the source. This is not the case for below-cloud scavenging. As long as 
the plume does not reach the clouds, it will be scavenged at about the same rate independent 
of at which height it is in the plume. Wet deposition will only decrease as a function to the 
distance to the source due to lateral diffusion. 
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Sometimes high NH4
+ concentrations are measured with open precipitation collectors near 

sources. It is likely that these high concentrations are not caused by wet deposition, but by dry 
deposition of NH3 to the (wet) surface of the collector. 

6.9. Reaction of ammonia 

NH3 reacts with particulate H2SO4 to form NH4
+ containing particles. This is a one-way reac-

tion and the NH3 will not evaporate again. Another part of the NH3 will react with gaseous 
HNO3 or gaseous HCl to form NH4NO3 or NH4Cl containing particles. This is not a one-way 
reaction but an equilibrium, i.e. these particles can evaporate again and form NH3 again. This 
process depends strongly on temperature and relative humidity (Stelson and Seinfeld, 1982). 
The reaction rate of NH3 depends on the concentrations of the acid species present in the at-
mosphere and shows temporal and spatial variations and is also dependent on the height 
above ground level. The reaction rate can be determined from field experiments (Erisman et 
al., 1988; Harrison and Kitto, 1992). However, many assumptions have to be made. Alterna-
tively the reaction rate can be estimated from the results of atmospheric transport models until 
the best agreement is obtained with measured concentrations. Using this technique Asman 
and Janssen (1987) found a pseudo-first order reaction rate of 8 10-5 s-1 (about 30% h-1).
Since that time the SO2 emissions have been reduced in Europe and it is likely that the reac-
tion rate has been reduced consequently. The reaction rate is so low that it can assumed that 
all released NH3 has not reacted within a few km from sources. 
The reaction of NH3 to particulate NH4

+ is important because it brings NHx in a form that is 
only removed at a low rate by dry deposition, due to the relative low dry deposition velocity 
of particulate NH4

+. Due to this reaction NHx can in the form of particulate NH4
+ travel over 

large distances until it is removed by rain. 

6.10. Modelled accumulated dry deposition of NH3 as a function of downwind distance 

Close to sources (< 1 km) not much NH3 has been converted to NH4
+ and dry deposition is 

much more important than wet deposition. In such situations dry deposition of NH3 is the 
main removal process.  

Fig. 15 shows the fraction of the emission is dry deposited as a function of downwind dis-
tance from a point source at ground level for different atmospheric conditions. A point source 
at ground- level gives the highest dry deposition. The dry deposition decreases with distance 
because the concentration near the surface decreases due to vertical mixing. In this case a sur-
face resistance of 30 s m-1 was assumed. It is also possible to take a compensation point into 
account, but in that case it is difficult to generalize the results as the effect of the compensa-
tion point depends on the air concentration, which is a function of the emission rate. More-
over, the present knowledge on compensation points is still limited.  
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Figure 15. Fraction of the emission that is dry deposited as a function of the downwind dis-
tance for a ground level source. Friction velocity 0.3 m s-1, roughness length 0.05 m, surface 
resistance 30 s m-1 (gives in all cases a dry deposition velocity of about 1.5 10-2 m s-1). The 
following values are taken for the Monin-Obukhov length: 2000 m (neutral conditions), 20 m 
(stable conditions) and –20 m (unstable conditions).  

Fig. 16 shows the same situations, but then for a 10 m high source. The vertical scale of the y-
axis is kept the same in both figures. It is clearly seen that the deposition near a 10 m high 
sources is less and does not immediately start at the source because the plume has first to be 
diffused to the ground, where dry deposition occurs. Fig. 15 shows that for a ground level 
source the dry deposition is largest during stable conditions at all distances, then for neutral 
conditions and then for unstable conditions. These differences are mainly caused by differ-
ences in the vertical diffusion, where the diffusion under stable conditions is smallest. Fig. 16 
shows that for a 10 m high source this order is the same at 1000 m from the source, but not at 
much smaller distances. This difference is again caused by differences in vertical diffusion. 
Under stable conditions it takes more time before the plume is diffused so much that it 
reaches the ground where it can be deposited. 
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Figure 16. Fraction of the emission dry deposited as a function of the downwind distance for a 
source with a height of 10 m. Friction velocity 0.3 m s-1, roughness length 0.05 m, surface re-
sistance 30 s m-1 (gives in all cases a dry deposition velocity of about 1.5 10-2 m s-1). The fol-
lowing values are taken for the Monin-Obukhov length: 2000 m (neutral conditions), 20 m 
(stable conditions) and –20 m (unstable conditions). 

6.11. Measured horizontal ammonia concentration gradients close to point sources 

Sommer and Jensen (1991) measured the nitrogen dry and wet deposition around a dairy farm 
in Denmark with 80 cows during a 6-week period using Italian ryegrass (Lollium mulitflorum 
Lam.) grown in pots supplied with 15N labelled nitrogen. The emission was estimated to be 
about 1300 kg NH3 yr1. During the 6-week period the wind came from different directions. 
The measurements show, that the concentration and deposition decreases with distance to the 
source. At the source the concentration was 108 g NH3 m-3. East of the source the following 
concentrations were measured ( g NH3 m-3): at 20 m 50, at 40 m 21, at 60 and 80 m 19, and 
at 130 m 7. At 130 m distance the background value is not likely to be reached. Sommer and 
Jensen (1991) mention that the deposition at 130 m from the source was a factor of 5 higher 
than the background wet deposition. An average dry deposition velocity of NH3 of about 1.6 
cm s-1 was measured which is in agreement with the values reported in section 5. 

Fowler et al. (1998) measured NH3 concentrations at different distances east of a poultry farm 
in Scotland with 120,000 broiler chickens (estimated emission 4800 kg NH3 yr-1) during one 
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year. The concentrations decline with the distance to the source and reach the background 
level at about 300 m from the source (Fig. 17). 

Figure 17. NH3 concentration as a function of the distance to a poultry farm (east side) 
(Fowler et al., 1998).

The deposition was not measured, but was calculated using meteorological data and informa-
tion on the relation between surface resistance rc and the concentration measured some 20 km 
away at Auchencorth Moss. This relation shows clearly that the surface resistance rc increases 
with the concentration (from 30 s m-1 at 0.2 g NH3 m-3 to about 80 s m-1 at 2.0 g NH3 m-3)
(Flechard and Fowler, 1998). This means that the dry deposition velocity decreases with con-
centration. The highest concentration measured at Auchencorth Moss however, is about 2 g
NH3 m-3. The highest annually averaged concentrations near the farm were about 30 g NH3

m-3, so in order to find rc for those high concentrations the relation between rc and the concen-
tration had to be extrapolated which makes the estimated dry deposition somewhat uncertain. 
This method showed that 3.2% of the annual emission was dry deposited within 270 m from 
the source. Model calculations were made which could reproduce the measured concentration 
pattern. Taking the uncertainty in the results into account they estimate that between 3 and 
10% of the emission is likely to be dry deposited within 300 m from the farm. This is at the 
lower end of what other models predict (Asman, 1998), but these other models use a constant 
rc value and not an rc which is a function of the concentration and hence a function of the dis-
tance to the source. 
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6.12. Measured horizontal ammonia concentration gradients close to area sources 

It is important to know what the influence of an agricultural area is on nearby nature areas. 
This section describes which experiments have been made to estimate the horizontal NH3

concentration gradients in nature areas downwind of agricultural areas. It should be noted that 
if the area source is large enough perpendicular to the wind direction, lateral diffusion can be 
neglected and the relative horizontal concentration gradients are less than around point 
sources.

Asman et al. (1989) measured the horizontal NH3 concentration gradient in a moorland 
downwind of an agricultural area in The Netherlands during one day. The average results for 
daytime periods for southwesterly winds are shown in Fig. 18. The concentration in the moor-
land decreases rapidly with distance to the border to the agricultural area. Model results show 
that this decrease in concentration is mainly due to dilution by vertical diffusion and to a mi-
nor extent to dry deposition. A Gaussian surface depletion model that included all NH3 emis-
sions in the Netherlands on a 5 5 km2 resolution could reproduce the relative decrease in con-
centration relatively well, but not the absolute values. This is likely to be due to the fact that 
the emission rate during the campaign differs from the annually averaged rate that was used in 
the model calculations. The relative concentration gradient will depend on the size of the up-
wind NH3 emission area and the emission distribution within this area. The larger the upwind 
emission area is the smaller the relative gradient will be. 

Figure 18. NH3 concentrations from an agricultural area into a moorland area (Asman et al., 
1989). The thick line from –3000 to -1000 m represents an average concentration over 5 sta-
tions in the agricultural area. 
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Sutton et al. (1997) measured NH3 concentration and deposition gradient to grassland down-
wind NH3 emissions from slurry spreading at Burlington Moor, U.K.. The slurry was spread 
so that a line source perpendicular to the wind direction was obtained (600 m long and 15 m 
wide). The emission of the slurry was measured as well as the vertical fluxes on the down-
wind grassland. It was expected that the experiment would show emission from the slurry and 
deposition to the downwind grassland. The results of the flux measurements showed, how-
ever, that part of the grassland was emitting NH3. Additional experiments showed that during 
daytime NH3 was emitted from the newly cut grassland (where the cut was removed). This 
was a type of source not known so far. The compensation point of the cut grass was 40 g m-3

during daytime. The measurements showed also here a decrease in concentration as a function 
of the downwind distance to the slurry strip, despite the emission from the grassland. The 
concentrations just downwind the strip were about 90 g NH3 m-3 whereas the concentration 
at 350 m down wind are about 5 g NH3 m-3, i.e. about the same as the concentration just up-
wind the slurry strip. The TERN model (ApSimon et al., 1994) was able to simulate the hori-
zontal gradient reasonably well, taking the additional emission from cut grassland into ac-
count.

Hovmand et al. (1998) measured ammonia concentration gradients over 1.7-1.9 km long tran-
sects above a canopy in a spruce forest: from the forest edge into the forest in Denmark. No 
measurements were made in the agricultural area surrounding the forest. The area of investi-
gation was not far from the sea in an area with a relatively low annually averaged NH3 emis-
sion density. During the measurements campaign the concentration was even lower (0.28 g
NH3 m-3) than the annually averaged concentration (0.88 g NH3 m-3), indicating that the 
emission rate during the campaign was even lower than the annually averaged value. In situa-
tions with northerly winds an average decrease in concentration of 16% was found over the 
transect. For westerly winds the average decrease was 67%. The difference between these 
concentration gradients is likely to be caused by the much larger upwind area with NH3 emis-
sions north of the forest as compared to the area west of the forest where the sea is not far 
away. A Gaussian surface depletion model was able to reproduce the relative decrease in con-
centration reasonably well, but not the absolute value. This was likely to be due to the relative 
low emission rates during the campaign as compared to the annually averaged values used in 
the model calculations. 

Loubet (2000) developed a stochastic Lagrangian diffusion model that includes an extensive 
description for exchange with the canopy. He tested his model with three datasets. The first 
data set is that of the Burlington Moor experiment discussed above. His model was able to re-
produce this data set well (within 50%). He compared his results also with the results of two 
French experiments. The model was able to simulate part of these experiments well, but for 
other parts systematic differences were found. This is presumably partly due to the uncer-
tainty in the emission and dry deposition parameters as well as to the wind direction during 
the experiment that was seldom in the same direction of the down wind masts. 
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7. Dry deposition of other gaseous components to vegetation 

There is almost no knowledge on the dry deposition velocity of gaseous pesticides and odour 
compounds. In general the dry deposition velocity will increase with their solubility in water. 
Also not much information is known on atmospheric reactions close to sources.  
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8. Dry deposition of particles (pesticides, odour containing particles and 
pathogens) to horizontal surfaces 

Dry deposition velocity of particles to horizontal surfaces is governed by the following proc-
esses:

a) Inertial impaction 
b) Brownian diffusion 
c) Gravitational settling 

These processes act in parallel. An example of the dry deposition velocity as a function of 
particle diameter is given in Fig. 19. 

Figure 19. Contributions of the three terms to the dry deposition velocity Wd. Wt (gravita-
tional settling), Gimp is impaction, Gbrow is Brownian motion. Friction velocity 1.4 m s-1, short 
vegetation (grass of height 0.06 m). This is a rather high friction velocity leading to a wind 
speed if 26 m s-1 at 10 m height. (Reprinted from Raupach and Leys, 1999, with kind permis-
sion from CSIRO (M. Raupach), Canberra, Australia). 

Raupach and Leys (1999) mention that the dry deposition velocity: 
increases with particle diameter for diameters larger than about 1 m and decreases 
with particle diameter for smaller particle diameters. 
decreases with the size of the vegetation elements (leaves, needles) 
increases with canopy height 

69



increases with wind speed 
shows a maximum near a leaf area index (LAI) of 1 

Raupach and Leys focus their study on dry deposition of pesticide spray droplets and for that 
reason they treat only drops with diameters varying from 80-320 m in diameter. More than 
80% of these relatively large drops are deposited within 200 m from a source. Odour com-
pounds and pathogens are likely to be attached to smaller particles, maybe of the order of 1 - 
10 m diameter. From Fig. 19 it can be seen that the dry deposition velocity of those particles 
is an order of magnitude lower, i.e. of the order of 10% or less is deposited within 200 from a 
source.
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9. Entrapment of gases and particles by shelterbelts: a framework 

The results of this section are given as a function of the undisturbed wind speed at shelterbelt 
height upwind of the shelterbelt (uh). Information presented in section 5.9 is used to find the 
wind speed in the shelterbelt, which is used to calculate the conductance of gases and particles 
to single vegetation elements in the shelterbelt. 

To obtain first estimates of the entrapment of gases and particles the parameterization of Rau-
pach et al. (2001) is used. This parameterization uses the following assumption (see also: ub

determination previous sections): 
The concentration in the approaching flow that can hit the shelterbelt is the same at all 
heights. In reality this might not be the case as it is influenced by the source height if 
sources are nearby (< 200 m), and if the compound has an appreciably dry deposition 
velocity, which leads to lower concentrations near the surface. 

Gases and particles are deposited to a shelterbelt when an air parcel is transported along a me-
andering trajectory through the shelterbelt. The change in concentration c (kg m-3) per unit of 
time is (Raupach et al., 2001): 

gc
dt
dc       [55]

where t is time (s) and  is the frontal area of vegetation elements within the shelterbelt per 
unit volume (m-1). gfrontal = total conductance to the frontal area of the vegetation element (m 
s-1). The resistance for uptake of the gas or particles is 1/gfrontal. It can consist of one or more 
resistances and e.g. be influenced by the presence of a stomatal compensation point. 

Assuming that  and u (wind speed m s-1) and g are constant, integration along the meander-
ing trajectory through the shelterbelt this gives: 

b

bfrontal

u
Sg

c
c exp

0

1     [56] 

where c1 is the concentration downwind of the shelterbelt (kg m-3), c0 is the concentration 
upwind of the shelterbelt (kg m-3), ub is the wind speed in the shelterbelt (m s-1) and Sb is the 
total distance (along the meandering trajectory) travelled by the air parcel through the shelter-
belt (m). Sb is typically mxb, where xb is the thickness of the shelterbelt (m) and m is the fac-
tor that accounts for meandering and has a typical value of 1.2 (dimensionless). 
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The optical porosity  (dimensionless) is defined as the percentage/fraction of open space as 
seen perpendicularly to the shelterbelt side. Assuming that Lambert-Beer’s law can be applied 
the optical porosity  (dimensionless) of the shelterbelt is defined by: 

bxexp      [57] 

As can be seen  is a parameter that is integrated over the whole width of the shelterbelt. In 
principle  decreases with the width of the shelterbelt, but not linearly. In all further calcula-
tions  will be used, which implicitly contains information on the width of the shelterbelt and 
on its structure. The smaller the optical porosity the higher is the density of the shelterbelt. 

The value of  is difficult to measure and for that reason it is more convenient to use  in 
stead: 

brontalfbfrontalbb umgugxS

c
c ///

0

1     [58] 

The value of  (defined as a fraction) varies between 0 (one cannot look through the shelter-
belt) and 1 (no shelterbelt at all). If  is 0, this does not mean that there is not any flow 
through the shelterbelt. So  is a good and relatively easy to handle parameter if the shelterbelt 
is not so wide that one cannot look through, but is not suited to handle very dense (wide) 
shelterbelts. 

The mass flow per m2 vertical surface approaching the shelterbelt is: 

hav ukcucfl 2/1
1000      [59]

The relation between uav and uh is found from [26]. 

The wind speed in the approaching flow is uh, but the wind speed in the shelterbelt (ub) is less 
because part of the flow is pressed upward and directed over the top of the shelterbelt, 

The mass flow per m2 leaving the shelterbelt is: 

bucfl 11       [60]

The mass flow per m2 entrapped by the shelterbelt is: 

be uccfl 10      [61]
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Recalling that  is the ratio c1/c0, the fraction of the mass flow approaching the shelterbelt that 
is entrapped by the shelterbelt fre can be calculated from: 
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u
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uc
uccfr 2/1

10

10 11    [62] 

The amount per unit time and unit crosswind length that is entrapped is then (kg m-1 s-1):

10hcud b      [63]

This can also be written as: 

1_ totalhor
av

b flux
u
ud      [64]

where fluxhor_total is the horizontal flux approaching the shelterbelt per unit time and crosswind 
length, i.e. integrated up to the shelterbelt height (kg m-1 s-1):

0_ hcuflux avtotalhor      [65]
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10. Entrapment of ammonia and gaseous pesticides and odour compounds 
by shelterbelts 

10.1. Transport across the laminar boundary layer 

Very close to leaves the airflow is not turbulent as normally is the case in the atmosphere, but 
is laminar. Before gases can be deposited onto leaves or be emitted from leaves the gas has to 
be transported across this laminar boundary layer (see also section on dry deposition to hori-
zontal surfaces). 

The leaf boundary layer conductance of the gas (ggb, in m s-1) for situations with forced con-
vection (due to the wind and not due to heating of the surface) is (Finnigan and Raupach, 
1987; Schuepp, 1993): 

e
gb d

ShDg       [66]

where D is the diffusivity of the gas (m2 s-1), Sh is the Sherwood number (dimensionless) and 
de is the length scale of the vegetation element (m). There are somewhat different definitions 
of this length scale. One very practical definition is the square root of the surface. For conif-
erous trees de would be of the order of 3 10-3 m (3 mm) and for deciduous trees de would be 
of the order of 3 10-2 m (3 cm). Raupach et al. (2001) use also values of 3 10-4 m (0.3 mm), 
but this seems to be too small to be realistic. 

The Sherwood number is a function of the Reynolds number Re (dimensionless) for flow 
around the vegetation element and the Schmidt number (dimensionless) and is for a laminar 
flow given by: 

3/12/1Re ScCSh Pol      [67]

where CPol is a constant (dimensionless) called the Polhausen coefficient and has the experi-
mentally determined value of 1.32 for a two-sided flat plate, Re = ude/ a is the Reynolds 
number for flow around the element (dimensionless), Sc = a/D. In these equations is u the 
characteristic wind speed outside the laminar boundary layer (in this case the bleed velocity 
ub) and a is the kinematic viscosity of air (m2 s-1).

This gives the following expression for the laminar boundary layer conductance ggb (m s-1):

ud
ScDCg

e

Pol
gb

3/12/1Re      [68]
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It should be noted here, that 1/ggb is equal to the laminar boundary layer resistance rb.

The diffusivity D of NH3 at 25 C is 2.34 10-5 m2 s-1 (Andrew, 1955). Appendix 3 shows how 
the diffusivity at other temperatures can be calculated and Appendix 4 gives information on 
how the diffusivity of gases can be estimated from their chemical structure if no data are 
known. Information on the kinematic viscosity of air as a function of temperature is given in 
Appendix 5. Calculations (not shown here) show that ggb increases with 13% from -10 C to 
30 C. This is only a minor change and for that reason the value for 15  C is used in the fol-
lowing.

Fig. 20 shows that ggb/ub decreases with the wind speed in the shelterbelt.  

Figure 20. The laminar boundary layer conductance for NH3 (gg_boun, in m s-1) normalised by 
the wind speed in the shelterbelt (ub, in m s-1) as a function of the wind speed in the shelterbelt 
for different lengths of vegetation elements at a temperature of 15 C and a pressure of 1 at-
mosphere.

10.2. Aerodynamic resistance 

As the wind blows through the shelterbelt, gases have only to be transported over small verti-
cal distances of the order of 0.1 m. For that reason the aerodynamic resistance will be small 
and is neglected in the following, so that only the laminar boundary layer resistance and other 
resistances and compensation points determine the flux of gases to the leaves/needles.  
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10.3. Frontal conductance 

The deposition rate of gases to a shelterbelt is expressed as deposition to the frontal surface of 
vegetation elements. By consequence the deposition rate has also to be expressed as deposi-
tion rate to the frontal (vertical) area of a vegetation element. The frontal gas deposition rate 
Dg_frontal (kg s-1) to the frontal surface (vertical surface) of a single vegetation element and is: 

airtotalgsurfaceairfrontalgfrontalfrontalg cgAcgAD ___    [69] 

where Afrontal is the frontal (vertical) surface area of the element (m2), Asurface is the total sur-
face area of the vegetation element (m2), gg_frontal is the frontal conductance (m s-1), cair is the 
concentration in air ( g m-2), gg_total is the total conductance to the leaf area (m s-1) and is a 
function of the laminar boundary layer resistance and other resistances and compensation 
points, depending on the deposition model applied. The frontal gas deposition rate is by defi-
nition negative if material is removed from the atmospheric, which similar to the definition of 
the flux to horizontal surfaces. 

This gives the following expression for the frontal conductance: 

totalg
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surface
frontalg g

A
A

g __     [70] 

The ratio Asurface/Afrontal is a bit uncertain, but in case of isotropically distributed two-
dimensional objects this ratio is 2 (personal communication Dr. M.R. Raupach, CSIRO, Can-
berra, Australia, 2005). In the following this ratio is used in the calculations. 

10.4. The maximum fraction of the gas flow approaching the shelterbelt that can be en-
trapped

The maximum fraction of a gas that is entrapped by a shelterbelt is obtained if it is assumed 
that the laminar boundary layer resistance is the only resistance to uptake. In that case gg_total = 
ggb.

Figs. 21 and 22 show how the maximum fraction of the approaching NH3 flow that is en-
trapped by the shelterbelt (fre) depends on the optical porosity and the undisturbed wind speed 
for three different length scales of the vegetation elements. Contrary to Fig. 20, the wind 
speed in the graphs here is the undisturbed wind speed at shelterbelt height and not the re-
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duced wind speed in the shelterbelt. So the fraction entrapped never becomes equal to one, as 
part of the approaching flow does not go through the shelterbelt. 

First the situation is discussed where there are no other resistances than the laminar boundary 
layer resistance. This gives the maximum possible flux to the leaves/needles. 

Fig. 21 shows that the smallest vegetation elements capture NH3 better than the larger ones. 
For the smallest vegetation elements the entrapment is largest for an optical porosity of 0.1-
0.2. The entrapment can be substantial for the smallest vegetation elements and low optical 
porosity.

Figure 21. Fraction of approaching NH3 load entrapped by a shelterbelt as a function of opti-
cal porosity for different length scales of vegetation elements for an undisturbed wind speed 
uh of 2 m s-1, a temperature of 15 C and a pressure of 1 atmosphere. It is assumed that there is 
no surface resistance, nor a compensation point. 

Fig. 22 shows that the maximum possible fraction of NH3 entrapped decreases with wind 
speed, this in contrast to the situation for particles, where the fraction entrapped increases 
with wind speed for particles with diameters over 10-6 m as impaction is more efficient at 
higher wind speeds (see section 11). This means that at low wind speed the entrapment of 
NH3 is larger. In this case the concentrations usually are higher because the dilution is re-
duced.
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Figure 22. Fraction of approaching NH3 load entrapped by a shelterbelt as a function of the 
undisturbed wind speed uh for different length scales of vegetation elements for an optical po-
rosity of 0.1, a temperature of 15 C and a pressure of 1 atmosphere. It is assumed that there is 
no surface resistance, nor a compensation point.  

For other gases the results will be different. The larger the gas molecule is, the less is the dif-
fusivity of the gas and consequently the less is the maximum possible entrapment of the gas 
by the shelterbelt. Asman et al. (2003) (see Appendix 4) found that the diffusivity in air of 
gaseous pesticide molecules could be approximated by: 

589.0

4

2
1042.11,25

M
kD      [71]

Where D(25, 1) is the diffusivity in air at 25 C and 1 atm. (m2 s-1), M is the molecular mass (g 
mol-1) and k2 is a constant necessary to obtain the right dimensions. Its value is 1 and its di-

mension is 589.0

589.02

mols
gm . This equation was originally developed for molecules with a molecular 

weight between 100 and 500 and the average absolute difference between this equation and 
more sophisticated methods that take the chemical composition and the structure into account 
is only 5% (Asman et al., 2003). If we even apply the method to NH3, where it is not made for 
the result is not too bad: a D(25,1) value of 2.68 10-5 m2 s-1 is obtained, which is only 14% 
more than the measured value of (Andrew, 1955). Table 5 shows diffusivities of compounds 
with different molecular weights. 
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Table 5. Estimated diffusivity in air for compounds with different molecular weights. 
Molecular weight (g mol1-) Diffusivity in air (m2 s-1)
50 1.4 10-5

100 9.4 10-6

200 6.3 10-6

500 3.7 10-6

Fig. 23 shows that the maximum fraction of the gas entrapped decreases with molecular 
weight. It appears that there can be up to a factor of 2 difference between the fraction of NH3

(molecular weight 17 g mol-1) entrapped and that of a gas with molecular weight of 500 g 
mol-1 entrapped at high porosity. 

Figure 23. Fraction of approaching gas load entrapped by a shelterbelt as a function of optical 
porosity for different molecular weights for an undisturbed wind speed uh of 2 m s-1, a length 
scale of the vegetation element of 3 10-3 m, a temperature of 15 C and a pressure of 1 atmos-
phere. It is assumed that there is no surface resistance, nor a compensation point. 

10.5. A simple model for entrapment of gases by shelterbelts 

The overall conductance gtotal taking into account both the laminar boundary layer resistance 
rb and the surface resistance rc is found from: 
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Fig. 24 shows that the fraction of NH3 entrapped decreases with the surface resistance. A sur-
face resistance of 30 s m-1, is representative of NH3 for (semi-)natural vegetation. The laminar 
boundary layer resistance is very small compared to even a surface resistance of 30 s m-1.
This means that the surface resistance dominates the overall resistance. The laminar boundary 
layer resistance is a function of the diffusivity of the molecule, but as this resistance does not 
dominate Fig. 24 is representative for other gases as well. A surface resistance of 100 s m-1 is 
representative of SO2, which has a reasonably water solubility. Larger values of the surface 
resistance are likely for gaseous pesticides that are not very soluble in water. 

Figure 24. Fraction of approaching gas load entrapped by a shelterbelt as a function of optical 
porosity and surface resistance for an undisturbed wind speed of 2 m s-1 and a length scale of 
the vegetation element of 3 10-3 m. In the calculation the diffusivity of NH3 is taken, but the 
diffusivity/molecular mass does not play a role if rc values are large as rc gives then the largest 
contribution to the overall resistance. 
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10.6. Experimental verification of the model 

Theobald et al. (2001) did two types of experiments near a shelterbelt in Scotland within the 
AMBER project (see section 10.8). The shelterbelt was about 150 m long and 60 m wide and 
consists mainly of Scots pine with a few birch and spruce trees, and has a maximum height of 
about 12 m (average 10-11 m). Upwind of the shelterbelt was a field of short grass. The can-
opy is relatively open. A 40 m long NH3 line source was set up consisting of a polyethylene 
tube with its centre 1 m above the ground and at 5 m distance parallel to the woodland’s edge. 
By using a line source the crosswind dispersion can be neglected if the wind direction is nor-
mal to the shelterbelt. The release rate was adjusted so that concentrations were obtained that 
were typical for a small poultry farm (24,000 chickens, 2900 kg NH3 yr-1). The resulting re-
lease rate was 5.48 g min-1.

During campaigns SF6 was added as an inert, non-depositing tracer. The vertical concentra-
tion profiles of NH3 and SF6 were measured as a function of height 45.2 m downwind of the 
source when the wind was about normal to the shelterbelt. From these profiles it was esti-
mated that 46 8% of the NH3 was captured by the shelterbelt. The highest capture occurred at 
5 m, where the canopy is most dense and having the maximum leaf surface area. The fraction 
entrapped was rather high during this experiment, but could well be in agreement with the re-
sults in Fig. 24 for a zero surface resistance. 

During long periods NH3 was released when the wind direction was within 15  of the normal 
to the shelterbelt. The NH4

+ concentration in throughfall under the trees was measured. 
Throughfall is precipitation that has fallen on the trees and has had the opportunity to wash 
the leaves before it is collected. Ideally it should be equal to the sum of dry and wet deposi-
tion. For inert compounds this may be the case, but for nitrogen compounds this is not neces-
sary the case, as nitrogen both can be taken up and released by plants. The measured through-
fall was corrected for the background by subtracting the throughfall measured in a part of the 
shelterbelt that was not exposed to the artificial NH3 release. The results indicated that only 
2% of the released NH3 is found in the throughfall. This is in contrast with the results for the 
campaigns, but is likely to be explained partly by some artefacts and the fact that not all NH3

adsorbed is likely to be released again.  

Theobald et al. (2003) mention that it could be worthwhile to have a row of high dense vege-
tation at the downwind edge of the woodland to force the air to go through the densest part of 
the canopy. 

10.7. A model that describes the exchange with both stomata and cuticula 

Here the results from section 6.4 can be used, taking into account that the aerodynamic resis-
tance is so small that it can be neglected. This gives the following equation: 
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From this equation it can be seen that the frontal conductance is less than when there is only a 
laminar boundary layer conductance. How much it is reduced depends on the ratio cstonata/cair.
That gg_frontal depends on cair makes it difficult to generalise the results. For that reason no 
model runs are made with this model here. 

10.8. The AMBER project: ammonia deposition to shelterbelts 

In the UK a study was done on the entrapment of ammonia by shelterbelts near livestock 
farms the AMBER (Ammonia Mitigation By Enhanced Recapture) project that was supported 
by the UK Department for Environment, Food and Rural Affairs (Theobald et al., 2003). The 
following institutes were participating in this project: Center for Hydrology and Ecology, Sil-
soe Research Institute, University of Edinburgh (Ecology and Resource Management). The 
project aimed to assess the degree to which tree belts and other farm features can reduce the 
net emission of ammonia from livestock farms in the UK and to produce a practical design. 

The project consisted of the following parts: 
Long-term measurements consisting of an artificial line source of NH3 situated up-
wind of a 60 m wide shelterbelt of Scots pine. NH3 in air was measured along a tran-
sect through the tree belt as well as NH4

+ concentrations in throughfall (precipitation 
including material washed off the tree canopy, measured under the trees). In addition 
meteorological measurements were made. 
Campaign-based measurements near the same shelterbelt where known quantities of 
NH3 and the non-depositing tracer gas SF6 were released upwind of the shelterbelt. 
The concentration of these gases was measured throughout the shelterbelt so that the 
entrapment in the shelterbelt could be determined. These measurements were sup-
ported by turbulence and leaf area index (LAI) measurements to obtain input for a La-
grangian stochastic dispersion model. 
Chamber-based measurements of the NH3 deposition to tree leaf and branch surfaces 
in an open top chamber to examine the extent of saturation at high NH3 concentra-
tions.
Campaign-based measurements of dispersion near animal housings with natural and 
mechanical ventilation to study the plume shape, as this may affect the potential for 
entrapment by a shelterbelt. 
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Modelling the potential of shelterbelts to reduce the emission of NH3 from outdoor 
manure stores (due to the reduction of the wind speed). 
Modelling the entrapment of NH3 by a shelterbelt using a Lagrangian stochastic 
model.
Modelling the effect of shelterbelts on landscape and national level. 
Optimizing the shelterbelt for NH3 entrapment including information on the most suit-
able tree species. 
Analysis of the costs of establishing and managing shelterbelts. 
Organizing meetings with farmers and other interested parties to obtain feedback. 

Some of these aspects will be discussed here. 

Measurement of reduced dry deposition of NH3 at high concentrations 

Two-year old saplings of Douglas Fir, Beech, Scots Pine and Lodge-pole Pine (height 35-45 
cm) were placed in a flux chamber where the NH3 concentration was monitored continuously. 
No information is presented on the turbulence in the chamber. From this concentration differ-
ence and the flow the dry deposition velocity was derived. A control experiment was done 
with pots only to determine the dry deposition to the pots in absence of the saplings. The ex-
periments showed that there is some evidence that the dry deposition velocity is lower at high 
NH3 concentrations, but that the results are not statistically significant. 

Influence of a shelterbelt on volatilisation from open storage facilities and after application to 
land

NH3 volatilisation increases with temperature and wind speed. Downwind shelterbelts the 
wind speed is reduced. This will have an influence on the volatilisation of NH3. In the calcula-
tions it is assumed that the NH3 emission rate E (kg m-2 s-1) at fixed temperature and pH can 
be described by: 

uE       [74]

where  (kg m-2 s-1) and  (kg m-3 s-2) are constants and u is the wind speed (m s-1) at 5 m. It 
was assumed that the wind speed decreased linearly with downwind distance speed up to e.g. 
x = 5h and that the wind speed then recovered exponentially. It was assumed that the tempera-
ture of the manure was not affected by the changes in the wind speed. Calculations were made 
for very loose, dense and very dense shelterbelts (porosity is not indicated in the report). 
Slurry tanks were estimated to have widths of 10 – 20 m and lagoons from 10 – 160 m. Field 
sizes were assumed to range from about 10 to 50 ha and if square they would have widths of 
about 300-700 m. 
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The emission reduction for slurry tanks for a very loose shelterbelt was 20% for a 10 m wide 
store and a 10 m high shelterbelt and only 1.1% for a 169 m wide lagoon and a 1 m high 
shelterbelt. The effects of shelterbelt density were consistent over a range of heights: the value 
for a very loose shelterbelt could simply be multiplied by a factor 1.8 (loose shelterbelt) , 2.5 
(medium dense shelterbelt; note this must be a typing error), 2.1 (dense shelterbelt) and 2.5 
(very dense shelterbelt). 

For fields, that are wider than storage facilities the reduction in the NH3 emission rate was 
less. For very loose shelterbelts it ranged from 5.6% for a 300 m wide field with a 10 m high 
shelterbelt to 0.26% fir a 700 m wide field with a 1 m high shelterbelt. The uncertainty in the 
estimated is of the order of 50%. Due to the lower wind speed the temperature of the surface 
of the manure will increase which potentially will lead to higher emission rates. This effect 
will partly compensate for the emission reduction caused by the reduction of the wind speed. 

It should be noted that in many Northwest-European countries stored manure has to be cov-
ered by a crust or by a tent and manure has to be applied with trailing hoses or has to be in-
jected into the soil. Due to these measures the NH3 emission rate from storage facilities and 
after application are substantially reduced in those regions.

Lagrangian stochastic modelling of the entrapment of NH3 by shelterbelts 

In this type of model the dispersion is simulated by releasing a large number of “particles” 
from the source and follow them on their way. These are no real particles but representations 
of different possible realisations of the transport of small air parcels released from the source. 
The ensemble of many (105-106) particle trajectories represents the plume and the concentra-
tion distribution is derived from the number of trajectories per m3. The model needs informa-
tion on the velocity as a function of time and position. A random variation to the velocity is 
added so that particles with the same original position can end up somewhere else. The mag-
nitude of the variation is a function of the turbulent kinetic energy. The trajectories of parti-
cles are then just calculated from the position and the wind speed and the time step (see e.g. 
also Wilson and Sawford, 1996). The version used in the calculations was two-dimensional 
(downwind distance, height). The model is discussed in more detail in Loubet (2000). 

The dry deposition of NH3 is described with the A single-layer model for exchange with sto-
mata and cuticula (section 6.4). A general situation was modelled for a line/point source, as-
suming a 10 m high coniferous canopy (leaf width: 5 mm) with a width of 30 m. The leaf area 
index (LAI) of the canopy was 5 (i.e. 5 m2 of leaf canopy surface above every m2 of ground). 
The leaf area density (leaf surface per m3 canopy) was assumed to have a Gaussian distribu-
tion with a maximum at a height of 6 m. Some results of the model simulations are: 

The entrapment of NH3 is larger if the source is closer to the shelterbelt. 
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The entrapment of NH3 is larger if it is released from a source of the same height as 
where the maximum leaf area density occurs. It should be noted here that this would 
mean that the height of the source has to increase with the height of the trees as they 
are growing to obtain a maximum entrapment. 
The entrapment of NH3 is largest in the densest part of the canopy. This implies that 
the efficiency of the shelterbelt to entrap NH3 can be increased by a design that forces 
the plume to go through the densest part of the canopy. 
The entrapment of NH3 increases with the LAI (from 3 to 5), but increasing the LAI 
from 5 to 7 does not lead to any additional increase in the entrapment. This is ex-
plained by the fact that the canopy then is so dense in the area of the largest leaf area 
density that the plume is displaced to an area with a lower leaf area density. 
The entrapment decreases with wind speed. The explanation given by Theobald et al. 
(2003) is that the plume is dispersed more effectively. The shape of the plume, how-
ever, does not depend on the wind speed for the same atmospheric stability. The more 
likely reason for this phenomenon is that at higher wind speed the residence time in 
the shelterbelt is shorter, so that the amount dry deposited becomes less. The amount 
entrapped depends on the dimensionless ratio vd/ub, where vd is the dry deposition ve-
locity (m s-1) and ub is the wind speed through the shelterbelt (m s-1).
The entrapment increases with the width of the shelterbelt. 
The entrapment increases with the height of the shelterbelt. 
The cuticular and stomatal components of the resistance were of about equal impor-
tance.
The entrapment varies from 2.1 – 14.5% depending on the conditions. The highest en-
trapment was found for a 4 m high source at 5 m upwind of the shelterbelt at a low 
wind speed of 1.6 m s-1.
The influence of atmospheric stability was also investigated, but unfortunately only 
for a situation where the source height was less than the height at which the leaf area 
density was largest. The result was that for both stable (The Monin-Obukhov length L 
= 20 m) and unstable (L = -20 m) conditions the entrapment was less than for neutral 
conditions. For unstable situations the entrapment was less because the plume is wider 
(dispersion is faster). For stable situations the entrapment was less because the plume 
was smaller, so that it was not transported so much upward that it could reach the part 
of the shelterbelt with the highest leaf area density. Had the source height been at the 
same height as where the highest leaf area density occurs, the entrapment would cer-
tainly have been larger in stable conditions than in neutral conditions. 
It is not exactly clear from the description how the size of the vegetation elements is 
taken into account, although the width of the leaves is mentioned. 

Calculations were also made for an extended surface source, representing a field onto which 
e.g. manure was applied. It was assumed that the field had a width of 100 m, the wind speed 
was 3.1 m s-1 and the other parameters were the same as for the line/point source. The en-
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trapment in this case was only 2.5%. One of the important reasons for this is that a large frac-
tion of the NH3 coming from the area near the upwind edge of the field is dispersed so much 
that it is transported over the shelterbelt and cannot be entrapped. 

It was also tried to simulate the measurements of NH3 and SF6 concentration to the shelter-
belt. Turbulence measurements were made in and around the shelterbelt and the (interpolated) 
values were used in the model. LAI measurements were made of the shelterbelt as it is vari-
able and these results were also used in the model. There is not such a good agreement be-
tween modelled and measured vertical concentration profiles of NH3 and SF6. This is attrib-
uted to the lack of resolution of the turbulence necessary for such a complex system as a 
shelterbelt. It is concluded that this research area is still in the early stages of development. 

Designing a shelterbelt for maximum NH3 entrapment 

A design of the shelterbelt is proposed with denser vegetation at the leeward side of the 
shelterbelt that acts as a backstop pressing the plume through the densest part of the canopy 
(Fig. 25). The upwind understory should be open so that the plume is to start with directed 
under the densest part of the canopy. It should be noted that this design is only optimal for 
one wind direction and that this direction should be chosen so that it is optimal taking into ac-
count the position of the emissions and the prevailing wind. The shelterbelt should not only be 
one row of trees, but more rows. It is proposed to have deciduous trees for the upwind and 
downwind edges of the shelterbelt, as this will allow coppicing. Coppicing will give control 
over the porosity of the canopy that makes it possible to have a high porosity at the upwind 
edge and a low porosity at the downwind edge at the backstop zone. In the middle of the 
shelterbelt there should be coniferous trees. The choice of tree species will be influenced by 
their growth rate. 
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Figure 25. Proposed design of a shelterbelt. The flow is directed in such a way that the air is 
forced to go to the densest part of the canopy. After Theobald et al. (2003) with some modifi-
cation (with kind permission from M.R. Theobald, CEH, Edinburgh, UK). 

Emission of NO and N2O

The fluxes of NO and N2O were measured beneath the canopy of the shelterbelt where the 
experiments were done. No measurable fluxes were detected. This leads to the conclusion that 
for the conditions during the experiment and duration of the experiment deposited nitrogen is 
immobilised within the soil. It cannot be excluded, however, that at other sites (different soils) 
and during longer periods of exposure such emissions may occur. 

Simulations at landscape and national scale 

Simulations of the deposition to a 7.5 7.5 km2 area with farms and added shelterbelts were 
done. Main conclusions: 

Shelterbelts around farms can reduce the NH3 dry deposition to nearby semi-natural 
areas.
The largest benefit to the semi-natural areas occurs closest to the farms. 
The benefit provided by the shelterbelt decreases with the distance between the farms 
and natural areas. 

Simulation on a national scale showed that the dry deposition of NHx (NH3 + NH4
+) to the 

UK will increase if the area with woodlands increases, but that the wet deposition of NHx will 
decrease, but less than the increase in dry deposition. So the total deposition of NHx (sum of 
dry and wet deposition of NHx will increase. 
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Costs and economic value of shelterbelts 

Information is also presented on the costs and economic value of shelterbelts. This informa-
tion is not presented here as this is typical for the UK and not necessary valid for Canada. 
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11. Entrapment of particles by shelterbelts 

This section is mainly based on the work of Raupach et al. (2001) and describes the entrap-
ment of particles of all sizes. The largest particles have sizes comparable to pesticide spray 
droplets, which were studied in more detail by Raupach et al. (2001). Here the emphasis is 
also directed to smaller particles as odour compounds adsorb on them. 

In this section only flows normal to the shelterbelt are discussed, as they are easiest to model 
and allow us to draw general conclusions. 

11.1. Deposition of particles to a single vegetation element 

Dry deposition velocity of particles is governed by the following processes: 
Inertial impaction. 
Brownian diffusion. 
Gravitational settling. This process can be ignored for settling to small vegetation 
elements, but can play a role for large particles in areas upwind and downwind of the 
shelterbelt. 

These processes act in parallel. Inertial impaction occurs only on the frontal surface of the 
vegetation element, whereas dry deposition by Brownian diffusion occurs over the whole 
vegetation element. 

The deposition rate of particles to a shelterbelt is expressed as deposition to the frontal surface 
of vegetation elements. By consequence the deposition rate has also to be expressed as depo-
sition rate to the frontal (vertical) area of a vegetation element. The total frontal particle depo-
sition rate Dp_frontal (kg s-1) to the frontal surface (vertical surface) of a single vegetation ele-
ment and is: 

airpbsurfacepifrontalairfrontalpfrontalfrontalp cgAgAcgAD __   [75] 

where Dp_frontal is the frontal particle deposition rate (kg s-1), Afrontal is the frontal surface area 
of the element (m2), Asurface is the total surface area of the vegetation element (m2), gp_frontal is 
the overall frontal conduction to a single element (m s-1), gpi is the conductance for impaction 
(m s-1) gpb is the conductance for Brownian diffusion (m s-1) and Cp is the particle concentra-
tion (kg m-3). The frontal particle deposition rate is by definition negative if material is re-
moved from the atmosphere, which is similar to the definition of the flux to horizontal sur-
faces.
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Normalising by dividing by the wind speed u gives the following equation that can be substi-
tuted in [58] to calculate the fraction that is entrapped: 

u
g

A
A

u
g

u
g pb

frontal

surfacepifrontalp _     [76] 

The normalisation by the wind speed is done, because this normalised value is later used in 
the equation [84] that describes the ratio in concentration after and before the shelterbelt. 

11.2. Impaction 

Impaction occurs when particles cannot follow the streamlines around an object (e.g. a leaf) 
due to their own inertia and hit its surface. Inertia increases with particle size. Impaction is the 
most important entrapment mechanism for particles with diameters over about 1 10-7 m. As it 
are these particles that contain most mass, or have the largest surface onto which gaseous 
odour compounds can be adsorbed, impaction is treated in somewhat more detail than 
Brownian diffusion. 

The impaction conductance describes the speed at which particles are deposited onto surfaces 
due to impaction gpi (m s-1) and can be found from: 
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     [77]

where u is the wind speed (m s-1) and p and q are dimensionless coefficients. Bache (1981) 
and Peter and Eiden (1992) proposed p = 0.8 and q = 2 for several element shapes. St is the 
Stokes number given by: 
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     [78]

where p is the particle density (kg m-3), dp is the particle diameter (m), a is the density of air 
(kg m-3) , a is the kinematic viscosity of air (m2 s-1) and de is the length scale of the vegeta-
tion element (m). A parameterization of the density and kinematic viscosity of air can be 
found in Appendix 5. 

From equation [77] it can be seen that gpi/u in principle becomes 0 at extremely small dp and 
becomes 1 at very large dp.
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The Stokes number is a function of the wind speed. This means that gpi/u is also a function of 
the wind speed. Fig. 26 shows that for the largest particles of interest (diameter 1 10-4 m) 
gpi/u is has a value of approximately 1 for all wind speeds, which can be expected when ana-
lysing equation [77]. The value of gpi/u for smaller particles increases with wind speed; for the 
smallest particles it increases with the wind speed squared (which can be expected when ana-
lysing equation [77]). Fig. 26 shows also that gpi/u increases with particle diameter. 

Figure 26. The impaction conductance (gpi , in m s-1) normalised by the wind speed in the 
shelterbelt (ub, in m s-1) as a function of the wind speed in the shelterbelt for different particle 
diameters for vegetation elements with a length scale of 3 10-3 m and a particle density of 
1000 kg m-3 at a temperature of 15 C and a pressure of 1 atmosphere. 

The Stokes number is a function of the length scale of the vegetation elements. Fig. 27 shows 
that for the largest particles of interest (diameter 1 10-4 m) gpi/u is has a value of approxi-
mately 1 for all likely length scales of vegetation elements. The value of gpi/u for smaller par-
ticles, however, decreases with the length scale of the vegetation elements de. For the small 
particles it decreases with 1/de

2, which can be found from an analysis of equation [77]. 
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Figure 27. The impaction conductance (gpi) normalised by the wind speed in the shelterbelt 
(ub) as a function of the length scale of the vegetation elements for different particle diameters 
for a wind speed in the shelterbelt of 2 m s-1 and a particle density of 1000 kg m-3 at a tem-
perature of 15 C and a pressure of 1 atmosphere. 

Appendix 5 gives details about how the values of a and a can be derived. It is shown that 
both a and a are temperature dependent, and that their product (as is used in the Stokes 
number) increases only with 13% between –10 and 30 C. Calculations (not presented here) 
show that for the largest particles of interest (diameter 1 10-4 m) gpi/u is has a value of ap-
proximately 1 for the whole temperature range from -10 C to 30 C. The value of gpi/u for 
smaller particles, however, decreases with 20% from -10 C to 30 C. This is a minor change 
and for that reason only values for 15 C are used in the following. 

11.3. Brownian diffusion 

Brownian motion of particles occurs because gas molecules that hit them move them. The 
smaller particles are the more they are moved by the gas molecules. So Brownian diffusion is 
largest for the smallest particles, which do not contain much mass, or contribute to a large 
fraction of the surface onto which odour compounds can adsorb. 

The diffusivity p of particles is given by (Seinfeld and Pandis, 1998): 
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where k is the Boltzmann constant (1.381 10-23 J K-1; Seinfeld and Pandis, 1998), T is the 
temperature (K), Cc is the Cunningham slip correction factor (dimensionless), which takes 
into account that the drag force exerted by air is smaller than predicted by Stokes’ law if the 
size of the particle is of the same magnitude as the mean free path of the air. Cc decreases with 
particle diameter. 

The Cunningham slip correction factor is:  
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where  is the mean free path for air (m), which can be calculated from (Seinfeld and Pandis, 
1998):
The Cunningham slip correction factor can be neglected for particles with diameters larger 
than 10 m, but is important for smaller particles. 

2/13 /108
2

RTMP
    [81]

where  is the dynamic viscosity of air (kg m-1 s-1), p is the gas pressure (Pa) and M is the mo-
lecular weight of air (28.8 g mol-1), R is the gas constant (here in different units: 8.314 Pa m3

K-1 mol-1). The factor 10-3 arises from the conversion of M from g mol-1 to kg mol-1.

The Brownian diffusion conductance describes the speed at which particles are deposited to 
the surface of e.g. a leaf. The contribution of Brownian diffusion to the entrapment of parti-
cles can be found from: 
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pb     [83] 

where p is the diffusivity of the particles arising from Brownian motion (m2 s-1), Re = ude/ a

is the Reynolds number for flow around the element (dimensionless), Sc = a/ p and CPol is a 
constant called the Polhausen coefficient (dimensionless) and has the value of 1.32 for a two-
sided flat plate. According to Raupach et al. (2001) this equation is valid for Re < 104 and is 
appropriate for use in vegetation canopies although the value of CPol is altered somewhat by 
ambient turbulence, mutual shelter and waving of the plant elements (Finnigan and Raupach, 
1987).
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The overall conductance is gp = gpi + gpb. Its value normalised by the wind speed is: 
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p    [84] 

Note: The contribution from Brownian diffusion is found from [83] using the fact that 1/(Re
Sc) = p/(u de).

Fig. 28 shows that the conductance for particle entrapment shows a minimum around 0.1 – 1 
m. It is important to notice this as particles of these diameters easily can be transported into 

the lungs. 

Fig. 28 shows also that the smallest vegetation elements entrap particles more effectively than 
the larger ones. 

Figure 28. The overall conductance (gpi) normalised by the wind speed (u) as a function of the 
length scale of the vegetation elements for different particle diameters for a wind speed in the 
shelterbelt of 2 m s-1 and a particle density of 1000 kg m-3 at a temperature of 15 C and a 
pressure of 1 atmosphere. The ratio At/Ae is assumed to be 2. 
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11.4. Filtration of particles by a shelterbelt 

The ratio of the concentration after and before the shelterbelt is given by [58] which is re-
peated here as [85]:

brontalfbfrontalbb umgugxS

c
c ///

0

1     [85] 

For particles with diameter larger than around 1 m Brownian diffusion can be neglected in 
[85] and in that case the following equation is obtained: 

mE

c
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1      [86]

where E = gpi/u.

Raupach et al. (2001) mention that for particles with a diameter larger than 30 m and for 
vegetation elements with a diameter less than 30 mm E is close to, but a little bit less than 1 
and m is about 1.2. In that case .

In the following, however, we will not approximate , but will calculate it including the con-
tribution from Brownian diffusion. 

11.5. The fraction of the particle flow approaching the shelterbelt that is entrapped 

Figs. 29-32 show how the fraction of the approaching flow that is entrapped by the shelterbelt 
(fre) depends on the optical porosity, wind speed and the particle diameter for two different 
length scales of the vegetation elements. Contrary to the previous figures, the wind speed in 
the graphs here is the undisturbed wind speed at shelterbelt height and not the reduced 
wind speed in the shelterbelt. So the fraction entrapped never becomes equal to one, as part 
of the approaching flow does not go through the shelterbelt. 

These figures show that dense shelterbelts (low porosity) can entrap up to 50% of the particles 
with diameters larger than 10-4 m that approach the shelterbelt at a height lower than the 
shelterbelt. This is a size range for pesticide spray droplets, but particles that adsorb odour 
compounds are likely to be smaller, as the largest surface area is associated with smaller par-
ticles. The entrapment of these smaller particles is not very efficient. Only in case of small 
vegetation elements (length: 3 10-3 m) there is a noticeable entrapment. 

These figures show also that there is an optimal optical porosity for entrapment of large parti-
cles of about 0.1 – 0.2. The reason for this optimum is that a) the entrapment increases with 
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the density of the shelterbelt, but b) the entrapment increases with wind speed and the wind 
speed decreases with density according to the model of Raupach et al. (2001) that predicts a 
wind speed of zero at a porosity of zero. Therefore Raupach et al. (2001) note that apparently 
for particles of these sizes the shelterbelt must be dense enough to entrap particles, but sparse 
enough to allow some flow through. In section 5.7 it was shown that in many observations the 
wind speed at a porosity zero is larger than zero. In such a situation one would probably not 
observe a maximum in the fraction that is entrapped. 

Figure 29. Fraction of approaching particle load entrapped by a shelterbelt as a function of op-
tical porosity and particle diameter for an undisturbed wind speed of 2 m s-1 and a length scale 
of the vegetation element of 1 10-3 m. Note: The values for the particle diameters 10-7 and 10-

6 m are very low and overlap with the x axis. 
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Figure 30. Fraction of approaching particle load entrapped by a shelterbelt as a function of op-
tical porosity and particle diameter for an undisturbed wind speed of 2 m s-1 and a length scale 
of the vegetation element of 3 10-2 m. Note: The values for the particle diameters 10-7, 10-6

and 10-5 m are very low and overlap with the x axis. 

Fig. 30 shows how the fraction of the particle concentration that is entrapped by the shelter-
belt depends on the undisturbed wind speed and the particle diameter for the most effective 
shelterbelt: a porosity of 0.1 and the length scale of the vegetation element of 3 10-2 m. For 
large particles with diameter larger than 10-4 m about 60% of the particle flow approaching 
the shelterbelt is entrapped. 

For particles with diameters larger than 10-6 m the fraction entrapped increases with the undis-
turbed wind speed. This is because impaction is the most important deposition mechanism for 
these particles. And the deposition velocity due to impaction increases with wind speed. 
For smaller particles Brownian motion is the most important removal mechanism. The rate, at 
which they are removed, decreases with wind speed and is very low, apart from particles with 
a diameter of 1 10-9 m, who are not important, because they do not contain any mass of im-
portance.
The last result is important, because at low wind speeds particle concentrations tend to be 
higher due to lower dilution. Fig. 30 shows that particles with diameters between 10-7 and 10-5

are not entrapped well. Only a substantial fraction of particles with larger diameters are en-
trapped.
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Figure 31. Fraction of approaching particle load entrapped by a shelterbelt as a function of 
wind speed and particle diameter for a wind speed of 2 m s-1 and an optical porosity of 0.1 
and a length scale of the vegetation element of 1 10-3 m. Note: The values for the particle di-
ameters 10-7, and 10-6 m are very low and overlap with the x axis in this figure. 

In Figs. 31 and 32 a plateau in the fraction entrapped is observed for large particles of about 
0.6. This is the entire fraction of the flow that goes through the shelterbelt at an optical poros-
ity of 0.1. So in that case all particles that enter the shelterbelt are entrapped. The fraction of 
0.6 can be found from [25] and [62]. The remaining fraction is not transported through the 
shelterbelt but is lifted up. 
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Figure 32. Fraction of approaching particle load entrapped by a shelterbelt as a function of 
wind speed and particle diameter for a wind speed of 2 m s-1 and an optical porosity of 0.1 
and a length scale of the vegetation element of 3 10-2 m. Note: The values for the particle di-
ameters 10-7, and 10-6 m are very low and overlap with the x axis in this figure. 

11.6. Experimental verification of the model 

Raupach et al. (2001) did experiments in Australia to investigate the filtering properties of 
different shelterbelts for oil-based spray droplets with a log median diameter of about 80 m
at varying wind speeds. The size of these droplets is representative of pesticide spray droplets. 
The shelterbelts consisted of one to four rows of trees with heights varying from 7 to 11 m. 
The average optical porosity for all runs was about 0.1. The results show that of the order of 
80-90% of the particles was filtered. The concentrations were determined with two different 
methods: a mass-based fluorometric method and a droplet-counting method. The first method 
showed that about 90% of the particles were filtered, whereas the second method showed that 
about 80% of the particles was filtered. This difference is likely to occur because the results 
of the droplet-counting method are biased towards small droplets. The results of the mass-
based fluorometric method are in agreement with the simple approximation for large particles: 

 = .

Reasonable agreement was observed between modelled and measured values of  as a func-
tion of the wind speed. They show that for particles with different values of the optical poros-
ity the ratio of concentrations downwind and upwind ( ) increases with speed at wind speeds 
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over 6 m s-1 and decreases with wind speed at wind speeds less than about 1 m s-1. Raupach et 
al. (2001) do not take into account that the concentration also changes over a distance equal to 
the width of the shelterbelt if there had not been any shelterbelt. 

Davis et al. (1994) studied the effect of a 1.6 m high hawthorn hedge on spray drift. Sodium 
fluorescein was used as a tracer and was sprayed over a grass field with a tractor mounted 
boom sprayer with Lurmark Red 03-F 80 nozzles (BCPC code F110/1.20/3). The area be-
tween 6 and 24 m upwind of the hedge was covered by the 6m wide boom in four passes. No 
information was given on the drop size distribution. The spray drift was collected on cylindri-
cal receptor. Just after the hedge the drift was much less than just before the hedge. The ex-
periment was also done for an area with a gap in the hedge. The drift deposition there de-
creased gradually with distance and no abrupt change was observed. For wind speeds of 2.0, 
2.5 and 3 m s-1 measured at 1.5 m height the reduction in drift due to the hedge measured at 
0.45 m height was more than 90%. For a wind speed of 4 m s-1 a smaller reduction was ob-
served.

Ucar and Hall (2001) give an overview over the current knowledge of shelterbelts and their 
role in reducing pesticide drift and include also rather difficult to obtain publications. These 
publications show that natural (live) shelterbelts are much more effective than artificial ones. 
They also show that evergreen species are 2-4 times more efficient in capturing broadleaf 
species (see also Ucar et al., 2003) and that a shelterbelt could reduce a drift reduction be-
tween 70-90%, which is in agreement with the results from Raupach et al. (2001). 

No experiments for smaller particles have been reported in the literature. It should be noted 
that the particle size might change during the passage through the shelterbelt due to the hu-
midity encountered in the shelterbelt. 

11.7. Wind tunnel studies 

Laird (1997) and Thernelius (1997) did a wind tunnel study of the effect of shelterbelts on the 
emissions from swine production velocities using the wind tunnel at Iowa State University. 
The wind tunnel was constructed in such a way that a naturally occurring increase of wind 
speed with height occurred. A model animal housing was placed in the wind tunnel. The sides 
of the housing were open. The housing was filled with crushed walnut shell particles. The di-
ameter of these particles is not given and they are likely to be of varying size and rather large. 
A varying number of rows of hedges with varying width and height could be placed down-
stream of the housing. The wind speed was varied as well. The housing was placed on a turn-
table, so that the angle of exposure could be varied. The emission of particles was generated 
by increasing the wind speed, so that particles start to be suspended and leave the housing. 
The pressure loss due to the hedges was determined, which allows us to estimate the porosity 
(Thernelius, 1997). From the pictures it can be seen that a deposition of particles is not only 
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important to the hedges, but also to all downwind areas, including the areas in between 
hedges. Statistical analysis of the results show that the wind speed, the height of the hedge, 
and the number of hedges were the most important of the five variables. In the best combina-
tion of variables the amount of dust carried from the housing down wind of the hedge(s) was 
reduced by 35-65%. 

This study is not likely to be representative of the situation occurring in practice. The reason 
for that is that the particles used are likely to be very large (order of 100 m?), whereas parti-
cles that occur in reality and carry an important part of the odour compounds are likely to be 
much smaller. It should also be noted that the measurements are not valid for e.g. mechani-
cally ventilated housings. 
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12. Putting bits and pieces together: what can we conclude at present? 

12.1. Introduction 

In this section the knowledge presented in this report so far is integrated to obtain first order 
estimates of the removal of gases and particles by shelterbelts. The is based on: 

A crosswind integrated dispersion model (Asman, 1998).  
Dry deposition of gases and particles in the area between the source and the shelterbelt 
(as described in sections 6, 7 and 8 of this report). 
Entrapment of gases and particles (as described in sections 9, 10 and 11 of this report). 

The model can take into account that the entrapment by the shelterbelt is reduced due to dry 
deposition between the source and the shelterbelt. 

This integrated model does not take into account: 
The effect of obstacles, such as buildings. 
The effect of enhanced dry deposition to the top of the shelterbelt (“forest edge ef-
fect”).

For that reason the results at distances less than ten times the building height from the source 
are less reliable, whereas removal by the shelterbelt will be somewhat higher than indicated. 

At present the dry deposition of particles is not modelled within this integrated model, but the 
results of a model for one wind speed and vegetation type (grass) are taken (Raupach and 
Leys, 1999). This means that no model runs can be made for other wind speed and vegetation 
types.

The entrapment by the shelterbelt is a function of the following factors: 

Properties of the source 

Height of the source. 
Distance of the source to the shelterbelt (point source) or upwind length of the field 
(area source) 
Source type (point source or area source) 

Meteorology

Friction velocity (a measure for the wind speed and tubulence). 
Monin-Obukhov length (a measure for the atmospheric stability). 
Surface roughness length. 

105



Wind direction, but that is not taken into account in the integrated model at it is a 
crosswind integrated model. 
Temperature and pressure (is only of minor importance). 

Properties of the shelterbelt 

Optical porosity of the shelterbelt. 
Length of the vegetation elements in the shelterbelt. 
Height of the shelterbelt. One should keep in mind that the maximum height of a 
shelterbelt 20 years after plantation is about 10 m, whereas the maximum mature 
height is about 30 m. So it would be reasonable to assume that a representative height 
for a shelterbelt is not much higher than 10 m. 

Properties of the component 

For gases: the diffusivity in air and the surface resistances in the shelterbelt and the ar-
eas around the shelterbelt (which is a function of the solubility/reactivity of the gas 
and properties of the surface). Moreover, for NH3 also a compensation point could 
play a role. As we do not have enough information on this, it is not taken into account 
here.
For particles the particle size. 

Note: the wind speed can be calculated from the friction velocity, the Monin-Obukhov length 
and the surface roughness length. 

In the following sections the results of a sensitivity study are presented, where important fac-
tors are changed. Sections 12.2. – 12.4. give the results for point sources, whereas sections 
12.5. – 12.7. give the results for area sources. 

12.2. Situation near a point source 

In Fig. 33 the situation near a point source, that also is an obstacle (e.g. animal housing), is 
sketched. Close to the obstacle the airflow is disturbed. The influence of this disturbance on 
the wind field extends to about 10 times the height of the building occurs to the horizontal 
surface (soil, grass, crops etc.). Between the obstacle and the shelterbelt (here characterised by 
only one tree in the figure) dry deposition occurs. The amount dry deposited may partly be in-
fluenced by the presence of the obstacle. Near the shelterbelt, part of the approaching pollut-
ant flow is pressed upward and does not hit the shelterbelt. Another part of the flow goes 
through the shelterbelt and is partly depleted for pollutant. Just over the top of the shelterbelt 
the turbulence is increased, which leads to additional dry deposition. The pollutant concentra-
tion is likely to be lower in the “shadow” of the shelterbelt, which extends to about 10 times 
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the height of the shelterbelt and which vertical extent decreases with distance due to down-
ward mixing of the non-depleted part of the plume. 

area where dispersion is
influenced by obstacle

area where dry 
deposition occurs

approximate area of plume
not depleted by shelterbelt

approximate area of plume
partly depleted by shelterbelt

area where concentration
is lower due to shelterbelt
and dry deposition occurs

wind

Figure 33. Sketch of the situation near a point source that also is an obstacle (not on scale). 
Depending on the height of the release, the area where by the obstacle influences the disper-
sion and the area where dry deposition occurs can overlap. 

Close to a source, at a distance where the plume has reached the earth’s surface, the concen-
tration near the ground will there be high, causing a relatively high dry deposition per m2 in 
that area. The concentration near the ground and consequently the dry deposition per m2 de-
creases rapidly as a function of distance to the source due to rapid vertical and crosswind mix-
ing. The fraction of the emission that is removed per m downwind distance deceases for that 
reason also rapidly as a function of the distance to the source (it is, however, only affected by 
the vertical mixing). If the distance between the source and the shelterbelt increases a larger 
fraction of the plume is mixed up to a height where it no longer can be depleted by the 
shelterbelt. For this reason shelterbelts are most effective, when they are placed at distances 
where most of the pollutant is transported horizontally at a height below the height of the 
shelterbelt. 

As long as there is no dry deposition upwind of the shelterbelt the shape of the plume will re-
main the same for the same atmospheric stability, despite variations in wind speed. If the 
wind speed doubles, all concentrations are halved, so that the horizontal pollutant flow (con-
centration times the wind speed) remains the same for a height. The horizontal flow is differ-
ent at different heights. 
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12.3. Removal of gases near point sources 

Fig. 34 shows the situation for the base case. This is a case where the largest removal by dry 
deposition and entrapment for gases can be expected: a ground-level source, a relatively low 
wind speed, a low optical porosity, a zero surface resistance in the area before the shelterbelt 
as in the shelterbelt, a gas with a high molecular diffusivity (like NH3) and a small length of 
the vegetation elements. In all other cases in the sensitivity study for gases the removal is less 
than in the base case. 

Figure 34. Base case. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment 
by a shelterbelt (entr) expressed as a fraction of the emission as a function of downwind dis-
tance. The dry deposition given is accumulated until the downwind distance. The entrapment 
by the shelterbelt is given at the downwind distance and for tree heights varying from 5 – 30 
m. Other conditions: a point source height of 0 m, neutral atmospheric conditions and an un-
disturbed wind speed at 10 m height of 2 m s-1 (friction velocity of 0.15 m s-1), a Monin-
Obukhov length of 2000 m, a roughness length of 0.05 m, a shelterbelt porosity of 0.1 and a 
length of the vegetation elements in the shelterbelt of 1 10-3 m, a surface resistance in the 
area between the source and the shelterbelt of 0 s m-1 and a surface resistance in the shelter-
belt of 0 s m-1.

Fig. 34 shows the dry deposition of a gas like NH3 to horizontal surfaces in the area between 
the source and the shelterbelt and the entrapment of the same gas by shelterbelts of different 
heights for conditions that favour the largest removal. Fig. 34 shows e.g. that if a shelterbelt is 
placed at 200 m from the source 11% of the emission is entrapped by a 10 m high shelterbelt 
and that 37% of the emission is dry deposited in the area between the source and the shelter-
belt. At all 48% of the emitted gas is removed at 200 m from the source. The model does take 
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into account that the amount that is dry deposited before the shelterbelt is reached cannot be 
entrapped by the shelterbelt. It can be seen from Fig. 34 that only in the first 50 m from the 
source the entrapment can be higher than the dry deposition. The results show that a shelter-
belt with high trees entraps more than one with low trees.  

Source height 

Figure 35. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance.
Source height of 10 m. Other conditions as in the base case. 

Fig. 35 shows the same situation as for Fig. 34, but then for a source height of 10 m in stead 
of 0 m. In this situation the dry deposition between the source and the shelterbelt is lower as 
the gas released at 10 m height has first to be diffusion downward before it can be dry depos-
ited. As a result of this lower dry deposition the amount entrapped by the shelterbelt is larger 
than for a source height of 0 m. This despite the fact that the gas is released at 10 m height 
and therefore should be transported more rapidly over the top of the shelterbelt. 
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Figure 36. Total removal by dry deposition to horizontal surfaces and entrapment to a shelter-
belt with a height of 10 m expressed as a fraction of the emission as a function of downwind 
distance for a source height of 0 and 10 m. Other conditions as in the base case. 

Fig. 36 summarizes the results of Figs. 34 and 35. It gives the total fraction of the emission 
that is removed due to dry deposition between the source and the shelterbelt and due to en-
trapment by the shelterbelt. This example shows that more is removed from a 0 m high source 
than from a 10 m high source. Moreover, it shows that the total amount removed up to a dis-
tance in this case does not vary much with downwind distance. This is, however, not gener-
ally the case. 
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Porosity

Figure 37. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance. 
Optical porosity of 0.5. Other conditions as in the base case. 

Fig. 37 shows the same situation as for Fig. 34, but then for a porosity of 0.5 instead of 0.1. A 
higher porosity leads to a lower entrapment. The dry deposition between the source and the 
shelterbelt is the same as in Fig. 34 as it is not influenced by the entrapment in the shelterbelt. 
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Length of the vegetation elements in the shelterbelt 

Figure 38. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance.
Length of vegetation elements of 3 10-2 m. Other conditions as in the base case. 

Fig. 38 shows the same situation as for Fig. 34, but then for a length of the vegetation ele-
ments of 3 10-2 m instead of 1 10-3 m. A larger length of the vegetation elements leads to a 
lower entrapment. The dry deposition between the source and the shelterbelt is the same as in 
Fig. 34 as it is not influenced by the entrapment in the shelterbelt. 
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Wind speed 

Figure 39. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance 
and as function of the undisturbed wind speed at 10 m height (u10). The dry deposition given 
is accumulated until the downwind distance. The entrapment by the shelterbelt is given at the 
downwind distance and for a tree height of 10 m. Other conditions as in the base case. The 
friction velocity is 0.15, 0.30 and 0.60 m s-1 giving wind speeds at 10 m height of 2, 4 and 8 m 
s-1.

Fig. 39 shows the same situation as Fig. 34, but now the results are only for a shelterbelt 
height of 10 m and wind speeds at 10 m of 2, 4 and 8 m s-1. In principle the dry deposition be-
tween the source and the shelterbelt is also a function of the wind speed. In this case, how-
ever, where the surface resistance rc is zero, the dry deposition is not a function of wind speed. 
This is caused by the fact that if the wind speed doubles the concentration would be halved, 
but if rc is zero the dry deposition velocity doubles. These two effects cancel out (Asman, 
1998). If, however, rc is not zero, the dry deposition velocity would be less than doubled in 
this case. This would result in a decrease in dry deposition with increasing wind speed for the 
same downwind distance. The amount entrapped by the shelterbelt decreases with wind speed 
as was already shown in section 10.4. 
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Atmospheric stability 

There could be two reasonable ways of calculating the influence of atmospheric stability on 
the dry deposition and entrapment of gases:  

a) The friction velocity is kept constant, while changing the Monin-Obukov length is 
changed. In this case the vertical wind speed profile changes and the wind speed at 10 
m height will not be the same as under neutral conditions. 

b) The wind speed at a certain height (e.g. 10 m) is kept constant, while the Monin-
Obukov length is changed. In this case the friction velocity has to be changed so that 
the required wind speed is obtained. 

In this case possibility a) is chosen. 

Figs. 40 and 41 show the situation for stable and unstable conditions. Both the dry deposition 
between the source and the shelterbelt and the entrapment in the shelterbelt are larger under 
stable conditions.

Figure 40. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance. 
The dry deposition given is accumulated until the downwind distance. 
Stable conditions: a Monin-Obukhov length of 20 m. Other conditions as in the base case. 

Figs. 40 and 41 show that both the dry deposition and the entrapment is larger during stable 
conditions and that entrapment under these conditions still can be important at larger dis-
tances from the source than for neutral or unstable conditions. This can be explained by the 
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reduced vertical mixing under stable conditions. It should be noted here, that the concentra-
tion is usually higher during stable conditions. 

Figure 41. Dry deposition of NH3 to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance.
Unstable conditions: a Monin-Obukhov length of -20 m. Other conditions as in the base case. 

Surface resistance 

The surface resistance of the area between the source and the shelterbelt is not necessarily the 
same as the surface resistance in the shelterbelt, because the plant species are different. Here 
we will, however, assume that they are the same, as we would otherwise have too many pos-
sibilities.

Figs. 42-45 show situations for surface resistances of 30, 100 and 300 and 1000 s m-1.

For NH3 the surface resistance is maybe likely to vary from 0 to 100 s m-1. This means that 
the situations for gases with larger surface resistances are maybe more representative of less 
soluble gases such as gaseous pesticides and odour compounds. 
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Figure 42. Dry deposition of a gas to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance. 
A surface resistance in the area between the source and the shelterbelt of 30 s m-1 and a sur-
face resistance in the shelterbelt of 30 s m-1. Other conditions as in the base case. 

Figure 43. Dry deposition of a gas to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance. 
The dry deposition given is accumulated until the downwind distance.  
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A surface resistance in the area between the source and the shelterbelt of 100 s m-1 and a sur-
face resistance in the shelterbelt of 100 s m-1. Other conditions as in the base case. 

Figure 44. Dry deposition of a gas to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance. 
A surface resistance in the area between the source and the shelterbelt of 300 s m-1 and a sur-
face resistance in the shelterbelt of 300 s m-1. Other conditions as in the base case. 
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Figure 45. Dry deposition of a gas to horizontal surfaces (dry dep) and entrapment by a 
shelterbelt (entr) expressed as a fraction of the emission as a function of downwind distance. 
A surface resistance in the area between the source and the shelterbelt of 1000 s m-1 and a sur-
face resistance in the shelterbelt of 1000 s m-1. Other conditions as in the base case. 

12.4. Removal of particles near point sources 

For the dry deposition velocity of particles between the source and the shelterbelt data from 
Fig. 3 in Raupach and Leys (1999) are taken (Table 6). 

Table 6. Dry deposition velocity as a function of particles diameter for grass and a friction ve-
locity of 0.35 m s-1 (Raupach and Leys, 1999). (Reprinted from Raupach and Leys, 1999, with 
kind permission from CSIRO (M. Raupach), Canberra, Australia). 
Particle diameter (m) Dry deposition velocity (m s-1)
10-8 3 10-3

10-7 2 10-4

10-6 5 10-5

10-5 8 10-3

10-4 4 10-1

10-3 4
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The effects of changes in source height and atmospheric stability is the same for particles as 
for gases. The effect of wind speed cannot be shown as the dry deposition velocity in the area 
between the source and the shelterbelt is only known for one wind speed. From section 11 it is 
known that the entrapment is either constant with the length of the vegetation element (parti-
cles with diameters larger than about 1 10-4 m) or decreases with the length of the vegetation 
element (particles with smaller diameters). In this section results are presented that show how 
the dry deposition and entrapment depend on the particle size. 

Figs. 46-51 show that for all sizes apart from a diameter of about 1 10-5 m dry deposition in 
the area before the shelterbelt is more important than entrapment in the shelterbelt. Most par-
ticles with diameters of about 1 10-4 m and larger most particles are deposited on the field 
and only a small fraction of them can reach the shelterbelt, where part of them are entrapped. 

Figure 46. Dry deposition of particles of a diameter of 1 10-8 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 
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Figure 47. Dry deposition of particles of a diameter of 1 10-7 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 

Figure 48. Dry deposition of particles of a diameter of 1 10-6 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 
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Fig. 48 shows that particles with a diameter of 1 10-6 m are almost not removed. 

Figure 49. Dry deposition of particles of a diameter of 1 10-5 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 

Figure 50. Dry deposition of particles of a diameter of 1 10-4 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 
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Figure 51. Dry deposition of particles of a diameter of 1 10-3 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. Note that the vertical scale is 
different than in most other pictures! 

12.5. Situation near an area source 

The situation near an area source (field) is different from that near a point source (housing) as 
the airflow is not disturbed by the presence of an obstacle (Fig. 52). Moreover, the emission 
does not occur at one point, but at very many points. Some of these points are close to the 
shelterbelt. Much of the material released from such points hit the shelterbelt. Material re-
leased from points further upwind of the shelterbelt is partly transported over the shelterbelt. 
In that situation less material will be taken up by the shelterbelt. 
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Figure 52. Sketch of the situation near an area source (e.g. field) (not on scale). 

In this case it is assumed that there is a field upwind of the shelterbelt and that there is emis-
sion from the whole field with the same emission density (emission m-2) everywhere.

12.6. Removal of gases near area sources 

The emission from a field can be modelled in two ways: 
a) Using a constant emission per m2 everywhere in the field. 
b) Using a constant concentration in the surface everywhere in the field. In this case the 

concentration of the gas in air cair increases with distance to the upwind edge of the 
field. The net emission flux defined by (F = -(cair – csurface)/(ra+rb) , see section 6 ) is 
then decreasing with the distance to the upwind edge of the field. 

Here method a) is chosen, as it is the simplest one.  

Between a point source and the shelterbelt dry deposition will occur, but in the case of an area 
source for gases it is usually assumed to no dry deposition will take place before the air 
reaches the shelterbelt. In this way the emission from the field is the net emission. This situa-
tion is fundamentally different from the situation for point sources. 

Fig. 53 shows the base case for area sources. 
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Figure 53. Base case: entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the 
emission as a function of downwind distance. The dry deposition given is accumulated until 
the downwind distance. The entrapment by the shelterbelt is given at the downwind distance 
and for tree heights varying from 5 – 30 m. Other conditions: an area source height of 0 m, 
neutral atmospheric conditions and an undisturbed wind speed at 10 m height of 2 m s-1 (fric-
tion velocity of 0.15 m s-1), a Monin-Obukhov length of 2000 m, a roughness length of 0.05 
m, a shelterbelt porosity of 0.1 and a length of the vegetation elements in the shelterbelt of 
1 10-3 m, a surface resistance in the shelterbelt of 0 s m-1.

Comparison with the base case for point sources (Fig. 34) learns that the entrapment of NH3

by the shelterbelt is larger for area sources than for point sources. There are two reasons for 
that. One reason is that it is assumed that no dry deposition takes place onto the area source. 
The other reason is that part of the emission from a field of upwind size of x m, occurs much 
closer to the shelterbelt than in the case of a point source at a distance of x m to the shelter-
belt.
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Porosity

Fig. 54 shows that a shelterbelt with a porosity of 0.5 entraps less NH3 than one with a poros-
ity of 0.1. 

Figure 54. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. Optical porosity of 0.5. Other conditions as in the base case. 
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Length of the vegetation elements in the shelterbelt 

Fig. 55 shows that the entrapment by vegetation elements with a length of 3 10-2 m is less 
than for vegetation elements with a length of 1 10-3 m. 

Figure 55. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. A length of the vegetation elements in the shelterbelt of 
3 10-2 m. Other conditions as in the base case. 
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Wind speed 

Fig. 56 shows the results for various wind speeds; a wind speed of 2 m s-1 was used in the 
base case. 

Figure 56. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance and as function of the undisturbed wind speed at 10 m height 
(u10). The friction velocity is 0.15, 0.30 and 60 m s-1 giving wind speeds at 10 m height of 2, 4 
and 8 m s-1. Other conditions as in the base case. 
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Stability

Fig. 57 shows the results for a stable atmosphere, whereas Fig. 58 shows the results for an un-
stable atmosphere. The entrapment is usually larger under stable conditions. 

Figure 57. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. Stable conditions: a Monin-Obukhov length of 20 m. Other 
conditions as in the base case. 
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Figure 58. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. Unstable conditions: a Monin-Obukhov length of -20 m. 
Other conditions as in the base case. 
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Surface resistance 

Figs. 59-62 show situations for surface resistances in the shelterbelt of 30, 100 and 300 and 
1000 s m-1.

For NH3 the surface resistance is maybe likely to vary from 0 to 100 s m-1. This means that 
the situations for gases with larger surface resistances are maybe more representative of less 
soluble gases such as gaseous pesticides and odour compounds. 

Figure 59. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. A surface resistance in shelterbelt of 30 s m-1. Other condi-
tions as in the base case. 
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Figure 60. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. A surface resistance in the shelterbelt of 100 s m-1. Other 
conditions as in the base case. 

Figure 61. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. A surface resistance in the shelterbelt of 300 s m-1. Other 
conditions as in the base case. 
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Figure 62. Entrapment of NH3 by a shelterbelt (entr) expressed as a fraction of the emission as 
a function of downwind distance. A surface resistance in the shelterbelt of 1000 s m-1. Other 
conditions as in the base case. 

12.7. Removal of particles near area sources 

For particles the situation near area sources is different from that for gases. It is not necessary 
to assume for particles that the emission is the net emission from the area. The emission of 
particles and the dry deposition of particles are two separate processes.

The effects of changes in source height and atmospheric stability are the same for particles as 
for gases. The effect of wind speed cannot be shown as the dry deposition velocity in the area 
between the source and the shelterbelt is only known for one wind speed. From section 11 it is 
known that the entrapment is either constant with the length of the vegetation element (parti-
cles with diameters larger than about 1 10-4 m) or decreases with the length of the vegetation 
element (particles smaller diameters).  

Figs. 63-68 show that for all sizes apart from a diameter of about 1 10-5 m dry deposition is 
more important than entrapment. For particle diameters of about 1 10-4 m and larger most 
particles are deposited on the field and only a small fraction of the emitted particles can reach 
the shelterbelt, where part of them are entrapped. 
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Figure 63. Dry deposition of particles of a diameter of 1 10-8 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 

Figure 64. Dry deposition of particles of a diameter of 1 10-7 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 
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Figure 65. Dry deposition of particles of a diameter of 1 10-6 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 

Figure 66. Dry deposition of particles of a diameter of 1 10-5 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. 
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Figure 67. Dry deposition of particles of a diameter of 1 10-4 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. Note that the vertical scale of 
this figure is different than in most other figures. 
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Figure 68. Dry deposition of particles of a diameter of 1 10-3 m to horizontal surfaces (dry 
dep) and entrapment by a shelterbelt (entr) expressed as a fraction of the emission as a func-
tion of downwind distance. Other conditions as in the base case. Note that the vertical scale of 
this figure is different than in most other figures. 
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13. Conclusions 

13.1. General 

This report discusses the present knowledge on the potential that shelterbelts have to remove 
ammonia, gaseous pesticides and odour compounds, and particles of different sizes (e.g. pes-
ticide sprays, odour compounds attached to particles etc.) originating from agricultural activi-
ties.

Animal housings have an effect on the downwind wind field at least at 5 times the 
height of the housings. At a distance of 10 times the height of the building this effect 
is minor. In that sense the dispersion around animal housings differs from that from 
fields, where there is no disturbance of the wind field. The typical height of an animal 
housing is about 10 m (6 - 12 m). This means that the wind field and thereby the dry 
deposition is influenced up to at least 50 m (30 – 60 m) from the housing. Only more 
complicated dispersion models can handle this situation, but further away from the 
housings the effect of housings on the wind field may be neglected. 
Shelterbelts affect the airflow: part of the airflow goes through the shelterbelt where 
speed is reduced and part is forced to go over the shelterbelt. The denser the shelter-
belt is, the smaller is the fraction of the approaching airflow that goes through the 
shelterbelt. Near the top of the shelterbelt there is increased turbulence, which favours 
dry deposition there. 
Removal of gases and particles occurs by entrapment while the air is transported 
through the shelterbelt and by dry deposition on top of the shelterbelt, which is likely 
to be enhanced due to increased turbulence. As the surface of the leaves/needles on the 
top of the shelterbelt is less than the surface within the shelterbelt, dry deposition to 
the top of the shelterbelt is likely to be less important than entrapment. There are cur-
rently no models that describe the enhanced dry deposition to the top of the shelter-
belt. For particles there is a simplified model that describes the entrapment by shelter-
belts (Raupach et al., 2001). For NH3 and other gases such a simplified model is 
developed within the project presented in this report. After the model was finished it 
became clear that there existed another model for the entrapment of that was not yet 
published in the open literature (Theobald et al., 2003; based on the dispersion model 
of Loubet, 2000). Information on that model was then also incorporated in the report. 
There are rather complicated meteorological models that can describe the wind- and 
turbulence field near shelterbelts. Most of these models have, however, only been 
verified for situations with artificial shelterbelts like fences. In principle, however, 
these models could be applied for real shelterbelts (trees) as well. 
Shelterbelts are often characterized in terms of optical porosity, defined as the per-
centage/fraction of open space as seen perpendicularly to the shelterbelt side. It is a 
two-dimensional measure, whereas the shelterbelt has a three-dimensional structure. A 
shelterbelt can best be characterized by its external structure (height, width, length, 
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cross-sectional shape) and by its internal structure (vegetative surface area and vol-
ume, geometric shape of the individual vegetative elements) (Zhou et al., 2004). At 
present it is not yet clear how these properties can be translated into e.g. an aerody-
namic porosity that can be used in meteorological models that describe the flow 
around shelterbelts. In the model used in this report the flow through the shelterbelt is 
described by a parameterization where the optical porosity is used instead of the aero-
dynamic porosity. This is not the best possible description as the width of the shelter-
belt and other important properties are only indirectly taken into account, but more de-
tailed descriptions are not yet fully developed. 
In the area between a source and a shelterbelt dry deposition of gases and particles can 
occur. This dry deposition will reduce the amount that can be entrapped by the 
shelterbelt. For NH3 the dry deposition is reduced if a noticeable concentration of NH3

in the surface is present (compensation point). It is possible to construct simple and 
more complicated models that describe dry deposition of NH3 between the source and 
the shelterbelt reasonably well. For particles of different sizes this is also the case. Dry 
deposition of gaseous pesticides and odour compounds can in principle also be de-
scribed with the present dry deposition models. There are, however, no measurements 
of the dry deposition velocity of these compounds and hence important parameters in 
these models cannot yet be parameterized. 
Close to sources not much of the released NH3 has reacted with acid components in 
the atmosphere to NH4

+ containing aerosol. For that reason it is not necessary to take 
reactions into account when modelling the dry deposition and the entrapment of NH3

close to sources. Wet deposition is occurring only 5-10% of the time and below-cloud 
scavenging of NH3 is not so efficient. For that reason, wet deposition of NH3 close to 
sources is not so important. For gaseous pesticides and odour compounds usually no 
information is known on reaction/degradation. It is likely that the reaction is not fast 
enough to influence on the entrapment of these compounds by shelterbelts. The small-
est particles may coagulate to form larges particles, but they do not represent a large 
fraction of the particulate mass. 
There is almost no information on what the size is of particles that are important for 
transport of odour compounds and pathogens. These particles are likely to be smaller 
than pesticide spray droplets and for that reason it is likely that shelterbelts do not en-
trap these particles well. As the size of these particles has not been measured, this 
means that in this report information is given on dry deposition and entrapment of par-
ticles of different sizes, but that at present no conclusion is drawn on what happens to 
odour compounds and pathogens associated with particles. 
For gases, the entrapment by vegetation elements depends on the concentration of the 
gas already present in their surface. If such a concentration is high enough the net dry 
deposition velocity is reduced. There is not much information on this factor. For that 
reason it was not taken into account in the calculations presented in the report. For 
NH3 some flux chamber experiments were done that show that there are some indica-
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tions that the net dry deposition is reduced, but the results are not statistically signifi-
cant (Theobald et al., 2003). 
An experiment was made in the UK where the trace gas SF6 was released together 
with NH3 in front of a 60 m wide shelterbelt consisting of mainly Scots pine (Theo-
bald et al., 2003). The wind direction was about normal to the shelterbelt. The vertical 
concentration profiles of SF6 and NH3 were measured. From these measurements it 
was concluded that 46 8 % of the NH3 entering the shelterbelt was entrapped. This is 
rather high, but could well be in agreement with the results of the model developed in 
this project if a zero surface resistance is adopted. 
An experiment in Australia (Raupach et al., 2001) showed that about 80-90% of the 
particles with a diameter of about 1 10-4 m were captured by a shelterbelt with an op-
tical porosity of about 0.1. 

13.2 Model results 

13.2.1. Introduction 

The models for entrapment of gases (developed within this project) and particles (Raupach et 
al., 2001) were combined with a dispersion model (Asman, 1998), so that conclusions can be 
drawn about the fate of emissions from point and area sources near shelterbelts as a function 
of source height, meteorological conditions, shelterbelt height and surface resistance (gases) 
or particle diameter (particles). The models have the following properties: 

They are two-dimensional, describing the situation when the wind is perpendicular to 
the shelterbelt.  
The wind speed is a function of height depending on the friction velocity and the at-
mospheric stability. 
They do not only describe the entrapment by the shelterbelt, but also dry deposition 
between the (point/area) source and the shelterbelt. 
They cannot take into account that the wind field is disturbed near buildings and that 
this may affect dry deposition in the area between the source and the shelterbelt.
They cannot take into account that there can be enhanced dry deposition on the top of 
the shelterbelt. 
They cannot take into account that the optical porosity can be a function of height. 

It is believed that the models will capture the most important features. It is difficult to judge 
what the uncertainty in the model results is, but it is believed that it is of the order of a factor 
of two.

The following conclusions are drawn: 
The entrapment by the shelterbelt increases with: 

The height of the shelterbelt. 
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Stability of the atmosphere. 
Wind speed (for particles). 
Particle size (for particles with diameter > 1 10-7 m). 

The entrapment by the shelterbelt decreases with: 

Source height. 
Distance from the source to the shelterbelt (point source) or length of the field upwind 
of the shelterbelt (area source). 
Optical porosity of the shelterbelt. 
Typical length of the vegetation elements (leaves, needles) in the shelterbelt. 
Wind speed (for gases). 
Surface resistance and molecular mass (gases). 

The entrapment of particle mass is only important for particles with diameters > 1 10-4 m. 
The main mechanism for removal of particles with diameters larger than 1 10-7 is impaction, 
which occurs when particles due to their own inertia cannot follow the streamlines around an 
object (e.g. a leaf) and hit its surface. 

Deciduous trees do not have leaves in wintertime and hence their entrapment will show large 
seasonal variations. 

The entrapment/dry deposition of particles is a function of the particle size. The effects of par-
ticles on human beings depend also on the particle size. Particles with a diameter of less than 
6 10-6 m are not removed well by the upper respiratory system and may enter the lungs where 
compounds can be taken up (Hidy, 1984). 

13.2.2. Point sources emitting NH3 and other gases 

In case of point sources the fraction of the emission that is entrapped by the shelterbelt de-
pends also on the dry deposition in the area between the source and the shelterbelt. 

The following conclusions can be drawn for NH3 from a point source: 
For a base case situation that favours high dry deposition and entrapment (a source height of 0 
m, neutral atmospheric conditions, low undisturbed wind speed of 2 m s-1, surface resistance 
everywhere of 0 s m-1, typical length of vegetation elements 1 10-3 m (needles)) 11% of the 
emission is entrapped by a 10 m high shelterbelt at 200 m distance from the source. More-
over, 37% of the emission is dry deposited in the area between the source and the shelterbelt. 
So at all 48% of the emission is removed at 200 m distance from the source.  

It is, however, more likely that the entrapment is lower, e.g. in the case that there is a low sur-
face resistance of 30 s m-1 for both the area between the source and the shelterbelt and for the 
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shelterbelt, the entrapment at 200 m from the source by a 10 m high shelterbelt will only be 
3% of the emission. In that case 28% of the emission is dry deposited between the source and 
the shelterbelt. 

In case of a source height of 10 m, the dry deposition in the area between the source and the 
shelterbelt is less than in the base case with a source height of 0 m. This is caused by the fact 
that the plume is already partially diluted when it reaches the surface and for that reason the 
concentration and dry deposition are less than in the case of a source height of 0 m. Using the 
same values for the other parameters as in the base case, the entrapment at 200 m from the 
source by a 10 m high shelterbelt will be 12%. In that case only 4% of the emission is dry de-
posited between the source and the shelterbelt.  

In case of a 10 m high source and a low surface of 30 s m-1 for both the area between the 
source and the shelterbelt and for the shelterbelt itself, the entrapment at 200 m from the 
source by a 10 m high shelterbelt will be even less and the same holds for the dry deposition 
between the source and the shelterbelt. 

Although it can be attractive to make shelterbelt structures that enhance entrapment by the 
shelterbelt on should keep in mind that a high NH3 deposition/entrapment rate may lead to ef-
fects on the vegetation that ultimately can lead to a reduced entrapment, e.g. because leaves 
do not develop well or die. 

For other gases the removal will depend on the properties of the gas, such as the solubility in 
water. The solubility is likely to be lower for other gases than for NH3 and for that reason the 
entrapment and dry deposition in the area between the source and the shelterbelt will be less 
than for NH3.

13.2.3. Point sources emitting particles 

For all sizes apart from for particles with a diameter of about 1 10-5 m dry deposition the en-
trapment by the shelterbelt is less important than the dry deposition in a 200 m large dield be-
tween the source and the shelterbelt. Most particles with a diameter larger than about 1 10-4

m are deposited on the field and only a small fraction reached the shelterbelt, where part of 
them is entrapped.  

13.2.4. Area sources emitting NH3

It is assumed in the calculations that the emission is the net emission (e.g. emission minus dry 
deposition). The reason for this is that both the emission and the dry deposition depend on the 
compensation point and that it for that reason is difficult to treat emission and dry deposition 
separately. It is also assumed that the area source is at ground level and extends up to the 
shelterbelt. 
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For a base case situation that favours high dry deposition and entrapment (neutral atmospheric 
conditions, low undisturbed wind speed of 2 m s-1, surface resistance everywhere of 0 s m-1,
typical length of vegetation elements 1 10-3 m (needles)) 31% of the emission is entrapped by 
a 10 m high shelterbelt downwind of a 200 m wide area source. This is a higher number than 
for a point source at 200 m distance. There are two reasons for this: 
For a point source the emission occurred at 200 m from the shelterbelt, but for the area source 
the emission occurred in the whole area up to the shelterbelt. So part of the emission is closer 
by and this emitted NH3 has not yet had a chance to get vertically mixed and for that reason a 
larger fraction can be entrapped. 
It was assumed that no dry deposition occurred onto the area source. 

A surface resistance of 30 s m-1 in the shelterbelt leads to an entrapment of 7% of the NH3

emission by a 10 m high shelterbelt downwind of a 200 wide area source. 

13.2.4. Area sources emitting particles 

Contrary to the situation for NH3 it is assumed that the emission from the area is NOT the net 
emission. The reason for this is that for particles there is no compensation point and hence 
emission and dry deposition can be treated separately. 

For area sources emitting particles of 1 10-5 m and larger entrapment is in most cases less im-
portant than dry deposition onto the area source. For particles with diameters of 1 10-7 m and 
1 10-6 m entrapment nor dry deposition are important. 

13.3 Recommendations for future research 

Instead of using an optical porosity, which is essentially a one- or two-dimensional 
description of a shelterbelt, a three-dimensional description of the shelterbelt should 
be made along the lines of Zhou et al. (2004). This description should e.g. be able to 
take into account that the leave area index is a function of height and depth of the 
shelterbelt enabling to study e.g. a structure proposed by Theobald et al. (2003) that is 
designed to entrap a plume more efficiently. If possible the description should be 
made in such a way that destructive sampling is avoided. Moreover, it should be 
investigated which additional information is needed to model the entrapment of gases 
and particles.
Models should be constructed that can describe the wind flow through and around 
shelterbelts that can take into account that the properties of the shelterbelt are a func-
tion of the three dimensions of a shelterbelt and hence the flow should also be mod-
elled for situations where the wind direction is not normal to the shelterbelt. These 
models should be combined with models that describe the entrapment of gases and 
particles as well as the diffusion and transport from the source to the shelterbelt in-
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cluding dry deposition upwind of the shelterbelt. Effects of buildings on the wind field 
should be included in such models. 
The model developed for entrapment particles in this report should include the possi-
bility of varying the dry deposition velocity of particles with the wind speed (at pre-
sent it is not modelled, but some values from Raupach and Leys (1999) for one wind 
speed are used). 
Experiments should be done to test the efficiency of entrapment of gases with differ-
ent properties (e.g. solubility in water) and particles with different sizes by shelterbelts 
of different structures. These experiments should be set-up in such a way that they en-
able validation of entrapment models. 
For odour compounds attached to particles and pathogens it should be investigated 
how they are distributed over particles of different sizes. This is important as the en-
trapment of particles and the possibility of particles to enter the lungs is a function of 
the particle size. 
The parameterization of the wind speed in the shelterbelt of Raupach et al. (2001) 
cannot be used for an optical porosity less than about 0.1, as there still can be a flow 
through a shelterbelt at zero optical porosity (Zhou et al., 2004). There is therefore a 
need for at better parameterization of the wind speed in the shelterbelt. 

13.4. Possibilities for cooperation 

The information on the institutes that are active in the field of the modelling and measurement 
of the entrapment is obtained from the literature. This does not exclude that other institutes 
are capable of doing this type of work. 

The following institutes are or have been active: 

University of Alberta, Canada, Department of Earth and Meteorological Sciences: 
modelling of the flow around artificial shelterbelts, measurement of the flow around 
artificial shelterbelts, modelling of atmospheric dispersion of gases using a Lagrangian 
stochastic model (John D. Wilson, Thomas Flesch). 
Iowa State University, Ames, Iowa, Department of Agronomy and Department of 
Computer Science (Eugene S. Takle, Hao Wang): Modelling of the flow around 
shelterbelts. They are also starting to look at particle entrapment by shelterbelts. 
University of Nebraska, School of Natural Resources, Lincoln, U.S.A.: characterising 
shelterbelts for wind field modelling (James R. Brandle, Xinhua Zhou). 
National Center for Atmospheric Research, Boulder, U.S.A.: Large-eddy simulation of 
turbulent flow about multiple shelterbelts (Edward G. Patton). 
CSIRO, Earth Observation Centre, Canberra, Australia: Modelling of the entrapment 
of particles by shelterbelts (Michael R. Raupach).  
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Centre for Ecology and Hydrology, Edinburgh, U.K.: measurement of the entrapment 
of NH3 by shelterbelts, design of shelterbelts for optimal entrapment, modelling in a 
joint project with INRA (Mark R. Theobald, Mark A. Sutton and others). 
Institut National de la Recherche Agronomique (INRA), Thiverval-Grignon, France: 
modelling entrapment of NH3 by a shelterbelt using a Lagrangian stochastic model 
(Benjamin Loubet). 
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Appendix 1. Calculation of the fraction of a pesticide in the gas phase in the 
soil

Derivation of the equation for the fraction in the gas phase 

The following set of equations is necessary to find the fraction of the pesticide in the gas 
phase (Smit et al., 1997; see also Asman et al., 2003). 

The Henry’s law coefficient gives the relation between the concentration of the pesticide in 
the gas and water phase: 

liquid

gas
H c

c
K      [A1-1] 

where:
KH = Henry’s law coefficient (dimensionless), 
cgas  = concentration of the pesticide in the gas phase in the soil (kg pesticide m-3 air), 
cliquid = concentration of the pesticide in the water phase in the soil (kg pesticide m-3 water). 

Henry’s law coefficient can be determined directly or can be determined from the molecular 
weight, vapour pressure and the solubility in water of the pesticide. Both the measured or cal-
culated values can be uncertain. It is not unusual that for one compound Henry’s law coeffi-
cients are reported in the literature, which differ an order of magnitude. The Henry’s law coef-
ficient is rather temperature dependent. 

The solid-liquid partitioning coefficient Kd gives the relation between the mass of pesticide 
adsorbed to the soil particles and the concentration in the water phase in the soil. If a linear 
sorption isotherm is assumed Kd the following equation is found: 

liquid
d c

XK       [A1-2] 

where:
Kd = solid-liquid partitioning coefficient of the pesticide (kg pesticide kg-1 solid)/ 

(kg pesticide m-3 water). 
X = mass of pesticide adsorbed to the soil particles (kg pesticide kg-1 solid). 

Often the sorption is not linear and Kd is decreasing with increasing concentration in the water 
phase increases (Green and Karickhoff, 1990). Kd is not very temperature dependent (F. van 
den Berg, Alterra, Wageningen, personal communication, 2001). 
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The total concentration of pesticide in the soil (in all phases) can now be described by: 

Xccc dry,soilliquidwatergasairsoil     [A1-3] 

where:
csoil = concentration of pesticide in the whole soil matrix (kg pesticide m-3 soil)
   (Note: soil includes both the solid, water and gas phase of the soil), 

air = volume fraction of air in the soil (m3 air m-3 soil), 
lwater = volume fraction of water in the soil (m3 water m-3 soil), 
soil,dry = dry bulk density of the soil, i.e. soil without water, but including air (kg solid m-3

soil).

Equation [A1-3] can also be written as: 

gassoil cQc      [A1-4] 

with the (dimensionless) capacity factor Q: 

dHdry,soildwaterair KKKQ     [A1-5] 

The dimensionless fraction of the pesticide in the gas phase is then: 

Q
FP air

gas       [A1-6] 

KH and Kd should be known, or can be derived from other properties of the pesticide and/or 
the soil. 

air and water are usually not given, but have to be derived from the following parameters: 
corg = organic matter content of the solid part of the soil (% of the volume). 

soil, mineral = density of the mineral part of the solid phase of the soil (kg m-3). A con-
stant value of 2660 kg m-3 is chosen (F. van den Berg, Alterra, Wageningen, personal 
communication, 2001). 

soil,org = density of the organic matter part of the solid phase of the soil (kg m-3). A 
constant value of 1470 kg m-3 is chosen (F. van den Berg, Alterra, Wageningen, per-
sonal communication, 2001). 

soil,dry = dry bulk density of the soil (without water, but including air) (kg m-3),
air = density of air (kg m-3). A value of 1.25 kg m-3 is taken, which is representative of 

a pressure of 1 atmosphere and a temperature of 10 C,
cmoist = volumetric moisture content of the soil (% of the volume). 
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The volume fraction of moisture can be found from: 

100
cmoist

water      [A1-7] 

Dry soil consists of organic matter and mineral parts. The density of the solid part of the soil 
soil,solid (kg m-3) is calculated from the information on the organic matter content and the den-

sities of the organic and mineral parts of the soil: 

eralmin,soil
org

org,soil
org

solid,soil 100
c

1
100
c

   [A1-8] 

As an intermediate step air+water, the volume fraction of air and water together in the moist 
soil, can be found from: 

solid,soilair

solid,soildry,soil
waterair     [A1-9] 

When deriving this equation one should note that the difference between dry soil and moist 
soil is that part of the volume fraction of air of the dry soil is replaced by water in the moist 
soil. This means that the volume fraction of air in the dry soil is equal to the volume fraction 
of air and water together in the moist soil. 

The volume fraction of air air can then be found from: 

waterwaterairair      [A1-10] 

Derivation of Kd from Kom, Koc or Kow

Many pesticides adsorb to organic matter in the soil, but not all. If the soil contains organic 
matter and the pesticide adsorbs mainly to organic matter, Kd can be calculated from Kom and 
the organic matter content (in %): 

100
cK

K orgom
d      [A1-11] 

where:
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Kom = coefficient for sorption to soil organic matter (m3 kg-1). It should be noted that Kom

is often given in (l kg-1) in the literature. 

If Kom is not known it can be estimated from Koc (Chiou, 1989): 

oc
K58.0K om      [A1-12] 

where:
Koc = organic carbon distribution coefficient (kg kg-1 organic carbon)/(kg m-3 water). 

If Koc is not known it can be found from Kow using the following equation (Rao and David-
son, 1980): 

18.0Klog029.1Klog ow
10

oc
10     [A1-13] 

If no value of Kd is available, it may be estimated with the methods presented here, but in that 
case the uncertainty in Kd becomes larger. 

Derivation of KH from molecular weight, vapour pressure and solubility 

The Henry’s law coefficient as defined by [A1-1] can be found from the molecular weight, 
vapour pressure and solubility given in units that are often used: 

STR
VPmolwK

gas
H      [A1-14] 

where:
molw = molecular weight (g mol-1)
VP = vapour pressure (mPa) 
Rgas = gas constant (8314.5 Pa l K-1 mol-1)
T = temperature (K) 
S = solubility (mg l-1)

Temperature dependence of the vapour pressure 

The Clausius-Clapeyron equation describes the temperature dependence of the vapour pres-
sure:

2
v

RT
H

dT
VPlnd      [A1-15] 

where:
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VP = vapour pressure at temperature T (Pa) 
Hv = heat of vaporisation (J mol-1)

R = universal gas constant (8.314 J mol-1 K-1)
T = temperature (K) 

If it is assumed that Hv is constant with changes in temperature the following equation can 
be obtained (Lyman et al., 1990): 

T
1

T
1

R
HexpVPTVP

ref

v
ref     [A1-16] 

where:

VP(T) = vapour pressure at temperature T (Pa) 
VPref = vapour pressure at reference temperature Tref

Tref = reference temperature (K) 

There are methods to estimate Hv if it is not known, but these methods are rather uncertain 
(Lyman et al., 1990). The heat of vaporisation has only been determined for a limited number 
of pesticides. Smit et al. (1997) found an average value for Hv of 95000 J mol-1 for about 15 
pesticides. The values range from 58000 to 146000 J mol-1.

Temperature dependence of the solubility 

The solubility as a function of the temperature can be found from: 

T
1

T
1

R
HexpSTS

ref

s
ref     [A1-17] 

where:
S(T) = solubility at temperature T  
Sref = solubility at reference temperature Tref

Tref = reference temperature (K) 
Hs = differential heat of solution (J mol-1)

Smit et al. (1997) found an average value for Hs of 27000 J mol-1 for about 11 pesticides. 
The values range from -17380 to 54350 J mol-1. In the PESTDEP model (Asman et al., 2003) 
a default value for Hv of 27000 J mol-1 is used if no values for Hs are known. 

Temperature dependence of the Henry’s law coefficient 

The relation for the temperature dependence of the Henry’s law coefficient is given by (Sein-
feld and Pandis, 1998): 
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T
1

T
1

R
HexpTHTH

refg

A
ref    [A1-18] 

where:

H = Henry’s law coefficient (mol l-1 atm-1)
T = actual temperature (K) 
Tref = reference temperature (K) 
Rg = gas constant (8.314 Pa m3 K-1 mol-1 = 8.314 J K-1 mol-1); note that the gas constant 

used here is expressed in different units than the one used in (1-14). 
HA = heat of dissolution at constant temperature and pressure (J mol-1); HA can be calcu-

lated from Hv and Hs using relation (1-14). 

The relation between Henry’s law coefficients KH and H that are defined in different ways is: 

TRH
1K

g
H      [A1-19] 

From [A1-15] and [A1-16] the following function for KH as a function of temperature can be 
found:

T
1

T
1

R
Hexp

T
TTKTK

refg

Aref
refHH   [A1-20] 

KH generally increases with temperature. HA will be different for different compounds.  
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Appendix 2. Accounting for streamlining of vegetation elements 

Vegetation elements tend to streamline in a strong wind, so that the optical porosity increases 
with wind speed. This is likely to be the case for deciduous trees at least. The optical porosity 
 has to be corrected for this. Raupach et al. (2001) show that the relation between  and the 

wind speed can be found by balancing the turning moments of the leaves due to gravity and 
drag.
The following relation is found between  at wind speed u and  at wind speed 0: 

cos
0u  with 

2/1

2tan1
1cos     [A2-1] 

It should be noted here that it is likely that this effect is unimportant for coniferous trees. 
Moreover, if  is determined experimentally it will usually be determined at a non-zero wind 
speed, which should be taken into account. 
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Appendix 3. Temperature correction for the diffusivity of gases 

The diffusivity of a gas in air at a pressure and temperature different from a reference pressure 
and temperature can be found from (Cussler, 1986): 

75.1

,),(
ref

ref
refref T

T
P

P
TPDTPD     [A3-1] 

where D(P,T) is the diffusivity at the actual pressure and temperature (m2 s-1), D(Pref,Tref) is 
the diffusivity at the reference temperature (m2 s-1), P is the actual pressure (e.g. in atm), Pref

is the reference pressure (in the same units as P), T is the actual temperature (K) and Tref is the 
reference temperature (K). 
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Appendix 4. Estimation of the diffusivity of gases in air 

If the diffusivity of a gas in air is not known it can be estimated from its chemical structure 
using the method of Fuller, Schettler and Giddings (FSG method) (Lyman et al., 1990). It is 
most accurate for non-polar gases at low to moderate temperatures. Its accuracy is poorest for 
polar acids (12%) and glycols (12%) and minimal errors are found for aliphatics (4%) and 
aromatics (4%) (Lyman et al., 1990). The FSG method is based on the following equation: 

2
3

1
B

3
1

A

BA

BA75.111

1g
VVP

MM
MMT10

kD     [A4-1] 

where:
Dg = diffusivity in air(m2 s-1)
T = temperature (K) 
P = pressure (atm) 
V = molar volume based on the method developed by Fuller et al. (1966) 
  (m3 mol-1)
M = molecular weight (g mol-1).
k1 = constant necessary to obtain the right dimensions. Its value is 1.0 and  

  its dimension is 75.1167.1

5.04

Kmols
gmatm .

The subscripts A and B in [A4-1] refer to the air and the gaseous pesticide, respectively. MA

is 28.97 g mol-1 and VA is 20.1 10-6 m3 mol-1.

VB can be estimated from the chemical structure of the molecule using the increments listed 
in Table A4-1: 

i
i,BiB VnV      [A4-2] 

where ni is the number of atoms of kind i and VB,i is the volume increment caused by atom i. 
A correction has to be made to the sum in case of aromatic and heterocyclic rings are present. 
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Table A4-1. Atomic and structural diffusion volume increments VB

(m3 mol-1) (Fuller et al., 1966). 
Atom VB
C  16.50 10-6

H  1.98 10-6

O  5.48 10-6

N  (5.69 10-6)
Cl (19.5 10-6)
S (17.0 10-6)
Aromatic and heterocyclic rings -20.2 10-6

Values in parentheses are based upon few data points (Fuller et al., 1966).

For chemicals not listed in Table A4-1, VB can be estimated as 85-90% of the LeBas volume 
VB . In the following calculations we have used VB = 0.875VB .
VB  can be found from Table A4-2. 

Table A4-2. Additive volume increments VB  for calculating the LeBas molar volume VB

(m3 mol-1) (Reid et al., 1977). 
Atom VB Atom VB
C 14.8 10-6 Br 27.0 10-6

H  3.7 10-6 Cl 24.6 10-6

O (except as noted below)  7.4 10-6 F  8.7 10-6

 - in methyl esters and ethers  9.1 10-6 I 37.0 10-6

 - in ethyl esters and ethers  9.9 10-6 S 25.6 10-6

 - in higher esters and ethers 11.0 10-6 Ring
 - in acids 12.0 10-6  - 3-membered  -6.0 10-6

 - joined to S, P, N  8.3 10-6  - 4-membered  -8.5 10-6

N  - 5-membered -11.5 10-6

 - double bounded 15.6 10-6  - 6-membered -15.0 10-6

 - in primary amines 10.5 10-6  - naphthalene -30.0 10-6

 - in secondary amines 12.0 10-6  - anthracene -47.5 10-6

Reid et al. (1977). 

VB  is calculated from the increments in the same fashion as VB. It should be noted that there 
are no values of VB or VB  for phosphorous. This means that it is not possible to estimate 
the diffusivity in air for organophosphorous pesticides with this method. 

The method mentioned above is somewhat complicated. A more simple method, but less ac-
curate method can be developed where the diffusivity at one temperature and pressure is esti-
mated from the molecular weight alone. 
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Appendix 5. Density and kinematic viscosity of air 

The density of dry air a (kg m-3) is derived from the ideal gas law: 

T
P

RT
MP

V
M

a
3511010 33

    [A5-1] 

where V is the volume (m3), M is the molecular mass of air (28.8 g mol-1), P is the pressure 
(atm), R is the gas constant (8.2057 10-5 atm m3 mol-1 K-1) and T is the temperature (K). The 
factor 10-3 arises from the conversion of M from g mol-1 to kg mol-1. The value of a at at-
mospheric pressure varies from 1.33 kg m-3 at -10 C to 1.16 kg m-3 at 30 C.

The kinematic viscosity (m2 s-1) of air a is found from the dynamic viscosity of air  (kg m-1

s-1) and the density of air a:

a
a       [A5-2] 

The dynamic viscosity of air (kg m-1 s-1) at temperature t (C) can be found from (Mason, 
1971):

For t  0: 

t85 109.410718.1

For t < 0:  [A5-3]

21085 102.1109.410718.1 tt

The value of a at atmospheric pressure varies from 1.25 10-5 m2 s-1 at -10 C to 1.61 10-5 m2

s-1 at 30 C.
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An overview is given over the processes that play a role in the entrapment of gases 
and particles by shelterbelts close to agricultural point and area sources. The report 
focuses on ammonia and particles, but some information is given on pesticides, odour 
compounds and pathogens that are associated with particles.
A model for the entrapment of ammonia was developed. This was together with an ex-
isting model for the entrapment of particles combined with a two-dimensional atmos-
pheric transport model to describe the entrapment as a function of the source height 
and source distance to the shelterbelt as well as the properties of the shelterbelt. This 
model also includes a description of dry deposition to the surface before the plume 
has reached the shelterbelt.
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Generelt

Hvis der er en høj kløverandel i marken, giver det gode 

muligheder for at bruge kløveren som en buffer i plan-

lægningen både for at maksimere N-responsen og for at 

manipulere med produktionsprofi len.

N-responsen kan forbedres hvis:

• Marker med lav kløverandel prioriteres frem for marker  

 med høj kløverandel

• 1.års marker prioriteres

• Ved afgræsning kun at tilføre N i den første halvdel af  

 sæsonen

Hvis kløvergræsset skal benyttes det kommende år, kan 

overvintringen forbedres, hvis kløvergræsset afgræsses 

frem for slættes, eller hvis N tilføres i starten af vækstsæ-

sonen.
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