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Abstract 

Ammonia, volatilized from animal manures after land-spreading, is one of the major sources 
of acid deposition in the Netherlands. A model for transfer of ammonia from arable land 
to the atmosphere after surface application or incorporation of cattle slurry is presented. The 
model can be used to study the interactions of the chemical, physical and environmental fac­
tors influencing volatilization losses and their combined influence on NH3 volatilization un­
der field conditions. The model employs the following flux equation: R = k (Cs-Ca) where 
k is a transfer function, Cs is the NH3(g) surface concentration and Ca is the atmospheric 
NH3(g) background concentration. The rate of volatilization R can be calculated at any mo­
ment after application, provided k, Cs and Ca are known at this moment. The model there­
fore basically consists of modules which yield these variables. 

Keywords: ammonia volatilization, transfer model, cattle slurry, arable land, surface applica­
tion, incorporation 

Introduction 

Annual ammonia (NH3) emissions from liquid animal manures in the Netherlands 
are estimated to be 2.5 x 105 Mg. A substantial part of the NH3 is deposited on 
nearby sites, and contributes to soil acidification upon transformation into HN03 

through nitrification. It is estimated that volatilization of NH3 after land-
application of cattle slurry constitutes 30 % of the total emission. 

* Present affiliation: TAUW Infra Consult BV, P.O. Box 479, NL 7400 AL Deventer, Netherlands. 
** Present affiliation: European Centre for Medium-Range Weather Forecasts, Shinfield Park, Read­
ing, Berkshire, RG2 9AX, UK. 
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Results of field experiments on NH3 volatilization after application of cattle 
slurry to arable land have been reported by Beauchamp et al. (1982) and van der 
Molen et al. (1989; 1990). As the interactions involved in the NH3-volatilization 
process are very complex, modelling the process has become a prerequisite for un­
derstanding the dynamics of the process, and for interpretation of the results of ex­
periments. As far as we know there are no models available describing the process 
of NH3 volatilization under field conditions from arable land after application of 
cattle slurry. 

In this paper, we present a transfer model for NH3 volatilization from arable 
land after surface application or incorporation of cattle slurry. The model can be 
used to study the interaction of the chemical, physical and environmental factors 
influencing volatilization losses and their combined influence on NH3 volatilization 
under field conditions. The work is part of an integrated programme which deals 
with the chemical, physical and biological aspects of the application of animal ma­
nures to soils. The model presented in this paper serves as the base for a predictive 
NH3 volatilization model. 

Model description 

General theory 

Cattle slurry is a mixture of urine and faeces excreted by cattle. Before application 
to the land, the slurry is kept in storage tanks. During storage, urea, which is a com­
ponent of urine, undergoes hydrolysis catalysed by urease according to: 

It is because of this process that cattle slurry from storage tanks contains ammonia­
cal N, which may be lost through NH3 volatilization after application to the land. 
The amount of ammoniacal N that may volatilize after application strongly depends 
on the amount being lost while the animals are housed, and during storage and ap­
plication of the liquid manure. 

Volatilization of NH3 after land-application will take place if the NH3(g) concen­
tration at the surface exceeds the NH3(g) concentration in the air. When the ammo­
nia profile in the air is in equilibrium with the concentration at the surface, the rate 
of volatilization R{t) (/ig N m~2 s~ ') can be expressed as the difference between the 
NH3(g) surface concentration Cs(t) (/ig N m 3) and the concentration Ca(0 (/ig N 
m~3) at a specified height za (m) above the surface (Rachhpal-Singh & Nye, 1986): 

where k(t) (m s1) is a transfer function. The rate of volatilization R(t) as 
described by Equation 2 can be calculated at any moment after application when 
all three terms on the right-hand side of Equation 2 are known at these very mo­
ments. The model basically consists of two main modules, which yield k(t) and 

CO(NH2)2 + 2HzO -> (NH4)2C03 - NH3 + NH4+ + HCO ( 1 )  

R(t) = k(t){Cs(t) - Ca(01 (2) 
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Cs(t), respectively. The atmospheric NH3(g) concentration, Ca(/), is required as in­
put for the model. 

The transfer module describes the volatilization process itself, i.e. the transfer of 
NH3(g) from the earth's surface into the atmosphere, and yields the transfer func­
tion k(t). The description of the transfer function is obtained from the same theory 
which has been developed for evaporation of water into the atmosphere, but which 
is sufficiently general to allow description of volatilization of NH3 as well. 

In the soil module the magnitude of the NH3(g) concentration at the surface, 
Cs(t), is calculated. In order to determine this concentration, a number of chemical 
and physical processes which define the distribution of ammoniacal N over the 
different phases of the soil/manure system and the transport within the system, have 
to be taken into account. In addition to NH3 volatilization, other processes may 
influence the ammoniacal-N content of the system during a volatilization event. 
These are biological processes which consume (nitrification, immobilization) or 
produce (mineralization) ammoniacal N. A more accurate description of the two 
modules mentioned so far is given below. 

Soil module 

The distribution of the ammoniacal N, applied with slurry, immediately after appli­
cation depends on the method of application. In case of surface application, slurry 
is spread on the land after which the slurry infiltrates into the soil, whereas in case 
of incorporation the slurry is mixed through the upper layer of soil after spreading. 
For both surface application and incorporation, the initial distribution of the am­
moniacal N is assumed to be uniform down to a certain depth. The difference be­
tween the two application techniques appears in the depth over which the ammonia­
cal N is initially distributed. This depth, Linit (m), is selected to reflect the principal 
extent of cattle slurry placement, i.e. in case of surface application the effective dis­
tance over which infiltration occurs, and in case of incorporation the thickness of 
the soil layer which the slurry is mixed through. The assumption of a uniform initial 
ammoniacal-N distribution with depth down to depth Linit implies that, in case of 
surface application, infiltration of slurry takes place instantaneously. 

For the purpose of modelling, the ammoniacal-N content at the soil surface is as­
sumed to be uniform to some fixed depth, Lx (m). Thus, throughout a top com­
partment the temporal variations in ammoniacal-N content resulting from volatili­
zation and chemical, physical or biological processes in the soil are assumed to be 
uniform. Below this depth, a second compartment of variable thickness L2(t) (m) 
is assumed from which no volatilization takes place. This compartment acts as a 
storage reservoir for the amount of ammoniacal N originating from the slurry that 
is placed below depth Lv The front of the ammoniacal-N content profile in the 
soil coincides with the bottom of this compartment at a depth L(t) (m), where a step-
change in ammoniacal-N content occurs. Within this compartment the distribution 
of the ammoniacal N present and the temporal variations in ammoniacal-N content 
due to chemical, physical or biological processes are also assumed to be uniform 
with depth. 
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As the initial distribution of the ammoniacal N is assumed to be uniform down 
to depth Linit, the amounts of ammoniacal N initially stored in the two compart­
ments, NHxl>i and NHx2 i (both in /ig N m~2), are defined by the total amount of 
ammoniacal N applied with the slurry, NHxapp (/ig N m-2), the depth Linit over 
which this ammoniacal N is placed initially and the thickness Lx of the top com­
partment (L, is a fixed value for a certain type of application; its magnitude is ob­
tained from calibration of the model). The model therefore requires NHiapp, Linit 

and L, as input, and calculates NH,, ;, NHx2>i and the initial value of L2(t), L2i, as 
follows: 

^2,i ~ ^init (3) 

NHV|j = NH,,app x L|/Xjnit (4a) 

NHx2i = NH,,app X L2jj/Z/in;t (4b) 

Figure 1 gives a schematic representation of the distribution of the total amount of 
ammoniacal N originating from the slurry immediately after application. 

The volumetric flux of water, /w(0 (m s-'), through the two compartments, 
which is assumed to be constant with depth, is calculated from the net difference 
between the evaporation rate, E(t) (m s1), and the rainfall rate, P(t) (m s~')» i-e.: 

•4(0 = m - Pit) (5) 

In order to calculate 7W(0 throughout a volatilization event from Equation 5, data 
on evaporation and rainfall rates throughout the event are required as input. 

The flux of ammoniacal N between the two compartments is assumed to take 
place by convective transport in the liquid phase and diffusive transport in both the 
liquid and the gas phase. 

NH x, total NH x, total 

init 

surface-applied incorporated 

Fig. 1. Schematic representation of the initial distribution of the total amount of ammonical N originat­
ing from the slurry following surface application and following incorporation of the same amounts of 
slurry. 
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Convective transport, Jc(t) (/tg N m 2 s~')> is calculated as: 

Je(t) = Jw(t) x ([NH3]aq + [NH4 + ]aq) (6) 

where [NH3]aq and [NH4 + ]aq are the concentrations (/xg N m 3) of NH3 and NH4 + 
in solution. Ammoniacal N is transported from the bottom compartment to the top 
compartment if the net water flux is in the upward direction, E(t) > P(l), whereas 
transport of ammoniacal N from the top compartment to the bottom compartment 
takes place in case of a downward net water flux, E(t) < P(t). The way [NH3]aq 

and [NH4+]aq are calculated is shown below. 
Diffusive transport, Jd(t) (/tg N m2 s1), is calculated as: 

- JdgiO + "Alaq I (0 + JdaqlV) 0) 

where subscripts g and aq denote gaseous and aqueous, respectively; the terms on 
the right-hand side are calculated as: 

7dg(t) = - Dg X ([NH3]gl - [NH3]g2) x Ld-i (8a) 

•WO = - Aq x ([NH3]aql - [NH3]aq2) X £„-• (8b) 

•^daq2(0 = — Daq X ([NH4+]aql — [NH4 + ]aq2) X (8c) 

The subscripts 1 and 2 on the right-hand side refer to the compartment number. The 
terms Dg and Z>aq denote the gaseous and aqueous diffusion coefficient, respective­
ly, and are derived below. The diffusion length, Lä, is calculated as: Ld = {L, + 
L2(t) 1 x 0.5. 

As mentioned earlier, the thickness of the top compartment, Lx, is fixed for a 
volatilization event, whereas the thickness of the bottom compartment, L2(t), may 
deviate from its initial value, Liy By definition the bottom compartment at t = 0 
contains all ammoniacal N originating from the slurry that is placed below depth 
L,; it is assumed that the soil initially did not contain ammoniacal N. The lower 
boundary of this compartment coincides with the front of the ammoniacal-N con­
tent profile in the soil at a depth L(t), where a step-change in ammoniacal-N content 
occurs. In order to keep track of the thickness of the bottom compartment, L2(f), 
the model calculates the rate Js(t) (m s1)» at which the ammoniacal-N front moves 
through the soil for t > 0: 

Jit) = ( 1 ) (9) 
6 v ( f )  1  +  R d  

where RD ( - )  i s  t h e  r e t a r d a t i o n  f a c t o r  f o r  t h e  t r a n s p o r t  o f  N H 4 +  ( E q u a t i o n  2 1 ) ,  
and 0V(O is the volumetric water content (required as input). The model calculates 
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the thickness of the bottom compartment, L2(t), after each time step according to: 

L2(t) = L2(t') - Js(t) X At (10) 

where At is the current time step (s) and L2(t') is the thickness of the bottom com­
partment prior to the time step. 

The amounts of ammoniacal N present in the two compartments, NHfl(/) and 
NHt2(/) (both in /*g N m2), for t > 0, are calculated according to: 

NH„(/) = NH„(/') - S, + ƒ - V (11a) 

NHrfW = NH,2(/') - St - I (lib) 

where the prime denotes the amount of ammoniacal N present prior to the time step; 
S, I and V (ng N m2) are a sink term representing the net loss due to biological 
processes, the net inflow of ammoniacal N due to convective and diffusive transport 
and the amount of ammoniacal N volatilized, respectively. The magnitude of the 
terms V, I and S in Equations 1 la and lib is calculated from the current time step, 
At, and the rates at which volatilization (Equation 2), inflow of ammoniacal N 
(Equations 6 and 7) and net loss of ammoniacal N due to biological processes, s(t) 
(jig N m~2 s-'), occur: 

V = R(t) x At (12) 

I = Uc(0 + /d(0Î x At (13) 

S, = 5,(?) x At, S2 = 52(?) x At (14) 

Data on the rate, s(t), at which net loss of ammoniacal N from the system due to 
biological processes takes place are part of the input for the model. The distribution 
of the rate s(t) over the compartments is carried out according to: 

. st(0 = s(t) (15) 
NHj|(0 + NHx2(0 

NH_,(/) s2(0 = s(t) ^ (16) 
NHX1(0 + NHjr2(0 

The distribution of the amounts of ammoniacal N present in each compartment over 
the different phases in the soils is calculated from the amount of ammoniacal N 
present in each compartment, NHxl(0 and NH^/), and relationships between the 
concentrations of the different ammoniacal species. NH^/) and NHx2(?) can be ex­
pressed in terms of the concentrations of the different ammoniacal species as fol­
lows: 
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NHxl(t) = L, (dg [NH,lg L + 0V [NHJ]AQ , + dv [NH4+]AQ>1 + 6B [NH4+]S>I) (17) 

NHX2(0 = L2(t) {Bg [NH3]G 2 + 0V [NH3]AQ 2 + 0V [NH4+]AQ>2 + EB [NH4+]S>2)(18) 

where the subscripts g, aq and s denote concentrations in the soil gaseous phase (/ig 
N m the soil aqueous phase (/ig N m 3) and the soil solid phase (/ig N per kg 
of dry soil material) respectively; eb is the dry bulk density of the soil (kg m-3) and 
dg is the gas-filled pore volume (-), which is calculated from the porosity, </> (-), 
and the volumetric water content 6V according to: 

eg = </> - ev (19) 

Both 4> and Qb are required as input for the model. 
With NHxl(/) and NH^O known from Equations 11a and lib, L, obtained 

from calibration of the model, L2(t) and dt defined by Equations 10 and 19 and 0V 

and eb given with the input, the concentrations on the right-hand sides of Equa­
tions 17 and 18 are calculated with the help of the following relationships between 
the concentrations of the different ammoniacal species. 

The partitioning of NH4+ between the soil solid and the soil aqueous phases is 
optionally described by a linear isotherm (Equation 20a), a Freundlich isotherm 
(Equation 20b), or a Langmuir isotherm (Equation 20c): 

[NH4 + ]S = a [NH4+]aq (20a) 

[NH4+]S = a ([NH4+]aq)* (20b) 

[NH4 + ]s = a b [NH4 + ]aq (20c) 
1 + b [NH4 + ]aq 

where [NH4 + ]aq and [NH4+]S are again given in (/tg N m 3) and (/ig N per kg of dry 
soil material) respectively; a and b are constants, which are input parameters for the 
model. 

The retardation factor RD (Equation 9), which is defined as the ratio between 
the amount of NH4+ adsorbed by the soil solid phase and the amount of NH4+ in 
solution (Bolt, 1976), is calculated from: 

R = eb [NH4 + 1S (2i) 
0V [NH4 + ]AQ 

The relation between NH4+ and NH3 in solution is calculated from the equilibrium 
constant A"a (mol 1-') for the dissociation of NH4 + (aq): 

NH4 + (aq| + H20 - NH3(aq) + H30 + (aq) (22) 

[NH3]aq = Ka 

[NH4 + ]AQ [H30 + ] 
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where Ka is calculated from (Hales & Drewes, 1979): 

log Ka = - 0.09018 - 2729.92T 1 (24) 

and: 

[H30 + ]aq = 10-PH (25) 

where [H30 + ]aq is expressed in (mol 1_1). In order to calculate Ka and [H30 + ]aq 

from Equations 24 and 25, data on soil temperature (K) and pH are required as in­
put. 

The ratio between NH3 in the soil solution and the soil gaseous phase is calculat­
ed from Henry's law: 

where Henry's law equilibrium constant (-) is given by (Hales & Drewes, 1979): 

in which T is again the absolute soil temperature (K). 
Now when all the concentrations on the right-hand-sides of Equations 17 and 18 

are known, the description of the soil module has been completed. From the defini­
tion of the top compartment, i.e. a uniform ammoniacal-N content distribution 
from the soil surface down to Lu and the use of constant 0g, 0V and gb from the 
soil surface down to L(t) during a volatilization event, it follows that [NH3]g equals 
Cs(0 (Equation 2). With Cs(t) known from the soil module and Ca(/) given as in­
put, only the transfer function k{t) has to be defined to complete Equation 2 for 
operation. 

Transfer module 

As mentioned earlier, volatilization of NH3 after land-application will take place if 
the NH3(g) concentration at the surface exceeds the NH3(g) concentration in the air. 
When the ammonia profile in the air is in equilibrium with the concentration at the 
surface, the rate of volatilization R(t) can be expressed as the difference between the 
NH3(g) surface concentration Cs(t) and the concentration C.ß) at a specified height 
za above the surface as described by Equation 2: 

= [NH3]aq/[NH3]g (26) 

log Kh = - 1.69 + 1477.77"-1 (27) 

R(t) = k(t) !CS(0 - CM (2) 

where k(t) is a transfer function, which is defined by: 

m = (28) 
rjx,t) + rh(t) + rs(t) 
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where ra(x,t), rb(t) and rs(t) (all in s m-') are the aerodynamic resistance between 
height za and the surface, the resistance of the interfacial sublayer and the surface 
resistance respectively. The aerodynamic resistance represents the resistance of the 
turbulent layer between height za (e.g. observation height) and z = z0, where z0 is 
the aerodynamic roughness length of the surface (m). The roughness length z0 

ranges from 1 mm for smooth bare soil to 1 m for a surface with tall vegetation (e.g. 
trees; see Wieringa, 1986, for the relation between z0 and terrain characteristics). 
The resistance of the interfacial sublayer represents the additional resistance for pas­
sive contaminants due to molecular diffusion, which is not present in the case of 
momentum transfer (e.g. Brutsaert, 1982). The surface resistance represents the 
resistance of the surface itself and is the result of the diffusion processes from inside 
the soil/slurry layer towards the air. 

In the case of a manured field of limited size, the surface emission is not in 
equilibrium with the concentration profile and advection plays a dominant role. As 
schematically shown in Figure 2 an internal boundary layer develops over the ma­
nured field. The internal boundary layer depth is a measure for the height over 
which the volatilization of the manured field is felt. 

To model the volatilization rate R(t) of the manured field we want to relate the 
difference between the surface concentration Cs(0 and the background concentra­
tion Ca(0 of the air advected from upstream. This means that we have to estimate 
the resistance introduced in Equation 28. This is an inhomogeneous diffusion 
problem with a sudden downstream transition in the surface concentration. The 
wind forcing remains unchanged because the aerodynamic characteristics of the sur­
face are not altered. 

In order to calculate the aerodynamic resistance ra(x,t), an approximate expres­
sion for the depth I (m) of the internal boundary layer in neutral flow conditions 
(Townsend, 1965; Blom & Wartena, 1969) is used: 

l{ln(l/z0) - 1} = x2* (29) 

where x (m) is the distance from the leading edge of the manured field measured 

Fig. 2. Schematic representation of the development of the concentration profile of NH3(g) over the ma­
nured field (adapted from Brutsaert, 1982). 
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in the direction of the mean wind and x the von Karman constant (x = 0.4 (-)). 
It is known from internal boundary layer studies (e.g. Elliott, 1958; Jensen et al., 
1984; Taylor & Lee, 1984; see Pasquill, 1972, for the analogy between diffusion of 
pollutants and internal boundary layer growth) that in neutral situations the wind 
profile inside the internal boundary layer is reasonably well approximated by the 
logarithmic form that satisfies the appropriate surface condition and the back­
ground concentration at z = I. For the aerodynamic resistance this implies: 

where u»{t) is the friction velocity i.e. the scaling velocity of the logarithmic wind 
profile (see Appendix for the relation between u,(t) and the wind profile). Since I 
increases with x, ra(x,t) increases also resulting in a decreasing volatilization rate 
R(t) as a function of x. The volatilization rate R(t) averaged over the field can be 
obtained by vertical integration of the net outflow (./ U (C — Ca) dz with U for 
wind speed) at the downstream edge of the field. Since R(t) decreases only slowly 
with A:, a reasonable approximation is obtained by choosing ra(x,t) and / at the 
downstream end of the field for the computation of the field averaged ra(x,t) and 
R(t). From x = 2.5 m to x = 24 m the resistance changes by no more than 25 %. 
Near the leading edge the errors are larger but in this area we cannot expect high 
accuracy because the assumption that l/x is small breaks down. In order to calculate 
ra(Lx,t) with Lx as length of the field, from Equations 29 and 30, Lx, z0 and u, are 
required as input for the model. 

It should be noted that the expressions above refer to neutral atmospheric flow 
in the surface layer. According to Monin-Obukhov similarity theory (e.g. Stull, 
1988), this implies that // | L | should be much smaller than 1, where L (m) stands 
for the Obukhov length. For an experimental field with a length Lx of 21.25 m 
(which was used to test the model), the internal boundary layer height / is 0.96 m 
at the downstream edge. This internal boundary layer is extremely shallow which 
justifies the neutral approximation because | L\ is often larger than 5 m (except in 
cases with hardly any wind). However, to derive u,{t) from wind observations at 10 
m height it is often necessary to apply stability corrections to the logarithmic profile 
(see Appendix). For large fields and for very low wind speeds it might be necessary 
to apply stability corrections to the expressions for /, rjjc.t) and R(t) (see the Ap­
pendix for the appropriate expressions and for a more extensive discussion on stabil­
ity effects). 

Hardly any information exists on the value of the resistance rb(t) of the quasi-
laminar layer for NH3(g). There is no reason to believe however that the behaviour 
of NH3(g) near the surface is different from other passive substances as water vapor 
and heat. The parameter rb(t) is often specified by means of the integration con­
stant zoc (roughness length for concentration (m)) in the concentration profile. 
Brutsaert (1982) reviews data and theoretical values and concludes that z0/zoc is 
about 10, which means that: 

The surface resistance rs(t) represents the resistance of the surface itself and is the 

ra(x,t) = In(l/z0)/\x X «„(/)} (30) 

rb(t) = In(z0/zoc)/{x x u,(t)î ~ 5.8/»,(/) (31) 
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result of the diffusion processes from inside the soil/slurry layer towards the air. 
The diffusion rate JD(t) (/ig N m2 s_1) is defined by: 

JD(t) = £>aq (C*q - + Dg (C8 ~ C8s) (32) 
4 4 

where Caq and Cg are the average concentrations of ammoniacal N in the aqueous 
and the gaseous phase in the soil, respectively; Caq>s and Cgs are the ammoniacal-N 
concentrations in the same phases at the soil surface; /c is the average distance (m) 
which the ammoniacal N has to bridge over to reach the surface (= 0.5 L,; D3q 

and Dg are the soil-liquid and the soil-gas diffusion coefficients for ammoniacal N. 
Note that the soil-liquid diffusion coefficient is assumed to be the same for NH3 

and NH4+. Substitution of Henry's law (Equation 26) in Equation 32 yields: 

JD{t) = Da,Kh (Cg ~ Cg's) + Dg (C« ~ (33) 
'C '•Q 

or 

JD(t) = (DM]Kh + Ds) (C« ~ Cg's) (34) 
'c 

where Cg equals Cs(/) from Equation 2. 
From the definition of rs(t) it follows that the diffusion rate JD(t) as expressed by 

Equation 34 can also be written as: 

JDU) = (C, - cg,s) (35) 
^(0 

Combination of Equations 34 and 35 yields the following expression for rs(t): 

rs( t )  =  (36) 
A A + Dg 

where 0.5L, has been substituted for lc, the average distance over which the am­
moniacal N in the top compartment has to be transported to reach the soil surface. 
Henry's law constant Kh is calculated from Equation 27. The soil-liquid and the 
soil-gas diffusion coefficients are equalled to the water-liquid and the air-gas diffu­
sion coefficient by multiplying by tortuosity factors to account for the reduced flow 
area and increased path length of diffusing ammoniacal N in soil. The tortuosity 
factors, which are functions of the volumetric moisture content, respectively the 
gas-filled pore volume, and the soil geometry, are described by the Millington-Quirk 
model (Jury et al., 1983). With this model we obtain the following expressions: 

Ak, = (0vlo/V02) D"™ (37) 

Di  = (0g">/3/02) Df (38) 

where D^<a and D™ are the water-liquid and the air-gas diffusion coefficients (m2 

s1) and 0V, 6g and 4> are the volumetric moisture content, the gas-filled pore 
volume and the porosity. Tabulated values of the water-liquid diffusion coefficient 
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as a function of temperature are given by Yuan-Hui & Gregory (1974); from these 
data the following expression was derived: 

£>™ater = 9.8 X lO-io x X.OW-w) (39) 

where T is the absolute temperature (K). A similar expression for the temperature-
dependence of the air-gas diffusion coefficient was derived from the work of Bruck­
ler et al. (1989): 

£Çr = 1.7 x 10-5 X Lost7--2") (40) 

In order to calculate rs(t) from Equations 36-40 0V, <j> and T are required as input 
for the model. 

With the above expressions for rj,x,t), rh(t) and rs(t), the description of the trans­
fer function k(t) (Equation 28), in case of a field of limited size, is complete. 

The computer program of the whole model was written in FORTRAN 77; it can be 
used on a VAX main frame and on a 640 K IBM-compatible PC. A listing of the 
program is available from the third author. 

Summary and conclusions 

This paper presents a transfer model for NH3 volatilization from slurry. The 
model can be used to study the interaction of the chemical, physical and environ­
mental factors influencing volatilization losses and their combined influence on 
NH3 volatilization under field conditions. 

The model requires the following set of input data: the amount of ammoniacal 
N applied with the slurry and the initial depth of ammoniacal-N placement in the 
soil, the atmospheric NH3 background concentration, the type of adsorption 
isotherm to be used and the related constants, the aerodynamic roughness length of 
the surface, the distance from the leading edge of the manured field measured in 
the direction of the mean wind (the fetch), time-average values of bulk density and 
porosity of the top layer, time-dependent values of volumetric moisture content, 
friction velocity, soil temperature, pH, rainfall rate, evaporation rate and rate of 
net loss of ammoniacal N due to biological processes. The thickness of the top com­
partment has to be obtained from calibration of the model. 

A third paper in this series about the experimental verification of the model is pre­
pared by Chardon et al. As mentioned in the introduction, the model serves as the 
base for a predictive NH3 volatilization model. In order to proceed towards a 
predictive model the present model has to be extended to be able to predict the pH 
and the occurrence of biological processes (nitrification/denitrification, plant up­
take) during a volatilization event. 
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Appendix 

To solve the internal boundary layer problem for the emission of NH3 from a ma­
nured field we have to solve the Equation that describes the balance between 
horizontal advection and vertical diffusion (this is an alternative to the more compli­
cated trajectory-simulation model by Wilson et al., 1982): 

v 3 ^ = 1 _ k 3 C _  ( A 1 )  

dx dz dz 
where C is the concentration, U the wind speed as a function of height z, x the down­
stream distance from the leading edge of the field and K the diffusion coefficient 
as a function of z. The boundary conditions are: 

C = Ca for A: < 0 and z °° (A.2) 
C = C0 for x > 0 and z = z0 

with C0 = C5 - R x (rb + rs) 

This problem can be solved to a reasonable degree of accuracy by assuming that a 
similarity solution exists. This means that the profile of C keeps the same form but 
that the scaling depends on x. The solution is assumed to be of the form: 

C - C 7 = f( — ) (A.3) 
Q - Q / 

where / is the internal boundary layer height. Scaling parameters C0 and I both 
vary with x, whereas f is a function of zfl only. This approach has been used by 
Townsend (1965) for the step in roughness and the step in surface temperature 
problems. A double step solution was computed by Blom & Wartena (1969). It has 
become recognized however, that the simple logarithmic interpolation between the 
new surface condition and the upstream value at z = I is almost as accurate as the 
similarity solution by Townsend (see Jensen et al., (1984) and Taylor & Lee (1984) 
for a discussion in the framework of wind energy applications). Since the simple em­
pirical approach can easily be extended to non-neutral conditions we will employ it 
here instead of an explicit solution of Equation A.l. 

The method, originally proposed by Elliott (1958) consists of the computation of 
an internal boundary layer height / as a function of x and the interpolation between 
the surface and the background concentration Ca at z = I with help of the profile 
functions that apply to homogeneous terrain (i.e. with stability correction functions 
added to the logarithmic form). 

To compute the growth of the internal boundary layer we use the analogy as 
described by Pasquill (1972) between vertical diffusion of pollutants and internal 
boundary layer growth. The resulting expression reads (see van Ulden, 1978; van 
Wijk et al., 1989): 

*L = ™ (A. 4) 
dx I x U(l) 
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where K(l) and U(l) are the turbulent diffusion coefficient and the wind speed at 
height I. Expressions for K and U are: 

K{t) = % l U '  (A.5) 
<;bJJ/z) 

U ( f )  =  —  {In(l/Zo) - *Jl/L)i (A.6) 
x 

The function <l>c is the dimensionless concentration gradient in the surface layer 
(equal to the function for potential temperature and specific humidity) and is 
the stability correction function to the logarithmic wind profile. The Obukhov 
length L (= -U,^TQ&Cp/ xgHJ, with ga for air density, T for absolute tempera­
ture, Cp for specific heat at constant pressure, g for the gravitational acceleration, 
and H0 for the surface heat flux) is the characteristic length scale that determines 
the stability of the atmospheric surface layer. The symbols u, and x represent the 
friction velocity and the von Karman constant (= 0.4), respectively. We adopt the 
following expressions for and </>c and the stability correction function to the 
concentration profile, ¥c, as a function of z/L (see Dyer, 1974; van Ulden & 
Holtslag, 1985; Holtslag & de Bruin, 1988): 

for L < 0: 

*m = 2 Inp-tZ. J + In 1 + pl J - tan1 (P) + y (A.7) 

= 2 In j (A-8) 

with p = (1 - 16 z/L)W4 and q = (1 - 16 z/L)U2 

<t>c = (1 - 16 z/L)~1/2 (A.9) 

and for L > 0: 

= ~°-7y - (0"757~ ~ 10-72) exP("°-35y ) - 10-72 (A-10) 

4>c = 1 + 0-7~~~ + -j- (4.502 - 0.2625-?- ) exp(-0.35-^- ) (A. 11) 

The solution of A.4 in the surface layer can be approximated by (van Wijk et al., 
1989): 

/ { In(— ) - *m(— ) - 1 } <t>c(-L ) = *2* (A. 12) 
Z„ L 4L 
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This implicit expression can be solved iteratively for specified values of z0, L and 
x. The functions and 4>c are specified in Equations A.7, A.9, A. 10 and A.ll, 
where the functional dependence on z/L has to be replaced by l/L in and by 
l/(4L) in 4>c• F°r ML = 0 this expression reduces to the neutral one used for small 
experimental fields with a very shallow internal boundary layer. The concentration 
profile in the internal boundary layer is assumed to be the equilibrium profile: 

C — C0 = —— { ln(-i- ) - *f(— ) 1 (A. 13) 
x u* zQ L 

with C„ = c; - R (rs + rb) 

Since the concentration at z = I has to match the background concentration Ca, 
we can solve for R and express the result in terms of an aerodynamic resistance: 

ra = —— { ln(— ) - %(-!- ) } (A. 14) 
x u, z0 L 

For the averaged volatilization over the entire field, we again suggest applying the 
result for the downstream end of the field because the surface flux varies only slight­
ly with x. 

In summary, the following calculation procedure can be adopted, assuming that 
u„ Zo, L and the length of the field Lx are known. First calculate the internal 
boundary layer height / from A. 12 with x - Lx in an iterative way. The functions 

and 4>c are specified in A.7 and A.9. When / is known, ra follows directly from 
A. 14 with as specified in A.8. 

In practical situations the Obukhov length L and the friction velocity u« are 
often not known. When these parameters are not available from direct measure­
ments, we recommend using the methods developed by Holtslag & van Ulden (1983) 
and van Ulden & Holtslag (1985). They provide schemes that enable the estimation 
of u, and L on the basis of routine observations of wind speed and cloud cover. A 
software implementation is described by Beljaars et al. (1989) and Beljaars & Holt­
slag (1989). The software package is freely available from the Royal Netherlands 
Meteorological Institute for research applications. 
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