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of Jan Goudriaan and Herman van Keulen. They both added to the quality of the 

work presented. 

I also want to thank all people who were involved in discussions concerning 

this investigation and those who facilitated the time I spent in the department. 

The help of Mr. G.C. Beekhof for drawing the figures and M~s. J. van Dijk 

for typing the manuscript, are kindly acknowledged. 





Summary 

Factors affecting anaerobiosis in a loosely packed top soil in view of de­

nitrification have been evaluated by considering an ideal soil composed of sphe­

rical aggregates. 

A computer program was developed in which an analytical solution for' the 

degree of anaerobiosis in aggregates oxygen flow through the inter-aggregate 

pore space, and water flow in the soil were integrated. 

Results of this computer model show that respiratory activity, the distri­

bution of the respiratory activity over the aggregates, the diffusion coeffi­

cient of oxygen within a sphere, and the depth of the ground water table are of 

crucial importance in determining anaerobiosis in this topsoil. Water consump­

tion rate by roots, critical oxygen concentration at which effectively anaerobic 

soil conditions prevail, and rain duration, intensity and distribution in time 

have less impact on this parameter. 

Due to lack of data no model calibration and validation could be performed in 

this study. 
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1. Introduction 

1.1. General 

- 1 -

"Denitrification appears to be the least understood of all the N-transfor­

mation processes'', Tanji & Gupta (1977). 

Denitrification or nitrate dissimilation denotes the microbial process by 

which under very low partial oxygen pressures nitrates or nitrites are reduced 

to gaseous compounds, usually nitrous oxide (N
2
0) and dinitrogen (N

2
). Like most 

processes taking place in an environment where biological and physico-chemical 

reactions interact, the rate of denitrification is affected by many variables 

such as, the genera of microorganisms, availability of nitrates, amount and 

quality of easily decomposable organic matter, partial oxygen pressure, soil 

acidity and temperature (Allison et al., 1960; Fluhler et al., 1976a; 1976b; 

Focht, 1974; Me Garity, 1961; van Kessel, 1976; Stanford et al., 1975a; 1975b; 

Woldendorp, 1963). 

Many of these parameters are very difficult to measure, supporting the view 

expressed by Tanji & Gupta. 

Denitrification is an important process. From the point of view of environ­

mental quality a favourable one, because it unloads waste water from the ballast 

of nitrates (van Kessel, 1976). For agriculture denitrification means a waste of 

money and labour, as nitrates are lost from the cultivated soil. 

Expressed as a percentage of the total nitrogen application 25-35%, Walker 

(1956), up to 40-60%, Lemon (1977), of nitrates are reported to be transformed 

into gaseous compounds. However, whether or not denitrification alone is respon­

sible for these large losses is still to be elucidated. 

Up till now only a few serious attempts to model this microbial transfor­

mation process were reported. Hagin & Amberger (1974) took into account rate 

constants depending on temperature, available organic matter, acidity and par­

tial oxygen pressure. They did, however, not specify the location of the deni­

trification process in soil except that it should take place in the water filled 

pore space. 

The model of van Veen (1977) described denitrification with respect to local 

partial oxygen pressure. In a soil volume of 1 cm 3 , with known moisture charac­

teristics and pore geometry, it predicts where and when anoxic conditions will 

occur, at a certain degree of water saturation, around a pore. 
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1.2. Aims of investigation 

From the above considerations it becomes clear that anaerobic conditions 

should prevail in a potentially denitrifying soil. Therefore, the work will be 

confined to this physical soil condition. 

A serious attempt will be made to give a theoretical basis for calculating an­

aerobic conditions in an idealized soil system. A basic assumption is that in 

non-water-saturated soils local sites may occur, which are anaerobic due to 

structural properties. Sometimes this assumption is called the microsite concept, 

after Currie (1961a) and Greenwood (1961). 

The approach will be to outline a mathematical formulation of anaerobiosis 

and to link this with other processes in soils such as water flow and oxygen 

diffusion in the soil profile as a whole. Values for parameters will be col­

lected from literature or estimated. 

The purpose of this modelling is twofold. First it enables to gain insight 

in the gaps in existing knowledge. Secondly, a model may give insight in the 

relative importance of the variables used: sensitivity analysis. Sensitivity 

analysis is a method to investigate to which parameters the model is sensitive. 

As a consequence these results point out which further investigations should 

have priority. 

Further, it is aimed at calculating the right order of magnitude of the 

anaerobic soil volume. However, in view of the many simplifications to be made 

to describe the system, and the scarce literature data available, this is pro­

bably a goal which first needs more investigation. 

The computer program will be written in CSMP III, and run on a DEC 10 com­

puter. 
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2. Literature review 

Me. Garity (1961) investigated factors affecting denitrification in soils 

under anaerobic laboratory conditions. Soil samples of a red-brown earth (fine 

sandy loam to loam) and a black earth (clay loam) were collected and their ag­

gregates studied. The major conclusions of his work were that neither lack of 

organic carbon nor lack of organisms would be factors limiting denitrification 

in these soils: denitrification occurred in all aggregates collected from the 

soil profiles up to a depth of 1.20 m. Combining this with the possible presence 

of nitrates and anaerobiosis in the field situation, volatilization takes place. 

It seems likely to locate anaerobiosis within soil aggregates. In this context 

Currie (1961a) and Greenwood (1961) described the aeration within spherical soil 

crumbs. Currie (1961a) stated that because soil microorganisms and plant roots 

require intimate contact with the soil particles for satisfactory uptake of nu­

trients and water, they are predominantly found in the finer pores of the soil 

within the crumb pores. Respiration tends to take place therefore within the 

crumbs rather than between them. 

Fluhler et al. (1976b) considered this approach a key for eliminating many mis­

interpretations of soil aeration measurements. A schematic representation of 

this concept is given in Fig. 1, which shows that the sphere of interest, in 

this case the anaerobic microsite exists next to aerobic pores (inter-crumb po­

res). In evaluating the significance of spatial resolution of aeration sensors, 

they start from the basic assumption, that in soils built up of structural units, 

two pore phases can be distinguished: intra-crumb pores and inter-crumb pores, 

corresponding approximately to the familiar capillary and non-capillary pores, 

respectively. At soil moisture suctions of 100 mbar, the larger inter-crumb 

pores are involved in the exchange of gases between soil and atmosphere, because 

they are air-filled. They supply oxygen to roots and microorganisms. Intra-crumb 

pores however will be partially water-filled, thus decreasing the diffusion rate 

of oxygen into the aggregates. Hence, it seems of importance to distinguish be­

tween the two pore phases. How this could be done will be dealt with in the 

chapter concerning model evaluation. It suffices here to state that this soil 

"constant" is difficult to determine, considering for instance swelling and 

shrinking associated with variations in water content, and the complex nature 

of water films covering an irregular surface. 

In contrast to pore phase distribution more is known about aggregate size­

-distributions in field soils. Gardner (1956) found that the majority of size-

-distributions (weight-fractions obtained by sieving, mainly American soils) of 
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Figure 1. Schematic of an aggregated soil with different aeration sensors 
inserted. After Fluhler et al. (1976b). 
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more than 200 samples, showed logarithmic-normal distributions, or nearly so. 

Combining the results of Gardner (1956) and Currie (1961a), Smith (1977) attemp­

ted to give formula's by which anaerobiosis can be calculated. However, the 

question how log-normally distributed crumbs are arranged in a three dimensio­

nal soil system, was not included. This geometry seems of major importance to 

the present author. Obviously, one arrives at the starting point again. 

A simplification had to be made. 

In a mathematical approach soil crumbs could be considered as spherical 

elements, Currie (1961a). This assumption was also the basis for building a mo­

del constructed of equal sized spherical rigid aggregates. 

Assuming these aggregates to be non-porous, a certain inter-aggregate porosity 

would result. On the other hand, any porosity assigned to the aggregates could 

be called an intra-aggregate porosity or simply crumb-porosity. Thus, such a 

model enables one to include the two pore phases, to make exact calculations 

about the geometry of the system and to derive such properties as water content 

versus suction. 

This approach to model building is not new. Slichter (1899) was one of the first 

scientists to perform purely theoretical calculations about the flow of water 

through porous soils or rocks. For the purpose of constructing his formula, a 

study was made of the pores of an ideal spherical-grained soil, arranged in the 

most compact manner possible; the hexagonal or rhomboidal sphere packing or sim­

ply close sphere packing. 

In 1921, Wilsdon published a paper titled "Studies in soil moisture", where the 

hydrostatic pressure of "free" water in the soil was treated. "Free" water was 

defined as the water held at the points of contact between equal sized spheres. 

The volume of water of these pendular rings was related to the moisture suction 

and presented as a soil moisture suction curve. Unfortunately, Wilsdon did not 

consider the pendular water rings in their spatial relations to adjacent wed­

ges, which resulted in a maximum moisture content exceeding the porosity of the 

rhomboidal system, as was pointed out by Keen (1924). Further, soil cohesion as 

developed by capillary forces was studied by Haines (1925a, 1925b,1927, 1930), 

and Fisher (1926). Smith et al. (1931) and van Brakel (1975) devoted papers to 

the capillary rise, whereas Sewell & Watson (1965) discussed hysteresis in the 

moisture characteristics of ideal bodies. 

A basic property of the ideal systems quoted, is the absence of pores within the 

spherical particles. 

It seems time for the introduction of this complicating factor and to link 

this ideal aggregate system with the microsite concept for anaerobiosis. 
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3. Theory 

Before giving details on the geometry of the ideal system, the basic as­

sumptions underlying the approach will be elucidated. 

For a single sphere, the oxygen status will be governed by its radius, the ex­

ternal oxygen concen~ration, the diffusion coefficient in the interior, the 

solubility of oxygen in water, the oxygen consumption rate, and the water con­

tent. 

For a certain sphere in the ideal soil system oxygen diffusion through the in­

ter-crumb pores will be hampered by the solid phase and the water-filled pores. 

As a result, the external oxygen concentration will be governed by the macro 

diffusion process. 

Because the diffusion coefficient of oxygen in water is about 10.000 times smal­

ler than in free air, the diffusion rate of oxygen from a macro-pore into a 

sphere will decline when water partially covers the sphere as can be the case 

at the points of contact. The water covered or air exposed area of a sphere 

will therefore be considered. 

In the following theoretical treatment the physical properties of the sys­

tem will be derived. 

At first the inter-aggregate properties are considered. Subsequently, the cal­

culation procedure of the anaerobic volume of a sphere according to Currie 

(1961a), will be given. 

Whenever too much detail could be annoying, reference is made to the rele­

vant appendix. 

3.1 Geometry of the rhomboidal ideal soil 

A rhomboidal, hexagonal or closest packing is a way of arranging equidimen­

sional spheres in space so that the available space is filled as efficiently as 

possible. Such an arrangement is achieved when each sphere is in actual contact 

with the maximum number of like spheres. This means that each sphere has six 

nearest neighbors in a closest-packed layer and twelve nearest neighbors in a 

three dimensional closest packing. Figure 2 shows a layer of spheres arranged 

in a hexagonal way. The area of the hexagonal is comprised of six triangles, 

resulting in a surface area of 6 ~ 2 R 13 R = 6 13 R2 . The (two-dimensional) 

efficiency with which the available space in this layer is utilized is obtained 
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Figure 2. A closest-packed layer of spheres. 
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by dividing the area of the circles enclosed by the h~xagonal by its area. Thus, 
1 2 ~ 2 this efficiency results in {(6 3 + 1) n R I 6 v3 R } 100% = 90.69%. 

The remaining space is the porosity or void fraction, amounting to 9.31%. 

In Fig. 3 it is readily seen that, if the spheres in a hexagonal closest-packed 

layer are all moved from their original sites A to new sites B or C, other hex­

agonal closest-packed layers result. It should be obvious that, in the stacking 

of layers to form a closest-packing, a hexagonal closest-packed layer can occupy 

only the sites A, B or C. Figure 4, showing the simple two-layer sequence 

· .•• ABA B .•• is adopted for further investigation. 

A similar calculation as for a single layer may be made to obtain the space 

efficiency and porosity or void fraction of a closest packing. Consider Fig. 5, 

where a unit cell of the sequence A B A is shown, thick dots indicating the 

sphere centers. To calculate the space efficiency, the number of spheres effec­

tively occupying the body E ... F- G ..• L has to be known and of course the volu­

me of that body. As the surface area of the base is already known ( 6 13 R2), 

the height of the unit cell is to be calculated to find this volume. This figu­

re is composed of the height of the two dashed tetrahedrons, one with its apex 

pointing down and the other with its apex pointing up. 

From simple geometry the height of a tetrahedron is derived as 2 /:2.T:3R. Hence, 

the volume of the unit cell is 2 (2 /:2.T:3R) 6 13 R2 = 24 12 R3. The number of 

spheres in this volume is (1 + 6 ~) ~ for both the bottom and top layers, while 

the middle layer is effectively fully enclosed, yielding 3 spheres, the total be­

ing thus 6. The space efficiency therefore equals {6 ~ TI R
3

/ 24 12 R
3

} 100% = 
74.0480%. The complementary porosity or void fraction therefore amounts to 

25.9520%. 

3.1.1 The voids in the rhomboidal packing 

Two kinds of voids can be distinguished in a closest packing. If the trian­

gular void in a closest-packed layer has a sphere directly over it, a void re­

sults with four spheres arount it, as shown in Fig. 6A. The four spheres are 

arranged on the corners of a tetrahedron (Fig. 6B), and such a void is called 

a tetrahedral void. On the other hand, if a triangular void pointing up in one 

closest-packed layer is covered by a triangular void pointing down in an adja­

cent layer, then a void surrounded by six spheres results (Fig. 7A). These six 

spheres are arranged on the corners of an octahedron (Fig. 7B), and such a void 

is called an octahedral void. Carefull examination of Fig. 3 learns that these 



B 

r- R R 

- 9 -

Figure 3. 

Figure 4. 

c .. , 
Figure 5. The unit rhomboidal cell. 

Layer A 

Layer 8 

Layer A 



- 10 -

B 

A 
Figure 6. 

0 I I 

B 

.A 
Figure 7. 



- 11 -

are the only kinds of voids that can occur in a closest packing. 

The number of voids surrounding any sphere in a closest packing may be 

readily determined. A sphere in a hexagonal closest-packed layer A is surrounded 

by six triangular voids of two kinds, B and C. When the next closest-packed layer 

above is added, a B layer, then the three B voids become tetrahedral voids and 

the three C voids become octahedral voids. Similarly, the closest-packed layer 

below the A layer leads to three tetrahedral and three octahedral voids. Fur­

thermore, the particular sphere in layer A being considered itself covers a 

triangular void in the closest-packed layer above and in the layer below the 

sphere. Thus two more tetrahedral voids surround the sphere. This results in 

2 3 = 6 octahedral voids and 2 3 + 1 + 1 = 8 tetrahedral voids surrounding the 

sphere. Since the total number of spheres and voids in a closest packing is 

very large it is only possible to determine the average number of voids of each 

kind belonging to a sphere. Each octahedral void is surrounded by 6 spheres and 

each sphere is surrounded by 6 octahedral voids. The number of octahedral voids 

belonging to one sphere is given by the ratio 

Number of octahedral voids around a sphere = 6 = 1 
Number of spheres around void 

6 

Each tetrahedral void is surrounded by 4 spheres and each sphere is surrounded 

by 8 voids. The number of tetrahedral voids belonging to one sphere is given by 

the ratio 

Number of tetrahedral voids around sphere = 8 = 2 
4 

Number of spheres around void 

The number of octahedral voids in a unit cell of a closest packing, therefore, 

is equal to 6, and the number of tetrahedral voids in the cell, is equal to 12. 

3.1.2 Inscribed spheres inside the voids 

Since the porosity of the unit cell of the rhomboidal packing seems rather 

high to represent the inter-aggregate porosity of a loosely structured field 

soil, the inscribed spheres in the tetrahedral voids and the octahedral voids 

are calculated. When these spheres are inserted the inter-aggregate porosity 

will decrease, while the water holding capacity is increased as will be shown 

later. 
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The inscribed spheres in both kinds of voids are located in the center of grav­

ity of the tetrahedron and octahedron, respectively. From geometry (see Fig. 8) 

it is calculated that R4 = R ~ (~ - J1f} = 0.2247 R, where R
4 

represents 

the radius of the inscribed sphere in a tetrahedral void. For the inscribed 

sphere in a octahedral void (see Fig. 9) this radius is calculated as R
8 

= 
R (/2 - 1) = 0.4142 R, where the index 8 refers to an octahedral void. 

The porosity of the unit cell of the rhomboidal cell with 12 inscribed 

spheres in the tetrahedral voids and 6 inscribed spheres in the octahedral voids 

is calculated as follows: 

3 {2 3 {3 3 /r, 3 4 3 
(1-{(R + 2 (R~3 (2-~2 )) + (R(v2-1}) ) 6 TI 3} I 2412R )100% = 19.0083% 

The efficiency with which the available space in the unit cell is utilised is 

80.9917%, and this may also be called the solid phase of the system. 

The system designed so far, is used in further discussions. For a very detailed 

description of this system, reference is made to Slichter (1899) and Azaroff (1960 

3.2 Moisture characteristics of the system 

3.2.1 Calculation of the pendular water ring volume 

In the ideal soil the water will be present as annuli of wedge-shaped 

cross-section around the points of contact of the spheres (pendular rings). 

This conception of moisture distribution was introduced as early as 1897 by 

Briggs. 

Figure 10 shows such a pendular water ring. The formula to calculate the volume 

of water at given soil-moisture suctions was derived by Wilsdon (1921), for 

equal sized spheres in a rhomboidal structure. However, the system under consid­

eration contains spheres of smaller sizes in the voids, thus necessitating a 

new formula. In order to keep the mathematics involved as simple as possible 

this water volume was calculated as follows, (Fig. 11): 

v = v - (VR + VR + Vt) (1) 
p.r. c 

X 

where v is the water volume of the pendular ring 
p.r. 

v is the volume of a truncated cone 
c 

VR is the volume of a spherical segment of one base of the big spheres 
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distance: 
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Figure 8. A tetrahedron with the center of gravity (C). 
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Figure 9. An octahedron with the center of gravity (C). 



- 14 -

Figure 10. A pend11lar Hat-er ring. 
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is, when x = 4, the volume of a spherical segment of one base of the 

inscribed sphere in a tetrahedron, and when x = 8, it is this volume 

of the inscribed sphere in an octahedron. 

is a fraction of the volume of the torus included by the cone. 

In Fig. 11 the geometry is shown and the important expressions to derive the 

formula's for the symbols in Eq. (1) are given. The volumes of Eq. (1) are fully 

derived in Appendix I, and the results are given as: 

V =~3 R. {(1-cosa)+ R (1+cos(a+S))}{R2sin2(a+S) + R2 sin2a + R sina R sin(a+S)} 
C X X X 

(2) 

TI 3 VR = 12 R (8 + 9 cos (a+8}- cos 3 (a+S)) (3) 

~ 3 
VR = 12 Rx ( 8 - 9 cosa + cos 3 a) (4) 

X 

(5) 

where a and S refer to the angles in Fig. 11, and r is the radius of curvature 

of the air-water interface. All angles are expressed in degrees. 

A number of assumptions had to be made in order to develop Eqs. (1) to. (5). 

First, gravitational distortion was ignored, furthermore, the properties of 

both solid-fluid interface were considered uniform at all points in the region 

in which the meniscus meets the solid surface. It follows that the three phase 

line of contact is characterized by a uniform contact angle. Hence, the meniscus 

will take the form of a surface of revolution. The contact angle, defined as the 

angle between the tangent in the point of contact with the sphere, and the toro­

idal meniscus in that point, was taken as zero degrees. As the process of capil­

lary condensation, which actually is dealt with here, takes place after the 

spheres have been covered with one or more absorbed layers, complete wetting 

(contact angle equals zero) is plausible, Kruyer (1958). 

Exact data for the meniscus surface were calculated by Radushkevich (cf. 

Kruyer, 1958), who found it to be a nodoidal meniscus. Kruyer (1958) approximated 

these exact data, using a surface of a hyperboloid, which compared very well. These 

data in turn were compared with results taken from Carman (1953}, who worked along 

the same lines as the present paper. From data given by Kruyer it was calculated 

that the toroidal approximation introduces a positive absolute error in the volum­

etric moisture content of 0.2066%, when the angle a amounts to 30° (cf. Fig. 11), 
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which value corresponds to a relative error of 3.388%. On the other hand, using 

a correction on this volume as given by Fisher (l926), (see his Fig. 4, page 

502), this error was calculated as 3.0%. These data represent the maximum possi­

ble error in a system of equidimentional spheres as will be pointed out in the 

next chapter. It is concluded therefore, that the toroidal approximation is suf­

ficiently accurate for the present purpose. 

In the special case where a= y, Eqs. (l) to (5) should give the same 

numerical results as the formula derived by Wilsdon (1921, p. 165); this was 

indeed the case. In addition, for this case where the truncated cone takes the 

form of a cylinder, the following formula, which expresses V uniquely in the 

radii of the big spheres and the curvature of the air-water interface; was de­

rived. 

V =21Tr 2{(~) 3 (R+£)-(Jr2+2Rr
1

(arcsin _B_ - _B_ J1-(_!_)
21

) + 
p.r. R+r 3 R+r R+r R+r 

2 R 3 
- 3r (R+rl l} (6) 

Numerical results obtained with the Eqs. (1} to (6) will be given after soil 

moisture suction is dealt with. 

3.2.2 Calculation of the maximum angle a 

The angle a represents the distance in units of degrees between the point 

where the spheres touch (C in Fig. 11) and the point A where the liquid surface 

meets the sphere. Obviously, there is a limit to this angle when considering a 

pendular water ring in its spatial relations to adjacent rings. A consideration 

of one face of the regular tetrahedron, Fig. 12, will make this clear. In the 

plane of this face the cross-section of the spheres and pendular rings shows 

that the menisci of the latter will come into contact when the angle a is equal 

to 30%. At other points in the mass, the menisci will not yet be in contact at 

this angle. 

For equidimensional sphere systems the moisture content calculations will break 

down above this angle of 30%, as the water starts to coalesce. The most marked 

effect will naturally occur where the air-spaces are narrowest, that is at the 

connecting waists or windows. In this stage the water rings are unstable and 

the change takes place spontaneously. Moreover, their volumes are no longer 

expressed by the simple relations given above, (Haines, 1927; Keen, 1924). More 

recently, van Brakel (1975) described capillary rise in a rhomboidal packing 
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by the subsequent closing of the tetrahedral and octahedral cavities, (pp. 120-

-121). 

The system described, however, contains inscribed spheres as well. This 

property would smoothen the changes described above because of the variations 

in the size of particles, as suggested by Haines ( 1927). The process. of capil­

lary rize will start at an earlier stage, too. 

From geometry, it was derived that the radius of a cylinder which would just 

pass a window is: 

R + R - A 
X 

r = -----max R - R + A 
X 

R 
X 

(7) 

where A= J~ R R + R
2

: The complete derivation of Eq. (7l is given in Appen-x X 

dix II. It should be noted that for R = R, the value of r is obtained for which 
X 

coalescence just starts, i.e. a= 30°, namely r = 0.1547 R. 

3.2.3 The relation between suction and pendular ring volume 

The relation between matrix suction (Sm) and surface tension (cr) may be 

described by the expression 

where 

Sm = cr 
p g 

Sm is expressed in mbar or em H2o 
is expressed as dynes -1 -

0 em = g. em. 

p is the density of water, taken as 1 

g is the acceleration due to gravity, 

-2 s 
-3 

g. em 

taken as 980 em. -2 
s 

r
1

, r
2 

are the principal radii of curvature, expressed as em. 

-2 0 
The constant (cr/pg} in Eq. (8) takes the value 0.0745 em at about 15 C. 

( 8) 

Eq. (8} simplifies to Sm = 2 cr/pgr, when the radii would be of the same magnitu­

de and curvature. This expression is often used in calculations where the soil 

body is thought to be build up of cylindrical tubes, (c.f. Rao et al., 1976). The 

radii in case of pendular water rings are of opposite sign and do not have the 

same numerical value. They are taken as: 

= r (cf. Fig. 11) 



2 V(R+R +r) R R 
r = -{(R -r} X X 

2 x -R (R+R +r) + R r 
X X 
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\ 
r 

- r} (9) 

Eq. (9) holds for both the asymmetrical spheres and the symmetrical ones, and 

represents the distance k in Fig. 11. For the symmetrical spheres, Eq. (10) was 

derived from Eq. (91 by substituting R for R : 
X 

r 2 = - ( J r 2 + 2 R r - r) ( 10) 

The sign of r 2 is negative because the curvature is opposite to the one of r
1

. 

In a static system, the surface free energy of the air-water interface 

would be constant, which should be reflected by the radius of curvature (r ). 
c 

This is equal to the harmonic mean of the two principal radii of curvature r
1 

and r 2 , 

2 
r 

c 

1 

and should have a constant value at all points on the surface .. 

(11) 

In case of a toroidal surface, this condition is not satisfied, because the 

first principal radius r 1 equals the radius of the circular arc, which is con­

stant, whereas the second principal radius r 2 equals the distance from the axis 

of revolution measured along the normal and taken with a negative sign, -r
2

, 

which varies from -R through -k to -Rx' Kruyer (1958). In this paper, the high­

est value occurring on the surface was used by calculating r from 
c 

2 
r 

c 
= 1 

k 
( 12) 

This was also done by Carman (1953). Kruyer, later on, commented that a better 

approximation would have been to take the mean radius of curvature on the torus. 

The implication of this approach is that at any given suction, the volume of 

water is slightly overestimated, as was shown already. 

Obviously, at a certain suction, different radii of curvature belong to the 

inscribed spheres and the equidimensional spheres. Therefore, at the suctions 

demanded the radii should be calculated, which should be used in their turn to 

calculate the corresponding volume of water. 
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3.2.4- Calculation of moisture content 

The moisture characteristic of a soil, and so of this hypothetical system, 

usually is given as suction (Sm) plotted against moisture content (8 ) expres-
v 

sed as a percentage of the volume of soil. Hence, last but not least, an equa-

tion has to be advanced to calculate moisture content. 

In chapter 3.1 it was shown that a unit cell contains 6 big spheres, 6 R
8
-spheres, 

and 12 R
4
-spheres. 

The big spheres each have 12 points of contact among themselves. Each pendular 

water ring actually belongs to two spheres. This means that each sphere has 

12 ~ = 6 waterrings around it, and 6 6 = 36 waterrings are due to the big 

spheres. 

The R
8
-spheres each touch 6 big spheres, and will contribute 36 waterrings too. 

The R
4
-spheres each touch 4 big spheres, and will therefore contribute to the 

moisture content 4 12 = 48 pendular rings. 

Depicting the pendular rings in case of the big spheres as V and the ones 
p.r. 

in case of the other spheres as V 
8 

and V 
4 

, the following equation 
p.r. . p.r .. 

gives the moisture content in a hexagonal structure: 

36 v + 36 v 8 + 48 v 4 
8 (%)= p.r. p.r. p.r. 100 

v 24 /2 R3 
(13) 

3.2.5 The moisture characteristic 

The moisture characteristic of the "soil" was calculated using Eqs. (1) to 

(13). Numerical results for R = 0.5 em are presented in Table 1. This table 

shows the contribution of the independent pendular rings at certain suctions of 

the different spheres, as well as the complete system above a suction of about 

1 mbar. Figure 13 shows the whole system graphically. 

The moisture characteristic presented by Haines (1930) in his description of 

hysteresis effects appears similar to the one given. 

3.3 The air-exposed area of the spheres in the rhombohedron 

Diffusion of oxygen from inter-aggregate pores into the spheres, when they 

would be porous, will be hampered by the pendular water rings. The diffusion 

will be proportional to the air-exposed area, which is defined as the area com­

plementary to the water-covered part of the sphere, and will be expressed as a 
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Table 1. The moisture-suction relationship of the rhomboidal system; R=0.5cm. 

Sm(mbar) e e 
v.p.r.8 

e e (%) v.p.r. v.p.r.4 v 

0.6106 6.3063 

0.6368 6.0168 

0.6985 5.4121 

0.7701 4.8241 

0.8540 4.2546 

0.9538 3.7056 

0.8067 4.5615 1.6645 

0.9038 3.9656 1.4798 

1.0471 3.2867 1.2613 

1.2276 2.6623 1.0518 

1.0174 3.4114 1.3022 0.6843 5.3979 

1.4615 2.0944 0.8578 0.4784 3.4306 

1.7762 1.5854 0.6664 0.3863 2.6380 

2.2208 1.1382 0.4947 0.2971 1.9300 

2.5 0.9502 0.4199 0.2735 1.6436 

2.8950 0.7564 0.3409 0.2127 1.3100 

4.0322 0.4445 0.2084 0.1357 0.7886 

6.3393 0.2083 0.1022 0.0699 0.3804 

10.0 0.0942 0.0479 0.0342 0.1762 

13.3892 0.0559 0.0290 0.0211 0.1060 

16.9525 0.0364 0.0192 0.0142 0.0698 

22.9236 0.0209 0.0112 0.0084 0.0405 

31.0 0.0119 0.0065 0.0049 0.0233 

34.9418 0.0095 0.0052 0.0040 0.0187 

71.2916 0.0025 0.0014 0.0011 0.0049 

100.0 1.2846.10 
-3 

7.2033.10 
-4 

5.7286.10 
-4 

2.5778.10 
-3 

200.0 3.3478.10 
-4 

1.9017.10 
-4 

1.5344.10 
-4 

6.7839.10 
-4 

500.0 5.5571.10 
-5 

3.1937.10 
-5 

2.6118.10 
-5 

1.1363.10 
-4 
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percentage. The equations to calculate the air-exposed area were derived taking 

into account the geometrical properties of the pendular rings, as given in 

Fig. 11, and the number of points of contact per sphere. 

The general expression for the air-exposed area, due to C waterrings is 

A.E.A. (%)={1 - C ~ ( 1 -
(R (R + R) + r (R - R)) 

X X X 

(R + R) (R + r} 
X X 

}} 100 (14) 

I 

Equation (14) can be simplified for equidimensional spheres by substituting R 

for R and than yields 
X 

A.E.A. (%) = ( 1 - C ~ (R: r)) 100 (15) 

In determining the air-exposed area of the inscribed spheres, C takes the 

value of 4 or 6 for R4- and R8-spheres, respectively. The situation is more 

complicated for the big spheres. First the value C equals 12 in Eq. (15), and 

secondly there are ~8 = 8 points of contact due to R
4
-spheres, and ~6 = 6 points 

of contact due to R8-spheres. This means that on the average the big spheres 

have 12 + 8 + 6 = 26 points of contact each. 

This more complex situation also implies the use of Eq. (14) twice with C = 8 

and C = 6 respectively, and in combination with Eq. (15) these numbers apply 

to the big spheres. Appendix III gives the derivation of Eq. (14) in more detail. 

In Table 2 the numerical values of A.E.A. are given, whereas in Figs. 14 and 15, 

suction vs. A.E.A. and 8 vs. A.E.A. are plotted, respectively, for the three 
v 

sphere classes. 

3.4 Calculation of the ratio D I D 
0 

The ratio D I D gives the diffusion coefficient of molecules in a porous 
0 

system (D) as compared to the diffusion of the same medium (water or air) with-

out any solid obstacle. Analytical solutions to the problem of soil aeration 

have been given by van Bavel (1951, 1952) and Taylor (1949). These authors, 

however, considered the soil to be uniform. Soil structure inevitably causus in­

homogeneity in soils, a factor investigated by Bakker & Ridding (1970) and 

Currie (1960a, 1960b, 1961a, 1961b). Currie presented detailed results with res­

pect to diffusion in systems having clear distinction between intra- and inter­

-aggregate pores, and carried out measurements in both dry and wet materials. 

Later on, Millington & Shearer (1971) advanced an equation to describe diffusion 

in such systems. 
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Table 2. Values of Sm and A.E.A. for the different sphere classes. 

Sm(mbar) A.E.A. (%) 

big spheres R
8
-spheres R

4
-spheres 

1.0174 17.7761 22.9635 15.4701 

1.4615 36.7948 38.6666 29.6317 

1.7762 45.5915 46.3199 37.0243 

2.2208 54.4637 54.3029 45.1029 

2.8950 63.4146 62.6375 53.9616 

4.0322 72.4463 71.3473 63.7138 

6.3393 81.5595 80.4583 74.4996 

13.3892 90.7508 89.9988 86.5003 

16.9525 92.5975 91.9611 89.0672 

22.9236 94.4465 93.9422 91.6957 

34.9418 96.2975 95.9421 94.3896 

71.2916 98.1493 97.9613 97.1539 

100.0 98.6716 98.5343 97.9473 

200.0 99.3288 99.2577 98.9557 

500.0 99.7291 99.6999 99.5763 
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Figure 14. The relation between air exposed area of spheres and moisture suction. 
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The agreement between their results and those of Currie was within about 30%. 

Therefore, although the calculations are somewhat cumbersome, use is made of 

their equation. 

Their basic assumption was the analogy between the diffusion process through 

aggregates and inter-aggregate voids, and electrical resistances. The transi­

tion of gas flowing through an aggregate into the inter-aggregate void and 

further into another aggregate, situated below the first one, is represented 

by two resistances in series. Furthermore, there is a parallel flow path through 

the continuous inter-aggregate voids, the diffusion through which is simply 

added to the former result. 

The equation of Millington & Shearer is given as: 

where 

2 (A-8A/A+S) 2n(1-P2x) ((P-8 
2x1 

(1-SWA) p )-(P-8 ) ) 2x 
D I D 

p 
(1-S l 2(P-8 ) 1 = + 

0 

2x 2x1 
WP p 

2 (A-8 /A+S) 2n ( 1-SWA) (1-P )+((P-8 )-(P-8 ) ) A p p 
( 16) 

8WA = 8A/ A fractional liquid saturation in the aggr'egate pore space 

8WP = 8P/ p fractional liquid saturation in the inter-aggregate pore space 

8A is the volume of water per unit bed volume contained in the aggregate 

pore space 

8P is the volume of water per unit bed volume contained in the inter-ag-

gregate pore space 

A is the aggregate porosity, fraction 

P is the inter-aggregate porosity, fraction 

S is the solid phase, fraction 

n, x, and x
1 

are obtained by an iterative procedure. 

The terms used in Eq. (16) have the following meaning: 

(1-SWP) 2 is the probability of a continuous air-phase in the inter-aggre­

gate pore space. 

(1-SWA) 2 is the probability with reference to the intra-aggregate po!'es. 

(1-SWP) and (1-SWA} represent the degree of air-saturation in the inter­

and intra-aggregate pore space. 
3 3 (A-8A)/(A+S) is the porosity of the aggregates in em per em of aggregate. 

((A-8A)/(A+S)) 2n is the effective pore area per unit area of aggregate. 

p2x is the effective area maintaining pore continuity in case of the inter­

-aggregate pores. 
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(1-P2x) is the area occupied by aggregates. 

( 2x 
P-8P) - (P-8P) is the effective area of aggregates exposed to the inter-

-aggregate pore space. 

As it is difficult to explain the equation in more detail without repeat­

ing the original paper, the reader is kindly referred to that paper. 

When the moisture depletion inside and in between the aggregates is known 

as a function of suction; the air-filled pore space can be calculated for dif­

ferent suctions. These values in turn can be used to calculate the contribution 

of the intra- (1 st. term of Eq. (16)) and inter-aggregate pores (2 nd. term of 

Eq. (16)) to diffusion. These calculations were performed applying the hypothe­

tical suction vs. moisture content curve to represent the inter-aggregate pores, 

and a suction vs. moisture content curve of a sandy loam soil to represent the 

intra-aggregate properties. This moisture characteristic was taken from work of 

Rijtema (1969), (soil no. 9), and the soil porosity amounts to 46.5%. 

The total soil porosity amounts therefore to 46.5 + 19.01 = 65.51%. This number 

will be discussed in section 3.5. 

Results of the calculations with Eq. (16) are presented in Table 3 and 

Fig. 16. It is seen that the ratio D I D is hardly influenced when the aggre­
o 

gate pores are filled with water (going from right to left in Fig. (16)). How-

ever, below the "point" where intra-aggregate pores start filling, e.g. s = 
g 

+ 0.216 there is a substantional decrease in this ratio. 

Millington & Shearer (1971) found reasonable agreement between the shape of the 

experimental and calculated curves assuming little or no overlap of pore size 

classes between the inter- and intra-aggregate void components. Also here the 

range of overlap is rather small 0.20 < s <0.238, resulting in a similar curve. 
g 

A rough control to check whether the ratio D I D is in the expected order 
0 

of magnitude could be made by comparing the range (0.04 < D I D <0.18) with 
0 

data from Currie (1965): 0.025 <D I D <0.156 for eight soils with aggregate 
0 

porosities in the range of 0.25 to 0.41. 

3.5 The superposition of a moisture characteristic from literature and 

the rhombohedron 

The soil moisture characteristics of the rhomboidal system, with R = 0.5, 

and that of the sandy loam soil from Rijtema (1969) were superimposed. 

As a result the total system has a porosity of 65.51%, and the literature curve 

refers uniquely to the aggregated soil fraction. If the data obtained with this 
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Table 3. The relation between D I D o' 8 and t: for soil no. 9, Rijtema (1969), 
v g 

and the rhombohedron. 

8 t: D I D v g 0 

soil no 9 rhombohedron total 

0.0150 0.64-01 5.572.10 -2 
0.124-1 0.1798 

0.0610 0.5941 5.229.10 -2 0.1241 0.1764-

0.0920 0.5631 4.928.10 -2 0.1241 0.1734-

0.14-20 0.5131 4-.290.10 -2 0.1241 0.1670 

0.1950 0.4601 3.381.10 -2 0.1241 0.1579 

0.2600 0.3951 
. -2 

2.020.10 0.1240 0.14-42 

0.3361 0.3190 7.645.10 -3 0.124-0 0.1316 

0.4101 0.2450 5.000.10 -4- 0.1237 0.1242 

0.4283 0.2268 1.212.10 -4 0.1233 0.1234 

0.4393 0.2158 5.560.10 -5 0.1219 0.1220 

0.4438 0.2113 3.529.10 -5 0.1205 0.1206 

0.4-54-1 0.2010 9.089.10 -6 0.1165 0.1165 

0.4-721 0.1830 9.207.10 -7 0.0979 0.0979 

0.4790 0.1761 4-.232.10 -7 0.0890 0.0890 

0.4-871 0.1680 2.14-9.10 -7 0.0781 0.0781 

0.4-958 0.1593 1.198.10 -7 0.0669 0.0669 

0.5165 0.1386 4-.018.10 -8 0.04-4-1 0.04-4-1 
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system, would have to represent the properties of the sandy loam soil, serious 

criticism would be justified. The reasons for this approach are however: 

Firstly, the ideal soil is though to be the best approximation to represent a 

tilled surface soil of say, 25 ern depth. 

Secondly, for the aggregated part of the soil some assumption had to be made 

with respect to its moisture depletion with an increasing suction. A straight 

line with a certain slope could have been taken, but a better estimate is pro­

bably obtained by assigning data from literature to the aggregates. 

The model designed, will have to be considered in the prospect of the importance 

of parameters which should be investigated in more detail experimentally. So, 

it will be used as a tool to design experiments in the field of soil physics 

and eventually in the field of microbiology. 

The radius R was taken as 0.5 ern because this seems to be a fair estimate 

of the largest aggregates present in a soil. 

A discussion on the use and accuracy of the soil moisture characteristic, 

as well as on the possibilities to determine roughly the intra- and inter-aggre­

gate porosities will be given in a later section. 

3.6 Diffusion within an aggregate 

The work presented here leans upon a paper by Currie (1961a) titled: 

"Gaseous diffusion in the aeration of aggregated soils". The soil is thought 

to be made up of spherical aggregates, which are uniform with respect to their 

diffusion (D) and respiration (S) properties. 

For an isotropic concentric shell of radius r, the diffusion equation may 

be written as 

= 1 
2 

r 

3 -3 where E: is the aggregate porosity, em . em 
-3 

(0
2

) is the concentration of oxygen in the pores, g o2 .cm 
2 -1 D is the diffusion coeffient in the aggregates, ern • d 

t is time, day 
-3 -1 

S is the respiratory activity, g 02 em . d 

( 17) 

In a soil at equilibrium with respect to its oxygen status, the term 8(02}/8t 

may be set at zero and Eq. (17) can be rewritten in the form: 
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For a uniform crumb in which D and S are independent of r, this gives 

S r
3 

= - ---- + constant 
3 

and if d (02 )1 d r = 0 at r = 0, then 

d (02) 

D d r 
S r 

=- -3-

Further integration gives 

s 2 2 
+ 6D (a - r ) 

( 18) 

( 19) 

(20} 

(21) 

where (02 )s is the concentration at the aggregate surface (r = a). For diffusion 

in the liquid phase in a saturated crumb, Eq. (21) becomes 

(22) 

where the index "1" means liquid 

K is the solubility of oxygen in the liquid. 

For the diffusion of oxygen, the deficit existing within a crumb can be written: 

s ( 02 ) s - ( 0 ) - -2 - 6 D (23) 

2 and the maximum deficit in the center is S a I 6 D, that is it is quadrupled 

when the crumb radius is doubled. 

The ratio ((02 )
8 

- (02 )} I (02}s represents the oxygen deficit as a fraction of 

the physical maximum. It is obvious that when this ratio tends to be greater 

than unity, it points to the onset of anaerobic conditions within the aggregate. 

In that case oxygen consumption is inhibited, that is, the respiration ceases 

and the term S becomes zero. 

The concentration gradients within the aggregate are modified to take into ac­

count this central anaerobic zone. If the critical concentration is reached 

within the aggregate at radius r = b, the new boundary conditions become: for 

all r, D is cqnstant; for 0 ~ r < b, S = o; forb< r ~ a, S = constant ~ 0; 

and at r = a, (02} = (02}s. Then it follows from integration that for b ~ r ~ a: 
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( 24) 

and for 0 ~ r ~ b 

(25) 

The maximum radius at which a crumb is just fully aerobic {s given by substitu­

ting r = b = 0 in Eq. (24) and is called its critical radius a where 
c 

S a
2 
c = 6 D 

( 26) 

for dry aggregates. The right hand part of Eq. (26) becomes S a21 6 D K for a 
c 

wet aggregate. 

For all a > a and wet aggregates: 
c 

(27) 

Equation (27) is used to calculate the fractional anaerobic volume in terms of 

the relative radius a I a . From Eqs. (26) and (27) follows 
c 

a 
c 

a 
) 2 b2 b3 

=1-32+2 3 (28) 
a a 

which equation is presented graphically in Fig. 17. If, for example, an aggregate 

has twice its critical radius, 30 percent of its bulk is anaerobic; at four times, 

this value is 60 percent. The data calculated are presented in Table 4, too. 

Data obtained with Eq. (28) were calculated by an iterative procedure according 

to Newton (cf. Burington, 1973). An estimate of D I D for the aggregates was 
0 

obtained by applying the first part of Eq. (16) for a completely dry aggregate. 

It amounts to 0.0566, a value which is very close to the one presented in Table 

3 for 8 = 0.015. Currie (1961a) used a value of 0.05 for his calculations on 
v 

anaerobiosis. 

It should be realized that the parameters used to determine this ratio do not in­

clude the degree of cementation of the particles within an aggregate. This degree 

of cementation, however, along with the geometric construction of aggregates, 

should be a subject of investigation in the field of soil physics. The work pre­

sented by Currie (1965), dealing with complexity parameters of aggregates, and by 

Redlich (1940), Emerson (1955), Emerson (19591, and Emerson & Dettmann (1959), 
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Table 4. Values of the fractional anaerobic volume and the relative radius, 

according to Currie (1961a). 

a I a b
3 I a 

3 
c 

radius relative anaerobic aggregate 

to critical radius volume 

0 0 

1 0 

1.1 0.0175 

1.25 0.0675 

1.50 0.1574 

1.75 0.2375 

2.0 0.3057 

2.5 0.4125 

3.0 0.5 

3.5 0.5610 

4.0 0.61 

4.5 0.65 

5.0 0.6805 

5.5 0.707 

6.0 0.73 

6.5 0.7495 

7.0 0.766 

7.5 0.7825 

8.0 0.795 

8.5 0.807 

9.0 0.816 

9.5 0.826 

10.0 0.8335 

14.1421 0.8809 

18.2574 0.9072 

31.6228 0.9460 
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dealing with aggregate structures, can probably be a guideline in this direction. 

3.7 An example of the calculation of anaerobiosis 

The anaerobic fraction of an aggregate may be calculated for any place in 

the profile. 

An aggregate will have a certain degree of moisture saturation, and a certain 

air-exposed area (A.E.A.). The distribution of water inside the aggregate is of 

prime importance. As a first approximation it is assumed that it is located in 

a concentric sphere within the aggregate. Knowing the water content, the poro­

sity, and the radius of the aggregate, the radius (equivalent radius) of this 
4 3 water-filled sphere can be calculated. The sphere volume, V, equals 3 TI R . 

Obviously, if 8 = s, r should equal R. For lower water contents a certain 
v eq e 

fraction of s is assumed to be filled with water, e.g. ~. The equivalent volu­s 
me amounts to: 

4 
8 

v = - Tf R3 ~ 
eq 3 € 

( 29) 

v can also be written as: 
eq 

v 4 3 
= -TI r eq 3 eq 

( 30) 

Substituting Eq. (29} into (30) yields Eq. (31), which was used to calculate 

the equivalent radius of a certain water-filled portion of the sphere at mois­

ture content e and porosity s: 
v 

r = R eq W8sv (31) 

-5 -3 -1 
Taking the respiration rate, S, as 6.4645 10 g 0

2
. em aggregate .d , 

~ -1 
which is equivalent to a respiration rate of 10 1 o

2
.m . (0.25 m depth of soil) . 

d- 1 (Grable, 1966}, the solubility of oxygen as 2.9796 10-
2

, the outside con-
-4 -3 centration of oxygen as 2.7487 10 g.cm , equivalent to 21% o2 in air, the 

-1 2 -1 
diffusion coefficient in a water saturated sphere as 1.2715 10 em .d , the 

critical concentration at which effective anaerobic conditions occur as 2.24 
-8 -3 10 g o

2
. em , (van Veen, 1977), and a suction of 10, 25 and 100 mbar, respecti-

vely, the critical radius, a , and the fractional anaerobic volume can be cal-
c 

culated. The values are summarized in Table 5, for aggregate radii of 0.5 and 
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Table 5. Calculation of the anaerobic fraction of aggregates of different radii 

and at different suctions. 

R, em 0.5 

Sm, mbar .10 25 100 10 

e 0.4438 0.426 0.26 0.4438 
v 

A.E.A. 0.8785 0.9480 0.9867 0.8785 

* 0.4027 0.4183 0.4268 0.1425 a 
' 

em c 
r eq' em 0.4923 0.4856 0.4119 0.9846 

r I a 1.2225 1.1609 0.9651 6.9141 eq c 
anaerobic 0.0578 0.0377 0.762 

sphere fraction 
fig (17). 

anaerobic soil 0.0428 0.0279 0.5642 
fraction, see 

Eq. (45), chapter 4.3.1 

* a = c 

6 D AEA K ((02 )s-(02 }) 

s :t 
3 

3 
7f a 

, which is Eq. (26) 

rewritten for a wet aggregate. 

1.0 

25 100 

0.426 0.26 

0.9480 0.9867 

0.1479 0.1509 

0.9712 0.8238 

6.5668 5.4595 

0.750 0.703 

0.5554 0.5206 
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1 em, respectively. 

These results show the importance of the sphere radius in calculating the an­

aerobic fraction of soil. It is also seen that even at a suction of 100 mbar, 

the fractional anaerobic soil volume amounts to 0.52, when R = 1 em. More de­

tail will be given later on in the discussion. 

3.8 The hydraulic conductivity of the soil 

The hydraulic conductivity of the soil was calculated on basis of the soil 

moisture characteristic given by Rijtema (1969)~ according to Eq. (1) of Green 

& Corey (1971), i.e. Eq. (32). 

K( e). = 
l 

K 
s 

K sc 

864-00 y2 

P g n 

2 
E: 

2 
n 

m 
l: 

j=i 
(32) 

i = 1, 2, ... , m 

in which K(8). is the calculated conductivity for a specified water content or 
l 

pressure (cm.d-1 ), 

e 
i 

3 -3 is the water content (em .em }, 

denotes the last water content class on the wet end, e.g., i = 1 

identifies the pore class corresponding to the lowest water con­

tent for which conductivity is calculated, 

K /K is the matching factor (measured saturated conductivity/calcula­
s sc 

y 

p 

g 

n 
E: 

ted saturated conductivity), 

is the surface tension of water (dynes. em 

is the density of water -3 (g.cm ), 

is the gravitational constant -2 (em. s ) , 

is the viscosity of water 
-1 -1 

(g. em . s ) , 

is the porosity 
3 -3 (em .em ), 

-1 -2 
= g.cm.s ), 

n is the total number of pore classes between e = 0 and e ' the sa-s 
turated water content, 

h. is the average pressure for a given class of water-filled pores 
J 

(mbar). 

Equation ( 32) actually is similar to Eq. ( 7) as present.ed in the paper of 

Marshall (1958), except that it contains a matching factor, (K /K ), by which s sc 
one point of the curve is matched with the conductivity at saturation as deter-

mined in the field. 
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The influence of the inter-aggregate pores on the hydraulic conductivity in 

these calculations was ignored, this being the only deviation from the model. 

In Fig. 18 the calculated hydraulic conductivity is presented, details being 

given in Appendix IV. 



- q_ J -

O.kLo------------~3~-------------4~0------------~5~0~ 
.S.v,("/o) 

Figure 18. The relation between hydraulic conductivity and moisture content. 
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A model is a simplified representation of a system, with well defined 

boundaries. A model can be built if the structure of the system is sufficiently 

well known, so that the processes, playing a role in the system and their rela­

tions can be mathematically described. 

In the state variable approach the rates of change are calculated from the 

state variables and driving variables and are mutually independent. This allows 

all rates of change to be calculated in any order at the same instant of time. 

After calculating all rates new values for the state variables are obtained by 

integrating the rates over a small time interval. In this way, a model operates 

in semi-parallel fashion, de Wit & Goudriaan (1974). 

State variables are for instance the amount of water, and the amount of oxygen, 

whereas examples of rate variables are flow rates of water and oxygen. 

The model presented here calculates the fraction of the (rhomboidal) soil 

system which becomes anaerobic under certain boundary conditions. The model is 

a formalization of the theory presented in chapter 3. 

A full program listing is given in Appendix V. The CSMP-program can be split 

into three parts: the INITIAL section in which the problem is set up, the 

DYNAMIC section in which the time dependent calculations are carried out, and 

an OUTPUT section. The dynamic section is subdivided into four major parts; the 

subsection to calculate the anaerobic soil volume, the subsection water flow, 

the subsection oxygen flow macro system, and the subsection in which some inte­

grals are defined. Each section will be described separately, and will include 

the assumptions underlying the model and the equations describing the processes. 

The numerical values of the parameters will be discussed in a following chapter. 

Functions will only be presented in full detail in Appendix V. 

4.2 The initial part of the program 

In the INITIAL section, which is calculated only once at the onset of the 

simulation, the invariable geometry of the system and the state of the system 

is calculated at time zero. The variables decrared in STORAGE are subscripted 

variable names for which memory space is reserved. 

The numerical values can be calculated from the equations derived in the 

theory: 
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The thickness of a layer is taken as the height of a unit cell of the rhombo­

hedron, which was derived in chapter 3.1 as 4Jlf R. Taking R1 = 0.5 this thick­

ness (TCOM) is calculated as 1.633 em. 

Assuming no evaporation from the bare soil, and a water table of 100 em depth, 

the equilibrium water content in each layer can easily be calculated from the 

moisture suction curve. All calculations are performed for the centers of the 

layers, DO-loop 3, and therefore the moisture suction in the first layer will 

be -(100-(1.633/2})= -99.1835 mbar, at which value a moisture content of 

0.261883 belongs. 

4.3 The dynamic part of the program 

The DYNAMIC is repeatedly executed at each time interval. In this part of 

the program four subsections are distinguished. Each one is subdivided into a 

definition section (comments), followed by a section containing the equations, 

one defining the parameters, and one giving the functions. 

4.3.1 Section to calculate the anaerobic soil volume 

Usually, when solving a certain partial differential equation by a simula­

tion procedure, the subject studied is divided into small increments of space 

and time. Then, the net flux over the layer boundaries of each space increment 

(layer thickness} is calculated in a certain time increment. In the section to 

calculate the anaerobic soil volume, the partial differential equation (Eq. 17) 

has been solved already analytically in chapter 3.6, under the assumption that 

at each moment equilibrium exists between the aggregate and its surroundings, 

(3C/3t=O). The program, therefore, calculates for each layer the water- and 

oxygen content, the critical radii of the aggregates at which anaerobic condi­

tions occur, ac, the equivalent radii, r , pertaining to a certain moisture eq 
content, and the ratio, r /a , which is used to read the fractional anaerobic 

eq c 
aggregate volume from Fig. 17, whereafter the anaerobic soil fraction is obtained. 

The relative content of water and oxygen (cm3 .cm-3) in layer I, is calcu­

lated in DO-loop 6, by Eqs. (33) and (34}: 

WC(I)=AMW(I}/TCOM 

CO(I)=AMO(I}/(TCOM~(PVOL-WC(I})) 

(33) 

(34) 
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where AMW(I) and AMO(I} are the amounts of water in cm 3 and oxygen in grams in 

layer I, respectively. As the thickness ot the layer, TCOM, equals 1.633 em, 

and a unit surface area is considered, the numerical value of AMW(I) and AMO(I) 
3 

is expressed per 1.633 em . The oxygen concentration is based on the air-filled 

pore volume, (PVOL~WC(I}}, because of the low solubility of oxygen in water. 

In DO- loop 7 the calculation is started with the potential consumption 

rate of oxygen per layer: 

CROC(I)=FRT~(COR+COM) (35) 

The assumption was made that the roots are homogeneously distributed throughout 

the profile considered, implying that the fraction of roots in each layer, FRT, 

is inversely proportional to the number of layers, N(=15). The total consumption 

of oxygen, COT, is thought to be made up of the oxygen consumption by the roots, 

COR, and by the microorganisms, COM, in a ratio of 2:1 (Woldendorp, 1963, p. 37). 

COT is expressed in g 0
2

• cm- 2 DEPTHT-1 . d-1 , where DEPTHT denotes the total 

soil depth, which amounts to 15 1.633=24.495 em. 

In Eq. (36) the oxygen consumption per unit volume of aggregates, CROCVS, is 

calculated: 

CROCVS(I)=CROC(I)~(VOLHEX/TOTVOL)/TCOM (36) 

-3 -1 where CROC(I) is expressed in g 02 . 1.633 em . d , and therefore is divided 

by TCOM to obtain the consumption per cm3 of soil. The assumption was made that 

respiration takes place within the aggregates, where intimate contact exists 

between respiring tissue and soil particles. On the average, one cm3 of soil 

contains 0.8099 cm3 of aggregate. Therefore the right hand side of Eq. (36) 
-1 should be multiplied by 0.8099 , which is the total volume of the rhombohedron 

or hexagonal, VOLHEX, divided by the total volume of aggregates, TOTVOL. 

The actual consumption rate of oxygen in a layer is assumed to be proportional 

to the fractional aerobic volume of the soil: 

CRO(I)=CROC(I)~(1.-FANVOL(I)) (37) 

where FANVOL is the anaerobic volume fraction of the soil. 

Numerical values of CRO(I) are used later on to calculate the net flow of oxygen. 

The air exposed area, AEAR, for each aggregate class was calculated in chapter 

3.3, Table 2. The suction values were replaced by the corresponding volumetric 
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moisture contents and tabulated in the program. Equation (38) calculates the 

air exposed area by linear interpolation (code: AFGEN} at a given water content 

of the tabulated function, AEART. 

AEAR(I)=AFGEN(AEART,WC(I)) (38) 

As was already stated in chapter 3.3, the diffusion coefficient into the aggre­

gate is assumed to be proportional to the air exposed area. This is expressed by: 

DCALC(I)=DCSP~AEAR(I) (39) 

where DCALC(I) is the calculated diffusion coefficient and DCSPH the diffusion 

coefficient of the sphere. This parameter is calculated by the method of 

Millington & Shearer (1971, chapter 3.4), which yields D/D . Combining this 
0 

ratio with the literature value of the diffusion coefficient of oxygen in free 

water, D , gives the numerical value of D for diffusion in a water saturated 
0 

aggregate. The next step in DO- loop 7 is the calculation of the actual consump-

tion rate of oxygen in each aggregate class: 

CROS(I)=CROCVS(I)~V~(1.-FVLAN(I)) (40) 

As before this consumption rate is inversely proportional to the fraction of 

the aggregate which is anaerobic, (1.-FVLAN(I)), and V is the volume of an aggre­

gate, calculated in the INITIAL. All components are available now to calculate 

the critical radius for each aggregate class in a certain layer: 

RCRIT(I)=SQRT(6.~DCALC(I)*(CO(I)-CCO)*SOLO/CROS(I)) (41) 

where SQRT means square root, and CCO and SOLO denote the critical concentration 

of oxygen where effectively anaerobic conditions occur, and the relative solubi­

lity of oxygen in water, respectively. The latter variable has to be included to 

make the transition from oxygen in air to oxygen in water. SOLO is expressed in 

(g 0
2

. cm- 3 H
2
0)/(g 0

2
. cm-3 air), and is thus dimensionless. 

In DO- loop 8 first the equivalent radius, REQ(I), is calculated. In the 

tabulated function REQT, this radius is given as a fraction of an aggregate, 

with unit radius. Therefore, the value of REQ(I) has to be multiplied by the 
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actual radius of each aggregate to obtain the real equivalent radius. This mul­

tiplication is included in Eq. (42), which calculates the ratio of the equiva­

lent radius and the critical radius. 

RATIO(I)=REQ(I)*R/RCRIT(I) (42) 

The fractional anaerobic volume of an aggregate, FVLAN(I), is determined from 

the tabulated values of Fig. 17, in DO- loop 9. These values are generated by: 

FVLAN(I)=AFGEN(VOLANT,RATIO(I)) 

where VOLANT is the tabulated function referred to above. 

The anaerobic volume of aggregates in a unit hexagonal cell is subsequently 

calculated: 

VOLAN(I)=FVLAN(I)*6·*V 

(43) 

(44) 

whereafter Eq. (45) expresses the total anaerobic volume of the aggregates (in 

cm
3

) as a fraction of the soil volume, FANVOL, by dividing by VOLHEX: 

FANVOL(I)=(VOLAN1(I)+VOLAN2(I)+VOLAN3(I))/VOLHEX (45) 

The latter procedure was also followed to calculate the anaerobic volume of soil 

in chapter 3.7, Table 5. 

The reader might have noticed that when RATIO, Eq. (42) is to be calculated, 

RCRIT, Eq. (41), should be known. RCRIT is dependent on CROS, Eq. (40), which 

in turn can only be calculated when (1.-FVLAN) is known. As FVLAN can only be 

calculated when RATIO is known, an algebraic loop is introduced. 

One way to tackle this problem is to design an iterative procedure in which 

RATIO and FVLAN are calculated several times within an increment of time, DELT, 

until a preset error criterion is met. 

Another way to bypass the difficulty is to calculate RATIO at time T based on 

FVLAN of time T-DELT. The former procedure is physically sound. The latter meth­

od, which is followed here may give equally acurate results. 

Whether the iterative method is more favourable with respect to cumputation 

time is not yet clear, as it was not tried. 
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4.3.2 The water flow section 

Water flow through the soil is an important phenomenon as the oxygen situ­

ation in the soil is directly related to its moisture content. The submodel ap­

plied is based on a paper by van Keulen & van Beek (1971), and slightly modi­

fied for the present study. 

In DO- loop 10 the suction in em H
2
o and the conductivity in em. d-1 of 

the soil are read from tabulated functions with: 

S(I)=-1.*AFGEN(SUTB,WC(I)) (46) 

K(I)=AFGEN(KTB,WC(I)) (47) 

These values are subsequently used to calculate the average conductivity, 

AVK(cm2 . d- 1), f th 1 2 N d h 1 . (mb or e ayers to , an t e tota potent1al, ST ar or em 

AVK(I)=(K(I-1)+K(I)}~.5 (48) 

ST(I)=S(I)+(GRWTAB-DEPTH(I)) (49) 

The total suction refers to the hydraulic potential, P~, (Bolt et al., 1970) 

and is composed of the matric potential S(I), and the gravitational potential, 

(GRWTAB-DEPTH(I)), where GRWTAB represents the depth of the ground water table 

below the soil surface. 

The flow rate of water from one soil layer to the adjacent one, is gover­

ned by the average conductivity of the soil for water flow, and the difference 

in water potential or the potential gradient existing between the centers of 

the two layers, according Darcy's law: 

FLW(I)=AVK(I)t(ST(I-1)-ST(I))/TCOM (50) 

The flow rates over the first and last boundary must be calculated separa­

tely, according to the imposed boundary conditions. The flow rate into the first 

layer, FLW(1), is determined by: 
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FLW(l)=FCNSW(THWL,AMINl(MAXINF,RAIN),AMINl(MAXINF,RAIN), 

AMINi(MAXINF,RAIN+THWL/DELT)) (51) 

where FCNSW is a CSMP function switch, which takes the value of the second argu­

ment, if the first one < 0, the third one, if the first one = 0, and the fourth 

one if the first one > 0. AMINl is a functional statement, which takes as out­

put the smallest of the two arguments. 

THWL is the thickness of the water layer on top of the soil. 

MAXINF is the maximum infiltration rate under the given conditions. 

RAIN is the intensity of rain, dependent on time. 

The thickness of the water layer on top of the soil is tracked in an integral 

at the end of the DYNAMIC. 

THWL=INTGRL(O.,RAIN-FLW(l)} (52) 

The maximum infiltration rate is calculated according to: 

MAXINF=(K(l)+KSAT)~.5*(STSURF-ST(l))/(.5~TCOM) (53) 

where KSAT is the saturated conductivity of the soil. 

STSURF is calculated as the sum of a matric suction term at the soil surface, 

SSURF in mbar, a gravity potential term, GRWTAB, and the hydrostatic pressure 

of the water on top of the soil, THWL: 

STSURF=SSURF+GRWTAB+THWL (54) 

It is assumed that when there is a layer of water on top of the soil, or when 

it is raining, there is always a thin saturated layer at the surface, which 

means that then SSURF is always zero. 

Rainfall is introduced as a forcing function with: 

RAIN=AFGEN(RAINTB,TIME) (55) 
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The tabulated values of rain intensities were based on weather data of the 

years 1975 and 1976 in the Netherlands. 

The flow rate over the last boundary is calculated by: 

FLW(16)=(K(15}+KSAT)~.5~ST(15}/(GRWTAB-DEPTHT) (56) 

Equation (56) calculates the average flow of water over the soil layer below 

the depth of interest, DEPTHT, which in this study equals 24.495 em, to the 

ground water level. 

The water consumption rate of a crop is calculated in DO- loop 13, by assu­

ming a certain transpiration rate. Water uptake by the roots is assumed to be 

proportional to their relative abundance in the profile: 

CRWC(I)=FRT~CWT (57) 

where CWT is the total water consumption, expressed in cm 3 H
2
o. cm-2 DEPTHT-1 . 

-1 
d • 

Water uptake is not dependent on soil moisture suction, but is reduced by the 

fraction of the soil which is anaerobic, under the assumption that root activity 

ceases when oxygen shortage occurs. 

CRW(I)=CRWC(I)*(1.-FANVOL(I)) (58) 

The net flow rate into or out of each layer is calculated from the flow rates 

over the top and bottom boundaries of a layer, and the water extraction from 

that layer with: 

NFLW(I)=FLW(I)-FLW(I+1)-CRW(I} (59) 

4.3.3 The oxygen flow macro system 

The oxygen flow from one layer of the soil to another is referred to as the 

macro system, in contrast to the oxygen flow from the air-filled porosity of a 

soil layer into the aggregates. 

The oxygen concentration in the air-filled soil pores in each layer is calcula­

ted in this submodel. The ratio of diffusion of oxygen in a porous system to 
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that in free air is obtained from a function, based on tabulated values of 

Fig. 16: 

DEFAC(I)=AFGEN(DEFACT,(PVOL-WC(I))) 

where DEFAC denotes the diffusion efficiency factor. 

The effective diffusion coefficient, DEF, subsequently is calculated by: 

DEF(I)=DZERO~DEFAC(I) 

where DZERO denotes D , or the diffusion of oxygen in free air. 
0 

The average diffusion coefficient over a boundary is calculated in DO-

(60) 

(61) 

loop 15, for the layers 2 toN by Eq. (62), whereas the diffusional flow of oxy­

gen is calculated similar to the water flow from the diffusivity and the gra­

dient of oxygen concentration in the two adjacent layers: 

ADEF(I)=(DEF(I)+DEF(I-1))*.5 (62) 

DFLO(I)=ADEF(I)*(CO(I-1)-CO(I))/TCOM (63) 

The flow rates over the first and the last boundary again must be calcu­

tated separately. The flow rate into the first layer, DFL0(1), is defined as: 

DFL0(1)=FCNSW(THWL,FLO,FLO,RDFLO) 

FLO and RDFLO in Eq. (64} are defined by: 

FLO=DEF(l)~(COUT-CO(l))/(.5~TCOM) 

RDFLO=DZW~(COUT-C0(1))/(THWL+NOT(THWL)) 

where COUT is the concentration of oxygen in free air. 

DZW is the diffusion coefficient of oxygen in free water. 

NOT( •.. ) is a function to prevent zero division. 

(64) 

(65) 

(66) 

Equation (64) shows that the rate of oxygen diffusion into the profile is affec­

ted by the presence of a possijle water layer on top of the soil. The presence 

of such a water layer will seriously impair oxygen diffusion as the diffusion 
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coefficient of oxygen in water is about 104 times smaller than that in free 

air. 

The diffusional flow of oxygen over the last boundary is set to zero, as no 

roots are present below this depth. This condition is already stated in the 

INITIAL by: DFLO(l6)=0 •. 

In DO-loop 16 mass flow of oxygen due to changes in moisture content in 

the profile is calculated, under the assumption that air moves in and out of 

the profile fully complementary to the water: 

MFLO(I)=NFLW(I)*CO(I) (67) 

The net flow of oxygen is finally calculated from the flow rates over the upper 

and lower boundaries of a layer, the oxygen consumption rate in a layer, and 

the mass flow of oxygen: 

NFLO(I)=DFLO(I)-DFLO(I+l)-CRO(I)-MFLO(I) (68) 

4.3.4 The integral section 

Throughout the program so-called array-integrals are defined, indicated 

by the index (I). 

In the integral section a few INTGRL statements are combined. Here, the amount 

of water per layer, AMW, the cumulative infiltration, CUMINF, the cumulative 

outflow of water, CUMOUT, the amount of oxygen per layer, AMO, the cumulative 

oxygen inflow, CUMCOX, and the thickness of the possible water layer, THWL, are 

taken care off by: 

AMW=INTGRL(AMWI,NFLW,15) (69) 

CUMINF=INTGRL(O.,FLW(l)) (70) 

CUMOUT=INTGRL(O.,FLW(16)} (71) 

AMO=INTGRL(AMOI,NFL0,15) (72) 

CUMCOX=INTGRL(O.,DFLO(l)) (73) 
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THWL=INTGRL(O.,RAIN-FLW(1)) (52) 

4.4 The output section 

In the output section FORTRAN statements have been used to obtain printed 

output at each 0.01 day. The following variables are given per 

-the fractional anaerobic volume of soil, FANVOL, cm3.cm-3 

3 -3 - the relative water content, we, em .em 
-3 

layer: 

the concentration of oxygen, CO, g o
2

.cm air. 
3 the anaerobic volume of aggregates in a soil layer, VOLAN, em 

- the ratio of the equivalent radius to critical radius for the largest aggre­

gates, RATI01. 

- the consumption rate of water, 3 CRW, em H
2
0. TCOM-1 -1 d . 

- the consumption rate of oxygen, CRO, g o
2

.TCOM -1 -1 d . 

- the mass flow of oxygen, MFLO, g -1 o2 .TCOM . -1 d . 

- the soil moisture suction, S, em H
2
o or mbar. 

In a CSMP PRINT statement the cumulative infiltration of water, the outflow of 

water at the bottom of layer 15, the total oxygen consumption, and the thickness 

of the water layer on top of the soil are asked for. 

The integration method used is the rectilinear or Euler's method. 

A finish condition was included to prevent the concentration of oxygen to 

drop below the concentration of oxygen where effectively anaerobic conditions 

occur .. Further calculations would have been meaningless. This drop in oxygen 

concentration was thought to be possible when water would be present on top of 

the soil. This condition, however, has never occurred in the runs made with the 

model. 

4.5 The parameters of the model 

Nineteen parameter values are defined in the model. Fortunately not all 

of them are subject to variation, at least when temperature and barometric con­

ditions are assumed to be constant. The numerical values of some important pa­

rameters will be discussed below. 
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Grable (1966) reported values for oxygen consumption ranging from 5 to 10 1. 

m-
2

. d-
1

. Bakker & Hidding (1970) reported the highest value of Grable for only 
-2 -1 -1 microorganisms <± 8.9 1 02 m . 25 em depth d ). Furthermore, Woldendorp 

(1963), showed that the ratio of respiratory activity of roots to microorganisms 

was about 2 to 1~ This would imply that the highest reasonable estimate of oxy-
-2 -1 -1 gen consumption may be about 26.67 1 0

2 
m . 25 em depth . d . 

Assuming a dense system of grass roots in the upper 25 em of soil, the oxygen 
2 -4 

consumption per day and per em may be calculated as 10 1.3089 10 = 1.3089 

10- 3 g 0 f h 1 . . d 26 - 4 - 3 f h 
2 or t e ower llmlt an .67 1.3089 10 = 3.4904 10 g 02 or t e 

upper limit. The value of 1.3089 g o
2 

per liter of pure oxygen follows from the 

identity that 24.448 1 of gas = 1 mol = 32 gram at 25°C. 

Lemon & Wiegand (1962), give the diffusion coefficient for oxygen in free 

water as 2.6 10-5 cm2 .s-1 at 25°C. In chapter 3.6 it was shown that the ratio 

of the diffusion coefficient in a porous medium to that in a medium without any 

solid obstacle, D I D , equals 0.0566 for a porosity of 0.465. Combining both 
0 

figures and converting to days yields the diffusion coefficient of oxygen in a 

water saturated aggregate: 

D = 0.0566 2.6 10-5 86400 = 1.2715 10-1 cm2 . d-1 . 

-1 0 
Grable (1966) reported a value of 0.039 g 02 1 water at 25 C and 1 bar 

pressure. Assuming 21% of oxygen to be present in air it follows that the con­

centration equals: 0.21 1.3089 10-3= 2.7487 10-4 g 0
2

. cm-3 of air. The relative 

solubility is obtained by the ratio of the amount of oxygen in water to that in 
-3 -3 -2 air and amounts to 0.039 10 I 1.3089 10 = 2.9796 10 . 

Greenwood (1961) reported respiration to be inhibited at an oxygen concen-
7 -3 tration of about 7 10- Molar. Conversion of this value to g o2 .cm of soil 

gives: 7 10-7 32 10-3 = 2.24 10-8 , which figure was used by van Veen (1977). 
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This author, however, pointed out that there is a range of 0 -concentrations at 
2 

which respiration of different microorganisms ceases rather than one single va-

lue. In view of this consideration, a run was made in which a higher critical 

oxygen concentration was taken (CCO = 2.24 10-7 g o
2

. cm-3 of soil). 

The depth of the groundwater table in the model is either set at 100 em or 

50 em below the soil surface. The initial equilibrium water contents, as given 

in TABLE RWC, were adjusted accordingly. 

The water consumption of a crop is given a small, 0.3, and a quite high 
-1 . 

value, 0.9 em. d . The high value may be found on a very bright summer day in 

the Netherlands. 

Grable (1966), reported a value of 0.226 cm2 . s-1 at 25°C. Conversion to 

h d o 

0 2 d-1 0 ld h 1 d 19526 t e lmenslon em . yle s t e va ue presente : . 

The oxygen concentration in free air, COUT, and the diffusion coefficient 

in free water are given during the calculations above, and are known therefore. 

4.6 The time constant 

The simplest way to find the correct time-interval of integration of a 

model is to run the model with values for DELT a factor two apart. A graph of 

a representative output variable at a given moment against the time interval 

used will show the region of instability of the system (de Wit & van Keulen, 

1975). If reduction of the time interval by a factor two does not change the 

relevant results of the simulation more than a preset relative amount, it may 

be argued that a correct time-interval is reached (de Wit & Goudriaan, 1974). 

Figure 19 shows the influence of DELT on results of FANVOL, WC, and CO. The 

data for the water flow sub-model are very well described by both time inter­

vals, which equal 8.64 and 17.28 seconds, respectively. The data, however, 

for the macro oxygen flow sub-model, start oscillating after 23 steps of inte­

gration (data not presented). The same picture is found for the variable 
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FANVOL. This latter result is a consequence of the fact that CO starts to oscil­

late. 

An estimate of the time constant (de Wit & Goudriaan, 1974), for the sub­

-model of oxygen flow, was obtained in a different way. Suppose the oxygen con­

centration to be C0(1} in the upper layer. The maximum amount of oxygen to be 

supplied to the first layer equals: 

MAM0(1)=(COUT-C0(1}}~(PVOL-WC(1})~TCOM (74) 

The system will start oscillating if so much oxygen is supplied to the first 

compartment during the first time interval that its oxygen concehtration in­

creases beyond the outside concentration, COUT. 

The flow rate at time zero into the first compartment equals: 

FLO=DEF(1)~(COUT-C0(1))/(.5~TCOM) (65) 

The time constant now is found by the inequality: 

TMCNSTzFLO<MAM0(1) (75} 

Rewriting gives: 

2 
TMCNST < 0.5~TCOM ~(PVOL-WC(1)) 

DEF(1) 
(76) 

where DEF(1)=DZEROzDEFAC (61} 

Equation (76) indeed has the right dimension of day. 

At a water content of 0.261883, DEFAC is found from the FUNCTION DEFACT at a 

gas-filled porosity of 0.3932 as 0.1438. TMCNST can be calculated as: 

2 -4 TMCNST < 0.5~1.633 %0.3932/19526~0.1438 = 1.867 10 day 

In this perspective it is logical that an oscillation was found at a time-inter­
-4 val of 2 10 day, Fig. 19. 

Following a similar procedure for the time constant of the water flow sub­

-model, de Wit & van Keulen (1975) derived the following equation: 

2 
TMCNST < TCOM 

D 
(77) 
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where D is the diffusivity, calculated by dividing the hydraulic conductivity 

by the cotangent of the soil moisture characteristic, both at 8 = 0.465 in 
v 

the present case. 
-3 2 -1 Then D is found as 16.5/2.4 10 = 6875 em . d , and the time-interval should 

2 -4 -4 be smalle~ than 1.633 /6875 = 3.8788 10 ~ 4 10 day. This value is seen to 

be a factor two higher as compared to the time-constant in case of the sub-model 

for oxygen flow, reason why this sub-model does not oscillate at a DELT of 
4 2 10 day, Fig. 19. 

-4 It is concluded that DELT = 10 day is a good chaise for the time-inter-

val of integration of the model. 
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According to van Keulen (1974), proper evaluation of models should consist 

of two distinct phases: calibration and validation. In the calibration procedure, 

a set of data is used to calibrate, within reasonable limits, weak or unknown 

parameters or relations, to obtain the best overall agreement between simulated 

and observed results. For validation other completely independent sets of data 

must be used to show that the model yields correct results under different con­

ditions. 

Due to lack of data the model "ANAEROBIC SOIL VOLUME" will be hard to calibrate 

and validate. 

Another evaluation technique is sensitivity analysis, which is most conve­

niently described as: a test on the relative influence of changes in input data 

and parameters on the relevant output of models (van Keulen, 1974). 

Some simulation experiments are carried out in which a range of input data or 

parameter values and the output values are compared. This procedure is most 

helpful when it must be decided which subsystem should receive most attention; 

relations with the strongest impact on the final results should be studied with 

high priority, while those showing only little influence, may first be left 

alone. 

5.2 Sensitivity analysis 

The influence of the value of different parameters, as discussed in chap­

ter 4.5, on the results of the simulations was tested by comparing the simula­

ted results of the subsequent runs, in which one parameter or function was 

changed at a time, with those of the so-called basic run.(Run no. 1). The sche­

dule of reruns is presented in Table 6. 

The results are given in Figs. 20 to 33, and will be discussed below. 

5.2.1 General features 

In Figs. 20-29 the fractional anaerobic volume of the soil (FANVOL), ex­

pressed as a percentage, is plotted against time for different values of the 

relevant parameters. 

The graduated scales in all cases are the same, but the origin of the abscissa 

is sometimes shifted to higher values than zero. In each figure three soil 



Table 6. The schedule of reruns. 

RUN No. 1 2 3 4 5 6 7 8 9 10 11 12 

PARA-

METER 

GRWTAB 100 100 50 100 100 100 100 100 100 100 100 100 

RAIN INT/DUR 9/3 9/3 9/3 9/3 9/6 9/3 9/3 9/3 9/3 4.5/12 9/2-2-2 9/3 

KTB G&C+ G&C G&C s G&C G&C G&C G&C G&C G&C G&C G&C -
CWT 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.9 0.3 0.3 0.3 0.3 - Vl 

C0T}t103 1.3089 3.4904 1.3089 1.3089 1.3089 1.3089 1.3089 1.3089 1.3089 1.3089 1.3089 1.3089% \C) 

CC0%108 2.24 2.24 2.24 2.24 2.24 22.4 2.24 2.24 2.24 2.24 2.24 2.24 

DCSPH:t10 1.2715 1.2715 1.2715 1.2715 1.2715 1.2715 0.63575 1.2715 1.2715 1.2715 1.2715 1.2715 

DEFAC(1} M&S M&S M&S M&S M&S M&S M&S M&S B&H M&S M&S M&S 

+G&C: according Green & Corey (19711; S: according Stroosnijder (1976}; M&S: according Millington & Shearer 

(1971); B&H: according Bakker & Ridding (1970; D I D = 2 s 3}. 
0 g 

~50% of aggregates respire, while total oxygen consumption equals the one in the basic run, no. 1. 
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layers are presented; layer 1, 7, and 15. Layer 1 and 15 represent the two ex­

tremes of FANVOL in the soils, while layer 7 shows an intermediate situation. 

The results of the simulation runs no. 6 and no. 9 were within 0.5 and 2.5% of 

the results of the basic run. Therefore they are not presented in separate fi­

gures. 

It is seen that at the onset of the simulations some time is needed to ad­

just FANVOL to its right initial value. This delay is somewhat longer for run 

no. 2, layer 7 and 15, where no two successive values of FANVOL are equal, indi­

cating that probably equilibrium was not reached, when the calculations started. 

In view of this adaptation time, the shower always started after 0.05 day, that 

is after 500 integrations. 

The abrupt increase of FANVOL in layer 1 under the different conditions indicates 

the onset of rain. Similarly, the abrubt decrease of FANVOL in this layer points 

to the end of the rain. 

At the start and at the end of the simulation the values of FANVOL in layer 1 a­

re found to be the lowest, followed by layer no. 7 and no. 15, except in run 

no. 4, where this sequence is 15, 1, and 7 at the end of the simulation. The 

initial value of FANVOL was not reached at the end of one day, except in simula­

tion run no. 2, and no. 8 for layers 1 and 15. The same was the case with the 

relative water content of the soil layers. 

All figures show soil layer no 1 to react stronger to the changing weather 

than the deeper soil layers; the total change in FANVOL as well as the maximum 

FANVOL reached are greater. This indicates that even the soil surface can easi-

ly be a potential place for denitrification, assuming that no other constraints 

prevail; anaerobic conditions are reached very quickly after the onset of a 

shower. The deeper soil layers lag behind in time as compared to the upper layer, 

as demonstrated by the fact that their maximum anaerobic volume is reached later. 

In fact, these maxima are reached after the rain has stopped. These deeper layers, 

however, are always partially anaerobic, even when it does not rain. 

The increase in anaerobic soil volume after the onset of a shower proceeds 

faster than its decrease after rain has ceased. This is expressed by the skew 

curve around the maximum values of FANVOL reached in each case. It indicates 

that after a short rain there may be anaerobiosis in the soil profile for quite 

some time. 

The maximum decrease in oxygen concentration in the simulations amounted 

to 1.106%, calculated for simulation run no 2, layer 15, at time 0.2 day. This 

result was expected because of the high air-filled porosity in the soil model. 
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5.2.2 Comparison of the results of the reruns with the results of the 

basic simulation run 

Two categories of tested parameters can be distinguished in the schedule 

of reruns, (Table 6}. There are four parameters influencing the moisture regime 

of the soil (GRWTAB, RAIN, KTB, CWT), and another four which influence the oxy­

gen status of the soil (COT, CCO, DCSPH, DEFAC(1}). In the discussion these 

categories will be treated as two separate groups, though this is not the same 

sequence in which the results of the simulation runs are presented in the fi­

gures. 

5.2.2.1 The influence of the moisture regime on FANVOL 

Consider the Figs. 22 and 20. The initial anaerobic soil volume in all soil 

layers in Fig. 22 is higher than in Fig. 20. Even the top layer in Fig. 22, has 

an anaerobic volume of 1.33% at the onset of the simulation. 

When rain starts the anaerobic soil volume in run 3 increases faster than in 

run no. 1; d(FANVOL)/dt being 27.49 and 14.55, respectively. The maximum value 

of FANVOL increases by factors of 2.65, 4.23, and 4.10 for the layers 1, 7, and 

15, respectively. The relative water contents were 15, 31 and 32% higher. 

A sharper decrease in FANVOL, after rain ceases is found in run no. 3, too; 

within one day the initial anaerobic conditions are reached again. 

It may be concluded that when the depth of the ground water table is 

changed from one meter to 50 em, anaerobiosis increases by more than their ratio. 

This implies for instance that in most of the Dutch grassland area, where high 

ground water tables prevail during the greater part of the year, anaerobic con­

ditions may occur. 

I~~-E~~~-~~!~~~~!Y~-3~E~!~~~-~~~-~~~!E~e~!~~~2-~!~-!~IL~~~2-E~~~-~~~-~~-~Q, 

~~~-!~~-~!g~~-~~~-~z2-~~3-~~ 

Compare Figs. 24 and 20. The initial conditions in both cases are similar, 

of course. The rain duration was doubled in this simulation run to 6 hours, 

while its intensity remained the same (9 em. d-1 }. The rate of increase in 

FANVOL in the second half of these 6 hours is less than the first 3 hours; 

with d(FANVOL)/dt= 5.88 and 14.55, respectively. This is also expressed by the 
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maximum value of FANVOL reached in the different layers. Expressing these max­

ima as a fraction of run no. 1, as before, 1.44, 1.94, and 1.42 were calculated 

for the layers 1~ 7~ and 15, respectively. 

Though rain duration in itself thus has a minor impact on the anaerobic soil 

volume as compared to for instance a higher groundwater table, it takes longer 

for the profile to return to its initial values of FANVOL, Fig. 24~ at time 1. 

The influence of a change in rain intensity from 9 to 4.5 em. d-1 is shown 

in Figs. 27 and 24. As rain duration was doubled to 12 hours, the total preci­

pitation equalled 2.25 em in both cases. 

The maximum value of FANVOL reached at a low rain intensity is less than that 

at a high rain intensity, 1.72 and 2.51%, respectively for layer 1. In fact, 

layer 1 of run 10 reaches about the same maximum FANVOL as layer 1 under a rain 

intensity of 9 em. d-1 , which lasted only 3 hours, (Fig. 20). The maximum FANVOL 

of the deeper soil layers is affected more by a longer rain duration as compared 

to run no. 1, Fig. 20. 

It is concluded that a higher rain intensity causes FANVOL to increase more 

than a longer rain duration, on the condition that total precipitation is equal. 

The total fractional anaerobic volume in the soil as a whole, however, does not 

change much. This is explained by the fact that in both simulation runs, the total 

amount of oxygen consumed in the course of a day, expressed as a percentage of 

the maximum oxygen consumption possible, COT, was 96.36 and 96.31% for simula­

tion runs no. 10 and 5, respectively. These values denote that the average 

FANVOL during the day was 3.64 and 3.69%, respectively. 

In simulation run no. 11 the rain intensity equalled 9 em. d-1 , but it was 

given intermittently by alternating 2 hour periods of rain and dry weather, as 

shown in Eq. (78}: 

FUNCTION RAINTB = (0.,0.},(.05,0.),(.051,9.),(.1333,9.),(.1343,0.), 

(.2176,0.),(.2186,9.),(.3009,9.),(.3019,0.),(.3852,0.),(.3873,9.), 

(.4686,9.},(.4696,0.),(100.,0.) (78) 

The total amount of precipitation amounted to 2.25 em as before in simulation 

run no. 5. 

Figure 28 demonstrates that the conditions in the top soil layer follow the onset 

and the end of the showers exactly. In the deeper soil layers this effect is 
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smoothened out. In layers deeper than layer 7 there is no drop in FANVOL in the 

periods without rain, resulting in nearly the same maximum percentage of FANVOL 

for layer 15, e.g. 1.131 and 1.197% for simulation run no. 11 and 5, respecti­

vely. 

The average value of FANVOL in the course of the.day, however, amounted to 3.66%, 

which is just in between of the values given above. 

In simulation run no. 4 the conductivity curve calculated according to 

Green & Corey (19711 was replaced by a conductivity curve given by Stroosnijder 

(1976), for the same sandy loam soil as used in this study. The values used 

were read from his Fig. 26i, page 87, and given below: 

FUNCTION KTB = (.1933,.0001),(.2208,.0015},(.2625,.01},(.3,.037}, 

(.359,.15),(.4002,.82),(.4305,4.2),(.5165,16.5} (79) 

This function was probably calculated by an empirical equation advanced by 

Rijtema (1969), yielding lower values for the hydraulic conductivity of the soil. 

Therefore, (Figs. 20 and 23) the average rate of increase in FANVOL over the 

rainy period is higher when compared to simulation run no. 1, for layer 1; 

d(FANVOL)/dt = 20.64 and 14.55, respectively. 

On the other hand, due to this low water conductivity, FANVOL in layer 15 was 

not affected up to at least 20 hours after rain had ceased. Also the moisture 

content of this layer hardly changed in that period; there was only a slight 

decrease due to the water consumption by the roots, CWT. 

The return of the anaerobic soil volume to its original value took longer 

in case of run no. 4, expressed by the higher percentage at the end of the day 

as compared to simulation run no. 1; 0.758, 0.798, and 0.050, 0.395 for layers 

1 and 7, respectively. 

It may be concluded that the moisture characteristics of the soil profile 

are important, but, as in the discussion about rain duration, it seems to have 

less influence on the anaerobic soil fraction than a changing ground water table. 

The spatial distribution of the water within the profile as a whole and within 

eventual aggregates in particular will be more important. This distribution 

will, however, be linked to soil conductivity for water. Some remarks about 

this subject will be made in the following chapter. 
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The consumption rate of water by roots was set at 0.9 em. d-1 in run no. 8. 

This value is high for the Netherlands, but even than the influence of this con­

sumption rate on FANVOL is only of minor importance, (Fig. 26}. All values of 

the anaerobic soil volume are diminished slightly. In the long run, without 

precipitation, this factor could play a role, but that situation is rather un­

likely. 

In conclusion little attention seems necessary for this parameter. A devi­

ation from the picture presented in Fig. 26, especially for the upper soil lay­

ers, would be introduced when soil-evaporation was to be included in the model. 

5.2.2.2 The influence of the oxygen regime on FANVOL 

Up till now the maximum anaerobic soil fraction reported did not rise above 

4.6%. In simulation run no. 2, (Fig. 21), this maximum value is roughly qua­

drupled in case of layer 1. 

Initially in the upper layer an anaerobic soil fraction of more than 10.9% is 

found, whereas the deeper soil layers no. 7 and 15 show values of about 12.1 and 

13.3%, respectively. The average rate of increase of FANVOL during the rain a­

mounts to 35.25, which value is nearly the same as in case of simulation run 

no. 7, where the diffusion coefficient of the aggregates was halved. The maxi­

mum FANVOL in run no. 2, expressed as a fraction of run no. 1, yields a factor 

8.7, though only a 2.6-fold increase of the consumption rate was effectuated. 

It may be concluded therefore that the model is very sensitive to changes 

in respiratory activity. Hence it is suggested, that much attention should be 

paid to this soil property. 

The results of run no. 7, where the diffusion coefficient of the aggregates 

was halved, are very similar to those of run no. 2. This results might have been 

expected as both parameters appear in one and the same e~1ation, (Eq. (41)). 

The change in the value of the diffusion coefficient has been introduced because 

of the possibility of the presence of slickensides on the aggregates. These 

skins probably can seriously impair oxygen. diffusion from the inter-aggregate 
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pores into the aggregates, as shown by the results of the model. 

The initial anaerobic soil volume is somewhat lower than in simulation run no. 2, 

but there the oxygen consumption rate was higher by a factor 2.6 instead of a 

factor 2 as is the case here. 

It is suggested that the diffusional processes through the surfaces of dif­

ferent structural units in soils should be subject to investigation because of 

the results presented in Fig. 25. 

Consider the Figs. 29 and 20. In simulation run no. 12 the total respira-
-2 tion is restricted to 50% of the aggregates and equalled again 10 1 02 . m 

DEPTHT-1 . d- 1 . This condition was introduced by replacing Eqs. (36) and (44) in 

the basic model by: 

CROCVS(I)=2.~CROC(I)*(VOLHEX/TOTVOL)/TCOM (80) 

and 

VOLAN1(I)=FVLAN1(I)*3.~V1 (81) 

(82) 

VOLAN3(I)=FVLAN3(I)*6.~V3 (83) 

Initially an anaerobic soil fraction of about 3.4% is found in the upper layer, 

whereas in the deeper soil layers this value amounts to 3.8 and 4.9%, respecti­

vely. 

The average rate of increase of FANVOL in layer 1 during the rain is calculated 

to be 17.68, which value is somewhat higher than was found in the basic run 

(14.55). 

The maximum FANVOL, expressed as a fraction of run no. 1, equals 3.16. This va­

lue implies a strong non-linearity between FANVOL and total respiratory activi­

ty of the soil and it is concluded therefore that the spatial distribution of 

this soil property is of primary importance for the degree of anaerobiosis to 

be expected. 
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The critical oxygen concentration at which effective anaerobic conditions 

occur, is a property pertaining to microorganisms. Besides the value found in 

literature, which was used in most simulation runs, a value 10 times ,higher was 

used. The results of the simulation run with that high value of ceo, however, 

were so close to the one of run no. 1, that they are not presented. 

From the point of view of anaerobiosis, the exact value of CCO seems un­

important therefore. 

A surface crust could impair oxygen diffusion into the profile. Therefore, 

an empirical equation, introduced by Bakker & Ridding (1970) was included in 

simulation run no. 9, by replacing Eq. (65) by: 

FL0=2.~DZERO~((PVOL-WC(1))~~3)~(COUT-C0(1))/(.5~TCOM) ( 84) 

At an initial moisture content of 0.261883 cm3 . cm-3 and thus a gas-filled po­

rosity of 0.3932, the diffusion coefficients in layer 1 can be calculated to 

be 2808.6 and 2374.3 cm2 . d-1 respectively, according to the method of Milling­

ton & Shearer (1971} (Eq. (16)}and the one of Bakker & Ridding (1970) (Eq. (84)}. 

The results of the simulation run no. 12, with lower values of the macro diffu­

sion coefficient for soil layer 1, were hardly different from the basic simula­

tion run. This result is in accordance with the findings by van Bavel (1951), 

who stated that a relative shallow surface crust is not consequentional for the 

aeration status of the soil. At the other hand Bakker & Hidding (1970) concluded 

that the structure of the surface of the soil may become an extremely important 

factor for the aeration of soil. 

It does not seem possible to draw any definite conclusions from the evi­

dence at hand. 

In the course of the work, it became evident that the relative water con­

tent probably could be correlated to the anaerobic soil fraction. This assump­

tion was based on two indications. First, the maximum FANVOL reached in all re­

runs coincided with the maximum relative water contents in the layers. Secondly, 

the concentration of the oxygen in the profile never dropped by more than 1.106%. 

Figures 30 en 31 demonstrate that this correlation indeed exists. Except for 
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run no. 7 and no. 2 all runs could be plotted in one figure, thus composing a 

line being discontinuous in the points of relative water content of 37.5, 41.8, 

a.nd 43.0%. 

To reduce computation time it might be worthwhile to investigate the pos­

sibility of replacing the sub-model, which calculates the anaerobic soil volume, 

by simple regression equations or a tabulated function. It should not lost sight 

of, however, that the sub-model, calculating the macro diffusion process, will 

be a limiting factor when it comes to the time constant of the model, see chap­

ter 4.6. 

The sensitivity of the anaerobic soil fraction with respect to the parame­

ters in the model, can be summarized shortly, by expressing the results of each 

simulation rerun as a fraction of the results of the basic run, in the course 

of time. This has been done in Figs. 32 and 33 for layers no 1 and 7, respecti­

vely. Naturally, the conclusions so far advanced, do not change, but this way 

of presenting the results once more clarifies the degree of sensitivity of the 

model to the different parameters. 

When a curve is decreasing, it denotes that FANVOL in that rerun does not in­

crease as fast as FANVOL in simulation run no. 1. An increasing value of 

FANVOLi/FANVOL1 , in the course of time points to the opposite situation. 

Last but not least, a calculation of curves relating the anaerobic soil 

fraction to suction, is presented for three inter-aggregate oxygen concentra­

tions e.g. 21, 19, and 17%, Fig. 34. 

It is seen that for a soil, containing aggregates of 1 em. diameter, the criti­

cal suction range is from zero to a suction of 100 mbar, the latter value cor­

responding to field capacity. 

Figure 34 demonstrates that the influence of the oxygen percentage at a certain 

FANVOL at low suction is not pronounced. At lower percentages of the fractional 

anaerobic soil volume the influence of the outside oxygen concentration in­

creases. 

Both findings point to the possibility that at low suctions the diffusion of 

oxygen through the partially water-filled aggregates is hampered by the large 

equivalent radii, whereas at the higher suctions the outside oxygen concentra­

tion has an edge over the influence of the equivalent radii, in determining the 

anaerobic soil fraction. 

The curves of Fig. 34 might be called "soil anaerobiosity characteristics", 

in analogy to the term soil moisture characteristic, which was proposed by 

Childs (1940). 
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6. Some cautioning remarks 

It seems unfeasible to criticize the work presented in the foregoing 

chapters in full detail~ if only because of a sane self-conceit. 

Attention should be paid to two basic problems, however: to what extent is it 

permitted to distinguish between inter- and intra-aggregate porosities?, and: 

what is the reliability of the soil moisture characteristic? 

Pilot & Patrick (1972) investigated the effect of soil moisture tension 

on nitrate reduction in different soils. Soil samples were passed through a 

2 mm. sieve before investigation, resulting in strongly disturbed soil struc­

ture. Air-filled porosities of less than 11 to 14 percent were found to induce 

denitrification, pointing to the onset of anaerobic conditions in the soil sam­

ples. 

Possibly oxygen, entrapped by water-films between the soil particles was con­

sumed, resulting in an anaerobic microsite, which points out that an entrapped 

air bubble in a soil void may act as an aggregate with a certain "equivalent 

radius". 

On the other hand, soils having a well-developed structure, like clay soils~ 

will be difficult to characterize with respect to this equivalent radius, too. 

Firstly, because of the possibility of swelling and shrinking, and secondly be­

cause larger structural elements may be composed of smaller units, which com­

plicates the decision on aggregate size. 

Obviously, it is of major importance to develop procedures to estimate an 

"equivalent radius" or rather a range of "equivalent radii" for different porous 

media, and in particular for field soils. 

Usually when a soil is wetted, it will show at the same suction a lower 

moisture content than when water is extracted. This phenomenon is called hyste­

resis. 

Usually a so-called boundary drying curve is determined, denoting that the soil 

moisture characteristic is determined by desaturating a previously completely 

saturated soil sample and weighing it at different know suctions. 

The difference between a boundary drying curve and a boundary wetting curve can 

be appreciable~ however, (Topp, 1969). This author worked on soil water hystere­

sis measured in a sandy loam soil. From his Fig. 2, it can be calculated that 

the maximum difference in moisture content between these two extremes, expressed 
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as a percentage of the boundary drying curve, amounts to 40%, at a suction of 

about 70 mbar. 

The phenomenon of hysteresis implies that when rain is wetting a soil, the mois­

ture content will be lower than would be calculated from the boundary drying 

curve, whereas the suctions are identical. The consequence for the anaerobic 

soil volume will be that it is smaller. 

It also means that the soil moisture characteristic, which is considered very 

important, can not be determined very accurately, let alone the introduction of 

this phenomenon into the model. 

Also the rhomboidal soil system was shown to posses hysteresis, Sewell & Watson 

(1965}. 

Emerson (19551 showed the process of water uptake by soil aggregates to be 

delayed quite some time. From his Fig. 2, it can be read that it takes about 6.6 

and 17.2 days to absorb 90 and 97.5% of the total water taken up by a Grassland 

surface aggregate. Furthermore, from this Table 1 it can be calculated tl1at Lhe 

increase of the moisture content of these aggregates directly after applying a 

drop of water to initially dry samples, amounts to 63.6%, assuming a bulk densi-
-3 ty of 1.5 g.cm . It may be argued that mainly the outer shell of an aggregate 

is directly wetted, possibly resulting in a closure of the pores for further 

oxygen diffusion. If this would be the case, it means that an air-bubble is 

enclosed, which possibly will vanish quickly, due to oxygen consumption within 

the aggregate, and that even at a lower water content of the aggregate anaero­

biosis can prevail. 

Obviously, the rate of water uptake by aggregates, as well as the distri­

bution within the aggregates is of crucial importance to decide whether or not 

and to what extent anaerobiosis can occur. 
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APPENDIX I 

A. The cone volume 

where 

The volume V of the cone equals, (Burington, 1973): 
c 

1 ( ( 2 R2 Vc = 3 TI ~ + hT) RB + T + RB RT} 

~ = JR2 (R- hB)2' 

Rt = JR~ (Rx- hT)2' 

hB = R (1 cos y) 

(11 

= (R + R ) 
X 

R cos a - R cos y 
X 

= R (1 - cos a) + R (1 + cos(a+S)) 
X 

2 2 
RB' RT and RB RT can be derived now: 

(R- R (1 - cos y))
2 = R2 - R2 

. 2 Sln a. 

~ ~ = R sin (a + S) R sin a 
X 

2 cos y= 

and Vc = ~ TI(Rx(l-cosa) + R (1+cos(a+S}))(R2sin2(a+S) + R~ sin2a+Rxsina Rsin(a+S)) 

(2) 

B. The spherical segment for the R spheres 
X 

The volume VR 
X 

of a spherical segment is given by Burington (1973) as: 

and using the above symbols: 

= 

(3) 



1T 
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R3 (8 - 9 cosa + cos 3a) 
X 

Substituting the proper symbols, VR is obtained easily as: 

VR = ~2 R
3

(8 + 9 cos (a + S) - cos 3 (a + S)) 

C. The volume of the fraction of the torus 

Consider Fig. 35 The volume of the napkin ring can be described as, 

(Goudriaan, pers. comm.) 

+y1 

v = 2 1T J (x + l; cos 8 - y sin o)d t; d y = t 
-y1 

( X y + l; cos 0 y - 1 2 sin 
+y1 

d l; = 2 1T 2 y o) 
-y1 

= 2 1T (2 X y1 
+ 2 t; y

1 
cos o) d t; = 4 1T (x + l; cos 

where y1 = r sin 6 

l; = r (1 - cos 6) + d l; = r sin 6 d 6 

~s 
vt = 4 1T J (x + r (1 - cos 6) cos o) r 2 sin

2
6 d 6 

0 

~s ~s 

o) y
1 

d t; 

= 4 1T x r 2 J sin2 6 d 6 + 4 1T cos 8 r 3J sin
2 

6 d 6 -
0 

0 

0 

~s 

4 1T r 3 cos 8 f cos 6 sin2 6 d 6 
0 

~s 
~ sin 6 cos 6) 

0 

0 

(4) 

(5) 
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Figure 35. Coordinate design to calculate the volume of the napkin ring. 
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where x = (R + r} sin a - r cos 8 
X 

8 = a + ~ S - 90 

a and S are derived from the law of cosines, 

and 

R (R + R) + r (R - R) 
X X X cos a = 

(R + R) 
X 

(R 
X 

+ r) 

r (r + R + R ) - R R 
cos s X X = 

(R 
X 

+ r} (R + r) 

substituting x and 8 yields: 

( 1D 1 • 1 Q 1 D) 4 3 8 • 3 1 D 
4~ - 2 Sln 2 ~ cos 2 ~ - 3 TI r cos Sln 2 ~ 

which equation is simplified to: 

2 4 3 
Vt = 4 TI (r sin a(Rx + r)) (~(S- sin (3))-(3 TI r cos (a+ ~S -

expressing all angles in degrees yields Eq. (5). 

1 .,..) • 3 1 D) 
2 11 sln 2 ~ 



- 86 -

APPENDIX II 

The radius of the cylinder which just can pass a window, (Eq. 7, page 19 ) 

Consider Fig. 36 

A = 
2 \ 

R R + R 
X X 

(R, y) is given by solution of the following set of equations: 

(A - y)
2 = (R + r} 2 

+ y = A - R 
X X 

- r 

Substituting Eq. (2) in (3) yields: 

from which r is solved as 

or 

A2 + R2 - 2 A R 
X X 

r = ---------------
2 (A + R - R ) 

X 

(R + R - A) 
X 

r = ------
(R - R + A) 

X 

R 
X 

2 A R + 2 R r = 2 R r + r
2 

X X 

(A - R }
2 

X = ---------------
2 (A - R ) + 2 R 

X 

(1) 

(2) 

(3) 
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(R,A) 

Figure 36. Coordinate design to calculate the radius of the cylinder which 
just can pass a window. 
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APPENDIX III 

The air-exposed area A.E.A. 

The air-exposed area is obtained by calculating the water covered area of 

a sphere and subtracting this area from the whole sphere surface. Compare Fig. 

11 for the symbols. 

a = area covered by a pendular ring = 2 rr RxhT (1) 

where 

hT = R (1 - cos a) 
X 

(2) 

R2 + R R + R r - R r 
X X X cos a = (3) 

(R + R ) 
X 

(R 
X 

+ r) 

Substituting Eqs. (2} and (3) in (1) gives: 

R2 ( 
(R (R + R ) + r (R - R)) 

2 7f 1 - X X X ) a = (4) 

(R + R ) 
X 

(R 
X 

+ r) 

Expressing Eq. (41 as a fraction of the total sphere surface and taking C points 

of contact yields Eq. (14): 

A.E.A. (%) = ( 1 - c 
2 

(R (R + R) + r (R - R)) 
X X X 

( 1 - ------------ } ) 100 
(R + R) (R + r) 

X X 
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APPENDIX IV 

Calculation of hyd~aulic conductivity as a function of moistu~e content. 

A. The moistu~e cha~acte~istic is divided into 20 steps of 0.0135 each, with 

~espect to 6 . It is supposed that beyond a suction of 200 mba~, the po~es do 
v 

not cont~ibute to flow. 

Sm 

0.0 

5.8210 

13.6521 

25.9785 

34.4718 

40.3303 

46.1887 

52.0472 

57.9057 

63.7641 

69.6226 

75.4811 

81.3396 

87.1981 

93.0566 

98.9155 

116.9231 

137.6923 

158.4615 

179.2308 

200.0 

e 
v 

0.465 

0.4515 

0.4380 

0.4245 

0.4110 

0.3975 

0.3840 

0.3705 

0.3570 

0.3435 

0.3300 

0.3165 

0.3030 

0.2895 

0.2760 

0.2625 

0.2490 

0.2355 

0.2220 

0.2085 

0.1950 

Sm 

2.9105 

9.7366 

19.8153 

30.2252 

37.4011 

43.2595 

49.1188 

54.9765 

60.8349 

66.6934 

72.5519 

78.4104 

84.2689 

90.1274 

95.9859 

107.9191 

127.3077 

148.0769 

168.8462 

189.6154 

class, i 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Suction Sm was obtained by linea~ inte~polation of the curve no. 9 f~om Rijtema, 

for the different values e The average suction, Sm, belonging to each class i, 
v 

was calculated by averaging Sm in its turn. 

The formula used is: 

(0.465}
2 

2 2 2 K = 270 . . ( (Sm)- + 3 (Sml- + .•• 2 (n- 1)(Sm)-) (1) 
(20)

2 
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where 0.465 is the porosity of the sandy loam soil taken from Rijtema. 
--2 

In the following table (Sm) , and the multiplication is presented to obtain 

the calculated saturated conductivity. 

i (Sm}-2 
multiplica-
tion factor 

1 1.1805.10 -1 
1 

2 1.0548.10 -2 3 

3 2.5468.10 -3 5 

4 1.0946.10 -3 
7 

5 7.1488.10 -4 9 

6 5.3436.10 -4 11 

7 4.1448.10 -4 
13 

8 3.3086.10 -4 
15 

9 2.7021.10 -4 17 

10 2.2482.10 -4 19 

11 1.8998.10 -4 21 

12 1.6265.10 -4 23 

13 1.4082.10 -4 25 

14 1.2311.10 -4 27 

15 1.0854.10 -4 29 

16 8.5862.10 -5 
31 

17 6.1701.10 -5 33 

18 4.5606.10 -5 35 

19 3.5077.10 -5 37 

20 2.7813.10 -5 39 

Subsequently, the matching factor was calculated as 

K 
s 

K sc 
= 

16.5 (86400)-1 

2.2802 10-1 270 (0. 46522 

(20) 2 

= 5.7383 10-3 

where the factor 86400 converts days into seconds. 

Product 

1.1805.10 -1 

3.1645.10 -2 

1.2734.10 -2 

7.6623.10 -3 

6.4339.10 -3 

5.8780.10 -3 

5.3883.10 -3 

4.9629.10 -3 

4.5935.10 -3 

4.2716.10 -3 

3.9895.10 -3 

3.7409.10 -3 

3.5205.10 -3 

3.3239.10 -3 

3.1476.10 -3 

2.6617.10 -3 

2.0361.10 -3 

1.5962.10 -3 

1.2978.10 -3 

1.0847.10 -3 

L: Products = 
2.2802.10 -1 
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2 
Now K can be calculated f.i. for 8 = 0.222, then K = 270 (0. 222 l 86400 

(2}2 

5 • 7 3 8 3 10-3 ( 3 • 50 7 7 10-5 + ( 2 • 7 813 10-5 } 3 } = 1 • 9 5 51 10 -l em .. d -l • 

In this way the following table was calculated and the e corrected for the 
v 

water held in the inter-aggregate pores. From this table Fig. 18 was constructed. 

K l: Products 2 -2 -1 e £ .n K cm.d 
v 

1 - 20 2.2802.10 -1 5.4056.10 -4 16.5 0.5165 

2 - 20 7.4648.10 -2 5.6469.10 -4 . 5. 6427 0.4562 

3 - 20 4.9875.10 -2 5.9211.10 -4 3.9532 0.4390 

5 - 20 3.0161.10 -2 6.5985.10 -4 2.6641 0.4112 

7 - 20 1.8957.10 -2 7.5233.10 -4 1.9092 0.3841 

9 - 20 1.1645.10 -2 
8.8506.10 -4 

1.3799 0.3571 

12 - 20 5.0038.10 -3 1.2367.10 -3 
8.285.10 -1 0.3165 

15 - 20 1.6155.10 -3 2.1160.10 -3 4.577.10 -1 0.2760 

18 - 20 2.8990.10 -4 6.1623.10 -3 2.392.10 -1 0.2355 

19 - 20 1.1852.10 
-4 1.2321.10 

-2 
1.955.10 

-1 
0.2220 

20 2.7813.10 -5 4.3472.10 
-2 

1.6188.10 -1 0.2085 

2 -2 . where £ • n ls the water-filled porosity divided by the n pore classes contri-

buting to flow. K was calculated by Eq. (1) and the conversionfactor for seconds 

to days. 
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APPENDIX V: Listing of the computer program 

TITLf. ANAERrlf3IC sniL vnr.r'j·1E 

********* ***********Bfl!T 1
·
1 
Pl\P Y CfJ,. 1r 1 T I llJ~S M DDF:l; ***~·* *********It********** 

***************************************************f******************* * D!Nr:NSIONS (,['J\rl\ CE.i,!T1 HP~'"EF DAY 'rEtviP:::25 C 
* FlJOW DIRECTIOJJ Of \!1}\'T'FF ~nD (1XYGF.n DOvHl~"JAHD POSITIVE 
* 100 PERCF:riT or I~CJUT:..; T!Ui·lnGF'f1F.:f.lflSLY DISTHTBtJTf7;[l IT 1 J,l\Yf~R 0•25Ci1 
* G Roo N D w ATE P T A 13 L E 1 on r 1: r. E I, n ':J 0 r, I L so r F Jl. c }i~ 
* T 0 T A I j C 0 I'l.S U f"H' T I n N n X Y c P 1 r 1. U L T 'T r~ P In** 2 I 2 ~ C 1'11 [, r; P T H I r: A Y 
* r~ 0 D f·: L V A L U S I. F. n F. 'T' t I r=-: ;.< r' .(::, :::: 1 ,. 0 J ' 'l A ' 1 ~ ., 2 1 R 0 n P:!'Y 
*SANDY l.10A'·~ SOli, RYTr~·u\ :·IrJq, nr'riF'Jr::l >JITn :-lYPCJTF:1'J\fd.: ~·HlfH:L 

* RAIN DUPATifH~ 3 li.OU1~0 T~~TFr,J;3JT'r 9 Ct':/ft.l\Y 
******************-~* T .'-!IT I /\L D i\ p•;·• tlf PJ:.Oc;p AI\**'**~·~***~·*·~*-**-~"********·*·~--*** 
**********************•*************************************•*********~ 
INITIAL 
s TORA c r: R ~;c c 1 6 ) , L1C c 1 6 ) , c; ·r c 1 t) ) , s c 1 6) , T\ v r c 1 6 J , K ( 1 6 ) , F IJ \,; c 16) 
sToRAGE DE P r n c 1 t> ) , r v r, ,\ r: 1 ( i G ) ~ r v :~ /1 J 1 2 c 1. b ) , F v t~ An 3 < 1 ~ ) 
s T 0 R A (; E c 0 ( l 6 ) , c R n c ( l h ) r c p n f ... v ,t) ( 1 A ) ' c p 11 s 1 ( 1 6 ) , c p n .s 2 ( l 6 ) I c P. r s 3 ( 1 6 ) 
S T 0 RAGE A E A P 1 ( l 6 ) , A F: J\ r~ 2 C 1 t) ) , A E J\ F 3 C 1 6 ) , DC I\ I.J (' 1 ( 1 6 ) , DC .'t!,_ f., C 2 ( 1 6 ) , DC A L C 3 ( 1 0 ) 
STOHAGE RCf~l'T1(16),rrrT'T'2(16),J<CP·:tT1(16),f~f(~(lh) 
S T 0 RAG E R A 'T T Q 1 ( I. l) ) , 1-: f. rr ; : ' ? ( 1 6 ) , R ;'\ T J. (1 3 ( 1 6 ) , i·1 F' l; r1 ( 1 b ) 
s ToR A Gr. v o I_~:~ !· 1 1 c t 6 ) , v n L '(\ 1' • ? ( t 6 1 , v ( ~ r, A ~. 1 3 c l 6 ) , F A r·1 v o L c 1 6 1 , c P. " c 1 6 ) , c n lll) c 1. 6 ) 
S T 0 R A C~ f~ D F. F A C ( 1 t > ) , !! f: F ( t f, ) ; ,'1 D r: F ( 1 6 ) , [) F lJ n ( 1 6 ) , C P ~-J ( ( 1 A ) 

******************i:! *P(T T r' IT .(ni:S***·**·*~ i~**·** *'*.~***'*·*-t~*** *** **-~*******i{ ·** * Ar~1WI=AMULI'1'1' t,,1l\Tr,H Tl'JTT!,r,, Ai·H.'::AnU\lJ·''T' t· ;\'T'F::H,NF'LlrJ::~.IE:T rt.n\" Bl\T[ ;·;A'J'FP. 
* vJC:::WATER CUliTr:r·lT, S=.SPCT1'lf;, ST::::StlCTlUN TO'f/\L,Y=Cfl'',lf\!lCTIVI'TY t·U\'rEF 
* AVK:::AVERAr.F ('(H.lDllCTIVT'i'Y ~:J,TP.P., PJ,lJ:::fLOL·J HATE \·JA'fEP 
* RWC:RELA'T'TVE \tH\TfF (('1:.'1'l~f.l'l' 

* AHa I =.A r-11:1 uP T n x v G F. n r " r '7' r ;u, ' A; 111::: ~ r-1 o l' wr n x y r~ EN 
* NFI..O:::NET PLflvJ PATE fl>"Y~:~r<r', FLC1::::fJ.J0\'.~ PATf: nXYCErJ 
* N:::NUMDEP. OF r:nr<~PAnr;~r~JlT~;, TCG:,1::::T!·1 IC'K.TI£S0 C01'1PAPTr,1E~'T 
* P V 0 L::: P 0 H n S I 1' Y B Y V n L rr! , r· , l? l :;; P A P I TJ S S PH F F F t , V l :: V ("ll, T W. F S PIt E R E.: 1. 
* TaT v o I.J =Tor A L v n 1~ LT H F n F s P n r p r. s r ~·J 1--1 F.; x A G n fit\ L , v fi r, P F x :;; v n L u ~H~ Jl c X 1\ co r' i'< L 
* C 0 T::: C 0 N S tJ H P T I 0 N 0 X Y C F. ' '!' Cl TAL C GR. A n U 2 I C' ~~ * * 2 I P E P T H T I D r~. Y ) 
* C OR:::CON S rJr\P'T I rH 1 OX YCf·~·:• F'r( ITS 
* COM:::CONS{J1\P'1'I0 1,) oxyr;r-·., ':J('f"fl(l~Cl\tJT~;;·.:;, 

'************"*·*******PEr .Ii·i J T I Of~ r•r (;f·:n;~ FTF Y ·lt****~· •·~·************·* *~~ ** * *·** 
R2=~~~4142*H1 
R3::~~~2247*R1 
TCOH=3, 266*P 1 

V1:::4,1.88P*nl**3 
V2:4,1888*P?**3 
V3:::4., 1888*PJ·1Hr3 
TOTVOI.J=25"' 1 J?7*(P1.**1+F24~·* J+:":.,*P.i~£-*3) 
VOLH~X=33.,9411*R1**3 

********** ** *** ** ***C' l'; [,<- 11 J, AT T CF·~ '' F' 1) ~d<l·,.r n· T F: ;·zs ~ ·* * ·l~ * **·* * *iH$- ** * ~- * * * ~ ?t· * ·l<- * ** 
CO,J!:::COT/3 .. 
COP=2.*CO'T'/3~~~ 
PARAM N:1s,nVnL=.6551,Pl=,.s 
TABLE R kJ (' ( 1. - 1 5 ) ::: .. 2 G l 8 B ~ , .. 2 6 5 h 4 R , ., 2 6 q ·11 4 , .. 2 7 3 1 H , .. ?. 7 6 1 1l. 5 , .. 2 8 0 7 l 1. , ..... 
• 2 8 4 4 7 6 , ., 2 8 8 2 4 / , " 2 9 2 n 0 7 , ., ?, q 5 7 7 ~ , • /. 0 11 S 3 q , .. 3 0 3 l () 4 , • 3 0 7 o 7 , • 3 l 0 R 3 5 , .. • .. 
~314601 
FIXED fJ,I 
NOSORT 
* cALc u 1 AT r. v·' r .. T f:~ r c c;r: T r ~ · ;· c (; 1 J ,/\ v v f · ) 

DO 1 t:1,f' 
A tvli:J I ( I ) :: R \'J c ( { ) * T c c:, I 

1 C ONT r; tlf·~ 
* C A L C U LA T F. n X Y t.~ C n C n · : ':' ~ ·~ ; T ( 1 ; I L i\ Y :·~ n ) 

DCI 2 T=l ,!1 
A ~1 n 1 ( T ) = .. 2 1 * 1 .- 1 ,) {~ 0 T.""' 1 * ( l \ V ( l L - P \•J (' ( 1 ) ) * T C r1 :-.·1 



2 CONTINUE 
* CALCULATE: DATA H .A L F 1'.1/', Y T C fH·\ 

DEPT H ( 1 ) ::: • 5 * T C r 1 l··1 
on 3 r=:J.,Il 
l) f'~ p T d ( I ) ::: p F~ p T l! ( I. .... 1 ) + 1' (' (" l· I 

3 CONTIJ\lUE 
DO 5 I=1,P 

"<"· _g_3. 'I:' 

* FVLA~~=FRACTIOf.l;'\L VOII!P·:F. j'\j.,A~~PL 1 F\lr PEP s?r1r:HE 
FANVflL(.I):::0. 
FVLAt~q (I) =0 <i> 

F'VLAn7.(1):::0, 
F V LA T~ 3 C I ) ::: 0 • 

5 CONTT~rOF.: 

DFL0(16):::0" 
DYNAMIC 
NOSORT 
* SECTION TO rJJ.LCIJL/\Tr~ .\r .l'\EFfli· JC ~~!IlL: vcr.u~~~:: 

*****************~***4**~**~*****~**~******************************** 
**************4*****CEf[i ITln~S****~•******•*************************** * CROC=CONSPI,lPTICJl·i rr,Tr n;·yr~?~j (AJJ"lif,,~TJT Pr.~q LAYr·:P 
* CROCVS::CrJ:-ISIP1PTI!lT! P;\.TF: rxvc:~:' r~l'LCC:I..\'Tf.ll P.F:P U:•1 TT VCIJJ!JHE OF .SPHfHfS 
* F H T:: F R A C 1' I n ·.: H 0 n T S 
* CRO:::CONSU,'iPTICHJ HATC r:XYGr~~~! 
* AEARl:::l'\IR EX:"fiSED /lFC\ sp:~r.:pr rr,n,~;s G;l~: (:.OQI'.C'TION) 
* DC A L C ::: D I F' F l.J s I u tl r ll FTT .r r' I E r : 1' r~ X Y C F; 1 c A L C' P I, A. TED 
* DCSPH::DifPllD IDrJ C'fH'TfJC If~J-iT OXY.GF:,: l N 1'1 A'T'i:~R-FlLLFD ?~,F:T OF SPHP.gF 
* CRClSl (I ):(O!JSUi1PTin!·; !!J\TF: nx·{·~Eil ?FH SPHFRf·~ CLASS 1 
* F'VLA.N:i:F'RAC'l'!OU OF VCL!l:Ar~: ~.nJir~PrJP.TC l!f A S!?!TERE 
* R C R I T::: C H T T I r A IJ R AD T U 0 p, r \l V F. U r T C P A N l\ C P n BY U C' C U R S 
* C C 0;:::: C R IT I CA. !..1 C CHJ C E r T P ]l T T n r: C) X Y r; [; r F l 1 P. F f P f. C T I V F AN A E P n D J C C CHJ 0 I T I 0 :o~ 
* S 0 IJ 0:: S 0 L U r. I L, I T Y 0 X Y C S: .· I ~'1 11-l A 1' F f:t ( ( r: I C ;.1 * * 1 H 2 0 ) / ( r; I C I·~** 3 A I P ) ) 
* REO=~~OUIV!\LF.i-IT HADlt.!S ··~Hrl·,! ~-JA'r~;-p CllrJCE~·lTHATED IH SPHFRt:: Cr .. N'TF~R 
* VOLAN 1 (I)::: VOLUrYlE !\i'·1 A s;~np. J C SPI1ERr~ C LA;.;:; nrn:; C cr·-1** 3) 
* V 0 LA N T ::::: V (1 !) J' 1 r;: 1\ I< .l\ E PC n I C 'T' A PI U y, A T f [' ( t· R A C T J 0 :'J ) 

* FAN V 0 L::: F R A. C T I C1 i1J A L .r· :. ~ ,'l FT n P I(' V n Lt.! u E f' F; F S 0 J L LA Y F~ P 
*CALCULATE ~tJATEn COTfl~:·;r (CIC;'**3.) ld·;[: CONCEflTRAT.TtJN OXYGf':~~ (GICf·1**3.) 

DO 6 I=lun 
WC (I) :::Af-1;·J (I) /Tr(l~ 1 

C 0 ( I ) ::A f·: 0 ( 1 ) / ( T C C :I * ( P V n J, ..., ItT ( T ) ) ) 
6 CONTI\Pff~ -

* r. A [, C U L A T F: n X Y G E l·I C (I F D (I : . P T I (l IJ P F' P S :' H F l\ E: ( G / C ~-' * * 3 .S P U f H F: I n A '.{ ) 
DO 7 r::::t,N 
C F< OC ( I ) ::: F H T * ( C 1.1 f' +( n !'1) 
C R 0 C V S ( I ) ::: C' P. 0 C' ( I ) * ( V I! L P t: X I TnT 'N ll1 ) I T C (l 1i 
CP0Cl)::r.P.UC(1)41·(1,. ... Fl'.r 1 VOL(l)) 

* CAI,CULATE AIR EXPil.SFD t:Ff.A PfR f)PlH-~FF 
A E A P 1 ( I ) ::A F G E ~~ ( 1~ ~ ?1 F l T , W C ( I ) ) 
AEAR2Cl):AFGEN(tfAF~T,WC(I)) 

AEAR3(Il=AfGEK(h~~P3T,WC(J)) 

* CALCUL~Tr: DTF'FtJSIClf·r rnF~FriCTF'!T Tr: ~:,r;!r.rF: (c;·:**2/Df.,.Y) 
DCAL,C 1 (I) :::DCSPH*.!\ F i\r 1 ( l) 
D (' r\ L C ?. ( I ) ::: D C S F f ! ~- t1 r: ;. ~·) 2 ( T ) 
DC A f.1 C" l ( T ) = r> C SF' T1 -!} ,.d "', P. 1 ( T ) 

* CALCULATF: r.nnsunrtrr,··.l P.l.Tf~ fi)(YC~J<·J Pf<P sr·Hr:P.F: 
CROSl. (I) =CROCvr. ( T) *\r l * ( 1..-FVT.,i\rJ l C J)) 
C H n S 2 ( I ) ::: C F Cl C V S ( T ) ;~ \' '? * ( 1 ., - F \r L '-\ r' ~' ( T ) ) 
C R 0 S 3 ( T ) :: C P ;-, C V ~~ ( T ) * 'J 3 * ( l " .... f V L :\ i J 3 ( I ) ) 

* C A L C U I J A T E C F 1 T I C A I) r i'\ r· 1 r: S 0 F ;.:, P t 1 F !? r:: S ( (' F' ) 
R C R I T 1 ( I ) :: S Q R T ( i) "' * DC !d, C J ( I ) * ( C 0 t I ) - r (" C 1 ) * S C IT.ilJ I C P Cl S 1 ( J ) ) 
R C R I T 2 ( I ) :: S (} n T C l:._, • -lh 1 C !; L C 2 C T ) * C C n ( I ) .... C C' U ) * S 0 L 0 I C P 0 S 2 ( 1 ) ) 



'<':" 9.4 .,.. 

R C R IT 3 ( I ) : S 0 R T ( 6 "' * DC fd, (' 3 ( I ) * ( C n ~ I ) ... C C 0 ) * S C~ L 0 I C R () S J ( I ) ) 
7 CONTINUE 

* CALCULATE: EQUIVAid\f·~T f:fdiJUS (P'2:Q) 
DO 8 I= 1, ~~ 
REo c r ) :::11 F c F: N c n F (; r , 1 .• c c 1 ) ) 

* CALCULATF. HA.DitJS HFT.lTIVF: TO CP.TTJCAT, PA!'IUS 
PAT I CJ 1 ( 1 ) ::: RE 0 ( T ) .:t- ~· 1 IF C PIT 1 (I ) 
RA.TI02(I):::Pf0(T)*P?/FCRJ.'T'2(I) 
RAT I 0 3 ( I ) :::: F 8 Q ( I ) ·~· :' 3 I ? C () I T 3 ( T ) 

8 CONTI ~nJ£ 
* c A JJ c u LA T f. F R.l\ c T 1 n:: P·. L A r' ;: .. r: P , ... L', I c v r. r, 1 J r, F r c P s r' n F: P E c L As s 

DO 9 I=l,rl 

9. 
PARAM 
PARAM 
PAP AM 
PARJU1 
PARAM 

F VI, A ~r 1. C I ) ::::A f C: P. r: ( ,J r:- ;_, .~ 1'.1 T , ? .1\ T I~~ 1 C I ) ) 
F' V LAN 2 ( I ) :::A f G E !·! ( V ( H; .\ :1 T , F l1. 'T' Jt; ? ( T ) ) 
F V I.1 A N 3 C I ) :::::A F' G F. f,J ( '! n L :. T·~ T , P ;, T 1 C! 3 ( T ) ) 
VDLJU·J 1. (I) =F'VLA!! l ( T) *6. *V 1 
VOl,AN 2 (I) =FVL;\f12 (I) *6. *V 7 
V 0 LA ~r 3 ( I ) :: F' V !JAN 3 ( I ) u- t 2 • * V 3 
F' /',.NV n L ( I ) ::: ( V 0 Id\I. 1 ( t ) + V n T 1t-\: J 2 ( 1 ) + V rJ L ,'\ N 3 ( I ) ) IV D L H F X 
CONTI.NtJF: . 
COT=1

111
.3089F:-3 

F'RT::::6,6667E-2 
DCSPH::1.2715P.-1 
CC0=?..24E:-8 
SOt~0=2.., 9796F> .. 2 

ruN c T I or,· l'J.. r l\ R 1 r = • () 1 s , • q r-.· () 9 , • ·J b 1 , • q g ·J s , • c) 0 7 , • q q 9 s , • 1 4 2 , • 9 9 7 3 , • • , 
0 1 9 5 I Ill g 9 3 3 I " 2 6 I 'II 9 8 6 7 I " 3 2 (1 ~~ I C1 C) 8 1 !) I 111 J 1 l) 1 I .. f) 6 3 I e 4 1 9 2 I 011 <) C) 8 4 1 011 4 2 8 3 , 11 9 4 4 5 f " 'II 111 

Ill 4 3 5 1 f II 9 2 6 I 'I' t 3 9 3 , fJ 9 I) 7 ~j I " 4 '* 3 f~ I " 3 7 3 ~ I "' 4. ~) 4 1 f 111 S 1 5 b f 'I' 4 6 3 4 I II> 7 2 4 5 I ., 4 7 1 2 I ,. 111 o 

• 6 3 4 1 , • 4 7 3 o , • 5 8 6 6 , • 4 7 9 n , • :; ·1 4 G , .. ·1 R 7 1 , • 4 5 ~ 9 , .. 4 9 s 8 , .. 3 6 7 q , • 5 t 6 s , • 1 7 7 B 
fuN c T I 0 N A EAR 2 T :: .. 0 1 5 I .. ~1 '1 9 .~ I • \) h 1 , • 9 9 q 9 , • 0 9 2 ' " 9 q q 4 , " l 4 2 I 'II 9 q 7 , " 1 9 5 ' " .. .. 
a 9 9 2 6 f a 2 6 I " 9 8 5 3 t 111 3 /. tJ 2 I 0 f'J 7 ') 6 I 111 ft 1 () 1 I " C) f) q 4 I " 4 1 'J ?. I 111 q I) ·~ ~ 1 • 4 2 8 3 1 e 9 3 9 4 I ., e "' 

Ill 4 3 5 1 f Ill 9 1 9 6 f • 4 3 9 3 1 e 9 I • -.f 4 1 ~;. I a B 6 Cf ~) II 111 4 5 4 1 I " 8 (14 6 1 ., 16 3 4 1 " 7 1 '3 5 t " 4 7 1 2 I ., " • 

1!16264, .4730, .,5G18,.,4790, .. ~>43, .,4871, ,.4()32, .. -+95U, .3867, -.5165, ~2296 
FUNCTION AEAR3T:::.,Oj5,~~910,.06t,.9QQ1,.,Vg2,.9991,.,142,.,995R, •• ., 
.195,~9896,.2Gr.9795,.32f2r.9715r.4101,.1139,.1192,.~372r.428J,, • ., 
9 9 1 7 1 0 4 3 5 1 1 ., 8 fJ 0 7 r • 4 3 0. J , • fi 6 5 1 !II 4 4 3 8 1 111 B 2 5 8 1 ., 4 5 4 1 Jl • 7 •t 5 1 • 4 6 ·~ 4 1 • 6 3 7 1. 1 • .. ., 

111 4 7 1 2 (I 11 5 3 9 6 1 Ill 4 7 3 0 f 1j1 4? 1 7 p co <i: 7 C) {) f • 4 5 1 I 11 11 8 7 1 I "' 3 7 f) 2 I a 19 5 8 f a L 9 6 3 1 a 5 1 0 ~) I Ill 1 5 ._f 7 
FUNCTIOtJ HEOT=.015r .1183, ,.061, .~i08l, .,OQ2, .~5827, .14?., .,6734, .195, ••• 
• 7485, ,26 1 ,823B, .,3262, .8~B~, ,.4101, .,958B, .4t92r .,965<J, .. 1:'283, .9726, " ... 
• 4351, .9776, .4391, ,9805, .443~?, ,Q83'i., .4541, .9893, .4f>34, .9932, .... 
0 4712,,995, .,4730, .,9957, .,:+79(), ,.0()62, "4B7l, _0969, .495R, .,QQ75r ,.5l65r .. 9982 
FUNC T I Of\ VD fli\ i'i T:: 0. , 0"' , 1 Ill I (). , 1 • 1 I • 0 .1 7 s, 1 .. 7. ~, • (\ b 7 5, 1 • 5, • l f) 7 4, 1 • 7 5, .... 
02375,2.,~3057,2.,5r.4125,3.,.5,3.5,.561,4.,.61,4,5,.65,5.,.,6805,5"5,.~~~ .. 
• 707,6.,,73,6.5,.74Y5,7., .. 7G6,7.S,_7825,8.,.795~R.5, .. 807,9,,.R16,~.5, ... 
826 1 lO.,.R335,14.1421,.R~09,1R.2~74,.9o72,11w6228,.q16,l00.,.994~, .... 

101,,,.9999 
* WATER F't~rn.J t-~EC T I llf'l 
*****************************************************************~*** 
****** ************** IJl~F I~.; 1 T 10 ~! S*** *-*·{f-4f·*** ·*~·**************~·f.~·******~·***** 
* GR 1tJ'fAB=GPnUr·:nvJ~TEH TArr,:·, PFPPr<:Sf·~i-!TS CPl,VITY PflTf;~;JTI'\IJ 

* DEPTHT:::DE:rTH TOTAL * T H W L::: T H I C' K n F. S ~~ \AJJ\ 'r f': P L J\ Y r P , P I:: P P F Sf H T .s II Y l'J P 0 S T A T I C P P E S ~~ UP F 
* S S U F F::: t"11\ T pIC SUr. TIn~.' J\ T S n I 1, SUP. r h r l·; ' . .JI 'f~ n vJ AT f: R T ~1 S T l\ N r 1 riG 0 h r' R fl F' IT 1. 

* STSURF'::TClTl'd. SfJCTinr~ j'\T Sf.' I J, .Sl1P.FACI:: 
* r~ A X I N f' :: i··1.l\ X T ! rUn I N f I I.,., r .:\ T I n; ~ P A 'f F H A T PH ( (' H I P A Y ) 
* K SAT: C 0 r·.} D U C T I V I T Y l\ T ~~ /\ T 1.11< A T I !l N 
* C W T::: C O.N 0 tJ ~·'1 P T I 0 N W A T F, t~ '.1' :- l 'T' A L ( C H A e1 1 l ? l.ll C i· H .. ~· 2 I PEP T H T I P ,n. Y ) 
* C A L C U LA T L ill AT PI C S ! 'C ,.. T ( t • r ld 'D C fH' D U C T 1 V I T Y fJ F S (l .I T 1 ( C '-1 I T) !>. Y ) 

DO 10 I::l,!\J 
S ( I ) :: .... 1 .. * J\ f·~ G En (.:) n T f~ , ~·J C ( I ) ) 



K ~I ) =Ar' GEN ( K T B, tr:r c T ) ) 
10 CONTI~HJE 

* CALC U LATE A VERA G F. C U ~; :--. I 'C T I V I T Y ( r ; I I 11 A Y ) .'tl.. N D S U C T T 0 N T 0 TAL, ( i~i BAH ) 
DO 11 I:::2,N 
AVK(I)::(K(I-1 )+}::( t) )*.5 
ST(I):::S(!)t(GRWTrPM~EPTHCI)) 

11 CONTINUE 
* CALCULATE FLOW RAT~ nF WATPR 

DO 12 I:::2,N 
FLW(I)=~VK(l)*rS~(J-J)-ST(t))/TCO~ 

12 CONTI\JUP. -
* CALCULATF ~-iAXI.~Jf At,!I> FAJt.) (Cn/n.AY) 

S T S U R F :: S S U R. F' + G F~ h~ rr .n, r. t T :·l ',,1 L 
S T ( 1 ) :: S ( 1 ) t ( G R l11 TAp,-DC P T H ( 1 ) ) 
MAX I r r f::: ( K C 1 ) + K SA rr ) * ,. 5 * { .S 'r S UHF' - S 1' ( 1 ) ) I ( • ~ * T C 0 r-1) 
RAIN=AFGE~(RAINTn,TIME) 

*CALCULATE PSSTRICTTrtr: I'·JFif/fHATIOr: UF t~l\'T'8H It; sniL 
F L W ( 1 ) ::: F' C N S W ( T f-P,-J I.1 , A HI N 1 O·L\ X I 1\! f , FU\ 1 f\J ) , ;>Jl IN 1 ( >1 A. X I '·1 F , H A I t 1 ) , ••• 

- A '•1 I r~ 1 ( :·1 A X If~ f', R A I rT + T H \A! IJ I f) E f, '1') ) 

*CALCULATE F'LO~~ THRO~Jr;!t J.JnhEH BOUNP/d{Y 
Fl,W ( 16);:;: (K ( 15) t¥.0/\T) *. 5*RT ( 15) I ( GHviTAD-DEPTH'f) 

* CALCULAT~~ COtJSt.JI'.,1PTID~r FATE FATER -
oo 13 I=t,n 
C R W C ( I ) = P R T * C \J T 
CRW(I)=CRWC(I)*(l " ... fJ\:-.l\'tH,(I.)) 

* CALCULATF. :·JET FLOt·J J'J\TV nF ~·JAfFH 
N F I.1 v,J ( I ) :: F I,\~ ( 1 ) ... F J., ~,,1 ( I + 1 ) - r Tnr.i ( r ) 

1 3 C 0 N 1' I rJt.l P. . 
PARAM GRilJTAB=l 00 II, DE.:PTHT=24 •• 195 
PARAM SSUHF'=O. 
PARAM KSAT=16.,5 
PARAM CWT=.3 
FUN C T I 0 N S U T n = • 0 t 5 , 1 0 IJ Q 0 n , ) • , ,. 0 6 1 , .1 6 0 0 0 • , • 0 9 2 , 2 5 0 0 " , , 1 4. 2 , 5 o 0 .. , .. 1 9 5 , • .. ., 
200~,.,26,100 111 .. 3262,71 .. 2Ql6, .. 4101,34.94tR,.4192,31 .. ,.4283,22.9236, •• ., 
.4351 1 16,9525,.4393,13.38~2,.443R,10.,,4541,6.3393,.4Fl4,4.0322, ••• 
-4712,2.B95,.,4730 1 2.5,.47q0,2.?208,,4871,1,7762,.,4958,1.4615, .. 516~, •• ., 
1,0174 
FUNCTIOn J<:'i'p,::.,015, .011., .. 1, .035, ,2085, ,.1f.:19, .222; e1955, .2355, .. 2392, ••• 
w276,,4577 1 .316S 1 .,82R5,.3S7,1.3799,,384,l.q092,.41t2,2,.6641,.439, ••• 
3,9532,.4562,5.6427~.5165,16.5 
FUNCTION RAINTB=O.,Q9,.os,o.,.051,q,,.175,9.,.176,0.,100.,0. 
* 0 X Y G EN F L n vJ S E r. T I 0 r~ ~ ~ 1\ C P. n 
********************'~*******~**************************************** 
********************DEFINJTI0~S**************************************** 
* DE F:: F. F FE C T I V E D I F F lJ 0 T I :-~ C CiF F F T C I f:~ H T I 1·~ S n I L S Y .S T E ~~1 
* D Z E J-~ 0 = D I F F' lJ S I r H ·' fl F' n X Y G F f·; T P f P r~ E A J P. , A 0 1·~ r =A V E: H A G r·~ P r: P 
* DEF AC :::D I FFrlS I or.: Eft F I C T r:r~c Y F !1C TOP :f"' Ef ID ZERO 
* DFLO::DIFfUSIVE fL(~~,J nr nxycr.:tJ 
* C 0 U T::: C 0 N C C N T P /', T I 0 ~! f1 r. iJ X Y G P. N l ~: F P r E l\ 1 P 
* 'R::RESTRICTED 1 DZW:Dl!'I·'riS1n~r (fiEFFIClF~'"J' IP f'RI-<F: I:JATF:R 
* MFLO::NA. SS F.'LCH.J OXYGEU D PE TO 1\ T P D T SPLAC r:~ 1·1C:l' 1 T 8 Y 1/J 1\ TEq 1 NF I LTR AT lU~l 
* CAr, C U LA T 1 0 J.l 0 f' D I F r.u f. I 0 !· i C: 0 E F F T r T L r: T I '·' S 0 I L ( C I·\ * * 2 • I I" l\ Y ) 

DO 14 I:::1,N 
D E F' A C ( T ) = A F GEr-.: ( r~ r. F :"- C' T , ( P V n L ""' t.J C ( I ) ) ) 
OEF(I)=DZERO*DFff.r(l) 

14 CONTITJUE: 
*CALCULATE AVF~HAGF FFPECTIVE DJFfUStrJfl! COF:fl=i"TCIF.I"T 

DO 15 I=2,Jo.i 
ADEF(Il=CDEF(l)+n[F(I-1))*.5 
DFLO(I):APEF(l)*(CO(I-1)-CO(T))/TC0f'l 



~ 96 -

1 5 C 0 tl T I N U r: 
* CAI1C ULATF: DFLLl FOR Enr! r; n .r~.P T F.'S 

F'LO=DfF' ( 1) * (COflT-r·r; ( 1)) I (. ~1*TC(1 il) 
RDFLO:::[lZlJII*(Cnur-rr( l) )1(7;1\·IL+;.iiYf(T!l~·/J,)) 
f) f L 0 ( l ) ::: F C N S \!1 ( T r l ~,~ L , F L t; , F L n , h Dr I. U ) 

4 C'ALCULATS NET FLOv' nr \;XYf:T~~·! (f'lFFUSIVf·~+ i·ti\SS FI~tYt"!) 

on tA I::::l,n 
~·i F L U ( I ) ::: r.r f L ~~~ ( T ) * r-r· ( T ) 
N F l1 0 ( T ) = U F L n C I ) - r F L ;'! ( J + l ) - C F' •1 ( T ) ... i'; F 1 J1 ( I ) 

16 CONTTNUE 
PARAM DZER0:::1 .~526E4 
PAR A t·1 C 0 U T ::: 2 • 7 4 8 7 f.: ..... 1 
PARAM DZW=2.2464 
FuN c T I oN D r~ FA c r = • 1. 3 2 6 , .. cL1 t 1 , • 1 ~ '1 3 , • (! 6 6 9 , • 1 Cd3 , • o 7 8 1. , • 1 7 f) 1 , • o E q , • 1 r .3 9 , .. .. .. 
• o97~,.2ot,.t165,.2113,.1206,.2t57,.t22,.2268,.l231,.24~,.t242, .... 
• 3 2 8 9 , 11 1 3 1 6 , • J g 5 1 , • 1 4 -·1 ? , " ·.t () 0 I , • l ~) 7 n , ,. 5 l 3 1 , • l 6 'l , • 5 0 3 l , • 1 7 3 4 , • 5 9 4 1 , "' "' .. 
.. 1764, ,6401, .,1798 
* * * * * * * * * * * * * * * * * * * * I r.; T F' r: l ·~ l\ l j S ~- * * * ·M- ·~ -~ * * '* * ·* * * * * ·1*- * * * *· ·* * * ~· ·~ * * * * '* * * * * * ~· * '*·*·It * 
********** **********P J··r· T ~' 1 T t 0!' ,S-* *** * * ·*** * ~·i:t· ******."** * ***·* ********'* * * **** • * C U rv~ IN F:: (' t I,,.( I J L ,"\'~IV F \•l /\ 'T' F r T ~ \ F' 1 I. T R !;, T l C1 ~~ 

* CUMOUT:C\J'.nJLATIVE nUTF'L:l;,,J \··1 /I.Tr:P. 
* CUMCOX:::CUr·-HII_u\TIVf. 'lXYCF"J Cf'Jl:SUi·'l· 11' tLif; 

AHv~:= I "\!TGPL ( Arlt-J I,"' FL d, 15) 
C U l\1 I ~.p;o ::: I U T r; P.lJ ( C .. , F L t.-J C 1 ) ) 
C U ~, n TJ'f = I n T G R 1~ ( ·) ,. , f I, 'v1' ( 1 f> ) ) 
Ai'-·10::: I 'l'TC~HL ( A~ 1 (1l, r~r en, 15) 
c cnv1 c ox= .r u T c; H r, c D .. , r~ r. 1.) o ( 1 ) ) 
TI\\AJI.,::IN'f(;nr~co~ ,FAI!·;-PJ,tl'l( l)) 

* OUT~UT SF:C T I f!N -

***********************************************************«********* 
-A= I t-" P U L S ( 0 , , P F Jl r:: I. ) 
IF (A* I'\ E: F. P .. r, T • \) ... 5 ) G c T Cl ZJ q 
W R I t r ( 6 , 1 0 0 ) ( F )\ :·l V ,-'l. J ( T ) , I ::: 1 , 1 ~ ) 

1 0 0 F' 0 R t'i .i\ 'r ( I l H , 1 3 lJ F t\ F! V r"l L ( l - 1 5 ) ::: I I Q I< 1 0 41 4 I B F: 1 0 'I' 4 I ) 
v-1 P 1 T r c & , 1 o 1 1 c v: c c r ) , r ::::: i , 1 5 ) 

1 0 1 F' fJ P ;,1 AT C I 1 H , 9 t: ~>.l c' ( l - 1 5 ) ::I I H f~ 1 n ., 4 I 8 F: t 0 ~ II: I ) 
WRIT~(6,102)(Cn(I),1=1r1S) 

1 0 2 F U FHi A 7 ( I 1 H , 9 H (' (1 ( l - 1. ~) ) =I I 8 f·~ 1 C ., 4,/ R E:~ 1 0 • 1 I ) 
~1 R 1 T f·~ C 6 , 1 0 3 ) C V U L l\ 1

. r 1 C I ) , I :: 1 , 1 5 ) 
. 1 0 3 F' 0 R. n f, 'T' ( I l J ! , t 3 ;-· V n L f-. () 1 ( 1 .... 1 S ) = I / n L 1 0 " 4 I B F. 1 0 co 4 I ) 

hi H I T E C 6 , 1 () 4 ) ( L /\ T r r-· .1 ( I ) , I :: 1 , 1. S ) 
1 0 4 F 0 R f-1! AT C I lll , 1 3 i l n r'. T I: li ( t - 1 5 ) -:.::.I I 8 E: l 0 ., 4/8 [ l 0 " 4 I ) 

v4 R I T E c 6 , 1 o 5 ) c c P ~·i c r ) , I = 1 , 1 ~5 ) 
105 FORJ"'U\.T(I1rl ,10HCP'!Cl-l5)::1/8F'10.41PEl0.41) 

WPITE(6,106)(C~O(I1,I=l,15) 
1 0 6 F 0 R 1·1 rl T C I 1. H , 1 0 r- ;c n r-· ( 1 ... 1 '1 ) :: I I F f~ l \) .. ~ I q E l 0 • t I ) 

WFITE(6,107)(MfLG(l),J:t,15) 
1 o 7 r o R r 11\ rr c 1 1 H , 1 1 ; ;r ' r r. o ( 1 ... 1 ~) ) = 1 1 ~:, r:: 1 ~.: .. 1 .1 s f. 1 2 .. 4 1 rs r 1 2 .. 4 1 ) 

WRIT~(6,108)(SCT),Jit,1S) 
1 0 8 F 0 P f·l .7\ 'T ( I 1 J r v 8l·l :;, ( 1 - .1 5 ) :::I I 5 E l 2 • ·~ I 51.' .. 1 2 • 1/5 E 1 2 • 4/ ) 

PRINT T H vJ J1 , C U r,1 IN F , C l' r-~ C n X , C U _;! Cl U T 
C00Nl::::C(I(1.) 

FIN 1 S I i C U 0 N r-::: 2 • ~~ 4 1 F .... :.~ 

9 9 C n ~J T I~: l JF·~ 
fJ!ETHOTJ FEC T 
T I r·1 F: R F T ~·J T I. ~ ~:;; l • ,) c I p r \) r·' ~.:::: .. '·' 1 , D F l J T = Cl r) (I 0 1 
END 
STOP 
END~.JOf\ 






