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1 Introduction 

Crop production is generally determined by the prevailing en
vironmental conditions, i.e. by the existing complex of physical, 
chemical and biological factors. This study concentrates on the 
effects of the physical environment on plant development, with 
special regard to aspects of soil physics and meteorology. The main 
aim is to estimate field water use and crop yield under limiting water 
conditions. 

The amount of water available for transpiration strongly in
fluences dry matter production. Actual transpiration depends not 
only on the weather but also on physical properties of the soil and 
on factors related to the type of crop. Therefore attention is paid to 
the effects of soil physical properties and, in connection with capil
lary rise, to the influence of the groundwater table on the amount of 
water available for transpiration. 

A calculation of actual transpiration from meteorological, crop 
and soil properties is of value when designing water management 
projects under a given climate. The relationship between crop 
production and transpiration indicates whether supplemental irriga
tion is justified or not. 

As the book probably will be read by scientists, field workers and 
students of various disciplines, the material is presented step by step 
so that it is easier to understand. 

Two models are presented which can be used either separately or 
conjointly. The first model, program SWATR, calculates the actual 
transpiration of a crop. The second model, program CROPR, 
calculates the actual yield of a crop. Some main differences with 
other models published are: 

-more emphasis on soil physical aspects; 
-application to heterogeneous soil systems; 
-use of a new function to account for water uptake by roots; 
-consideration of the depth of the groundwater table fluctuating 

with time; 



- micrometeorological data on a daily basis taken from field experi
ments having a practical background; 

- a different approach to the boundary condition at the soil surface; 
- main interest in total dry matter production rather than in plant 

phenological stages; 
- the crop to be supposed optimally supplied with nutrients, with 

soil moisture as the main factor limiting growth. 

An illustration of the approach is given in Fig. 1. It shows the flow 
patterns and the action of various factors in the soil-plant-
atmosphere system. 

In this monograph, the underlying theory is given in the first two 
parts: Theory of field water use' and 'Theory of crop production'. 
The third part: 'The programs', gives the main features of SWATR 
and CROPR as well as experimental verifications and complete 
descriptions of the two programs. 

In Chapter 2 the principles of the energy status of soil water and 
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Fig. 1. Flow chart of the integrated model approach for computing the 
influence of water use on crop yield. 



the flow of water in the unsaturated zone are treated. 
Chapter 3 deals with the water uptake by roots described by a 

sink term depending on soil moisture pressure head, rooting depth 
and potential transpiration. The latter sets an external limit for the 
root water uptake. Both potential transpiration and soil evaporation 
are estimated from a combined energy balance-vapour transport 
approach, based on rather easily measurable meteorological and 
crop quantities. 

The initial and boundary conditions to be applied to the flow 
equations in the soil-root system are presented in Chapter 4. A 
one-dimensional numerical (finite difference) scheme approximating 
the flow in this system is derived and evaluated. 

Chapter 5 is devoted to a mathematical description of plant 
growth resulting in a growth equation that accounts for the growth 
factor water and the potential growth rate. An expression for the 
relation between transpiration and production is presented in Chap
ter 6. In Chapter 7 a method is given for the calculation of potential 
production. 

In Chapter 8 the set-up of the program SWATR is described in 
general terms. The model is verified with data from field experi
ments with red cabbage and potatoes. Also some numerical experi
ments are given to investigate the influence of changes in soil 
physical properties, rooting depth, meteorological conditions, etc. 
on field water use. 

In Chapter 9 the main points of program CROPR are presented. 
Also with verifications (with data of field experiments with red 
cabbage, grass and potatoes) and numerical experiments with regard 
to crop production. 

Finally Chapters 10 and 11 give complete listings of the programs, 
instructions for input and examples of factual input. 

The models and programs are meant to be applied in evaluating 
existing as well as planned soil, water and crop management prac
tices in humid, semi-humid and arid areas. 



I Theory of field water use 



2 Basics of water flow in unsaturated soils 

2.1 SoU water potential 

Water in soil moves from points where it has a high energy status 
to points where it has a lower one. The energy status of water is 
called the water potential ^ and is composed of several components 

*=*+<k+Gfc*m+*««) (2.1) 

where 

i£ =matric potential, arising from local interacting forces be
tween soil and water 

î g = gravitational potential, arising from the gravitational force 
^osm = osmotic potential, arising from osmotic forces 
ĝaS = pneumatic potential, arising from changes in external gas 

pressure 

The potentials are defined relative to the reference status of water 
(of composition identical to the soil solution) at atmospheric pres
sure, 293 K (20 °C) and datum elevation zero. The potential is often 
expressed as energy per unit weight of soil water. Then energy has 
the dimension of length, i.e. cm. This is equivalent to about 
10'1 J.kg"1 (K^erg.g-1) and to about 102Pa (10-3 bar, lmbar or 
1(T3 atm.). 

In studies on soil moisture flow, one may usually neglect the 
potentials put between the brackets in Eqn 2.1. The influence of 
4fosm is low because the osmotic potential is measured of water that 
is assumed to have the same chemical properties all over the profile. 
As gas pressures in natural soil generally do not differ from the 
atmospheric pressure, i£gas = 0. 

The matric potential (iff) in unsaturated soil is negative, because 
work is needed to withdraw water against the soil matric forces. It is 
not essential to specify these forces in detail: it suffices that t̂  can be 
measured by tensiometry or other techniques. At the phreatic 
surface, ijr = 0cm. 

The gravitational potential (ik) at each point is determined by the 



height of that point relative to some (arbitrary) reference level. If we 
consider the origin of z at the soil surface and positive in downward 
direction i//g = —z cm. 

When dealing only with the sum of matric and gravitational 
potential, one usually speaks of the hydraulic head, H. Thus 

H=$-z (cm) (2.2) 

with tjj now called the soil moisture pressure head and z the 
gravitational head. 

2.2 Soil moisture characteristic and hydraulic conductivity curve 

Water in the unsaturated zone is retained in the soil mainly by the 
matric forces. In wet, coarse-textured media capillary forces are 
dominant, while in dry soils adsorption is most important. In fine-
textured media exhibiting colloidal properties double-layer effects 
may become significant. At zero pressure head all the pores are 
supposed to be filled with water. This situation occurs at the 
phreatic surface. Under equilibrium conditions with increasing 
height above this surface, the pressure head decreases and progres
sively smaller pores will empty. So one may expect a certain relation 
between the pressure head and the moisture content of a soil, 
6 = f(i£). Since soils differ in physical properties, such a relationship 
is different for each soil. 

After exerting a certain pressure head upon a soil sample, the 
equilibrium soil moisture content can be determined. Applying 
different pressure heads step by step one can obtain a graph of 
pressure head (i|r) versus moisture content (0). Such a graph is called 
the soil moisture retention curve or the soil moisturejrharacteristic. 

It is convenient to refer to a negative pressure head (i{/) as a 
positive suction or tension (h). Thus 

• h = -t|r (2.3) 

The value of h ranges from 0 to 107 cm. To present this range 
easily in a graph, Schofield (1935) introduced the quantity pF, 
defined as 

pF = log10fc (2.4) 

The tension curves are usually determined by removing water 
from an initially wet soil sample (desorption). If one adds water to 
an initially dry sample (adsorption), the moisture content will be 
different at corresponding tensions. This phenomenon is referred to 
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Fig. 2. Examples of soil moisture retention curves for clay, sandy loam and 
sand. 

as hysteresis, which occurs because it takes more energy to get water 
out of the soil than in. In this monograph we only consider desorp-
tion curves. In general the variability of the soil is unknown and its 
influence often exceeds that of hysteresis. In Fig. 2 examples of soil 
moisture retention curves are shown for clay, sandy loam and sand. 

For saturated (groundwater) flow the total soil pore space is 
available for water flow. With unsaturated flow, however, part of the 
pores are filled with air. Therefore, the hydraulic conductivity (K) 
must be smaller than for saturated flow. So for unsaturated soils K is 
not a constant but depends on the soil moisture content B [because 
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Fig. 3. Examples of hydraulic conductivity curves for clay, sandy loam and 
sand. 

0 = f(ijf)] on the pressure head 

X = f(0) or K = t($) (2.5) 

As an example of the influence of ip on K, see Fig. 3 which 
pertains to the three soil types of Fig. 2. For more information 
about measurement techniques of soil physical properties, see 
Bouma (1977). 

The soil moisture retention curve h(0) and the hydraulic conduc
tivity curve JC(î ) or K(0) can be described in three alternative ways: 

(a) h as a table of 6 
K as function of h. According to Rijtema (1965) 

12 



K = KS for h^ha (2.6) 

K = = K s e^(h-h a) for ha<h<hlim * (2.7) 

K = ah- 1 4 for h^hlim (2.8) 

where iC$ is saturated hydraulic conductivity; ha is suction at air-
entry point, i.e. the suction at which a water-saturated porous 
medium starts to let air pass through it; hUm is some arbitrary 
suction above which Eqn 2.7 is no longer valid; a and 17 are con
stants. 

(b) h as a function of 6 (see Fig. 4A) 
K as a function of h (see Fig. 4B) 

h = e
a*(b*-e) 

h = e
a3 (b3-e> 

for e^e^e, 
for e2^e<e1 

for 6<62 

(2.9) 

(2.10) 

(2.11) 

log h © 

h , -

logK 

G, 0 $ 0 

Fig. 4: A, Description of the soil moisture retention curve by three line 
segments (see Eqns 2.9-2.11); B, description of the hydraulic conductivity 
curve by three line segments (see Eqns 2.12-2.14). 
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fr = Kse-°,'<h-(J') for 

K = KJe-a'<h-fJ>) for 

K = (a3 + p3logl0h)h-1A for 

h^hi 

hi<h<h2 

h^h2 

(2.12) 

(2.13) 

(2.14) 

With Eqns 2.9-2.11 one can easily find the value of 6 and the 
differential moisture capacity Ch (see also Eqn 2.22) according to 

0i = &i (2.15) 
a< i = 1,2,3 

C ^ = ^ = - ^ <2'16> H ah a{n 

(c) ft as a table of 0 
X as a table of 6 

2.3 Soil water low 

To describe the flow of water in soil systems, it is customary to 
use Darcy's law. For one dimensional vertical flow, the volumetric 
flux q (cm3.cm~2.day~1) can be written as 

q = -K— (cm.day"1) (2.17) 
dz 

Substitution of Eqn 2.2 into Eqn 2.17 yields 

In order to get a complete mathematical description for unsatu
rated flow, we apply the continuity principle (Law of Conservation 
of Matter) 

d6_ dq / j _ _ _ i 

dt dz 
(day*1) (2.19) 

where 0 is expressed in cm3.cm""3 and t is time in days. 
Substitution of Eqn 2.17 into Eqn. 2.19 yields the partial differential 

equation, in terms of hydraulic head 

80 a („dH\ 
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Substitution of Eqn 2.18 into Eqn 2.19 yields the pressure head 
form of the flow equation 

Eqn 2.21 is a second-order, parabolic type of partial differential 
equation which is non-linear because of the dependency of K and ty 
on 0 (linearity means that the coefficients in a differential equation 
are only functions of the independent variables z and t). To avoid 
the problem of the two dependent variables 9 and ip, the derivative 
of 6 with respect to \\f can be introduced, which is known as the 
differential moisture capacity C 

C ~ (cm"1) (2.22) 
dtfr 

In Eqn 2.22 a normal instead of a partial derivative notation is 
used, because if/ is considered here as a single-value function of 0 
(no hysteresis!). 

Writing 

™**W (2.23) 
dt d</r dt 

and substituting Eqn 2.22 into Eqn 2.21 yields 

In Eqn 2.24 the coefficients C and K are functions of the 
dependent variable $, but not functions of the derivatives dijj/dt and 
difldz. Written in this form, Eqn 2.24 provides the basis for predict
ing soil water movement in layered soils of which each layer may 
have different physical properties. Dividing both sides of Eqn 2.24 
by C(i|r) gives the flow equation 

2-cUMsf-O] 
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3 Water uptake by plant roots 

3.1 Mathematical description 

When dealing with water uptake by roots two approaches are 
customary. The first approach relies on the properties of a single 
root, the second one on the integrated properties of the entire root 
system. Here the second one will be followed. In this macroscopic 
approach, water uptake by the roots is represented by a volumetric 
sink term, which simply is added to the continuity equation (see Eq. 
2.19 and Fig. 5). So 

30 dq 

dz 
-S (3.1) 

where S represents the volume of water taken up by the roots per 
unit bulk volume of the soil in unit time (cm3.cm"3.day"1). Usually 
flow of water from roots into the soil is not taken into account. This 
behaviour only occurs under very special conditions and is neglecta-
bly small (Molz & Peterson, 1976). The integral of the sink term 

dz 

DARCY CONTINUITY 

q 

q»-K OH 
Oz 

06_ pq 
at""az -s 

Fig. 5. Schematic representation of water uptake by plant roots by a sink 
term S which is added to the continuity equation for one-dimensional 
vertical soil water flow; q defined according to Darcy. 
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Fig. 6. Actual transpiration £p, defined as the integral of water uptake over 
rooting depth L,. 

over the rooting depth L, then gives the actual transpiration, Ep{ 

'"=1 Sdz (3.2) 
0 

which is schematically depicted in Fig. 6. 
A major difficulty in solving Eqn 3.1 stems from the function of S 

being unknown. For field measurements of root water uptake pat
terns on sugar-beet and winter wheat, see Strebel et al. (1975) and 
Ehlers (1975); on grasses Rijtema (1965), Rice (1975) and Fliihler 
et al. (1975); on cotton Rose & Stern (1967); on alfalfa Nimah & 
Hanks (1973); on soybeans Reicosky et al. (1972), Arya (1973), 
Stone et al. (1976); on sorghum Stone et al. (1973), Reicosky & 
Ritchie (1976); on a Douglas-Fir forest Nnyamah (1977); on red 
cabbage Feddes (1971). 

Several authors tried to describe the flow of liquid water through 
the rooted soil zone (and the root-stem-leaf-stomata-air path) in 
terms of Ohm's law. The rate of water uptake is then assumed to be 
directly proportional to the difference in pressure head between the 
soil and the root interior, to the hydraulic conductivity of the soil 
and to some empirical 'root effectiveness' or 'root density' function. 
This 'root density' function is interpreted and evaluated differently 
by various investigators. For a literature survey see e.g. Feddes et al. 
(1974), van Bavel & Ahmed (1976). 

One of the major difficulties in such a description is the determi
nation of this root effectiveness function or some equivalent thereof. 
1 herefore a different description has been developed here in which 
the water uptake by roots is considered to be a function of the 

17 
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Fig. 7. General shape of the sink term S as a function of the absolute value 
of the soil moisture pressure head |i/r|. 

pressure head i/f. The sink term used here is shown in Fig. 7. We 
assume that under conditions wetter than a certain 'anaerobiosis 
point' (i/^), water uptake by roots is zero (Assumption 1) or quickly 
reaches zero (Assumption 2). Under conditions drier than 'wilting 
point' (i/r3), water uptake by roots is also zero. 

A fixed 'anaerobiosis point' at which deficient aeration conditions 
exist and root growth is seriously hampered, is hard to define. To 
characterize soil aeration, one can use the so-called oxygen diffusion 
rate (ODR), which is defined as the flux of oxygen towards a 
platinum wire inserted in the soil. Stolzy & Letey (cf. Wesseling, 
1974) found that many plants do not grow in soils with oxygen 
diffusion rates (ODR) below 20xl0~8g.cm~2.mhr1. This value 
corresponds to critical gas porosities of about 0.04 to 0.25 cm3.cm~3 

for different soils (see Bakker, 1970; Kowalik, 1972; Gawlik, 1975). 
Soil aeration can also be characterized by the possible gas ex

change through the gas filled soil pores, i.e. by the gas diffusion 
coefficient. Calculations on the necessary transport of oxygen to
wards the roots of normal growing plants show that below an 
oxygen diffusion coefficient of l .SxlO^cm2^"1 , the oxygen de
mand of the plants can never be met (Bakker et al., 1978). This 
coefficient corresponds to gas filied porosities of less than 
0.05 cm3.cnT3 for good structured soils and to about 0.10 cm3.cm"3 

for single-grained structures. 
Most of the experiments on the effect of soil aeration on plant 

growth have been conducted under conditions where the entire root 
system was subjected to constant air regimes. Letey et al. (1961) 
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reported from such an experiment that in the beginning there is 
hardly any effect of low oxygen content on transpiration. Only after 
the amount of root surface and the permeability of the roots are 
reduced by the low oxygen content, is water uptake also decreased. 
The outcome of their experiment indicates that the effect of low 
oxygen content on water use is a resultant of root behaviour. 

An experiment where only part of the root system is subjected to 
a given aeration condition was described by Letey et al. (1965). 
They found that root development in a given soil compartment was 
independent of the condition in other compartments. The rate of 
water removal from a compartment was dependent on the amount 
of roots. Water removal per net weight of roots was not influenced 
by the aeration treatments. Purvis & Williamson (1972) showed that 
3 (corn) crop can withstand a soil (^-concentration as low as 1% for 
two days without detectable injury to the plant. If such a low 
02-concentration continues for more than two days, injury may 
occur. In general, injuries at low oxygen concentrations largely 
depend on soil temperature. Sojka et al. (1972) emphasized the 
possible antagonistic effect of high soil temperatures and poor 
aeration. 

In field experiments it was observed (Feddes, 1971) that roots of 
red cabbage on clay soil, close to the rather shallow groundwater 
table, grew well at gas-filled porosities of 0.01 cm3.cm"3. There also 
is some experimental evidence that with enough air being present in 
the upper part of the root zone, water can be extracted by roots in 
the lower part of the root zone under nearly water saturated 
conditions (e.g. Gosiewski & Skapski, 1976). 

From the literature cited, it is difficult to decide whether Assump
tion 1 or 2 in Fig. 7 is true. Until more evidence becomes available, 
the two options are kept in this study. 

The water uptake by the roots is assumed to be maximal when the 
pressure head in the soil is between ^i and i/r2 (Fig- 7). It is known 
that at increasing desiccation the availability of water for the plant 
decreases progressively (e.g. van Keulen, 1975). The pressure head 
at which soil water begins to limit plant growth seems to range 
between pF-value of 2.6 and 3. This range corresponds to values of 

1000 <i|r2< -500 cm. The value of ip2 is in fact not a constant, as 
it vanes with the evaporative demand of the atmosphere. Under 
conditions of high evaporative demand, a drop in root water uptake 
generally occurs at higher t/r-values than under conditions of low 
demand (see e.g. Yang & de Jong, 1972). In the model, however, 
we take <J*2 to be a constant. 
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When t|r is below $2 but larger than i/r3, we assume that the water 
uptake decreases linearly with $ to zero (Fig. 7, Assumption 3). 
Hence 

s(i /o=sm a x-—r (3.4) 

Or, the decrease may be linear to a certain small value of residual 
water uptake (Assumption 4). In practice it can be taken that 
-20,000 <ife<-15,000. 

Let us now define the value of Smax. For convenience sake a 
dimensionless variable is introduced 

- W ^ ., 0.5) 

Substituting Eqn 3.5 into Eqn 3.2, one gets 

£>!= [ 'a(<p)Smaxdz (3.6) 

For unit time, e.g. one day, Smax may be taken to be constant, so 

Epi-Si max <*0J0dz (3.7) 
Jo 

When the transpiration is maximal (= potential = E*) then E^ = 
E% and a(^) must be equal to 1. So 

pi ^max 

or 

dz (cm.day *) 
*o 

S ^ - j f (day"1) (3.8) 

Some plant species, whether or not under particular conditions 
(e.g. drought), have a root system that does not reach from the 
rooting depth L, to the surface. For that reason a reduction L™ 
(rooting depth non-active) is introduced to correct the rooting depth 
Lf. The effective rooting depth is then found as 

Lf^U-LT (3.9) 
The expression of S ^ therefore reads 

Smax=-j-$i (3.10) 
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Adding the sink term to the continuity equation (see Eqns 2.25 
and 3.1) yields the equation describing flow of water in the soil-root 
system 

which is appliedin the calculations in this book. 

3*2 Limitation of uptake by potential transpiration 

The maximum possible water uptake by roots per unit area of soil 
(potential transpiration) is dependent on the conditions of the 
atmosphere and kind, stage and condition of the crop. This quantity 
can be calculated according to 

E* = E*-Ef (mm.day-1) (3.12) 

where E* is potential evapotranspiration from both crop and soij, 
and Ef is potential evaporation from the soil only. 

Potential evapotranspiration E* can according to Penman (1948) 
be derived from a combination of the energy balance and the 
transport of water vapour. He applied this combination method to a 
water surface. Independently of each other, Monteith (1965) and 
Rijtema (1965) extended this method to crops. For a recent re-
evaluation of Penman's equation, see Thorn & Oliver (1977). 

The method applied to a water saturated surface briefly can be 
described as follows. The energy balance equates all incoming and 
outgoing energy per unit area at the surface 

Rn = H+LE + G (W.nT2) (3.13) 

where Rn represents the energy flux of net incoming radiation, H 
the flux of sensible heat into the air, LE the flux of latent heat into 
the air and G the flux of heat into the soil. In the expression LE is L 
the latent heat of vaporization of water per unit mass in J.kg"1, and 
E the vapour flux in kg.m"2^1 . In this way an energy flux can be 
converted into evaporation equivalents. In Eqn 3.13, G is small 
over a day period and assumed to be zero. Hence 

Rn**H+LE (3.14) 

Now one can calculate E when H/LE (Bowen ratio) is known. 
This ratio can be derived from the transport equations of heat and 
water vapour in air. 

The situation depicted in Fig. 8 shows that radiation energy is 
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Fig. 8. Illustration of the variables involved in the energy balance at the soil 
surface. 

transformed into heat and water vapour which are transported to 
the air according to 

H = Cl(T5-Ta)lra (3.15) 

LE = c2(e$ - ed)lra (3.16) 

where 

cuc2 = constants 
Ts, Ta = temperature (K) at soil surface and of the air at a certain 

height 
es> e<i - saturated and prevailing vapour pressure (mbar) at the 

surface and of air at the same height at temperature Ts 
and Ta, respectively 

ra = aerodynamic diffusion resistance, assumed to be the same 
both for heat and water vapour (s.nT1) 

When the concept of similarity of transport of heat and water 
vapour is applied, the Bowen ratio yields 

H - C l T s " T a (3.17) 
LE c2 es-ed 

where cjc2 = y = psychrometer constant (rhbar.K""1) 
The problem is that generally the surface temperature Ts is 

unknown. Penman therefore introduced an additional equation 

e s - e a = S(T$-Ta) (3.18) 

where the proportionality constant S(mbar.K"1) is the first deriva
tive of the function e$(T) known as the saturated vapour pressure 
curve (Fig. 9). Note that in Eqn 3.18 ea is the saturated vapour 
pressure at temperature Ta. Rearranging gives 
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s = e* 6a Ae„ de, (3.19) 
Ts-Ta ATa dTa 

In Fig. 9 the slope S can be determined at temperature Ta, provided 
that (Ts - Ta) is small. 

From Eqn 3.19 it follows that T s -T a = (es-ea)/S. Substitution 
into Eqn 3.17 yields 

JL = I£Ll£<i (3.20) 
LE 8es-ed 

Replacing (e s-e a) by ( e $ - e d - e a + ed), then Eqn 3.20 can be 
written as 

jf-'y/i ea-ed\ 
LE S\ es-ej 

(3.21) 

Under isothermal conditions one may assume that T s « Ta. This 
implies that e s« ea. Then we may introduce this assumption in Eqn 
3.16 and the isothermal evaporation LEa reads as 

LEa = c2(ea-ed)/ra 

Dividing Eqn 3.22 by Eqn 3.16 yields 

E es-ed 

(3.22) 

(3.23) 

e
a(mbar) 

100 r-

Ae, 
6 = 19^).-^= 

± J I 
10 20 30 40 50 

TQ CO 

Fig. 9. Saturated water vapour pressure ea as a function of air temperature 
T 
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This ratio was already mentioned in Eqn 3.21, which can now be 
written as 

s-ft-f) 
From Eqn 3.14 it follows that H = Rn-LE. After some rear

rangement, substitution into Eqn 3.24 gives 

LE = 5 R n + ?L E° (w.m"2) (3.25) 
o + y 

Dividing both sides of Eqn 3.25 by L yields the formula of Penman 
(1948) 

E =
 S R " / L + yE« (kg.nT2^-1) (3.26) 

5 + 7 
In Eqn 3.26, RJL is the evaporation equivalent of the net flux of 

radiant energy to the surface and Ea the corresponding aerodynamic 
term. 

Potential evapotranspiration from a crop can be described by an 
equation very similar to Eqn 3.26. But then one has to take into 
account the differences between a crop surface and a water surface: 

- the reflection coefficient for solar radiation is different for a crop 
surface (0.23 say) and a water surface (0.05-0.07); 

-when water shortage occurs plants have a biological control (by 
closing their stomata) to restrict evaporation while a water surface 

• has not; 
- a crop surface has a roughness length (dependent on crop height 

and wind speed) and therefore a diffusion resistance, ra, that can 
differ considerably from that of a water surface. 

In a way similar to that applied to Eqn 3.22 and replacing the 
coefficient c2 by its proper expression, one can write Ea for a crop as 

Ea=^(ea-ed)lra (3.27) 
Pa 

where 

e = ratio of molecular weight of water vapour to dry air 
pa = atmospheric pressure (mbar) 
pa = density of the air (kg.rn-3) 
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For a wet crop surface with ample water supply the equation of 
Penman 3.26 can then be modified (Monteith, 1965; Rijtema, 1965) 
into 

8RJL + y^(ea-ed)lra 

E* = ^ / (3.28) 
5 + 7 / 

Because the psychrometric constant y = cppa/Le, Eqn 3.28 reduces 
to 

E * = SRn + Waie-eJIr. ( k g m - 2 s - 1 } ( 3 2 9 ) 

(S + y)L 

where Cp is the specific heat of air at constant pressure (J.kg^.K"1). 
The resistance ra can under conditions of neutral stability (Tcrop « 
Tab) be expressed (Feddes, 1971) as 

ra = — [f(I)1.15 u075]'1 (s.m"1) (3.30) 
Pa 

where u is the wind velocity (m.s-1) measured at 2 m height and f(Z) 
is a function (m"2.s2) dependent on crop height, taken from Rijtema 
(1965) and as confirmed by Slabbers (1977) for semi-arid and arid 
conditions. Values of ra for various crop heights and wind velocities 
are presented in Table 1. 

The potential evaporation of a soil under a crop cover can be 
computed from a simplified form of Eqn 3.29 by neglecting the 
aerodynamic term and taking into account only that fraction of Rn 
which reaches the soil surface (Ritchie, 1972) 

E * = TZTTr K^0'391 (kg.nr^s-1) (3.31) 
(S + Y)L 

where I is the leaf area index. This index generally can be related to 
soil cover, as will be shown later in Figs. 25 and 31. 

In Eqns 3.29 to 3.31, one can use the following values which 
apply to conditions of 293 K ( = 20°C) or 1013 mbar: e = 0.622; 
Pa = 1.2047 kg.nT3; cp = 1004 J.kg-'.K"1; pa = 1013 mbar; y = 
O^mbar.K""1; L = 2.451 x ^ J . kg " 1 . To convert from LE in 
W.nT2 to E in kg.m"2.day"\ one must multiply by the factor 
86400/(2.451xl06) = 0.352 xlO"1. And as a vapour flux of 
1 kg.m"2.day""1 is equivalent with an evaporation of 1 mm.day""1 one 
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can write: LE (W.nT2)x 0 . 352xKT^E (mm.day-1). 
Subtracting the values obtained from Eqn 3.31 from those of Eqn 

3.29 gives the potential transpiration, as mentioned in Eqn 3.12. 
For crops with incomplete cover in the first growth stages, some 

alternative relationships to calculate E*, E*{ and Ef have been 
proposed. Rijtema (1965) introduced therefore an internal canopy 
resistance rs built up of a stomatal resistance depending on light 
intensity (rt) and a resistance dependent on the fraction of soil 
covered (rc) 

rs = r,-frc (s.m"1) (3.32) 

Taking into account that during periods with precipitation, evap
oration increases due to evaporation of intercepted water, he ar
rived at an expression which can be described as 

E** = ^ Sn2 i x ( E * - 5 ) + 5 (kg-nr^s-1) (3.33) 
8 + y(l + rJra) 

where E{ is the evaporation flux of the intercepted water. Because 
E* is the maximum possible evaporation of a cropped surface, 
E*^Et. Due to the interception total evapotranspiration increases 
but transpiration reduces, because part of the incoming energy is 
used for evaporation of intercepted water (Et). The amount of water 
intercepted by a crop can be measured by covering the ground 
around a number of individual plants with plastic sheets. The 
amounts of water reaching these covers i.e. the throughfall, can be 
compared with rainfall measurements. In general large errors in 
estimating Et result in relatively small errors in E** (see Feddes, 
1971). Values of ru rc and E, are given in Tables 2, 3 and 4, 
respectively. 

Ritchie & Burnett (1971) proposed to estimate E*t from E* for 
cotton and sorghum, with the expression 

E*, = E*(-0.21 + 0.707/) for 0 . 1^ /^2 .7 (3.34) 

E*, = 0.01E* for O ^ K O . l (3.35) 

Table 2. Diffusion resistance r( depending on mean short-wave radiation 
flux R, [ = (1/N) J"R, dN]. Adapted from data of Rijtema, 1965. 

5*275 
0 

R, (W.nT2) 
n (s.m"1) 

100 
237 

150 
141 

200 
69 

250 
10 
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Tanner & Jury (1976) found that Eqn 3.34 gave reasonable 
results also for a potato crop. They showed for a variety of crops 
and climates that a good alternative for estimating maximum possi
ble evapotranspiration under non-advective conditions is the Priest
ley & Taylor (1972) equation 

E* = <*7T-Rn (3.36) 

which is valid for all leaf area indexes with a = 1.35±0.10. For 
similar type of models for soybean and sorghum, see Kanemasu et 
al. (1976), for corn see Rosenthal et al. (1977) and for wheat 
Denmead (1973). 

Idso et al. (1977) recently proposed the following expression for 
the estimation of potential evapotranspiration of different kinds of 
surfaces based on net solar radiation absorbed by the surface, Rsni 
incoming thermal radiation from the atmosphere, Rta, and outgoing 
thermal radiation from the surface, Rtg: 

E* = 1.72 x 10-2[Rsn + l.56(Rta - RJ +156] (mm.day"1) 
(3.37) 

where R^ and Rtg are obtained from the daily averages of screen air 
temperatures and radiometrically measured surface temperatures, 
respectively. 

In most studies direct measurements of JRn are not available. 
Then Rn has to be derived with empirical formulae. Net radiation 
flux can be written as 

Rn = (1 - v)Rs - Rt (W.nT2) (3.38) 

where 

JRS = flux of incident short-wave radiation 
Rt = flux of net outgoing thermal radiation 
v = surface reflection coefficient of short-wave radiation 

The coefficient v depends on various kinds of conditions as for 
example the reflectivity of the soil, which varies with its moisture 
content, soil cover, structure of the surface, latitude, etc. Some 
values are: 0.23 for a green crop; 0.08 and 0.14 for wet and dry 
clay, respectively; 0.10 and 0.17 for wet and dry sandy loam, 
respectively; 0.07 for water (Feddes, 1971). 

An empirical expression frequently used for the calculation of Rs 
is the one proposed by Kimball (1927) 
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Rs = (p + q^)jRr (W.m-2) (3.39) 

where R*°p is the extra terrestrial radiation flux at the top of the 
atmosphere, n is the duration in minutes of bright sunshine in a day 
length, N is the maximum n can reach on clear days. The values of 
N and Rl°p depend on latitude and time of the year (see Smithson. 
Meteor. Tables, 1951; Tables 171 and 132). Linacre (1967) pre
sented values for p and q from 39 stations, that are mostly near 0.25 
and 0.50, respectively. 

The most applied equation for thermal radiation Rt is a Brunt-
type formula as used by Penman (1948) 

Rt = 5.67 xlO-87t(0.56-0.80v^)(o.lO-f 0.90-^) (W.nT2) 

(3.40) 

Instead of using empirical formulae such as Eqn 3.39 and Eqn 
3.40, Rn is often derived from Rs data only. A relation found by 
Feddes (1971) from experiments in the Netherlands for different 
crops and soils which agreed strikingly well with Australian data is 

Rn = 0.649R, - 2 3 (W.m"2) (3.41) 

The formula to be chosen will in practice be determined by the 
kind of data available. 
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4 Numerical approximation of flow in soil-root systems 

4.1 Initial and boundary conditions 

To obtain a solution for the one-dimensional vertical flow equa
tion in the soil-root system, Eqn 3.11 must be supplemented by 
appropriate initial and boundary conditions. 

As initial condition (at t = 0) the pressure head is specified as a 
function of the depth z 

As hysteresis is not considered in this study, this condition is 
equivalent to 

0(z,f = O) = 0o (4.2) 

One can then easily obtain the value of if/ (and vice versa) from the 
expression: i£ = f(0). 

To describe the boundary conditions of the depth-time Region R 
(see Fig. 10) as a function of position on Rx and R2 (boundaries at 
z = 0 and z = L of the Region R satisfying Eqn 3.11) one can 
distinguish between three types: 

(a) Dirichlet condition: specification of the dependent variable, the 
pressure head 

m 
.L-^-t 

Fig. 10. Depth-time Region under consideration, with upper boundary RY 
at the soil surface (z = 0) and lower boundary R2 at the bottom (z = L). 
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<Kz = 0, 0 = <AU (4.3) 
<P(z = L, t) = ^ (4.4) 

These conditions are equivalent to 

0(z = 0,t) = 8u (4.5) 

0(z = L, 0 = 6L (4.6) 

(b) Neumann condition: specification of the derivative of the pres
sure head. For the soil water problem this condition means a 
specification of the flow through the boundaries (see Eqn 2.18) 

q(t) = -Kbl,)(^-l) (4.7) 

(c) 'mixed' condition, a combination of the first two types. In partic
ular this can specify 
$ at the lower boundary 
q at the upper boundary 

In agrohydrological studies the use of the mixed condition has 
some advantages: 

- the value of $ at the lower boundary can easily be measured in 
the field by a piezometer (t|f^0) or a tensiometer (i/r^0); 

- the flux q at the upper boundary is governed by the meteorologi
cal conditions. The soil can lose water to the atmosphere by 
evaporation or gain water by infiltration. While the maximum 
possible (potential) rate of evaporation from a given soil depends 
only on atmospheric conditions, the actual flux across the soil 
surface is limited by the ability of the porous medium to transmit 
water from below. Similarly if the potential rate of infiltration 
(e.g. the rain or irrigation intensity) exceeds the absorption capac
ity of the soil, part of the water will be lost by surface run-off. 
Here, again, the potential rate of infiltration is controlled by 
atmospheric (or other) external conditions, whereas the actual flux 
depends on antecedent moisture conditions in the soil. Thus, the 
exact boundary condition to be assigned at the soil surface is not 
known a priori, but a solution must be sought by maximizing the 
absolute value of the flux (Hanks et al., 1969). 

If one takes q*(z = 0, t) as the maximum possible flux, the follow
ing expression must always be satisfied 
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|q*(2=0,0l*k(z = (U)l = - « < - i ) (4.8) 

Also during rainfall, the condition 

iH* = 0 , r )^0 [or 0(z = 0, 0 ^ 0S] (4.9) 

must hold where 0S is the moisture content at saturation. During 
evaporation the requirement 

iKz = 0,f)^ifo (4.10) 
holds where tft is the minimum pressure head to be allowed under 
air-dry conditions. Assuming that the pressure head at the soil 
surface is at equilibrium with the atmosphere, then <ft can be 
derived from the well-known relationship 

RT 
* = ~ - l n ( F ) (4.11) 

Mg 
where R is the universal gas constant (J.mole^.K"1), T is the 
absolute temperature (K), g is acceleration due to gravity (m.s~2), M 
is the molecular weight of water (kg.mole-1) and F is the relative 
humidity of the air (fraction). From Eqns 4.9 and 4.10 it follows that 
under all circumstances 

<ft^i|r^0 (4.12) 

The way the actual flux q can be determined will be explained later 
in Section 4.2. 

In the field one may encounter the following situations (see Fig. 
11): 

Case A: a semi-infinite soil profile. Here one needs to prescribe 
the boundary condition at t = 0 and 2 = 0. 

Case B: a finite soil profile with a constant depth of the ground
water table or with known values of \\f{z = L*, t). In addition to the 
initial condition described above, one must specify the conditions on 
the upper and the lower boundary as Dirichlet conditions. 

Case C: a soil profile without any flow through the lower bound
ary. Water can only enter or disappear through the upper boundary. 
This case pertains to a lysimeter (or pot) closed at the bottom. By 
solving Eqn 3.11 for this problem, the actual depth of the water-
table can be estimated. 

Case D: a soil profile with a shallow watertable fluctuating with 
time. This case is equivalent to a lysimeter in which the same 
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Fig. 11. One-dimensional flow situations that may occur in the field, 
plotted against time: A, semi-infinite soil profile; B, finite soil profile with 
constant depth of the groundwater table; C, finite soil profile with no flow 
through the bottom boundary; D, finite soil profile with a fluctuating 
groundwater table at the bottom (Case D is discussed in detail in the text). 

(fluctuating) watertable is present as in the field, or to an area (e.g. a 
polder) with ditches or canals. The processes in the unsaturated 
zone are governed both by the meteorological conditions at the soil 
surface and the conditions in the saturated zone of the soil. Here 
one has a mixed type of boundary conditions: a Dirichlet condition 
at the bottom and a Neumann condition at the soil surface. At the 
top the additional requirement of Eqn 4.12 must be satisfied. This 
case will be elaborated in the text. 
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4.2 Finite difference approximation 

Eqn 3.11 is a non-linear partial differential equation (PDE) 
because the parameters K(i(i)9 C(i/r) and S(<£) depend on the actual 
solution of i/r(z, t). The relations between these parameters and the 
dependent variable are schematically shown in Fig. 12. Also de
picted in Fig. 12 are the initial and boundary conditions to be 
provided. The non-linearity of Eqn 3.11 causes problems in its 
solution. Analytical solutions are known for special cases only (e.g. 
Raats, 1974; Lomen & Warrick, 1978). The majority of practical 
field problems can only be solved by numerical methods. In this 
respect one can use either explicit or implicit methods. Although an 
implicit approach is more complicated, it is preferable because of its 
better stability and convergence. Moreover, it permits relatively 
large time steps thus keeping computer costs low. 

Let us now solve Eqn 3.11 by a finite difference technique and 
use the initial and boundary conditions specified in Figs 11D and 12. 

independent ft 

variables I z 

K <|>) 

i 

FUNCTIONAL PARAMETERS 

C«J>) 

1 
T 
S(l}» 

_L 
PDE-5*-JU d 

r u t - at "cfipial 
K«J»< g f 24-1) C(ti» 

t 
|q*(0.t)|>|q(0.t)|^K(^)(||-1)| 

<|> f<<|>(zrO,t)<0 
1 k^m 

<jKz,t) 

solution 

*(z.t) 
« » ' 

dependent 
var iable 

BOUNDARY CONDITION 
at R, 

* ( 2 . 0 ) = * o ( z ) 
* * 

INITIAL CONDITION 

4J(Z:LV) 

BOUNDARY CONDITION 
a t R2 

Fig. 12. Illustration of the relation between the independent variables, the 
initial and other boundary conditions, the functional parameters and the 
dependent variable t£ as used in the partial differential equation PDE (Eqn 
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Fig. 13. Finite difference mesh superimposed on the depth-time Region R. 

First a grid is laid over Region R occupied by the independent 
variables z and t (Fig. 13). 

With grid spacings Az and Af, respectively, one can write for 
every grid or nodal point (/, i): 

distance coordinate 

Zj = 0*~2)Az / = 1 , 2 , . . . , N 

time coordinate 

(4.13) 

r '= £ A r i =0 , 1 , 2 , . . . , M (4.14) 
n-0 

The partial differential equation (PDE) can be approximated by a 
finite difference equation (FDE) replacing dt and dz by At and Az, 
respectively, in the following way 
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PDE«FDE (4.15) 

which, when expanded, becomes 

Ati+1 

+ 

i+i 
- [ ^ ( « A ; : J ) ^ ) ' -x(^:})+o.5Azs(^«:j)]] (4.i6> 

The derivatives of ^ with respect to z can be written as (see Fig. 
14 A) 

(4.17) 

(4.18) 

i-1 

J-1 - p 

N 

i - -

N 
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j*1 - I 
At' 
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i uV2 
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Fig. 14. A, location of the derivatives of pressure head $ with respect to 
depth z in the depth-time diagram (Eqns 4.17 and 4.18); B, location of 
pressure heads i£ in the depth-time diagram (Eqns 4.19 and 4.20). 
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The values of i/^jand ^j*|can be approximated by (see Fig. 14B) 

*l&~\ (i+^)(*l*i+*})-J^|r(* ,m+*i-1) (4-19) 

* M - 5 ( l + | ^ ) ( * J + * } - i ) - ^ ( * | - 1 + ̂ l ) (4-20) 

Substitution of Eqns 4.17 to 4.20 in Eqn 4.16 yields the following 
linear algebraic equation valid for each nodal point 

- i V m + B^\+1 - D^tl = F, (4.21) 
where 

Afl+1 

D'=(5^x(*!3> <4-23> 
B ^ + A j + D, (4.24) 
F, = A^j+i + (2 - A; - D,)<#+D^j.x - 2Az(A,- - D,) + 

- 7 ^ - [ s ( ^ ; : | ) + s ( ^ ; : | ) ] (4.25) 

Cj+* = CMr{+») (4.26) 
*}+1=o.5(«;tj+*;:j) (4.27) 

The time step Af can be estimated according to an expression 
given by Zaradny (1978) 

Afl+1<Vrr (4-28) 
m 

where q is the actual flux at the boundary Rx or R2 for the previous 
stage of computation and £ is a factor where 0.015 <£<0.035. For 
problems with rapid variations in boundary conditions (e.g. infiltra
tion), the lower value of £ might be taken. Higher values of f can be 
used if there is only a slow change in boundary conditions (continu
ous upward flow of water). 

When Eqn 4.24 is applied at all nodes of the depth-time diagram, 
the result is a system of simultaneous linear algebraic equations with 
a tridiagonal coefficient matrix and unknown values of t|r at time 
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i + 1 . At that time level, for node / = 1 and node J = N the boundary 
conditions to be applied reduce Eqn 4.21 to 

-A1^
l + B1^[+1 = Fl for / = 1 (4.29) 

and 

B^-D^Xl^Fv for / = N (4.30) 

where the values of F depend on the boundary conditions at time 

For all nodal points Kj<N, the hydraulic conductivity K(t/f;* 

is taken as the arithmetic mean. At nodal point / = 1, large differ
ences in boundary conditions can occur and in two vertically adja
cent top nodal points large differences in iff and K can be expected. 
Following suggestions of Haverkamp & Vauclin (1978) for the top 
nodal point, we can take the geometric mean of K 

K^ = VlC(^)-K(iM+*) 7 = 1 (4.31) 
The procedure of maximizing the possible flux through the soil 

surface as mentioned under Section 4.1 (see Eqns 4.8 to 4.12), leads 
to the following numerical expression 

q|+i = q? for |4j+i|>|q*| (4.33) 

and 

q^ = qj+l for Iq^Nqfl (4.34) 
where at z = 0 and t = fi+* 

qf = potential evaporation or infiltration flux at time fi+* 
qj+* = maximum flux corresponding to the actual conditions 
q\^ = actual flux 

It is to be noticed that the following expression is always valid 

Wf*\*\qt\ (4-35) 

In Eqn 4.32 the following values for i/fj+* are assumed 

î "*"* = 0 for precipitation (4.36) 

i|,i+i = <̂  for evaporation (4.37) 
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The value of ^ can be found from Eqn 4.11 with known values of 
air temperature and relative humidity. As far as precipitation (irri
gation) is concerned, differences between potential and actual flux 
determine the so-called run-off (R0ff), which is calculated according 
to 

i 

I 
n-0 

Rcn= X (qf-qr1)^" (4.38) 

where q* is the flux at time tn+K In matrix notation Eqn 4.21 can be 
written as 

A<1/ = F 

or as shown in Fig. 15. 
(4.21a) 
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FN 

Fig. 15. System of simultaneous linear algebraic equations (Eqn 4.21) 
written in matrix notation as Aty = F. 

A is a tridiagonal coefficient matrix with zero elements outside 
the diagonals. Values of the elements B, (1 ,2 , . . . , N) along the 
principal diagonal are larger than A} and D, (B,— 2 + Aj + D,). 
Because the elements A,, B, and Di differ from unity, A is not a 
unit matrix (sometimes called an identity matrix) and thus a non-
trivial solution ipu $2> • • • > ^ exists. In solving this system of equa
tions, a so-called direct method was used by applying a tridiagonal 
algorithm of the kind discussed by Remson et al. (1971). 
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II Theory of crop production 
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5 Mathematical description of growth 

The course of dry matter production of a crop (Q) with time (t) 
can be presented as an S-shape curve (Fig. 16). The curve starts at 
time zero (f0) with an amount of dry matter equal to the quantity of 
dry matter in seeds or roots (O0). In spring and summer the dry 
matter yield increases rather quickly, but this levels off towards the 
end of the growing season. 

Since yield is a function of time, one can write the first order 
differential equation as 

^ « a o (5.D 
at 

where dQ/df is the growth rate which is a function of cumulative 
yield Q and time t. If instead of df we take a time difference At = 1 
day, then 

• A 0 d Q ™ 
q=ATdT (5-2) 

where q is the growth rate in kg.ha^.day"1, Q is the yield in 
kg.ha"1 and t is the time in days. The growth rate gradually 

Qfkg.hd1) 

Qo 

'b(t) 

t0 *e 
t(days) 

Fig. 16. Illustration of the course of dry matter production Q of a crop with 
time t. 
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• d Q / f . -1 . - 1 , 
q=—(kg .ha .day ) 

max 

t(days) 

Fig. 17. Illustration of the variation of growth rate q of a crop with time t. 

increases to a maximum in the summer, then slowly decreases and 
finally becomes zero at the end of the growing season (te) (Fig. 17). 

As q is influenced by such growth factors as solar radiation, 
temperature, water, nutrients, oxygen and carbon dioxide, only 
when all these factors are adequately available, will potential growth 
be reached. Both growth rate and yield will be potential (q^ and 
Opot). Then this potential growth depends only on the biological 
growth capacity of the plant. When one of the growth factors is 
limiting, growth rate and yield are limited {qact and 0 ^ ) . Although 
other growth factors may still be optimal, potential growth cannot 
be reached. The main idea can be illustrated by Fig. 18 (after 
Gaastra, 1963) where the measured growth rate of a single 
cucumber leaf is shown in relation to the solar radiation flux 
involved in photosynthesis and the temperature at a limiting 
(0.03%) and a non-limiting (0.13%) or 'saturated' C02-
concentration. Under conditions of Curve A, C02-diffusion is limit
ing photosynthesis. Increasing the C02-concentration up to 'satura
tion' yields Curve B. Here temperature is the limiting factor, since a 
temperature increase of 10°C causes a strong increase in photo
synthesis (Curve C). 

Growth is proportional to the flux vx of the factor x from the 
surrounding media into the plant system. Thus under the condition 
that qact^Qpot, the mathematical description must be 

4c = cx-ux (5.3) 

where c* is a coefficient of proportionality. This relationship was 
discovered by Liebig in 1840 and explained in detail by Blackman in 
1905. The influence of each growth factor is supposed to proceed 
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Fig. 18. Growth rate of a cucumber leaf in relation to photosynthetically 
active radiation flux for a limiting (0.03%) and a Saturated* (0.13%) 
C02-concentration at two different temperatures. For Curve A, the limiting 
growth factor is C02, for Curve B temperature and for Curve C radiation. 
After Gaastra, 1963. 

according to a simple linear transport function, such as is valid for 
mass flux and diffusion (for example the Law of Darcy or Fick). The 
general form is 

uv = K,F* X * X (5.4) 

where Kx is a conductivity coefficient and Fx is the driving force. 
The latter can be defined as a gradient of potential (concentration) 
of a factor x over a distance As, hence 

F = — 
As 

Substitution of Eqn 5.5 and Eqn 5.4 in Eqn 5.3 yields 

CvKv 
<Jx = As 

Ax 

(5.5) 

(5.6) 
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Writing for cxKJAs = Ax one obtains 

4c = AxAx (5.7) 

where Ax is the slope of the line qx versus Ax (see Line / in Fig. 19) 
and an indicator of the productivity of the crop in a certain 
environment for the growth factor x. Line p in Fig. 19 represents 
the production level under conditions of adequate supply of growth 
factor JC and limited supply of another growth factor y. Thus on the 
linear function of growth factor x, a limitation is imposed by growth 
factor y, constituting a ceiling to plant growth. The minimum 
amount of growth factor x necessary to obtain maximum growth 
rate is given by the intersection of the lines / and p. Here qx = qxpot. 
The actual rate of growth qact is usually smaller than qx. Thus the 
slope of the actual growth curve (ax) is smaller than the boundary 
value Ax, the latter seeming to depend on the plant species. It can 
be considered as the maximum efficiency, i.e. the initial slope of the 
qx/Ax curve. 

From Fig. 19 it follows that 

(AxAx — axAx)>0 

or 

A x - a x > 0 (5.8) 

The existence of differences between actual efficiency ax and 
maximal efficiency Ax can be interpreted in terms of a stress Sx in a 
plant growing under sub-optimal conditions (Visser, 1969). So 

Sx=Ax-ax (5.9) 

Writing for ax = qact/Ax Eqn 5.9 yields 

S x = A x ~ A ? (5'10) 

Similar derivations can be set up for other growth factors y, z, etc. 
Now for convenience, the units of the factors x, y and z on the 
horizontal axis of the growth rate-growth factor graphs, are chosen 
in such a way that q^ = axAx = ay&y = azAz, etc. Thus in ordinary 
terms it is taken that for plants under an equilibrium of stresses, the 
growth rate is equal when for example a certain number of kilo
grams N or a certain number of millimeters H 20 are added or when 
the temperature is increased by a certain number of degrees centi
grade. So one may write 
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^x — A x 
lact 

Ax' »jy — - * * y 
lact 

Ay' 
SZ=AZ 

lact 

Az 
(5.11) 

All the stresses Sx, Sy, S z , . . . , are present in the plants in such a 
way that a dynamic equilibrium exists, enabling the plant to cope 
with changing environmental circumstances. Thus the resulting total 
stress S is as small as possible. According to assumptions of Visser 
(1969), the equilibrium for different growth factors / depends on the 
ratio dSJSj (relative stress) and the sum of these ratios tends to be 
equal to zero. This can be expressed as 

n 

^ = 0 (5.12) 

where / represents the growth factors x, y, z, Using the previous 
notations, this is equivalent to 

(Blackman) 

growth factor x 

Fig. 19. Actual growth rate q of a crop as a function of a certain growth 
factor x. Line I indicates the productivity of the crop for growth factor x. 
Line p represents the production level under conditions of adequate supply 
of growth factor x and limited supply of some other growth factor y. 
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dS, dSv dS, - ._ ._. 
—^+—*+—5+. . .=0 (5.13) 
O x i 3 y i > z 

Integration of Eqn 5.13 yields 

In Sx +ln Sy +ln Sz + • • • = In C (5.14) 

where In C is the integration constant. A similar notation for Eqn 
5.14 is 

SxSySz--=C (5.15) 

Substitution of Eqn 5.11 into Eqn 5.15 gives a formulation of crop 
production 

(A<-t)iA'-i;)(A--t)-"c (5-16) 
Eqn 5.16 gives qacl as a function of the growth factors x, y, z. It is 

written in a rather complicated implicit form, but in principle it is an 
n-order polynomial, i.e. a non-rectangular hyperboloid in a n-
dimensional space. 

In this study the growth factors are split up in two groups, one 
consisting of the growth factor water only, the other of all other 
growth factors together. This division reduces Eqn 5.16 to 

( A . - ^ ) ( A , - ^ ) = C- (5.17) 

Dividing the left and right hand terms of Eqn 5.17 by AxAy gives 

('-^fcX'-^fc)-* (5-18) 
where £ is a mathematical flexibility constant which should be close 
to zero. Eqn 5.18 is a second-order polynomial, i.e. a non-
rectangular hyperbola in the two-dimensional space. 

Assuming that Fig. 19 depicts the situation that all growth factors 
except water are at their optimum, the given curve represents the 
top level of a vertical sequence of curves as given in Fig. 18. Then 
from Fig. 19 (where £ = 0), it is clear that the actual growth rate is 
delimited by two asymptotes: one that shows a proportional increase 
of the growth rate with increasing supply of the growth factor water 
w(AxAx = Aw) and the second one, imposed by all growth factors 
together, that limits the growth rate to a certain maximum or ceiling 
level (4cpot = 4pot)- Then Eqn 5.18 can be written as 
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(»-£)( 32^(I-32£L\ = £ (5.19) 
A w / \ qpot/ 

where 0 < £ «< 1. 
After multiplication and rearrangement Eqn 5.19 becomes 

qact-qact(4poe + A w ) + A w . q p o t ( l ~ ^ ) = 0 (5.20) 

which gives for the two asymptotes of the hyperbola 

4act=-<w(l-£) (5.21) 

qact=Aw + qx>oi-Z (5.22) 

The graphical interpretation of Eqn 5.20 is shown in Fig. 20. If 
£ = 0, asymptotes are as shown in Fig. 19, which implies the 
so-called Blackman's response to growth factors. 

For the growth factors light and carbon dioxide, Rabinowitch 
(1951) found relationships similar to Eqn 5.20. Recently Thornley 
(1976), working on Rabinowitch's theory, derived an equation for 
plant response to growth factors also similar to Eqn 5.20. 

growth rate 

p o t * 
growth factor w 

Fig. 20. Actual growth rate q versus the growth factor water w described as 
a non-rectangular hyperbola (Eqn 5.20) bounded by the asymptotes I and p. 

49 



If one is working with consecutive separate time intervals denoted 
by i, Eqn 5.20 must be evaluated for separate days 

(qL)2-qL(4U+Awl) + Awi.4Ul~^) = 0 (5.23) 
where i is an arbitrary day of the growing period (i = 1 ,2 ,3 , . . . , n 
day). The graphical interpretation of Eqn 5.23 is shown in Fig. 21. 
The values of A and £ are taken to be independent of time. 

From the above it would seem that in the approach presented 
only the effect of water and potential growth rate is taken into 
account. But in the elaboration given in Chapter 7, it will be shown 
that the effects of actual radiation, air temperature, respiration 
losses and soil cover on potential growth are also included. The 
values of q[x>t a*e thus taken to vary with time: (qlo„ q ^ , . . . , q^). 

Eqn 5.23 is of the type 

ax2+bx + c = 0 

'pot I 

Hpot * — 

Fig. 21. Actual growth rate q versus the growth factor water w for arbitrary 
days of the growing period showing different potential production levels. 
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Because the condition holds that 0<x (=qjlct)^4Ut' onty o n e 

root of the quadratic equation is valid 

_ -b -Vb 2 -4ac 
Xl Ta 
The solution of Eqn 5.23 then becomes 

4U = f w '+^- i [4U+Aw') 2 -4qU,Aw i ( l -£)J (5.24) 

In principle the parameter £ is to be determined from field 
experiments. However, in our study £ is taken to be a constant 
during the growing period, e.g. £ = 0.01. 

The final yield Q^ then can be calculated as the sum of the daily 
growths over the growing period 

n 

Ooc. = I qL-At (5.25) 

In a similar way one can calculate the potential yield 
n 

Opo, = I qU-Af (5.26) 
i - 1 

where Af in both equations represents a period of 1 day. 
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6 Water and actual production 

The relationship between water use by plants and field water 
requirements has been intensively investigated over the years. Ac
cording to Stanhill (1973), meteorological literature on water loss by 
evapotranspiration now totals about 18 000 items, increasing with 
papers of in total more than 3000 pages every year. For a recent 
review on crop water requirements and their application in irriga
tion schemes, the reader is referred to Doorenbos & Pruitt (1977). 

The terminological suggestion of Stanhill (1973) is accepted 
throughout this study, that 'evapotranspiration' should be reserved 
for the total water loss to the atmosphere per unit ground surface, 
'evaporation' for water loss to the atmosphere from bare soil or free 
water, and 'transpiration' to be retained to describe the loss of water 
vapour to the atmosphere through plant surfaces. In many publica
tions this distinction is not made and water use by plants is con
sidered as total evapotranspiration also called 'water consumptive 
use'. This approach is too simple, because one might then get the 
idea that water use is not related to crop yield at all. 

In Chapter 5, we have seen that growth and yield are proportional 
to the amount of the various growth factors taken up by the plant. 
Thus for water crop yield is simply directly proportional to the 
amount of water used by the crop, i.e. to the total transpiration 

Q = AXW (6.1) 

where Q is in kg.ha"1 and cumulative plant transpiration W is in 
mm. Therefore Ax must be in units of kg.ha~1.mm"1. Stanhill 
(1960) did show for pastures that the slope Ax depends on climate 
and that it changes with latitude. De Wit (1958) found that Eqn 6.1 
is valid for temperate climates and from experiments in the Nether
lands reported that Ax = 26 for oats, Ax = 61 for sugar-beet and 
A1 = 34kg.ha~1.mm~1 for peas. He pointed out that 'in this ap
proach no attention has been paid to the distribution of water 
during growth, because the value of Ax depends not or to a small 
extent only on the age of the plant'. Thus one can derive from Eqn 
6.1 that 

dO/dr = A1(dW/dr) (6.2) 
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which more generally can be written as 

q = AxEpl (6.3) 

where q is the growth rate (kg.ha-1 Hav""1) and Evi is the transpira
tion rate of the crop (mm.day"1). So there exists more or less the 
same relationship between q and E^ as between Q and W. 

For arid areas, de Wit (1958) found that yield and transpiration 
could be related as 

W 
Q = A2— (6.4) 

E0 

where EQ is the evaporation rate from a free water surface 
(mm.day-1), being a measure of the solar radiation intensity (i.e. the 
transpiration demand of the atmosphere). Here A2 has the dimen
sion of kg.ha^.day""1. He reported for wheat A2 = 115, for sorghum 
A2 = 207 and for alfalfa A2 = 55 kg.ha"1.day~1. Furthermore he 
showed that the above mentioned relationships are hardly affected 
by small variations in water potential and nutrient level, because the 
resulting changes in increase of leaf area affect both evaporation and 
photosynthesis in the same way. 

As the relationships between yield and transpiration discussed so 
far seem to be different for humid and arid locations at similar 
latitudes, Bierhuizen & Slatyer (1965) proposed to use another 
relationship depending on the vapour pressure deficit of the air. 
Transpiration (E^) and photosynthesis (q) can be described in terms 
of molecular diffusion equations depending on a gradient and a 
resistance according to 

EPI= — - x - (kg-m^s-1) (6.5) 
Pa 'a + r, 

where Ae is the vapour pressure gradient between leaves and air; 
AC02 the difference in carbon dioxide concentration; ra, rs and rm 
are the resistances of the laminar boundary layer, the stomata and 
the mesophyll, respectively; the diffusion resistances for C0 2 trans
port (r') are related to the one for water vapour (r) by the ratio of 
their diffusion coefficients (r'/r = DC0JDH20). Now one can write 

q 
kJ*B-1+''.+«11 )Ae ( 6 . T ) 
q \Pa ra + rs AC02/ 
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In the field C02 conditions are nearly constant. If we take the 
ratio of the resistances to be approximately constant for a certain 
crop, Eqn 6.7 reduces to 

q=A 
Ae 

(6.8) 

For Ae, one can take the difference between the saturated and 
actual water vapour pressure in the air. (In fact one can only do this 
when the temperature of the leaves equals that of the air and when 
the substomatal cavities inside the leaves are saturated with water 
vapour.) 

Now q is in units of kg.ha^.day"1, Ept in mm.day"1 and Ae in 
mbar, A must be in units of kg.ha~1.mm""1.mbar. Climatic zones 
showing different Ae will result in different values of q for the same, 
Epl. From 'water consumptive use' data, the following values for A 
have been found (Table 5). 

Table 5. Some examples of maximum water use efficiencies A 
(kg.ha~1.mm~1.mbar) for a number of crops as found in the literature 

Crop 

Dwarf French beans 
Red cabbage 
Celery 
Grass 
Lilies* 
Potatoes** 
Tulips 

/ \ 

155 
100 
107 
68.5 

156 
154 
245 

Author 

Feddes (1971) 
Feddes (1971) 
Feddes (1971) 
Rijtema (1969) 
van der Valk (1978) 
Rijtema & Endrodi (1970) 
van der Valk (1978) 

* With exclusion of roots 
** For an 'average' year 

Recently there has been some indication that A differs for 
different climatic circumstances (Slabbers et al., 1978). This idea 
would imply that A would be higher for a 'dry' year than for an 
'average' or a 'wet' year. For data on alfalfa, on sorghum and on 
maize, see Slabbers et al. (1978). 

From Eqn 6.8 one can write for conditions of potential transpira
tion E*i 
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<W=A*!*! (6.9) 

and thus derive that relative yield is related to relative transpiration 
according to 

r-= B f* (6-10) 
where B = l if A = A* a n d B ^ l if A*A*. 

For a crop without water sensitive growth stages (i.e. effects of 
water stress on yield during all growth stages are similar), B can be 
considered as a constant. For crops showing different effects of 
water stress during various physiological stages of growth, B may 
vary. For the implications on the calculation of the final yield, see 
Jensen (1968). Stewart et al. (1973) report for maize B = 1.26 and 
for sorghum B = 0.98. 

In this study we consider the influence of the growth factor water 
on growth according to Eqn 6.8. The value of A in this equation 
generally has to be determined from field experiments. When in 
Eqn 5.24 the growth factor w1 is replaced by EjJAe1, the actual 
growth rate for an arbitrary day i of the growing period is 

•"--flM? 4 [ ( ^ + A 0 ) 2 - 4 ^ A 0 ( I - » I <"» 
where A has the dimension of kg.ha '.mm \mbar, Ept of mm.day \ 
Ae of mbar, qaci and qm of kg.ha"1.day""1. 
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7 Calculation of potential production 

The potential growth rate q^ appears in Eqn 6.11 as an input 
value. In the following a procedure will be outlined to calculate this 
potential production rate. 

Photosynthesis is the process by which radiant energy is converted 
into chemical energy by the reduction of C0 2 in the presence of 
H 20 to carbohydrates, CH20 

solar 
C0 2 + H 20 > CH20 + 0 2 (7.1) 

radiation 

(from air) (from soil) (plant biomass) (into air) 
This process occurs in the chloroplasts of green plants. Because 

energy is needed for the maintenance of the structure (constant 
turnover of plant constituents) and growth (synthesis of new mater
ial) (Hansen & Jensen, 1977), some of the stored carbohydrates are 
oxidized to deliver the required energy by the process of respiration: 
CH20 + 0 2 - » C 0 2 + H 20. For a model approach to describe respi
ration, see e.g. McCree (1970). The difference between gross photo
synthesis and respiration is called net photosynthesis. 

Gross potential photosynthesis of a crop canopy can be calculated 
according to a model of de Wit (1965) taking into account the 
height of the sun, the condition of the sky, the canopy architecture 
and the photosynthesis function of the individual leaves. Consider
ing light energy as the main factor in production, de Wit (1965) 
developed a model to calculate gross potential photosynthesis rates 
of a 'standard canopy' from production rates on both clear and 
overcast days for any day and any place. A 'standard canopy' is 
defined as a canopy with a leaf area index 1 = 5 (5 ha of leaves over 
1 ha of soil surface) that is fully supplied with nutrients and water. 
The results of de Wit can be illustrated by Fig. 22 pertaining to the 
Netherlands (52°N latitude), which shows the variation of light 
energy on clear days CRJ over the year. The light energy on 
overcast days is assumed to be 0.21?,.. De Wit, used this assumption 
and certain energy and leaf distributions he developed, to calculate 
gross growth rates for clear days (Pc) as well as overcast days (P0) 
(Fig. 22). From this graph it can be seen that Po~0.5Pc. 
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Pc. PQ (kg.hdlday1) 

Rc(W.m2) 
600 r 
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400 

300 
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s 
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' » ' I I I 1 I I ' ' • • • » 

0 40 80 120 160 200 240 280 320 360 
time (days) 

Fig. 22. Annual variation of gross photosynthesis rate at 52° North latitude 
(Netherlands) of a 'standard canopy' on clear days (Pc), and on overcast 
days (P0). Also shown is the variation of the solar radiation flux (Re) 
involved in photosynthesis on clear days. After de Wit, 1965. 

The gross potential growth rate of the standard canopy (Pst) on an 
arbitrary day is found from the expression 

Pst = A.P0+(1-A)PC (kg.ha^.day"1) (7.2) 

where A is the fraction of time the sky under the actual conditions is 
overcast. The value of A can be taken either from cloud cover 
measurements or from the expression 

. _ Rc — R R (7.3) 

The light energy flux on an arbitrary day (R) is taken to be half of 
the solar radiation flux J^, so R = 0.51^. The values of Pc and P0 for 
a certain latitude and day can be derived from figures such as Fig. 
23 by reading the graphs at the J?,.-value of that specific day. 

In Table 6, Rc, P0 and Pc values are given at various times of the 
year for a number of different latitudes. Under actual field condi-
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Pc-po 
(kg.hd^day1) 
600 r 

500 \- y' 
* 

400 h y 

p • '" 
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s 
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Rc (W.m2) 

Fig. 23. Gross photosynthesis rate at 52° North latitude (Netherlands) of a 
'standard canopy' on clear days (Pc) and on overcast days (P0) in relation to 
solar radiation flux Rc involved in photosynthesis on clear days. After de 
Wit, 1965. 

tions, the photosynthesis rates mentioned in Table 6 are not 
reached. They must be corrected for various reasons: 

Respiration Respiration is only slightly dependent on the amount 
of biomass. It is about 20 to 50% of the gross potential production. 
From field trials in the Netherlands, Sibma (1968) found that a 
green crop surface from the time the soil is completely covered until 
maturity, produces on the average 225 kg.ha~1.day~1. As the gross 
potential rate is about 320 kg.ha"1.day"1

> the respiration loss is 
about 30%. The lowest respiration losses reported in literature are 
about 20%. For some examples of respiration coefficients of various 
types of crops, see Table 7. Thus to account for respiration losses, 
one must multiply gross photosynthesis rates by a so-called photo-
respiration factor, <&„ where 0.4<$ r<0.8. 

Temperature Photosynthesis varies with temperature. Fig. 24 
shows the influence of air temperature on the photosynthesis of the 

58 



1-1 

c 
o 
on 

u ON 

g T3 
O S 

*3 
1 

E 
• 

tf 

</i 
>» 
03 

T3 

a 
g 
C3 

c 
03 
*-» 
</) 

a 

c 
o 

I 

a 
E~' 

o 
o 

o PC 

5 

0) P * 
> w 

* o 

ob.2 O 
00 S 
03 <D 
+-» > 

o o 
• p4 

Q c 
CO 

1 Si 
r^3 CtJ 

> 

IT) 

«n 

a 

W) 
3 

< 

c 
3 

CO 

< 

•X-4 
U 
€0 

»o 

c 
03 

. -

m o , o » - H o m « n u - i T t r ^ o > o r ^ , « i * ^ - ' 0 0 ' - ' t ^ O N p - i o o o o o o o o o 
* - i T f r c M i - « m » - " ' - i c n « - t CM *-• CM *-* 

O N O O N i H ^ f n o o o o o o N O N O O f O t H f s ^ f o n o o T f p H p H ^ p H 

- " •^ f rCM* -<c»cMi -« fn» -<« -«cM' - i CM »-• *-* 
o o o o o o 

r ^ r > » o o r * * - » o o c N r ^ f ^ ' - ' v o r J r * ^ t > o o N O » - " 0 > o r 4 < M ^ t o o i - i 
r ^ c M c M \ o ^ ^ ^ o o © c o « n o o © * - « » n r * v o c M > r > o \ o o c M i - " r o 
* - 'TrcM»-»^tcM' -"cocM*- 'cn»-« i -»c^i -» CM <-• «-« «-« 

^ CM o o o 

c o o \ O O v » - ' O f n » n v O ' - ' r 4 v o ^ t O Q f ^ o o o o r * v o o o o N < N r 4 0 s ^ n o N O \ t ^ u ^ 
PHTfCM»-<^TCMi-l^frCM«-'TfCM'- 'rOCM'-"fni-< CJ «-• CM *-< *-• i-i 

f ^ c N « o c o a s w - i r ^ ' - - ' r 4 v o v o c n c > « r > o s r - o o o o v o v o o r ^ o o ^ r v o r 4 r ^ » n 
» - < ^ c M ^ T r c M i - i T t c M i - i T f c M ' - i ^ c M « - ' ^ c M r ^ ^ c M » ^ T r c M i - < < < t » - - i c M ^ f r c M 

N 5 p - , ^ H O o ^ t m o w o , ^ - 0 \ c » » n o o \ v o a N O v o c x ) c s v o o o r ^ t ^ c > m a \ a \ ^ t o 
r H T t c M i - i ^ c M ^ ^ c M ^ ^ c M C M ^ c M ^ u n c M ^ u ^ c M i ^ u ^ c M i - i v o c M ^ v o c n 

n o ^ O ' - ' 0 « o ^ t o o o N a ' - " t v o o o N N n o o ' t v o o o N « - < i o n o o r ^ t s » o \ 
v o ^ - ^ c » T f f n c > v o w ^ o o o v o o o v o o < N r * O N ^ T r ^ o \ - - i a N O v o » - | o r ^ » - - < 
i ^ ^ c M ^ ^ c M * - i ^ c M C M ^ c M C M u ^ c M C M u ^ c M i - ' > n c M » - « v © c M c M v O f O C M v o c o 

0 \ h » H f O O v O H O v O ^ H T H r J O f f ) ^ ^ t ' - i N M n O ^ ' - i N ' - < ^ t O O O \ 
v o ^ r s J W T t c o o s v o ^ t o \ r ^ » n o \ c x ) u - ) o o o o » o c ^ o o , ^ - \ o c 5 T t v o r ^ « ^ v o o o v o 

^^cM»-i^cM»^^TcM»-«^tcMi-<*?tcM*--<x} 'CMi-«cn<--<i- -«co*-< m *-• co •—• 

o \ 0 \ o , ^ - « N « r > r ^ r - » u ^ t ^ » o o v O f n o o o o o c s ^ t T t r ^ » o ^ t , < t " ^ , T f o o o 
r ^ r ^ r n r ^ r a r j v o O ' - ' ' ^ " O O O c N » o r ^ O ' - ' « o r ^ i o i - i ' * t o o t ^ ' - i O N < N 
*-iTfrcM»-i-<frCMi-iTfCMi-<OCM'-"C<">«-i'-«rir-< CM <-• *-< 

^ t ' T t \ O i - < ' - - < « N r ^ ' - " f ^ a \ f o c » ( S f < > r ^ f n f o o < n T - ( o o > o v o o o o o o o 
H ^ t ( S » - l ' ( t ( S H t n H H n ' - l CM »-• CM »-• •-• 

/ 

v o c n o \ m v o r - * * - i < < t © r 4 » - i r > * c o o \ O N m r ^ o 
V O » - » i — l ^ t r * 0 \ C M O r * G N 0 0 C J V 0 * - l 0 N C « ' > , < t V 0 
i-i^frCMi-<cn»-i»-"C<'>i-« CM *-• CM i-< 

V O O N O O O O O O O O O 
vO »•* 

Q£ A* 0* Q£ &,"&« t ^ D H ^ O ^ Q ^ t ^ ^ t ^ ^ D s ^ ^ ^ ^ t ^ C ^ C X t ^ t ^ D s C ^ ^ D H C X i 

o o O 0 o O b b O O 
• - • CM CO ^ 

b b b o 
O 
00 

o 

59 



Table 7. Some examples of respiration losses (%) for a number of crops as 
found in the literature 

Crop 

Alfalfa (lucerne) 
Dwarf French beans 
Sugar-beet 
Sugar-beet* 
Red cabbage 
Celery 
Grasses 
Italian ryegrass 
Maize 
Potatoes 
Potatoes 
Tulips 
Winterwheat 
Winterwheat 

Respiration losses 

35-49 
33 

29-33 
23 

49-60 
49-58 
30-50 
20-30 

28 
20-25 

32 
20 

25-35 
47 

Author 

Gaastra (1963) 
Feddes (1971) 
Gaastra (1963) 
Penning de Vries (1972) 
Feddes (1971) 
Feddes (1971) 
de Wit (1969) 
Hansen and Jensen (1977) 
Penning de Vries (1972) 
Burton (1964) 
Rijtema & Endrodi (1970) 
van der Valk (1978) 
see Sibma (1977) 
Hodges & Kanemasu (1977) 

* Young plants 

T 
1.0 r-

0.9 

OBh 

0.7 

0.6 h 

0.5 

0.4 h 

0.3 

0.2 

0.1 

red cabbage 
grass 
potatoes 

L JL -L _L _L 
10 12 14 16 18 20 22 24 26 

temperature (#C) 

Fig. 24. Influence of temperature, as indicated by the temperature parame
ter aT, on photosynthesis of red cabbage (after Wiebe, 1975), of potatoes 
(after Winkler, 1961) and of grass (after Goudriaan, 1973). 
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three crops treated in this study. The parameter ccT indicates the 
limiting effect of temperature on growth. If the temperature is 
optimal for growth, aT = 1. For the temperature function of alfalfa 
(lucerne), sorghum and maize see e.g. Slabbers et al. (1978), for 
lettuce, tomato, cucumber and melon Klapwijk (1969), for grasses 
Saugier (1974). 

Soil cover During the beginning and first part of the growing 
season, photosynthesis is only performed by the fractional area of 
the soil covered by plants (Sc). Multiplying gross photosynthesis rate 
by Sc, gives the correction for soil cover. A qualitative example of 
the variation in Sc with time is presented in Fig. 25. 

Sc 

1.0 

0.8 

0.6 

0.4 

0.2 

0 

-

-

*o 

I<5 / 1*5 

- *. 

t (days) 

Fig. 25. Example of the variation in soil cover Sc of a crop with time f; 
I = leaf area index. 

Harvested part Gross potential production rates are calculated for 
shoots plus roots. If one wants to know only the dry matter 
production of for example the above ground dry matter, one has to 
apply a correction for the amounts of roots. Therefore we intro
duced the shoot/(shoot+root) parameter /3h, with which the gross 
potential growth rate can be multiplied. This ratio can also be 
interpreted as the harvested part/total plant ratio. It is to be noted 
that 0h may vary considerably during the growing season (Fig. 26). 
In spring, roots generally constitute the main part of the plant, while 
later on the ratio gradually decreases in favour of the shoots. Some 
data mentioned in literature are presented in Table 8. 
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Ph 

1.0 

0.8 

0.6 

0.4 h 
0.2 

roots 

t(days) 

Fig. 26. Example of the variation in the shoot/(shoot+root) parameter 0K 
of a crop with time t. 

Table 8. Some examples of the harvested part/total plant ratio, &ht for a 
number of crops as found in the literature 

Crop 

Alfalfa, first year of 
growth 

Alfalfa, well established 
Dwarf French beans 
Sugar-beet 
Red cabbage 
Grass swards 

Maize 
Potatoes 
Sorghum 
Winterwheat 

/3H 

0.25-0.50 
0.25-0.95 

0.92 
0.67 
0.90 
0.60 

0.50-0.90 
0.85 

0.50-0.87 
0.40 

Author 

see Slabbers et al. (1978) 
see Slabbers et al. (1978) 
Feddes (1971) 
see Sibma (1977) 
Feddes (1971) 
Alberda & de Wit (1961), 

Kowalik (1973) 
see Slabbers et al. (1978) 
see Sibma (1977) 
see Slabbers et al. (1978) 
see Sibma (1977) 

Taking into account all the factors mentioned above, one can 
calculate the potential dry matter production, q^ty according to 

4poc=*V4-aT-<Sc#0h (7.4) 

Substitution of Eqn (7.2) in Eqn (7.4) yields 

4MC=[AP0+(l-A)Pe]-ifc-aT-Sc-Pfc (7.5) 

In Fig. 27 the entire procedure is summarized by a Forrester 
notation. The rate of transformation is indicated by valve symbols, 
the flow of material or energy by solid lines and the cumulative 
values by rectangles. 
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standard conopy with 
opt imal water supply 

actual canopy with 
opt imal water supply 

actual canopy with 
actual water supply 

for L A I . 5 
l a t i tude 0 

T . 2 0 ° C 
to ta l plant 

influenced by 
c loudiness,A 

respirat ion, vpr 

t e m p e r a t u r e , a T 

soil cover ,S c 

harvested port 
of p lants,pn 

influenced by' 

water . A ~ 

Qpot 

T 
'pot Ooc i 

gross photosynthesis actual growh rate 

Fig. 27. Flow chart (in Forrester notation) of the transformation of solar 
radiation into actual crop yield. 

The values of <£r, aT, Sc and /3h are a priori information and inputs 
into the model. So one must realize that in this model there is no 
feedback with calculated actual production rates. 
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I l l The programs 
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8 Program for field water use, SWATR 

8.1 General description 

The program SWATR is written in FORTRAN IV and was run 
on a CYBER 72 computer. It can be applied to problems dealing 
with the transient water flow in a non-homogeneous soil-root system 
which is under groundwater influence (see the flow chart, Fig. 28). It 
goes without saying that simpler flow cases (no roots present, 
without groundwater table, etc.) can also be handled by the 
program. 

For convenience, we use in the program 'suctions' or 'tensions' h, 
which are always positive, instead of pressure heads ij/. 

8.1.1 Coding of the program 

The program has a special array, entitled KOD, which gives the 
user a selection of inputs to choose from. KOD sets up 6 elements, 
having the following characteristics: 

KOD (1) 

0 - the suction h must be given as a table of h versus 
water content 0, the hydraulic conductivity K as an 
analytical function of h 

-1 - h as a function of 6 
K as a function of h 

2-h as a table of 0 
K as a table of 8 
calculations start from time t = 0 
calculations start from t > 0 

KOD(2) [ J " 

KOD (3) T^ "" depth root zone is varying with time 
L1 - depth root zone is constant with tim 

KOD (4) 

depth root zone is constant with time 

0 - z = 0 at the soil surface so vertical flow with coordi
nate z is positive downwards 

1 - horizontal flow (not yet included in present 
program) 

2 - z = 0 at the bottom of the system so vertical flow 
with z positive upwards (not yet included in present 
program) 
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f START PROGRAM SKATR^ 

I 
/'READ general information 

1 

< 

^ CALL CON ^ -

c ITERATION 

< CALLDMC 

< 

> 

CALL RER 
> ~ - — . 

| SOLVE FLOW EQUATION ] 

| PARAM J 
J read and print input data J 

I — 1 
I HEPR J 

"1 suction at each nodal point when initial I 

' condition is value of water content J 

f" HEPAS "" ~ 1 
H suction at soil surface with water content • 

J as boundary condition I 

I . I 

I "» 1 
-1 intermediate values of bovitdary condi- j 
[_ tions J 

I O N "! 
H soil conductivity froa suction at nodal I 
1 points j*J and J-l j 

r rTii "~ "» 

-J differential noisture capacity at prevail- | 

. ing suction of nodal point I 

« *» ! 

* root extraction rate at nodal points } * \ j 

j and j-l I 

r 1 
I WACO 

I water content at each nodal point from | 

' suction I 

TABLE 

Fig. 28. Flow chart of the main 
operations of program SWATR. 
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PRIMT theta (Z,T) 

PRIM" water volisw (1,1) 

PR1KT suction (Z.T) 

PRIKT flux (Z,T) 

PRINT root ext. (Z,T) 

• 

PRINT actual transpiration (T) 
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KOF)(^ fO-initial value is given as a value of 0 
* ' L1 - initial condition is given as a value o 

KOD (6) 

initial condition is given as a value of h 

0 - prescribed value of potential transpiration rate and 
water content at the surface at various moments of 
time 

- 1 -prescribed soil surface flux, maximum suction value 
at the surface and potential transpiration rate all at 
various moments of time 

.2 -prescribed values of soil surface flux, maximum suc
tion value at the surface and potential transpiration 
rate are calculated by SWATR from meteorological 
and external conditons as functions of time. 

8.1.2 Soil physical properties 

In the program SWATR Eqns 2.6 to 2.16 are given as follows: 

Eqns 2.6-2.8 

upper layer (index U) 
CU = FAC*CSAT1 for SS^CUAl (2.6) 
CU = FAC*CSAT1*EXP(~CUA2*(SS-CUA1)) for CUA1 

<SS<CUB1 (2.7) 
CU = FAC*CUB2*(SS**(-1.4)) for SS^CUBl (2.8) 

lower layer (index L) 
CL = FAC*CSAT2 for SS^CLAl (2.6) 
CL = FAC*CSAT2*EXP(-CLA2*(SS-CLA1)) for CLA1 

<SS<CLB1 (2.7) 
CL = FAC*CLB2*(SS**(-1.4)) for SS^CLBl (2.8) 

Eqns 2.9-2.14 

upper layer (index U) 
SU = EXP(SUA1*(SUB1-W)) for SUC^W^SUBl (2.9) 
SU = EXP(SUA2*(SUB2-W)) for SUD^W<SUC (2.10) 
SU = EXP(SUA3*(SUB3-W)) for W<SUD (2.11) 

CU = FAC*CSAT1*EXP(-CUA1*(SS-CUB1)) for SS 
^CUC (2.12) 

CU = FAC*CSAT1*EXP(-CUA2*(SS-CUB2)) for CUC 
<SS<CUD (2.13) 

CU = FAC*(CUA3 + CUB3*ALOG10(SS)) 
*(SS**(-1.4)) for SS^CUD (2.14) 
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lower layer (index L) 
SL = EXP(SLA1*(SLB1-W)) for SLC^W^SLBl (2.9) 
SL = EXP(SLA2*(SLB2-W)) for SLD^W<SLC (2.10) 
SL = EXP(SLA3*(SLB3-W)) for W<SLD (2.11) 

CL = FAC*CSAT2*EXP(-CLA1*(SS-CLB1)) for SS 
^CLC (2.12) 

CL = FAC*CSAT2*EXP(-CLA2*(SS-CLB2)) for CLC 
<SS<CLD (2.13) 

CL = FAC * (CLA3 + CLB3 * ALOG10(SS)) 
*(SS**(-1.4)) for SS^CLD (2.14) 

where FAC = factor depending on the units used in the problem 

Eqn 2.15 

upper layer (index U) 
W(I) = SUB(I)~ALOG(SS)/SUA(I) where 1=1,2,3 (2.15) 
and e.g. SUB(1) = SUB1, etc. 

lower layer (index L) 
W(I) = SLB(I)-ALOG(SS)/SLA(I) where 1=1,2,3 (2.15) 
and e.g. SLB(1) = SLB1, etc. 

Eqn 2.16 

Eqn 2.16 expresses the differential moisture capacity Ch, if suc
tion is given in the form of Eqns 2.9-2.11. 

upper layer (index U) 
CHU = -1.0/(SUA(I)*SS) where 1 = 1,2,3 (2.16) 
andSUA(l) = SUAl, etc. 

lower layer (index L) 
CHL = -1.0/(SLA(I)*SS) where 1=1,2 ,3 (2.16) 
and SLA(l) = SLA1, etc. 

8.13 Discretization of the soil profile 

The program SWATR has been designed for a two-layered soil 
profile (Fig. 29) because such situations often occur, for example: 

- the upper layer is different in texture and structure from the lower 
layer, 
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transpiration 

evaporation 

Fig. 29. Schematic representation [for KOD(4) = 0, depth x and time i] of 
the layered soil profile under consideration, with the notations used in 
SWATR. 

- the upper layer is of the same texture as the lower layer but its 
density is different because of tillage operations, etc. Conse
quently the physical properties of the two layers are different. 

The program is able to handle maximally 25 nodal points, with 
constant depth increments, Az = DX. The relation between the 
depth of nodal point J and DX is 

X(J) = DX*(J-0.5) (4.13) 

This means that X(J) = 0 is equivalent to J = 0.5. As during the 
growing season the watertable is usually fluctuating, the unsaturated 
part of the soil profile is varying according to the actual position of 
the watertable. The actual number of nodal points under considera
tion N is estimated according to the expression 

N = DWT/DX+0.49 (8.1) 
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where DWT is the depth of the watertable (Fig. 29). 

8.1.4 Initial and boundary conditions 

As initial condition one has to prescribe for each nodal point 
either the water content or the suction. As daily average values of 
the boundary conditions one can use 
at the bottom: depth of the watertable (prescribed suction) 
at the surface: soil water content or the maximum possible surface 
flux as governed by atmospheric or other external conditions. 

The conditions at the surface can thus be described as a Dirichlet 
condition (water content or suction) or as a Neumann condition 
(value of the flux). In the latter case the maximum soil surface flux, 
Ef, must be prescribed (see Eqn 3.31). From the discussion in 
Chapter 4, we have seen that for the actual flux a solution must be 
sought by maximizing the absolute value of the flux subject to some 
requirements (see Eqns 4.8 and 4.11). In the program this proce
dure is formulated as 

FLUXM < |FLUXA| (4.8) 

and 

O^SS^SGL (4.12) 

where 

FLUXA = prescribed potential surface flux in mm.day-1 (positive, 
when directed downwards as in the case of rain or 
infiltration, and negative when directed upwards as in the 
case of evaporation) 

SGL = maximum allowed suction h{ at the surface in cm, 
which can be found from Eqn 4.11 (ht = -ift) 

The potential surface flux can be found from 

FLUX(=FLUXA) = PREC-ES-FIN (8.2) 

where 

PREC = precipitation rate (mm.day""1) 
ES = potential soil evaporation rate (mm.day"1) 

FIN = interception rate (mm.day-1) 

At the surface also the maximum possible transpiration rate EP 
must be defined. From Eqn 3.12 we have seen that 

EP = EWET-ES (3.12) 

72 



The values of EWET and ES are calculated with Eqns 3.29 and 
3.31, respectively. When in the input KOD(6) is set equal to 2, 
SWATR calculates ES and EP. In that case, daily values of TEM, 
RH, U, HNT, CH, SC and FLUX must be prescribed, where 

TEM = air temperature at 2 m height (°C) 
RH = relative humidity of the air at 2 m height (fraction) 

U = wind velocity at 2 m height (m.s.-1) 
HNT = net radiation flux [W.nT2 if L(7) = 0, or cal.cm^.day"1 if 

L(7) * 0] 
CH = crop height (cm) 
SC = soil cover (fraction) 

FLUX = precipitation rate in mm.day"1, i.e. PREC in Eqn 8.2 

In addition the following functions must be described: the crop 
height function f(Z) (see Eqn 3.30), the leaf area index relationship 
with soil cover I(SC) and the interception function depending 
on precipitation, in the program denoted as G(CH) 
(m~2.s2), LAI and FIN(PREC) (mm.day""1), respectively. 

If the values of the parameters L(8), L(9) and L(10) in the 
program are set 5^0, then calculations are performed for standard 
functions of G(CH), LAI and FIN(PREC) just as they are presented 
in Figs. 30, 31 and 32, respectively. If one takes L(8), L(9) and 
L(10) equal to 0, then different coefficients can be used, for which 
one has to prescribe: 

- 6 values of G(CH): FGA, FGB, FGC, FGD, FGM and FMCH, 
where according to Fig. 30 

G(CH) = FGA*CH**FGB for CH^FMCH, 
with FGA = a and FGB = b (8.3) 

and 

G(CH) = FGC*CH**FGD for CH<FMCH, 
with FGC = a and FGD = b (8.4) 

and 

G(CH) = FGM is the maximum value of G(CH) (8.5) 

~ 3 values o f L A I - FLA, FLB and FLC,(where according to Fig. 31 
FLA = a, FLB = fc and FLC = c) 

LAI = FLA*SC+FLB*SC**2+FLC*SC**3 (8.6) 

- 6 values of FIN: HA, FIB, FIC, FID, FMP and FMI (where 
according to Fig. 32, FIA = a, FIB = 6, FIC = c and FID = d) 
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Fig. 30. Function dependent on crop height CH used in Eqn 3.30 to 
calculate the aerodynamic resistance of a crop. After Rijtema, 1965. 

FIN(PREC) = FIA * PREC * * (FIB - FIC(PREC - FID)) 
for PREC<FMP (8.7) 

and 

FIN(PREC) = FMI for PREOFMP (8.8) 

FMI describes the maximum value of precipitation PREC that can 
be intercepted. For precipitation rates exceeding a certain value 
FMP, the interception is equal to FMI. Interception must depend on 
soil cover. We assume that it is proportional to soil cover according 
to 

INTERC = SC * FIN(PREC) (mm.day"1) (8.9) 

The saturated water vapour pressure EV (mbar) at temperature 
TEM (K), and the shape of the saturation vapour pressure curve 
DEL (mbar.K-1) are described by the empirical expressions 

EV=1.3332*EXP((1.088719061*TEM-276.4883955)/WED) 
(8.10) 

DEL = 13.73150407*EV/WED* *2 (8.11) 
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^1g- 31. Relationship between leaf area index LAI and fraction of soil 
covered SC for red cabbage on sticky clay. After Feddes, 1971. 
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Fig. 32. Relationship between flux of intercepted precipitation FIN and 
precipitation rate PREC. Adapted from grass data of Rijtema, 1965 and 
red cabbage data of Feddes, 1971. 
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Fig. 33. Saturated water vapour pressure EV and slope of the saturation 
vapour pressure curve DEL at temperature TEM. 

where 

WED = 0.058302635*TEM-2.19386068 (8.12) 

These functions are graphically presented in Fig. 33. 

8.1.5 Sink term 

The main idea of the description of the sink term S was explained 
in Section 3.1. In Fig. 7 the basic function S(i/r) was given. The 
program allows for the use of alternative shapes of the S(i|r) 
function, according to the four assumptions discussed in Section 3.1. 
These are depicted in Fig. 34. 

For two different soil layers, as treated in SWATR, one has to 
provide 6 critical values for the input: 

SMB 

SMU1, SML1 

starting point: the suction at which the roots start to 
extract water from the soil 
the suction value for the upper and lower soil, 
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respectively, when optimal conditions for water ex
traction occur 

SM2-limiting point: the suction at which extraction by 
roots starts to decrease 

SM3 -wilting point: the suction at which water extraction 
is no longer possible anymore 

BQ - factor describing the character of extraction in the 
suction range SM2<h^SM3 

In Fig. 34 one will notice that AQ = 1.0-BQ. If SMB = SMU1 
(or SML1) and BQ = 1.0, the calculations are performed for the sink 
term function described in Section 3.1. 

SCday1) 
SMU1 — suction for upper layt r 
SML1 — suction for lower layer 
— — . — - possible sink term models 

SMB SMU1 
SML1 

BQx SMAX 

SM2 

AQxSMAX 

SM3 suction SS 

ig. 34. Graphical representation of the various alternative shapes of the 
sink term S in relation to suction SS, which can be used in SWATR. 
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8.1.6 Compilation of subroutines 

The program SWATR consists of a main program and 8 sub
routines. The dimensions of the arrays are fixed, covering a year of 
input data. They are: 

365 values of the upper and lower boundary condition 
80 values of suction and hydraulic conductivity for each layer [if 

KOD(l) = 2] 
25 nodal points of the soil profile 
52 outputs (if TM = 7 days; 52xTM = 364 days) 

Using the statement EQUIVALENCE, there are 7 main arrays: 

CH-elements of crop height CH and potential transpiration 
rate EP 

RH-elements of relative humidity RH, maximum allowed 
suction SGL and moisture content as a boundary condi
tion at the surface WCS 

SC - elements of soil cover SC, and depth of watertable DWT 
HNT-elements of net radiation HNT, depth of the root zone 

DRZ, and transpiration rate actual TRA 
FLUX-elements of precipitation rate FLUX (=PREC) and cal

culated values of FLUXA = FLUX - E S - FIN 
TEM- elements of temperature TEM, of differential moisture 

capacity of the upper and the lower layer CHU and 
CHL, of suction of upper layer as a function of water 
content SU, of coefficients used in solving procedure Rl 
and R2, of water extraction rate for each nodal point 
QR, of water content for each nodal point W and of 
hydraulic conductivity for each nodal point used to esti
mate the flux at the nodes W2. 

U - elements of wind velocity U, of hydraulic conductivity as 
a table of water content for upper and lower layer CU 
and CL, of suction of the lower layer as a table of water 
content SL, of suction at each nodal point for ( i -1) 
stage of computation SI, of suction at each nodal point 
for (i — 2) stage of computation S2, of calculated suction 
for i stage of computation S, of suction for each nodal 
point /+£ and /—| i.e. SN1 and SN2 respectively 
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The remaining arrays are: 

I A - 99 elements for a graphical output of the program; this 
array is also used as a table IB (69 elements in sub
routine PARAM for a graphical output) and table K (12 
elements: number of days in each month of the year) 

L -L( l ) : first day of calculation (reckoned from the 
beginning of the year) 

L(2): last day of calculation (the same) 
L(3): number of days in February (28 or 29) 
L(4): first day in the first month of calculation 

(reckoned from the beginning of the month) 
L(5): first month of calculation (reckoned from the 

beginning of the year) 
L(6): last month of calculation (the same) 
L(7) =0: if HNTin W.m"2 

= 1: if HNT in caLcnT^day"1 

L(8) =0: 6 coefficients of GCH must be described 
L(9) =0: 3 coefficients of LAI must be described 
L(10) = 0: 6 coefficients of FIN must be described 

If L(8), L(9) and L(10)?*0, then calculations are performed for 
the GCH, LAI and FIN functions of Figs. 30, 31 and 32, respec
tively. 

In order to print results in the form of tables one extra array is 
used, denoted IX with dimension of 52x25x5 integer elements. 
Ane IX array collects the following values: 

IX-IX(L,M,1)= 1000xW(L,M): water content 
IX(L,M,2) = 10 x VOL(L,M): integr. water content over depth 
IX(L,M,3)= 100xPF(L,M): logarithm of suction 
IX(L,M,4) = 1000xQ(L,M): flux at nodal points 
IX(L,M,5) = 10,000 xQR(L,M): root extraction rate 

W x£e L - d e n o t e s t h e t i m e a x i s a n d M denotes the depth axis. 
The aim of the main program and the subroutines in sequence of 

appearance can briefly be summarized as follows: 

SWATR-main program for the solution of the flow equations 
and printing of results 

r ARAM - subroutine to read and print input data. If KOD(6) = 
2, this segment estimates the boundary condition at 
the soil surface from meteorological and external data. 
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If KOD(1) = 0 or 2, this segment calculates the 
differential moisture capacity for the upper (CHU) and 
for the lower (CHL) layer in the form of a table 

WACO - subroutine to calculate water contents at the nodal 
points from suction data 

BOCO - subroutine to calculate intermediate values of the 
boundary conditions at any stage of computation 

HEPR - subroutine to calculate suctions for each nodal point 
when the initial condition is given as a value of water 
content -KOD(5) = 0 

HEP AS - subroutine to calculate suctions at the soil surface 
when the boundary condition is given as a value of 
water content -KOD(6) = 0 

DMC- subroutine to calculate differential moisture capacities 
at the suctions prevailing in the nodal points 

CON - subroutine to calculate hydraulic conductivities from 
suction values 

RER-subroutine to calculate root extraction rates at each 
nodal point 

8.2 field experiments 

8.2.1 Red cabbage on sticky clay 

A field experiment was performed by the first author in 1967 
(Feddes, 1971) at the 3 ha experimental field Geestmerambacht in 
the Netherlands where groundwater tables were maintained at 
different depths. The main aim of this experiment was to investigate 
thoroughly the influence of some environmental conditions on plant 
growth, based on data from the Geestmerambacht area. Red cab
bage (Brassica oleracea L. cv. Rode Herfst) was grown under 
optimum conditions of nutrient supply on a heavy clay (48% < 
2ftm) in rows 75 cm wide and spaced 65 cm apart. 

Water balance studies were carried out with a specially designed 
non-weighable lysimeter in which the groundwater table could be 
continuously maintained at the same depth (approximately 1 cm 
accuracy) as it was in the surrounding field. Upward flow from and 
downward flow towards the watertable were measured in the 
lysimeter every day. Moisture content was measured weekly with a 
20 mc 137Cs sealed gamma radiation source, which had a peak 
gamma energy of 0.662 MeV. Measurements were in duplicate at 
10 cm depth intervals, with the deepest measurement under the 
groundwater table. Precipitation was measured at a neighbouring 
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weather station with a recording rain gauge having its rim at ground 
level. Interception was indirectly determined by measuring the 
through-fall collected from a number of plants and averaged per 
unit of soil area. Actual evapotranspiration was the only unknown in 
the water balance equation and could therefore be easily calculated 
for each week. 

Soil water retention curves were determined (by desorption) in 
the laboratory. Hydraulic conductivity data were obtained in the 
Laboratory by an infiltration method (Wesseling & Wit, 1966) and 
in the field from flow measurements during dry periods. 

Meteorological data for the calculation of maximum possible 
transpiration and soil evaporation were obtained from the weather 
station. In a Stevenson screen air temperature (Ta) and relative 
humidity (100 ejea) were recorded continuously with two-bimetallic 
thermographs and two hair-hygrographs, respectively. Daily (24 
hours) mean values were estimated with an Ott-integrimeter. Wind 
velocities (u) were measured 2 m above soil surface with a totalizing 
cup anemometer, with a mechanical counter system. The duration of 
bright sunshine (n) was measured with a Campbell-Stokes sunshine 
recorder. Short-wave radiation (Rs) was recorded with a Moll-
Gorczynski solarimeter. Net radiation (Rn) was measured at a 
height of about 1 m above the red cabbage crop with a miniaturized 
unaspirated net radiometer developed by Funk. The reflection 
coefficient (v) was derived by measuring the reflected solar radiation 
\R?) with a second solarimeter mounted in an inverted position at a 
height of about 2.10 m above the crop surface on a movable 'sulky' 
type installation (v = Rr

s
e/Rs). 

Growth and development of the crop were determined at regular 
intervals by measuring crop height, soil cover, leaf area and rooting 
depth. The fraction of soil covered was estimated with aid of a 
frame of 1 m2. The leaf area was determined by measuring length 
a n d width of all leaves of some individual plants. 

The case investigated is depicted in Fig. 35. 

o.2.2 Potatoes on loamy sand 
Reactions of potato plants to soil compaction were studied in the 

held by van Loon & Bouma (1978)1, as potato growth generally is 
strongly influenced by soil structure. One of their studies was carried 
°ut on a loose sandy loam soil. Data from this study were taken to 
test SWATR and CROPR. 

The authors are most grateful to Ir C. D. van-Loon and Dr J. Bouma 
°r making their experimental data available. 
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In one of the new polders in the Netherlands (Oost Flevoland) on 
14 April 1976, mini-sprouted seeds of the variety Bintje, size 40 to 
45 mm, were planted 33 cm apart with a 4-row automatic planter on 
rows 75 cm apart. A loose ridge of 20 cm height was overlying the 
layer of 20 to 40 cm (both having the texture of: 10% clay, 35% silt, 
2.3% organic matter, 7% calcium carbonate). From 40 to 70 cm a 
loamy fine sand was present (5% clay, 15% silt, 0.9% organic 
matter, 3% CaC03). From 70 to 90 cm a moderately stratified half 
ripened soil composed of thin layers of sandy loam, loam and sand 
was present. Below 90 cm the soil was unripened. 

The part of the growing period under consideration was from 10 
May to 16 August. The year 1976 was an unusually dry year, 
marked by high rainfall deficits during summer. The groundwater 
table in May and June was situated at about 100 to 150 cm below 
soil surface, which gradually decreased to about 230 cm on 16 
August. Soil moisture contents were determined gravimetrically at 
depth intervals 0 to 10, 10 to 2 0 , . . . , 70 to 80 cm and time intervals 
ranging from 6 to 13 days. The rooting depth ranged from about 
40 cm depth at the beginning to about 92 cm at the end of the 
period considered. Meteorological data such as air temperature, 
relative humidity, short-wave radiation, wind speed, and precipita
tion were taken from the site Lelystad-Haven, about 10 km from 
the experimental field. Net radiation was calculated from short-wave 
radiation, using Eqn 3.41. 

During the growing season, a growth analysis was carried out. 
Length of foliage was determined on 10 and 25 June, 12 July and 
16 August. The percentage of ground covered by green foliage was 
estimated on 4, 22 and 29 June, 9 July and on 20 September. The 
leaf area index was determined for a number of different fractions of 
soil coverage. 

8.3 Experimental verification 

8.3.1 Red cabbage on sticky clay 

From Fig. 35 it is seen that the soil profile consists of two layers 
with different hydrological properties. The roots are initially grow
ing in the upper layer but with time they extend to the lower layer. 
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Fig. 35. Schematic representation of the situation and circumstances of red 
cabbage on sticky clay as used for experimental verification of SWATR and 
CROPR. 

At the soil surface the meteorological and the crop conditions vary 
with time, while at the bottom there is a fluctuating watertable. This 
pse is similar to the one shown in Fig. 11 as Case D, but it 
incorporates a root system. 

In the input the following data were used. 

Physical properties of the soil layers Soil sampling showed that 
the bulk density of the soil varied with depth. It increased from 
values of about 0.90 g.cm"3 at the surface to about 1.35 g.cnT3 at a 
depth of 25 to 35 cm and remained nearly constant below this 
depth. Therefore for the upper 32.5 cm soil layer a soil moisture 
retention and hydraulic conductivity pertaining to an average bulk 
density of (0.90+1.35)/2 = 1.125 g.cm"3 was used. For the lower 
aver, data pertaining to a density of 1.350 were applied (Figs. 36 
and 37). The i^(0) as well as the K(0) relationship (both for the 
upper and lower soil layer) are presented in the form of a table (see 
Groups P and R, and Groups S and T, respectively of Section 10.2). 
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Fig. 36. Soil moisture retention curves for the two soil layers for the case in 
Fig. 35. 

Depth of the root zone DRZ (Group M of Section 10.2) The 
rooting depth of the red cabbage crop varied with time as shown in 
Fig. 38. After planting (21 June 1967, L(l) = 172 days), it remained 
constant for about a week, then increased gradually to about 83 cm 
at Day 214, and remained at this depth for the rest of the growing 
season. 
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Fig. 38. Variation in rooting depth DRZ and maximum possible transpira
tion rate EP ( = E*) with time t for the case in Fig. 35. 
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Reduction factor RNA During the field experiment, it was noted 
that in the top 5 to 10 cm layer the roots slowly died off. Therefore 
it was decided to use the reduction factor RNA (Roots Non Active) 
to correct for the depth of the root zone DRZ as follows 

RNA = RNAM*(T1-TB)/(TE-TB) for T B < T K T E 
RNA = RNAM for T l ^ T E 

(8.13) 

The symbols are explained under Group C of Section 10.2. In our 
study we took RNAM = 10cm, TB = 172 days, TE = 221 days. 
These values imply a monotonically increasing RNA-value from 0 at 
r = 172 to 10 cm at f = 221 days. 

Critical suction values of the sink term (see Fig. 7) We took from 
the pF-curve for the lower layer a corresponding 'anaerobiosis' 
pressure head value ^ of -4.7 cm. For the upper layer a gas-filled 
porosity of 0.05 cm3.cm""3 was taken as the upper limit for water 
uptake by roots (corresponding to a fa of -32.5 cm). As 'limiting 
point' we set fa = -500 cm and 'wilting point' we set fa = 
-20,000 cm. The computation was not started at î  = 0, but at 
t|r = -0.1 for computational reasons. This all leads to the following 
suction values (see Fig. 33 and Group D of Section 10.2): SMB = 
0.1; SMU1 = 32.5; SML1 = 4.7; SM2 = 500; SM3 = 20,000 cm; fac
tor BQ= 1.0. 

Initial condition As the initial water content of the soil profile at 
t = t0 = 172 days, we used the data measured by the gamma trans
mission method, as shown in Fig. 39. 

Boundary conditions at the soil surface (z = 0) (Group G of Section 
10.2) These were collected from the meteorological station and 
the field. They are TEM, RH, U, HNT, CH, SC, FLUX. In addition 
standard functions G(CH), LAI and FIN were used, as presented in 
the Figs 30, 31 and 32, respectively. With these data maximum 
possible values of evapotranspiration rate (EWET; Eqn 3.29), of 
soil evaporation rate (ES; Eqn 3.31), of transpiration rate (EP; Eqn 
3.12), of cumulative transpiration (SEP), and of surface flux 
(FLUXA; Eqn 8.2) are calculated. The course of EP with time is 
shown in Fig. 38. For infiltration, the difference in potential rate 
(FLUXA) and actual rate (FLUXM) yields the amount of water lost 
by surface run-off (RUNOFF): 
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Fig. 39. Initial soil water content at t = f0 = 172 days for the case in Fig. 35. 

RUNOFF = £(FLUXA-FLUXM)*DT for FLUXA^O.O to (8.14) 

The variation of FLUXA with time is shown in Fig. 40. Positive 
values here represent maximum possible infiltration rates, negative 
values maximum possible evaporation rates. 

Boundary conditions at the bottom (Group L of Section 10.2) The 
depth of the watertable DWT as measured in the field lysimeter is 
given as the bottom boundary condition (see also Fig. 40). The soil 
profile was divided into jmax = 20 nodes, according to 

Zi = (/-0.5)Az (cm) (4.13) 

With Lmax = zmax = 100 cm, Az becomes 5 cm. With z,- = 32.5 cm, 
the transition between the upper and lower soil layer is at j = 7. 
When the depth of the watertable was above 97.5 cm, a smaller 
number of nodes was taken accordingly. 

Upward flow from the groundwater table ('capillary rise') is 
denoted by DELTA in the program. It is calculated according to 

DELTA = VOL2-VOLl + GG-GGl-FLUXM*DT (8.15) 
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Fig. 40. Variation in depth of groundwater table DWT and maximum 
possible infiltration (evaporation) flux FLUXA with time t for the case in 
Fig. 35. 

where (VOL2-VOL1) is the change in water storage of the profile 
over the time period DT and (GG-GG1) the difference in cumula
tive transpiration over that same period. The complete list of input 
data is given in Section 10.3 so that others can perform the 
calculations mentioned above. 

The main results of the computations are presented in Figs. 41-46. 
In Fig. 41 curves of cumulative flows are given: first the measured 
cumulative evapotranspiration (E^a^r balance) as obtained from the 
lysimeter; second the cumulative transpiration E ^ ? as computed 
with the model by integration of the sink term over depth; third the 
cumulative soil evaporation Ec£ap which is not yet printed as an 
output. It can, however, easily be calculated from the following 
cumulative quantities: CUM.WATER (t), CUM.WATER (t0), 
CUM.TRANS., RUNOFF, SDELTA (cumulative upward flow), 
CUM. INFILT. (cumulative potential infiltration) by writing 
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Fig. 41. Computed cumulative evapotranspiration Ec°b
mp and measured (via 

lysimeter) cumulative evapotranspiration Ewater balance for the case in Fig. 35. 

E^,TP = CUM.WATER 
t0-TiNrr 

- CUM.TRANS+CUM.INFILT 

- RUNOFF+SDELTA (8.16) 

Fig. 41 shows that there is a rather good agreement between 
computed and measured evapotranspiration, especially at the begin
ning and end of the period considered. 

Cumulative evapotranspiration is one of the means to verify the 
results of the numerical model. Another possibility is to check for 
various days the computed soil moisture profiles comparing them 
with the measured ones. In Figs 42A,B,C,D, the computed soil 
moisture profiles are compared with measured data for t = 199, 206, 
214 and 221 days, respectively. The agreement between computa
tion and actual data is rather good. From this it might be concluded 
that the numerical model provides satisfying results. For the period 
199 to 221 days, the maximum difference between cumulative EC°£Z 
and E$£t is about 10% at f = 221 days (Fig. 41). At the same time 
the discrepancy between computed and measured soil moisture 
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profile (Fig. 42) is most pronounced when compared with the results 
shown in Fig. 42A,B,C, but still acceptable. 
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Fig. 42. Computed and measured soil water content profiles for the case in 
Fig. 35: A, t = 199 days; B, t = 206 days; C, f = 214 days and D, r = 221 
days. 
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Fig. 42 continued 

Another way of comparing measured and computed moisture 
contents is by plotting for each day the data found at the various 
depths as depicted in Fig. 43. For the three-week period between 
Days 199 and 221, the maximum deviation between Bcomp and 6meas 
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Fig. 43. Comparison between measured and computed soil moisture con
tents 6 for the case in Fig. 35 at depths of 10, 2 0 , . . . , 90 cm for 27, 34, 42 
and 49 days after the beginning of the experiment. As boundary condition 
at the soil surface a Neuman condition (flux, see Eqns 4.8 and 4.11) as well 
as a Dirichlet condition (pressure head or water content, Eqn 4.11) were 
taken. 

is less than 0.025 cm3.crrT3. Fig. 43 also shows the results when the 
Dirichlet condition of a prescribed pressure head (i.e. a prescribed 
moisture content) is kept as boundary condition at the top instead of 
the flux. Assuming that the pressure head at the soil surface is at 
equilibrium with the atmosphere, t|? was found from Eqn 4.11. Via 
the $—0 curve of the upper layer shown in Fig. 36, the water 
content at the soil surface could be prescribed. It is clear from Fig. 
43 that for the situation and conditions met there is not much 
difference in water content with either the flux or the pressure head 
as the boundary condition at the soil surface. 

Fig. 44 shows how the computed sink term (root extraction rate) 
changes as a function of time and depth. Since the measured sink 
term could be derived only from lysimeter and soil moisture data as 
an average over periods of one week, the calculated values cannot 
be compared directly with field data. The shape and order of 
magnitude, however, are similar to the time averaged root extrac-
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Fig. 44. Computed root extraction rates S for the case in Fig. 35. 

tion rates derived from field data of the same profile (Feddes, 1971). 
From Fig. 44 it is seen that the magnitude of the root extraction rate 
is generally small at the top of the profile. It increases to a certain 
maximum zone and decreases to zero at the bottom of the root 
zone. The zone of maximum activity moves downwards with time 
making water uptake from the upper layers less important. The 
height of maximum uptake depends on the demands the atmosphere 
makes on the plant system, on the depth to which the roots 
penetrate, and on the soil water suction. From Day 243 until Day 
304, there was considerable rain (Fig. 40) and water extraction from 
the upper layer again became important. In this period the 
groundwater table did rise (Fig. 40) and anaerobic conditions occur
red in the lower part of the profile. Therefore the activity of the 
roots diminished there, and water uptake became less important. 
Generally it can be concluded that the shape of the sink term versus 
depth changed from a triangular shape at the beginning to a more 
trapezoidal shape with the root system extending. 

The computed upward flow from the groundwater table summed 
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Fig. 45. Computed cumulative run-off for the case in Fig. 35. 
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Fig. 46. Actual transpiration rate Epi as a function of time computed by 
SWATR for the case in Fig. 35. 

over the growing season amounted to 224 mm, showing that high 
groundwater tables may considerably contribute to the evapotrans-
piration of a crop canopy. 



In Fig. 45, the computed runoff during the growing season is 
presented. For Days 172 to 242 no runoff occurred. From Day 242 
onwards runoff occurred, as was also observed in the field. Runoff 
increased to relatively large values during the last week, when 
rainfall reached a maximum of 28 mm.day"1. 

In Fig. 46 the actual transpiration as computed with the model as 
integrated water uptake by roots, is plotted versus time. These data 
given in the form of a table in the output of SWATR will later 
function as an input for the production model CROPR. 

A comparison between cumulative actual and potential transpira
tion is presented in Fig. 47. One can see that the differences 
between the two are considerable. At the beginning of the growing 

cumulative 
Ep, (mm) 

320 -

280 -

240 -

200 -

160 -

120 -

160 200 240 
cumulative Ep! (mm) 

Fig. 47. Computed cumulative potential transpiration E*t and cumulative 
actual transpiration JÊ  for the case in Fig. 35. 
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period, potential transpiration is reduced more than during the later 
stages of growth, when the roots extend to the lower layer. During 
the last stage of growth considerable rain occurred, which wet the 
upper soil layer and permitted a more favourable root extraction. 
Potential transpiration was not yet reached, however, because root 
activity was reduced by rising watertables. 

8.3.2 Potatoes on loamy sand 

The case investigated is schematically depicted in Fig. 48. The soil 
profile consists of a number of layers with different hydrological 
properties. The rooting depth is increasing with time and there is a 
fluctuating watertable at the bottom of the system. 

Because of the shape and surface of the potato ridge, one should 
in fact treat the problem two-dimensionally as for example with the 
unsaturated-saturated finite element program UNSAT 2 shown by 
Neuman et al. (1975) and by Feddes et al. (1975). However, 

- 7 0 
loamy fine sand 

"'""/X'X'X'X'X'X'XTX'I 'X'X-I 'X'X'XW "" 

legist ratified soilWmmm 
î sa ndytdamjodm.san d!'P& 
.>v.v.v.v.vAx^<-X»X*XW vXvW^'X'X-T'X'X'r'X'X".vX-X* 

Fig. 48. Schematic representation of the situation at time t of potatoes on 
loamy sand as used for experimental verification of SWATR and CROPR. 
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SWATR was applied taking the vertical axis in the centre of the 
ridge with the top of the ridge as zero level. 

The one-dimensional model is rather far from the actual situation 
and can be considered as a rough approximation. Nevertheless our 
final goal is not to predict very accurately the phenomena in the 
unsaturated zone, but to predict a realistic magnitude of production 
with CROPR from the transpiration data obtained with SWATR. 

Physical properties of the soil layers For the various soil layers 
separate $(0) and X(i^) relationships were determined. As the 
retention curves of the layers from 20 to 90 cm of Fig. 48 were quite 
similar, it was decided to neglect geometrical dimensions of the 
ridge and to treat the entire soil profile as homogeneous. The soil 
moisture retention curve and hydraulic conductivity curve taken are 
shown in Fig. 49. 

- 1 , KCcm.day ) 

logh 

0.1 0.2 0.3 0.4 0.5 
3 -3 

water content 0 (cm .cm ) 

Fig. 49. Soil moisture suction h and hydraulic conductivity K versus water 
content 6 for the case in Fig. 48. 

97 



Depth of the root zone The rooting depth was 40 cm deep on 22 
May, 70 cm on 14 June, 90 cm on 17 July and 92 cm on 15 August. 

Reduction factor RNA. This factor was taken to be zero through
out the growing season. 

Critical suction values of the sink term It is known that for op
timum top quality yields of potatoes, soil moisture contents should 
be maintained at high levels, especially from the time of flowering 
and tuber initiation almost until the tubers are mature. Therefore 
we set as 'limiting point' i/r2 = —400 cm. Wilting point was set at 
i(f3 = -16,000 cm. Under the dry conditions of 1976, it was relatively 
unimportant what value to assign to the 'anaerobiosis point' $u 
therefore we took —2.5 cm. For technical reasons the computations 
were started at i/r = —0.1. This all leads to the following values: 
SMB = 0.1, SMU1 = 2.5, SML1 = 2.5, SM2 = 400, SM3 = 16000, 
factor BQ=1.0. 

Initial condition The initial soil moisture profile was based on the 
gravimetrically measured profile on 13 May. 

Boundary conditions at the soil surface As 1976 was a very dry 
year, we expected some difficulties in the determination of the 
boundary conditions at the soil surface, i.e. potential soil evapora
tion and transpiration rate. Moreover potato is a special kind of 
crop, being a row crop because for a relatively large part of the 
growing season the soil is covered incompletely. As a first method 
(I) to estimate E* and E* we used the same approach as described 
for red cabbage i.e. applying the Eqns 3.29 and 3.31 respectively. 
As a second method (II) we estimated potential evapotranspiration 
E** according to Eqn 3.33 which includes diffusion resistances 
depending on stomatal resistance (rx) and a resistance dependent on 
soil covered. Potential transpiration E*t was estimated according to 
the Eqns 3.34 and 3.35. For the first approach, KOD(6) = 2 was 
used and the program automatically computed E*, Ef, E* and 
FLUXA (potential surface flux). The input data included TEM, RH, 
U, HNT, CH, SC, FLUX (=PREC). The relation between leaf area 
index and soil cover was described as 

LAI = 3.625*SC-1.605*SC**2 + 2.105*SC**3 ( 8 ' 1 7 ) 

For G(CH) and FIN(PREC) the standard functions were taken (Fig. 
30 and Fig. 32). In the second approach KOD(6) was set equal to 1 
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and the potential fluxes were calculated with a pocket calculator. 

Boundary condition at the bottom In the beginning of the period 
considered the groundwater table was at a depth of 100 cm. From 
half May to half July it stayed between 120 and 150 cm and then 
gradually dropped to 230 cm at the end of August. The soil profile 
was divided into jmax = 23 nodes, with L^* = zmax = 230 cm. 

The main results of the computations are presented in Fig. 50, 
where potential and computed cumulative transpiration, as obtained 
with the two different top boundary conditions, are shown. During 
July and August, both methods I and II gave rather high values of 
potential transpiration, sometimes a dozen mm per day. From Fig. 
50 one can see that the sink term used in our model gives a strong 
reduction in transpiration. It is generally known that under condi
tions of high transpirative demand of the atmosphere, even when 
potatoes are fully supplied with water, transpiration is reduced. The 

cumulative 
transpiration (mm) 
600 
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400 
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Fig. 50. Computed potential E*{ and actual cumulative transpiration EpX 
using two alternative methods to estimate the boundary condition at the top 
for the case in Fig. 48. Method I uses Eqns 3.29 and 3.31; Method II uses 
Eqns 3.33, 3.34 and 3.35. 
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differences in potential transpiration computed with both methods 
mainly occur in the first 30 days of the growing season, when the 
soil is sparsely covered. With Method II practically no potential 
transpiration is computed: until Day 30 about 77 mm less than with 
Method I. During the remainder of the growing season, the general 
trend and shape of both potential transpiration curves are the same. 
The same behaviour can be found in the actual transpiration curves. 
Here the final difference amounts to about 100 mm at the end of the 
season, which is mainly due to effects occurring in the beginning. 

The actual transpiration was not measured in the field, and 
therefore a comparison of computed with measured data was not 
possible. However, the values computed are within the limits for 
potatoes as given by Doorenbos & Pruitt (1978). Pseudo-steady 
state calculations performed by van Loon & Bouma (1978) on water 
uptake by roots resulted in E^ «425 mm, which is close to curve EvX 
II in Fig. 50. 

Comparison of computed and measured soil moisture contents 
showed that Method I gave better results than Method II. Later it 
will be shown that prediction of actual yield with the transpiration 
data of Method I gives a closer approximation of measured produc
tion than the data of Method II. 

Finally it can be concluded that the model computations compare 
favourably well with field data. The actual transpiration rates com
puted with the SWATR model can, if so desired, be introduced now 
in CROPR to calculate actual production. 

8.4 Numerical experiments 

It was shown that experimental verification of the SWATR model 
gave reasonable agreement between measured and calculated values 
of soil water content, transpiration and evapotranspiration. The 
model was applied to certain local conditions. Can the model be 
extrapolated for different crops, soils, meteorological and agricul
tural conditions? In general, it is necessary to know about how a 
system behaves to be able to guide actual soil water management 
and future field experiments with the aid of simulation. Thus 
numerical experiments are of great importance. 

Sensitivity analysis is generally applied to evaluate the effect of 
structural changes in a model and to determine the relative impor
tance of parameters and boundary conditions. For example, the 
effect of a structural change in SWATR was evaluated by comparing 
two different concepts of the upper boundary condition: the'flux 

100 



boundary condition and the moisture content boundary condition. 
Sensitivity analysis connected with the variation of input values 
include all the initial and boundary conditions and all parameters of 
the model. Changes in output values are a measure of the change in 
overall system behaviour as compared with the reference case. It is 
useful to evaluate how an error in each parameter affects the overall 
system performance. Examples of sensitivity analysis for ecological 
system models are given by Miller (1974). 

In our numerical experiments with the SWATR model, input data 
are: 

- initial condition of soil water content 
- upper boundary condition 
- lower boundary condition 
- potential transpiration 
- depth of root penetration 
- differences in physical properties of soil layers 
- parameters of sink term, as anaerobiosis point, limiting point and 

wilting point 

Output data are: 

- soil water content 
- water uptake by roots 
- actual transpiration (cumulative over time) 

For a sensitivity analysis of the SWATR model we changed the 
following inputs with respect to the red cabbage reference case: 
initial water content in the soil profile, upper boundary condition (as 
a water content at soil surface), lower boundary condition (as a 
differently fluctuating groundwater table), soil profiles (two soil 
layers with different hydraulic conductivities and water retention 
curves), sink terms (described by different anaerobiosis, limiting and 
wilting points). For all cases the values for both the potential 
transpiration rate and the advance of the rooting depth were taken 
to be the same as in the reference case of the red cabbage experi
ment. 

The following situations were compared: 

A. reference conditions for initial water content, upper and lower 
boundaries as registered in the field during the experiment, with 
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the same soil profile of loose clay over dense clay (actual field 
data), sink term with pressure head values i/rj = —40, i/r2 = —630 
and 1̂3 = -15,000 cm. 

B. the initial and boundary conditions, soil profile and rooting 
depth as given under A, but the sink term with pressure head 
values ^x = -32.5, ife = -500 and t̂ 3 = -20,000 cm. 

Differences in shape of the sink term (see Fig. 7) will affect actual 
transpiration as an output of the model. For Case B a 10% higher 
transpiration was found than for Case A. Even relatively small 
changes in sink function will affect the system. 

The next numerical experiment was connected with the evaluation 
of the influence of initial and upper boundary conditions upon 
actual transpiration. For the situation of Case A, two changes were 
introduced: 

C. instead of the initial soil water distribution as measured on 21 
June for Case A, a dry soil moisture profile as actually measured 
in the field at the end of August was assumed and lower values 
of 0(z, t = t0) were taken; 

D. in Case A the soil water content at the surface was changed. 
Precipitation was assumed to be zero and water content at the 
soil surface was assumed to be similar to that on dry days in the 
middle of summer. 

The results of the simulation were somewhat surprising, because 
the actual transpiration, obtained for Cases C and D was slightly 
higher than for Case A, 6 and 8%, respectively. The drier soil 
appeared to be a better environment for the plant roots. 

Another sensitivity analysis was made by inducing changes in the 
soil profile. The situation described in Case B has a dense clay as 
subsoil. Now the subsoil was assumed to be a fine sand and 
parameters of clay over sand were introduced into the model. The 
cases can be described as: 

E. conditions as in Case B, but instead of the dense clay, a sandy 
subsoil. 

F. conditions as E, but the fluctuating groundwater table changed 
to a constant depth of 100 cm and a dry soil surface with no 
precipitation. 
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The response of the model to these changes was negligible for 
Case E but higher for Case F. Actual transpiration for Case F was 
13.5% higher than for Case B. The explanation for the similar 
results of Case E and Case B is that in the wet range (subsoil close 
to the watertable) there is not much difference in upward flow from 
the groundwater table taking either clay or sand. The reason for the 
higher transpiration obtained in Case F is that less anaerobiosis is 
encountered with a constant watertable at 100 cm depth, than with 
the fluctuating one, yielding a higher root water uptake. 

In the following four computer drawn figures, one can get an 
impression of the main features of water content and root water 
uptake versus depth, in time. 

water content G (cm3.cm3) 

Fig. 51. Computer drawn variation of water content 0 versus depth and time 
for Case A. 
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In Fig. 51 (Case A) the upper boundary condition was given as a 
soil water content. At the bottom a fluctuating groundwater table 
was present. One can see that higher soil moisture contents at the 
soil surface (after rains) induce high water contents deeper in the 
profile. The lowest moisture content in the topsoil occurred during 
August because of intensive water uptake by roots and almost no 
rainfall. Because the topsoil is more porous than the subsoil (0.60 
against 0.50), the water content in October, after a rise of the 
groundwater level, is much higher in the upper part of the soil 
(above 40 cm depth) than in the lower part (below 40 cm depth). In 
Fig. 52 (Case D), data are presented for zero rainfall. Influence of 
zero rainfall on the redistribution of water is not large in this soil, 
because the capillary supply from the fluctuating groundwater table 

Fig. 52. As Fig. 51, but for Case D. 
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Fig. 53. Computer drawn variation of root water uptake rate S versus 
depth and time for Case B. 

was already dominant, as one can see from comparing Figs. 51 and 
52. This behaviour indicates the importance of groundwater in 
water supply to crops. 

In Fig. 53 (Case B) water uptake by roots is shown. Development 
of the roots can be seen from the left side of Figs. 53 and 54 by an 
increase of the sink term at larger depths. Later root development 
was limited to a depth of approximately 80 cm. From Figs. 53 and 
54, it is evident that the mean rate of water uptake during Sep
tember and October was much lower than during summer. The 
highest uptake (over a small depth) was found for the shallowest 
rooting depths, just after planting of red cabbage after 21 June. 
Random daily distribution of uptakes is connected with random 
values of evaporative demand of the atmosphere. A fluctuating and 
-datively shallow groundwater level causes anaerobic conditions in 
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Fig. 54. As Fig. 53, but for Case F. 

the subsoil resulting in zero water uptake. This feature is clearly 
visible in Fig. 53 during the end of September and the whole period 
of October. This behaviour is not present at all in Fig. 54, where the 
groundwater level was kept constant at a depth of 100 cm. Uptake 
of water was limited here only by a certain maximum penetration of 
the root zone. Different patterns of water uptake can be observed 
close to the soil surface as well. Figs. 53 and 54 indicate that it would 
be interesting to study the limits for water uptake in relation to 
overmoistening of soil. 

A more detailed sensitivity analysis was made to check the 
influence of the sink term function on actual transpiration. The 
purpose of this exercise was to investigate the effect of ^i and fc °n 
the cumulative water uptake by the roots. The parameters used in 
the investigations are specified in Table 9. 

In Fig. 55, computed values of cumulative transpiration are 



airy Table 9. Values of fa (corresponding with gas *filled porosities 0, 
cm3.cm"3), fa, fa (cm) and L?a (cm) used in the computations, the results of 
which are presented in Fig. 55 

Case 

1 
2 
3 
4 

Upper layer 

<Ai 0air 

-32.5 0.05 
-32.5 0.05 
-32.5 0.05 
-40 0.06 

fa 

-1000 
-1000 
-500 
-630 

^ 3 

-15 000 
-15 000 
-15 000 
-15 000 

Lower layer 

^1 Oair 

-23.1 0.02 
-183.2 0.05 
-183.2 0.05 
-40 0.025 

fa 

-1000 
-1000 
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Fig. 55. Cumulative transpiration for Cases 1-4 as defined in Table 9. 

presented for different values of fa and fa. Computations were 
performed for a period of 130 days, taking i/r3 = — 15,000 cm and 
L™ = 5 cm. Too low (dry) values of fa result in too low values of 
cumulative transpiration. This result is not surprising as it is gener
ally known that for various vegetable crops the admissable pressure 
head at which soil moisture begins to limit plant growth is about 
-400 to -500 cm (Feddes, 1971). One can observe that differences 
in fa of the lower layer have the largest influence upon cumulative 
transpiration. The highest cumulative transpiration is obtained at 
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the lowest value of ̂  (Case 1, 0air = 0.02). Increasing 0air from 0.02 
to 0.05 yields a strong reduction in cumulative flow (Case 2). The 
effect of changes in fa seems, at least for the situation investigated, 
to be of less importance (compare Case 2 with Case 3). Keeping this 
small effect of changes in fa in mind one will notice the sharp 
reduction in flow due to a rather small change in fa when comparing 
Case 1 (0air = 0.02) and Case 4 (0air = 0.025). There is some experi
mental evidence that with enough air present in the upper part of 
the root zone, water can be extracted by roots in the lower part of 
the root zone under nearly water-saturated conditions. It should be 
emphasized that investigations dealing with effects of anaerobiosis 
upon growth should provide the model user with clear insight about 
aeration limits of the crop occurring under different external condi
tions of the soil-plant-atmosphere system. 

8*5 Conclusions 

The model SWATR was verified with two field experiments. The 
first one concerned a water balance study on red cabbage grown on 
clay, the second one a soil tillage study on potatoes grown on a loam 
sand. Both crops were grown under the influence of a watertable. 

For the first case good numerical results were obtained in simulat
ing cumulative soil evaporation, transpiration as well as soil mois
ture content. In the second case, two different methods were applied 
in describing the bounSary conditions at the soil surface. Although 
the model did not predict distribution of soil-water content with 
depth in accurate detail, cumulative effects over the entire depth 
yielded values that are encountered in practice. 

From the sensitivity analysis it can be concluded that relatively 
small changes in the sink function may affect the system. For roots 
growing in very wet soil, water uptake may become limited because 
of anaerobic conditions, as is especially true for roots growing near a 
fluctuating groundwater table: small variations in the anaerobiosis 
point may then considerably affect transpiration. This behaviour 
^nphasizes the need for a closer study of the effects of anaerobiosis 
upon water use by plants. 

From the material presented it may be concluded that the rather 
simple model SWATR can provide a useful tool in solving actual 
flow problems in the field. 

If desired the actual transpiration rate obtained as an output from 
SWATR can be used as an input to the model CROPR. 

108 



9 Program for crop production, CROPR 

9.1 General description 

Program CROPR (see the flow chart, Fig. 56) consists of a main 
program and two short subroutines: 

SQUE - solves quadratic algebraic equations, 
TEINF - calculates the influence of temperature on production if 

ALFA is given as table of temperature TEM: L(8) = 2. 

The program is built up in two parts: 

Part 1: calculates the potential dry matter yield of the crop, 
Part 2: calculates the actual dry matter yield of the crop. 

If only Part 1 is used, L(7) must be set equal to 1. To calculate 
crop production, the following values must be prescribed be
forehand for Part 1 and Part 2 respectively: 

Part 1 of CROPR 

BETA - ratio /3h of harvested part over total plant production 
PHF - photorespiration factor <f)r to account for respiration losses 
WG - latitude of the area concerned 

ALFA - parameter aT to account for the influence of temperature 
on production. 

In CROPR three possibilities are provided: 

Case 1-L(8) = 0: ALFA = SIN(II(TEM+AL)/BL) 
for TEM<0.5BL-AL (9.1) 

ALFA=1.0 for TEM^0.5BL-AL 
Case 2 - L(8) = 1: ALFA = 1 - (TEM - AL)2/BL2 (9.2) 
Case 3-L(8) = 2: as a table of TEM 

L - 12 values describing the dimension of the array and governing 
the computation process 
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c 
(START PROGRAM CROPR^ 

T 
READ general information 

READ data to calculate potential 

production: BETA, PHF, WG, AL, BL, 

ALTE, TAB (10, 12, 3), D(12) 

and daily values: TEM, SC, SRF 

READ data necessary to calculate 

actual production: A, FKSI 

and daily values: EP, RH 

I 
PRINT BETA, PHF, WG, L(8), AL, BL, ALTE 

I 
CALCULATE RC, PC, PO for latitude WG 

I 
PRINT D, RC, PC, PO, TEM, SRF, SRC 

y«» 

CALCULATE influence of te^erature 
L(8) - 0: ALFA - SIN(w(TEM*AL)/BL) 
L(8) - 1: ALFA - 1-(TEM-AL)2/BL2 

I TEINF I 
-#-^CALL T E I N F N — -J influence of tenperature on | 

| production using ALTE I 

I 
CALCULATE and PRINT 

PRC - potential rate of growth 

PCY - potential yield 

J 

Fig. 56. Flow chart of the main operations of program CROPR. 
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no PRINT DAY, TBI , EP, 

RH 

jrta 

PRINT DAY, EP, VPD 
CALCULATE VTD 

f(TEM, WO 

_£ 
I 

EQUATION OF ACTUAL YIELD 

I SQUE 
> v I "*" I 

C CALL S Q U E N - - - - I actual growth rate from | 
^ • ' I quadratic yield equation J I 

CALCULATE and PRINT 

ARC - actual daily rate of growth 

ACY - actual cumulative yield 

DPAY - difference potential and 

actual yield 

Fig. 56 continued 

TAB (10,12, 3)-which consists of 3 times 120 values: of the solar 
radiation flux (RC) involved in phosynthesis (0.4 
to 0.7 iim) on clear days (W.m~2), of potential 
photosynthetic rates on clear days (PC) and of 
potential photosynthetic rates on overcast days 
(PO) in kg.ha"l.day"1. These values are presented 
in Table 6 for 10 different northern latitudes 
(0°, 10° , . . . , 90°) and 12 different points in time, 
which have to be prescribed in array D(12). 

In addition to the above mentioned data, the following daily 
values must be given: 

TEM - temperature of the air at 2 m height 
SC-soil cover (fraction) 

SRF-daily values of actual solar radiation flux; if L(9) = 0 in 
W.m"2, otherwise in cal.cnT^day""1. One must notice that if 
SRF is prescribed, the value of L(10) must be set equal to 0; 
if L(10) ̂  0, the degree of cloud cover CLO must be used as 
input. 
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Part 2 of CROPR 

A-initial slope of the ratio q over EpJAe, i.e. maximum effi
ciency of water use (Eqn 6.8) 

FKSI - mathematical flexibility constant in growth equation 6.11; it 
is recommended to set FKSI equal to 0.01 

EP-daily values of actual transpiration rate (mm.day"*1) obtained 
as an output from program SWATR, or from other sources 

RH-if L(12)#0, daily values of relative humidity of the air 
(fraction), otherwise daily values of vapour pressure deficit 
VPD in mbar. VPD can, for example, be obtained from 
program SWATR, if the boundary condition at the soil 
surface is prescribed by meteorological and other external 
conditions 

Other remarks 

In CROPR the statement 'EQUIVALENCE' is used. As a maxi
mum input one can use 365 daily values (1 year); for ALFA as a table, 
of TEM 10 values. 
RH - collects values of relative humidity RH and vapour pressure 

deficit VPD 
SRF - collects values of solar radiation flux SRF, of cloudiness CLO 

and of potential rate of growth PRG 
SC-collects values of soil cover SC and of potential cumulative 

yield PCY 
Daily totals of light on clear days RC, of photosynthetic rates on 

clear days PC and on overcast days PO for different latitudes, can be 
obtained from the data given in Table 6 using linear interpolation. 
From the graphical presentation of RC, PC and PO for 15 June 
depicted in Fig. 57, one can state that for latitudes between 0° and 
60° a linear variation of RC, PC and PO can be assumed. This 
approach seems unsatisfactory for latitudes between 60° and 80°, 
particularly for the estimation of PC. Using linear interpolation also 
for this range, the error in estimating RC, PC and PO is less than 2 
to 3%, however. On the other hand, the variation of RC, PC and 
PO with time is rather far from linear (see Fig. 22). Description of 
these variations by sine curves give rather good approximations. 
Assuming that the maximum values occur on 22 June (174 days 
after the beginning of the year) the periodicity of the sinus function 
can be expressed as 
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Pc ,P0(kg.hcf\day1) 

Rc (W.m2 ) .'' 
600 r / 

500 
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Rc 

J I 
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north latitude 

Fig. 57. Daily totals of gross photosynthesis rate on 15 June for various 
northern latitudes of a 'standard canopy' on clear days (Pc) and on overcast 
days (P0), as well as solar radiation flux R* involved in photosynthesis (data 
taken from Table 6). 

cu = 7r/348 (radians) (9.3) 

For a certain point in time T between for example RC(I) and 
RC(I+1) one can write 

T(I)^T^T(I+1) 

R C A -R C«>+sm<J%tXlU)) [ s l N ("^ 
-SIN(o>-T(I)] (9.4) 

Similar expressions can be written for PCA and POA, i.e. for 
values of potential photosynthetic flux for clear days (PC) and for 
overcast days (PO) at actual time T. 

If L(10) = 0, the solar radiation flux on actual days SRF is used. 
For L(10)?£0, cloudiness CLO is used. The mean fraction of time 
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the sky under the actual condition is overcast, DELTA, is found 
from 

DELTA = (RCA - 0.5 * SRF(J))/(0.8 * RCA) (7.3) 

The mean gross potential photosynthetic flux of the standard 
canopy is then obtained from the expression 

P$t = DELTA*POA + (1.0-DELTA)*PCA (7.2) 

The output of CROPR is simultaneously given in a numerical and 
in a graphical form. The maximum yield to be plotted is 400 units of 
lOOkg.ha"1. 

9.2 Field experiments 

9.2.1 Red cabbage on sticky clay 

In addition to the details given in Section 8.2.1, the following 
production experiments were carried out. Fresh and dry weight 
production of leaves and heads were measured weekly. At the same 
time the shoot/root ratio was estimated on a neighbouring sandy 
loam where the total root weight could be easily obtained. The ratio 
for the clay profile was approximated from the sandy loam data, 
measured differences in rooting depth being taken into account. 

9.2.2 Potatoes on loamy sand 

In addition to the details given in Section 8.2.2, the following 
production experiments were carried out. The fresh and dry weight 
of the foliage was measured for all treatments, on 14 June and 16 
August. Tuber weight was determined on 12 July, 16 August and at 
maturity on 20 September. At every harvest, three plots of 6 m2 

each per treatment were lifted. 

9.2.3 Grass on silty clay 

A field experiment of grass production on a deep profile of silty 
clay, and a silty clay (30 to 40 cm) over medium and fine sand in the 
polders of the River Vistula area (Poland) was performed by Bran-
dyk & Trzeciecki (1976). Data from this experiment were used to 
compare theoretically computed potential yields with actual data 
obtained under optimum conditions. During the experimental 
period the groundwater level was relatively shallow with a depth of 
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approximately 80 cm. The fluctuations in the groundwater table 
were relatively small as a result of subsurface irrigation from 
ditches. Only data from the relatively wet year 1972 have been 
considered, since over the 10 years of the experiment only in this 
year there was no shortage of water in the soil observed during the 
whole growing season. Fertilizers were applied three times: in spring 
and after the first and second cut every time 60kgN, 18kgP and 
30 kg K per ha. Grass was cut at the end of May, July and Sep
tember. Every 10 days, growth was measured 6 times on 1 m2 plots. 
The calculations of potential production were checked against the 
highest values of measured yields. 

9.3 Experimental verification 

9.3.1 Red cabbage on sticky clay 

For the simulation of the dry matter production of red cabbage 
(from 21 June to 31 October, 1967) the field data as reported by 
Feddes (1971) were used. The following input data were applied: 

Ratio of harvested part of the plant over total production BETA For 
red cabbage on sandy loam a constant shoot/(shoot plus root) ratio 
of 0.90 was found during the growing season. The same ratio held 
for cabbage grown on sandy loam covered with clay. This crop had 
an effective rooting depth of 40 cm, similar to that in the sandy 
loam. In accordance with the larger rooting depth (up to 83 cm) in 
the sticky clay profile a ratio of 0.885 was adopted. Thus BETA = 
0.885. 

Photorespiration factor PHF The first author compared computed 
maximum production rates with dry matter production rates ob
tained from periodical harvests. From linear regression of measured 
on computed production, reduction factors were derived for red 
cabbage grown on clay, sandy loam and clay on sandy loam. For the 
pooled plots a value PHF = 0.51 was found. This value is quite low 
when compared with data found by other investagators for different 
crops. One has to realize, however, that on some of the plots 
investigated lack of water, nitrogen deficiency or air deficiency was 
observed. In general the reduction factor should be determined 
under optimum conditions of water supply, nitrogen supply, etc. 
Therefore in the calculations a PHF value of 0.56 was adopted, 
being the highest value obtained on the clay on sandy loam plot, 
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where both nitrogen and water availability were the most 
favourable. 

Latitude of the area concerned WG The latitude of the Geest-
merambacht experimental area in the Netherlands is 52° = WG. 
Values of solar radiation on clear days (RC), potential photosyn
thesis rates on clear days (PC) and on overcast days (PO) were taken 
by interpolation from Table 6 for this latitude [in the program 
TAB(10,12,3)]. 

Influence of temperature on production ALFA According to in
terpretation of the research work of Wiebe (1975) on the influence 
of temperature on the production of cabbage, we took for red 
cabbage the curve 

ALFA = sin[n(TEM+2.0)/44.0] for TEM<20°C (9.1) 
ALFA =1.0 for 20°C^TEM^25°C 

This pertains to Case 1 in the program and to the red cabbage line 
in Fig. 24. 

Daily values of TEM, SC and SRF These were taken from the 
field or the meteorological station. For SRF we used units of 
cal.cm^.day-1 (L(9) = 1). 

The above mentioned data were used for the calculation of 
potential crop production. In order to calculate actual production 
the following additional input data were used: 

Water use efficiency A From data of Feddes (1971) of measured 
production versus measured E/Ae obtained for clay, sandy loam and 
clay on sandy loam an overall maximum slope A = 
lOOkg.ha^.mnT^mbar was found. 

Mathematical constant FKSI This constant appears in Eqn (6.11). 
A value FKSI = 0.01 was chosen. 

Daily values of actual transpiration EP These values were obtained 
as an output in the form of a table from program SWATR. For a 
plot of actual transpiration as a function of time, see Fig. 46. One 
should notice that the symbol EP in CROPR means actual transpi
ration rate, in SWATR potential transpiration rate. 
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Daily values of vapour pressure deficit VPD These values were 
obtained as an output from SWATR, as performed by subroutine 
PARAM. 

All the data used as an input in CROPR are listed in Section 
11.3. 

Only one cabbage plant per treatment was harvested at one time 
to avoid destroying too many plants by weekly harvests. With a 
heterogeneous crop like cabbage, a relatively large variation in dry 
matter production is then to be expected. This variation is reflected 
in the scatter of the yield data. At the end of the growing season, 
the cabbage crop of the entire field was harvested, so a rather 
representative final dry matter production could be determined. 

In Fig. 58 a graph is given of cumulative dry matter yields versus 
time, i.e. computed potential, computed actual and measured actual 
yield, respectively. It is seen that calculated actual yield compares 
quite well with the measured actual yield. The measured 'single 
cabbage points' show a random scatter around the calculated actual 
curve but final yield was predicted quite well. The potential produc
tion amounts to 9.32 ton.ha"1 (ton= 103 kg). The actual production 
was 8.19 ton.ha""*. Thus the difference between potential and actual 
production was 12%. 

r*d cabbage yield 
(ton.hd1) 

10 n 

S -

6 -

4 -

2 -

O L 

- - © 

* measured Individual 

• m#o»ur»d final yield 

pot 

'act 

iU « L ' -r~*—i 1 i i 1 « ' ' ' ' ' 
T Z 180 190 200 210 220 230 240 250 260 270 280 290 300 310 

time(days) 
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Fig. 58. Computed potential Q^ and computed actual Q^, cumulative 
crop yield as compared with measured data for the case in Fig. 35. 
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Fig. 59. Variation in computed potential growth rate 4x>t, computed actual 
growth rate q ,̂, as well as the derivative dO^Jdt of computed actual yield 
curve of Fig. 58 for the case in Fig. 35. 

In Fig. 59 the variation of both the potential and actual rate of 
growth with time is shown. The growth rate was small in the 
beginning (when plants were still small), then rapidly increased to a 
maximum in August and the beginning of September, and then 
slowly decreased in September and October. At the end of October 
the growth rate was similar to that occurring around the middle of 
July. Also drawn in Fig. 59 is the derivative of the computed actual 
yield curve of Fig. 58. This curve is an indication for the average 
variation in growth rate during the growing season. 

9.3.2 Potatoes on loamy sand 

For the simulation of the dry matter production of potatoes (from 
10 May to 16 August, 1976) the following particular input data 
were applied (for non-specified input data see Section 9.3.1): 

Ratio of harvested part of the plant over total production 
BETA This factor was experimentally determined and changes 
strongly with time as is shown in Fig. 60. During the first 30 days 
this factor is zero. From then on it is increasing heavily, reaching a 
value of 0.6 within three weeks. After this period it increases 
relatively slowly towards a value of 0.79 at the end of the period 
considered. Increase in production then is mainly due to an increase 
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Fig. 60. Distribution of foliage and root production as against tuber pro
duction during the year 1976 for the case in Fig. 48. 

in tuber weight. For this crop BETA then can hardly be a constant 
with time. Now one can follow two ways in the program either 
taking BETA varying with time and adapt the program (by inserting 
BETA as a table or a function of time) or set BETA equal to 1.0, 
calculate total production and correct total production afterwards 
with Fig. 60 to find the dry matter production of the tubers. We 
chose the second approach. 

Photorespiration factor PHF From Burton's data (1964) (see also 
Beukema, 1972) who estimated a C0 2 balance of growing potato 
Plants in the field, it can be derived that at 20°C, PHF = 0.81. From 
this value one might conclude that a potato crop is highly efficient in 
its production. 

Influence of temperature on production ALFA According to data of 
Winkler (1961), ALFA was described by the curve given for 
potatoes in Fig. 24. The input was in the form of a table [Case 3 in 
the program, L(8) = 2]. 

Water use efficiency A For the 'average' years of 1961 to 1966, 
Rijtema & Endrodi (1970) report an A value of 
154 kg.ha"1.mm"1.mbar. For the very dry year of 1959, they found 
A=«260, but remarked that, according to the procedures they 
applied, actual transpiration might have been underestimated. As 
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act Fig. 61. Comparison of computed potential Qvox and computed actual Q 
dry matter yield with measured data, taking into account different ap
proaches for estimation of potential surface flux boundary conditions for the 
case in Fig. 48 (see also Fig. 50). 

the tendency is towards higher A-values for dry years, we took, for 
the dry year 1976 an average of the two mentioned values, i.e. 
A = 207 k'g.ha"1.mm"1.mbar. 

Daily values of actual transpiration EP The output of the applied 
Methods I and II (see Section 8.3.2) of SWATR were used as input 
data. 

The main results of the computations are presented in Fig. 61, 
where potential yields (Qpo,), actual yields (Qact) according to 
Methods I and II and measured yields of tubers are shown. During 
the first 30 days of the growing season, computed potential tuber 
yield was below the measured yield. This is probably due to an 
underestimation of the fraction of soil covered (Sc) in the beginning 
of the growing period. The maximum final production to be reached 
for the conditions and period considered is 18.6ton.ha~1. Looking 
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at the computed actual yield curves, we see that with the boundary 
conditions taken according to Method I, the best prediction of final 
actual yield is obtained. With Method II a too low production is 
predicted during the final part of the growing season. It seems 
that there the measured growth rate is about 300 kg.ha"1.day~1. 
This gives a steeper slope than for Q^i theoretically a potential 
growth rate of about 230kg.ha~1.day~1 is possible. So one might 
conclude that actual measured plot yields were somewhat too 
favourable. 

9.3.3 Grass on silty clay 

For the simulation of potential dry matter production of grass 
(from 1 April to 27 September, 1972) the following particular input 
data were applied (for non-specified input data see Section 9.3.1): 

Ratio of harvested part of the crop over total production BETA For 
grass, root production usually amounts to some 50 to 60% of the 
production of tops, which is larger than that of other crops. In 
spring, the production rate of new roots is about two to three times 
that in summer (Williams, 1969; Rose et al., 1972). Thus the value 
of BETA may range from 0.3 to 0.8 during the growing season. 
According to Kowalik (1973) an average value of BETA = 0.6 was 
adopted. 

Photorespiration factor PHF According to de Wit (1969), this 
factor varies for grasses from about 0.5 to 0.7. Therefore an average 
PHF = 0.6 was taken. 

Latitude WG The northern latitude of the area under considera
tion was 54° = WG. 

Influence of temperature on production ALFA For this factor the 
curve for grass of Fig. 24 was taken. 

Water use efficiency A According to Kowalik (1973) a value 
A = 68.5 kg.ha^.mnT^mbar was taken. 

Daily values of actual transpiration EP As the year 1972 was wet, 
actual transpiration approached potential transpiration, which was 
calculated with Eqn 3.33. 
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Daily values of vapour pressure deficit VPD These values were 
derived from data of air temperature and air humidity. 

Cloudiness factor CLO The fraction of cloud cover was taken from 
estimates made three times a day; L(10) T± 0. 

The main results of the computations on growth rates and 
cumulative yield are presented in Fig. 62. As the measured yields in 
1972 were the highest over the 10-year period of investigation, it 
was assumed that yields were close to potential yields. After mowing 
usually a regeneration period occurs, in which the leaf area index 
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Fig. 62. Comparison of computed potential growth rate q^ and potential 
yield O^ with measured maximum yield data of a grass crop in a wet year. 
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must be corrected. It was assumed that within 20 days the full leaf 
area index again was reached. The values of q^ were multiplied by 
a coefficient of 0.05 for the first day, of 0.10 for the second day and 
so forth, taking steps of 0.05 per day until the 20th day after 
mowing, for which the coefficient was set equal to 1. 

The variation in growth rate during the year is clearly shown in 
Fig. 62. Maximum growth rates are reached in June and July. 
Computed potential cumulative yield agrees fairly well with the data 
measured on both soil types. 

From the relatively good agreement between measured and com
puted yields, it can be concluded that the CROPR-model is also 
useful for calculating crop yields of grasslands. 

9.4 Numerical experiments 

The general discussion presented in Section 8.4 about the neces
sity of a sensitivity analysis for the SWATR model also applies to 
the CROPR model. 

The parameters of CROPR subjected to a sensitivity analysis are: 

- coefficient of photo respiration 4>r 
- coefficient of the temperature influence on the rate of growth aT 
- coefficient of the harvested part of plant /3h 
- flexibility constant £ as influenced by all growth factors 
-water use efficiency A 
- rooting depth L,. 
- soil profile. 

Two series of analyses were made. In the first series the response 
of potential yields of red cabbage for changes in <f>r, (3h and aT was 
evaluated. The second one evaluated the response of actual yield to 
changes of the coefficients A, £, of the value L„ and of the soil 
profile. 

9.4.1. Influence on potential yield Q, pot 

A. changes in photo respiration coefficient <f>r; with 0h=O.9O and 
<*r = 1 for temperature^ 17°C: 

4>r = 0.51 -> Opoe = 9,108 ton.ha"1 

<fc = 0.60 -> Opot = 10,708 ton.ha"1 

B. changes in coefficient of harvested part of plant j3h; with <f>r = 
0.56 and aT = 1 for temperature ^20°C: 
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0h = 0.90 -> O ^ = 9,475 ton.ha"1 

^K = 0.885 -> O ^ = 9,315 ton.ha"1 

C. changes in temperature coefficient aT; with <£r = 0.56 and /3h = 
0.885 

aT = 1 for temperature ^\TC-»Qvot = 9,834 ton.ha""1 

aT = 1 for temperature ^20°C-> Opot = 9,315 ton.ha"*1 

Of course the results depend on the meteorological conditions in 
the year of study (1967). They provide, however, at least an 
impression of the order of magnitude of the differences in potential 
yield that can be expected when changing the values of the various 
coefficients. 

9.4.2. Influence on actual yield Q act 

D. changes in water use efficiency A; with <£r = 0.60, |3h=0.90, 
aT = l for temperature "M7°C and £ = 0.01: 

A - 80 kg.ha^.mm^.mbar -» Qact = 8.22 ton.ha""1 

A = 100 kg.ha^.mnT^mbar -> Q^, = 9.04 ton.ha""1 

E. changes in flexibility constant £; with <f>r = 0.60, j3h = 0.90, aT = 1 
for temperature >17°C and A = 100: 

£ = 0.01 -> O ^ = 9.04 ton.ha""1 

£ = 0.04 -» Qact = 8.26 ton.ha""1 

F. changes in rooting depth, L,; with <£r = 0.56, ^h = 0.885 (0.90), 
aT = 1 for temperature ^20°C, A = 100 and £ = 0.01: 

L, = 82.5 cm (as in A, B, C, D and E) ->Qact = 8.19 ton.ha"1 

L, = 42.5 cm ->Qact= 7.00 ton.ha"1 

G. changes in soil profile; with $ r = 0.56, 0H=O.9O, aT = l for 
temperature ^20°C, A = 100, £ = 0.01 and L, = 42.5cm: 

clay over sandy loam -> Q ^ = 8.24 ton.ha"1 

clay over clay - • Q ^ = 7.00 ton.ha"1 

From the results presented and for the situations investigated it 
seems worthwhile to give attention to a proper estimation of A and 
also of £. From Case F it is clear that when the rooting depth on clay 
is reduced, a relatively strong reduction in yield may be expected. 
This is caused by the limitation set by this soil to transport water 
from the groundwater table to the relatively shallow root zone. A 
subsoil of sandy loam (Case G) improves the water transmitting 
properties considerably. Case G is illustrated in more detail in Fig. 
63. Comparing actual yield of the clay covered sandy loam with 
42.5 cm rooting depth (Fig. 63) with the yield curve obtained on the 
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Fig. 63. Computed potential Q^ and computed actual Q^ yield of a red 
cabbage crop on two different soil profiles with a restricted rooting depth of 
42.5 cm. 

clay soil with 82.5 cm rooting depth (Fig. 58), i.e. Case F for 
1+ = 82.5, we see that there is practically no difference. 

9.5 Conclusions 

With CROPR the potential and actual yields of red cabbage on 
sticky clay, potatoes on sandy loam and the potential yield of grass 
on sUty clay and silty clay over sand was simulated. For the cases 
investigated it was shown that actual yields for red cabbage and 
potatoes and the potential yield for grass could be predicted fairly 
well. 

From the sensitivity analysis it can be concluded that a proper 
estimation of the water use efficiency of a crop and the mathemati
cal flexibility constant is relatively important. 

The need of a soil profile that offers no restriction to root growth 
was quantified, as well as the importance of a subsoil which can 
transmit water easily from the groundwater table to the root zone. 

The material presented did show that with model CROP it is 
possible to predict with fair accuracy the dry matter production of a 
crop. 
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10 Execution of SWATR 

10.1 Listing: of program 

1= PROGRAM SUATRCINPUT.0UTPUT3 
2=C*«***SIMULATI0N MODEL OF SOIL UATER DYNAMICS FOR LAYERED SOIL PROFILE 
3=C*»*»*WITH FLUCTUATING WATER TABLE AND UATER UPTAKE BY ROOTS 
4*C*****THIS PROGRAM IS DEVELOPED BY R.A.FEDDES,INSTITUTE FOR LAND AND 
S=*C»*«**WATER MANAGEMENT RESEARCH,P.O.BOX 35,6700 AA WAGENINGEN, 
6*C*****THE NETHERLANDS? P.3.KOWALIK,INSTITUTE OF HYDROTECNICS,TECHNICAL 
7=C*****UNIVERSITY,P.0.B0X 612.80-952 GDANSK,POLAND? H.ZARADNY,INSTITUTE 
8=C*****0F HYDRO- ENGINEERING,POLISH ACADEMY OF SCIENCES,UL.CYSTERSOU 11. 
9=C**#**80-9S3 GDANSK,POLAND. 

10=C 
11=C THE NAME OF THIS PROGRAM CONSISTS OF THE FIRST LETTERS OF 5 WORDS: 
12=C *SOIL*,*UATER»,#ACTUAL*,*TRANSPIRATION*,*RATE*-I.E.-S-U-A-T-R-
^3=C 
i4=C=====THE FOLLOWING VALUES MUST BE PRESCRIBED: 
1S=C THE INITIAL CONDITION-VALUE OF THETACTHEN KODCS3=03 
16=C -K0DCS3=1 MUST BE SET 
17=C -SUCTIONCNEGATIVE VALUE OF PRESSURE HEAD3, 
i B = c T H E BOUNDARY CONDITIONS CDAILY VALUES3: 
19=C AT THE BOTTOM-DEPTH OF UATER TABLE 
28=C AT THE SURFACE-A3 TEM-TEMPERATURE OF AIRCDEGREES CELCIUS3 
21=C RH-RELATIVE HUMIDITY OF AIRCFRACTI0N3 
22=C U-UIND VELOCITY AT 2 M HEIGHTCM/S3 
23=C HNT-NET RADIATION FLUXCU/M**2 IF LC73=0,OTHER-
24=C WISE IN CAL/CM**2/DAY IF LC73>83 
2S=C CH-CROP HEIGHTCCM3 
26=C SC-SOIL C0VERCFRACTI0N3 
27=C FLUX-PRECIPITATI0NCMM/DAY3 
28=C FOR CASE A K0DC6 3=2 
29=C OR B3-EP-P0TENTIAL PLANT TRANSPIRATI0NCMM/DAY3 
38=C FLUX-SURFACE FLUX-CUP:SIGN-,DOUN:SIGN+3CMM/DAY3 
31=C SGL-CRITICAL VALUE OF SUCTION AT THE SURFACECCM3 
32=C FOR CASE B KODC63=1 
33*C OR C3-THETACCM**3/CM**33 IF KODC63=0 
34=C THE DEPTH OF ROOT Z0NECCM3 
3S=C 
36=C HYDRAULIC PARAMETERS OF SOIL MUST BE PRESCRIBED AS FOLLOWS: 
37=C IF K0DC1 '©-CONDUCTIVITY AS A FUNCTION OF SUCTION,SUCTION AS 
38=C A TABLE OF UATER CONTENT 
39=C IF K0DC13=1-SUCTI0N AS A FUNCTION OF UATER CONTENT, 
40=C CONDUCTIVITY AS A FUNCTION OF SUCTION 
41=C IF KODC13=2-SUCTION AND CONDUCTIVITY MUST BE GIVEN AS 
42=C A TABLE OF UATER CONTENT 
43=C 
44=C==«=«MAXIMALLY CAN BE USED: 
4S=C 36S-VALUES OF THE BOUNDARY CONDITIONC1 YEAR3 
46*C 80-VALUES OF PRESSURE HEAD AND CONDUCTIVITYCFOR EVERY LAYER3 
47*C 2S-N0DAL POINTS OF THE SOIL PROFILE 
48»C S2-0UTPUTS 

5§= INTEGER PRZ 
51" DIMENSION KODC6 3,IAC993,TEMC365 3,CHC3653,RHC3653,UC36S3,HNTC36S3, 
52= 1SCC365 3,FLUXC365 3,DWTC36S3,DRZC3653,CUC80 3,CLC80 3,SUC80 3,UCSC3653, 
53= 2SLC80 3,CHUC803,CHLC80 3,R1C253,R2C253.OKC2S3,WC2S3,W2C253.SC253. 
54= 3S1C2S3,S2C253.SN1C2S3,SN2C2S3,XC2S3,EPC36S3,SGLC36S3»IBC69 3,KACS3, 
55= 4HEDC283,TRC523,LC10 3,IXC52,25,S3,TRAC364 3.KMC12 3 
56* EQUIVALENCE CCH.EP3. CRH.SGL.WCS3. CSCDWT3, CHNT.DRZ.TRA3, CTEMt 1 3, 
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57= 1CHLC13 3.CTEMC813.CHUC13 3.CTEMC1613.SUC13 3.CTEMC2413.R1C13 3.CTEMC26 
58= 263,R2C13 3.CTEMC2913,QKC13 3.CTEMC3163.UC13 3.CTEMC3413.U2C13 3,CUC13» 
59= 3CLC133.CUC813.SLC133.CUC1613.CUC133.CUC2413.S1C133.CUC2663.S2C13 3. 
68= 4CUC2913.SC13 3.CUC3163.SN1C13 3,CUC3413.SN2C13 3,CIAC13,IBC13 3,CIAC70 
61 = S3.KMC133 
62- COMMON/CONDU/ CSAT 1,CSAT2.SUA1»SUA2,SUA3,SUB 1.SUB2»SUB3,SUC.SUD, 
63= 1SLA1,SLA2,SLA3.SLB1,SLB2.SLB3,SLC.SLD,CUA1,CUA2.CUA3.CUB1,CUB2. 
64= 2CUB3.CUC.CUD,CLA1,CLA2,CLA3,CLB1.CLB2,CLB3,CLC.CLD.K00C63»NNL.IU1. 
65= 3IU2,L6.SUCU,SUCL»LU,LL.MU.ML.FAC 
66= COMMON/BONC/ DUTC36S3»SGLC3653.EP C 365 3.DRZC 3653,FLUXC3653 
67" COMMON/SINK/ SM8 ,SMU1,SML1.SM2,SM3,GM,SMM,PRZ. AQ.BQ 
68= COMMON/FACT/ TEM.U 
69= COMMON/DECL/ HEDC203.LC103 
78= DATA KA/10H1B00*UC3 3 »10H 10*V . 10H 100*PF .10H 1000*0 #10 
7 1 s 1H10080*GR /,L3»L4.L5,L6.L7»L8»ITER,ITERM .ITIME/9*0/.GG.GG1.Z»ZZ. 
72= 2TINIT,RUNOFF.VOL1.SDELTA/8*0.0/.END/4HEND /.RESTAR/4HREST/.L1/K1/ 
73= NER=0 
74=10 READ 20* HEO 
75=20 FORMATC20A4 3 
76= IFCHEDC13.E0.EN0 3 STOP 
77=C=====GENERAL INFORMATION: 
78=C LU.MU.LL.ML-NUMBERS DESCRIBING LIMIT OF ARRAYCPRESSURE HEAD, 
79=C C0NDUCTIVITY3 
88=C NM-MAXIMUM NUMBER OF NODAL POINTS 
81=C NNL-NODAL POINT UHERE THE SOIL PROFILE IS LAYERED 
82=C L2-MAXIMUM NUMBER OF OUTPUT 
83=C IMAX-MAXIMUM NUMBER OF ITERATIONS 
84=C FAC.FAC1-TIME CONSTANTS DEPENDING ON UNITS USED IN PROBLEM 
85=C SUCU.SUCL-SATURATED UATER CONTENT OF UPPER AND LOUER LAYER 
86=C AA-FACTORC0.7<AA>1.03 
87=C RNAM.TB.TE-MAX. VALUE OF ROOTING DEPTH NON-ACTIVE AND: 
88=C BEGINNING AND END RNA OCCURS 
89=C SMB.SML1.SMU1.SM2.SM3.AQ.BQ-VALUES DESCRIBING SINK TERM 
98=C DT.STM.TM.USP.DS-STARTING TIME STEP AND VALUES DESCRIBING 
91=C VARIATION OF TIME STEP FOR NEXT STAGES OF COMPUTATION 
92=C STM-IT IS RECOMMENDED TO SET STM EQUAL TO 10«DT 
93=C TM-OUTPUTS TIME STEP 
94=C USP-IT IS RECOMMENDED TO SET USP BETUEEN 0.015 AND 0.035 
95=C DS-ESTIMATED MAX. TIME STEP OF C0MPUTATI0NCDTMAX=TM*DS3 
96=C DSP-DEPTH OF SOIL PR0FILECDSP=DX*NM3 
97=C EPS-MAXIMUM RELATIVE CHANGE IN THE VALUES OF SUCTION BETUEEN 
98=C ANY TUO SUCCESSIVE ITERATI0NSCFRACTI0N3 
99=C L-10 VALUES: LC13-FIRST DAY OF CALCULATIONCFROM BEGINNING OF YEAR3 

1®0=C LC23-LAST DAY OF CALCULATION 
*81=C LC33-NUMBER OF DAYS IN FEBRUARYC28 OR 293 
182=C LC43-DATE OF THE BEGINNING OF CALCULATION 
<83=C LCS3-FIRST MONTH OF CALCULATION 
<84=C LC63-LAST MONTH OF CALCULATION 
<8S=C LC73-IF EQUALS 8-NET RADIATION IN U/M##25 
<86=C IF EQUALS 1-NET RADIATION IN CAL/CM**2/DAY 
*87=C LC83.LC93.LC103-VALUES OF 0 OR 1 MUST BE SET 
^88= READ 30, K0D,LU,MU,LL.ML.NM.NNL.IMAX,L2.L 
189=38 FORMATC16IS3 
<10= READ 40. AA.SUCU.SUCL.RNAM.TB.TE 
111= READ 40.SMB,SHU1,SML1.SM2,SM3.BQ 
*12= READ 40.DT,STM.TM.USP.DS.DSP.EPS.FAC 
113=40 F0RMATC8F18.33 
114= IU1=MU-LU+1 
115= IU2=ML-LL-M 
116= ID=LC23-LC13"M 
117= AQ=1.0-BQ 
118= CALL PARAMCID.NM3 
119= CHLC13=TEMC13 
<28= CHUC13=TEMC813 
121= SUC13=TEMC1613 
122= UC13=TEMC3163 
123= CLC13=UC13 
124= SLC13=UC813 
125= CUC13=UC1613 
126= S1C13=UC2413 
<27= IFCKODC53.EO.83 CALL HEPRCU.S1.SU.SL.NM3 
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128= IFCKODCS3.EO.13 CALL UAC0CSU,SL,U.UCL,NH,S13 
129* AM*1.8 
138* BH*1.5 
131* STN*DT 
132= DT1*DT 
133* DX*DSP/NH 
134* 00 58 3=1.NH 
135* VOL1=VOLH-UC33*DX 
136* S2C33*S1C33 
137* XC33*DX«C3-8.S3 
133*58 CONTINUE! 
139* N*NH 
^40= N1*NH 
141* H1*DT/0X 
142* H2*H1/DX 
143* IFCKOOC43.EO.83 Z*1.8 
144* IFCKOOC43.EQ.23 Z=-1.8 
145* IFCKODC23.E0.13 READ 48, TINIT.GG,CTRC33,3=1,L23 
146* IFCKODC23.NE.13 TRC13»TH 
<47» T-TINIT 
148* TMA*T+TRC13 
149* IFCKODC63.E0.83 CALL HEPASCUCS,SU,I DD 
158* DXH*8.S*DX 
151= SSS*T+STI1 
152* TER1*GG 
1S3* KN*1 
154* YY1*GG 
1SS* TEE2*T 
156= LPA*L1 
157* FUT*FAC*CSAT2 
1S8*68 T*T+DT 
159* GG1*GG 
168* RUNOFF1=RUN0FF 
161* KY*LC13*KN 
162* IFCT.LE.KY3 GO TO 648 
163* IFCTM.EQ.1.8.AND.KN.E8.13 ABC*AVTR 
164* IFCTH.EQ.1.8.AND.KN.GT.13 TRACKN-13*AVTR 
16S* IFCTM.EO.1.83 GO TO 6S8 
166* TE2*T-DT 
167* IFCTE2.LT.KY3 YY1-GG 
168* IFCTE2.LT.KYJ TEE2*TE2 
169* IFCTE2.LT.KY3 60 TO 648 
i 7 8 * AT*YYH-CGG-YY13«CKY-TEE23/CTE2-TEE23 
1 7 1 * IFCKN.E9.13 ABC*18.B*CAT-TER13 
172* IFCKN.GT.13 TRACKN-13*18.8#CAT-TER13 
173* TEE2*KY 
174* YY1*AT 
175* TER1*AT 
176*658 KN*KN+1 
177*648 L6 *L6*1 
178* T1*T-8.S#DT 
179*388 IFCT1.LE.TB3 RNA*8.8 
188* IFCT1.GT.TB.AND.T1.LT.TE3 RNA*RNAM*CT1-TB3/CTE-TB3 
181* IFCT1.GE.TE3 RNA*RNAM 
182* CALL B0C0CEPA»SGLA,FLUXA,DRZA»SN1N»CFUT,DX,N1,ID,L,K0D.T13 
183* IFCDRZA-RNA.LE.8.83 QH*8.8 
184* IFCDRZA-RNA.GT.8.83 0M*.1*EPA/CDRZA-RNA3 
185* S«M*BQ#8fl/CSW3-SH23 
186* PRZ=DRZA/DX+.S81 
187*78 IFCSN1N.GE.DXH3 GO TO 88 
188* DX1*SN1N 
189* SN1N*8.8 
198* GO TO 98 
191*88 SN1N*SN1N-DXH 
192* DX1=0XM 
193*98 RR*DX/DX1 
194* IFCN.GE.N13 GO TO 188 
19S* AGPF*CSCN3-SN1N3/CDX*CN1-N3+DX13 
196* IFCAGPF.LT.8.83 AGPF*8.8 
197* 3-N1-M 
198*118 3 * 3 - 1 
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212* 
213* 
214* 

217* 
218* 
219* 
220* 
221* 
222* 
223* 
224* 
22S* 

199* SN1C3-13=SN1N*CN1-3-H.8/RR«'8.S3#DX*AGPF*AA 
200* IFC3.LE.N+13 GO TO 188 
201* SN2C33*SN1C3-13 
202* GO TO 110 
283*180 N2*N-1 
284* DO 138 3*1,N2 
28S* IFCL8.EO.13 GO TO 148 
206= SN1C33=8.S*BM#CS1C3"M3*S1C33 3-8.2S*AM*CS2C3+mS2C33 3 
287= GO TO 1S8 
288*148 SN1C33*.2S*CS1C3-M3*S1C33*SC33+SC3-M33 
289*158 SN2C3-M3-SN1C33 
218*138 CONTINUE 
211= N-N1 

3*1 
IFCL8.EO.13 SG1=8.S»CSC13*S1C133 

_ IFCL8.NE.13 SG1*BM*S1C13-.S»AM*S2C13 
215*728 SG=.S*CSG1*SGLA3 
Z 1 6 a CALL CONC3»C1»C2,SG1.SGLA,CU»CL,SU,SL3 

C2U*SQRTCC1*C23 
CALL CONC3,C1,C2.SN1C33.SG»CU,CL»SU»SL3 
C2*C2U 
CALL DMCC3,CM1,SG1»CHU,CHL»SU,SL3 
C*8.8 
IFCKODC63.EQ.B3 C=-H2*C2/CH1 
A*-H2*C1/CH1 
B*2.8+A+2.B»C 

_. OKC33=8.8 
226* IFC3.GT.PRZ3 GO TO 168 
J*7" CALL RERC3,Q2,01»SG,SN1C33,NNL3 
228* IFCRNA.LE.DXH3 QKC33*8.S*CQ1*92*CDXH-RNA3/DXH3 
t29' IFCRNA.GT.DXH.AND.RNA.LE.DX3 0KC33=O1#CDX-RNA3/DX 
238* IFCL8.EO.03 GG=GG+OKC33«DX«DT 
231*160 IFCKODC63.EO.03 GO TO 170 
232= FLUXM*C2*C SG1-SGLA+Z»DXH 3/DXH 
233* IFCFLUXM.LE.8.0.AND.FLUXA.LE.0.03 GO TO 180 
234* IFCFLUXM.GT.0.0.AND.FLUXA.GT.0.03 GO TO 190 
235* IFCFLUXM.GT.8.8.AND.FLUXA.LE.8.83 FLUXM*8.8 
236* IFCFLUXM.LE.8.8.AND.FLUXA.GT.8.83 FLUXM=8.B 
237* IFCFLUXA.GT.8.83 GO TO 748 
238* IFCFLUXA.LE.8.83 GO TO 288 
239*188 IFCFLUXM.LT.8.1*FLUXA3 FLUXM=B.1#FLUXA 
248* GO TO 288 
241*190 IFCFLUXM.GT.8.1*FLUXA3 FLUXM*0.1#FLUXA 
242*748 RUNOFF*RUNOFF+C FLUXA-10.8«FLUXM 3«DT 
243*288 E*A#S1C23+C2.8-A3#S1C13-2.8*Z*H1/CM1#C1*2.8*H1#FLUXM/CH1-2.8*DT« 
244= 10KC13/CH1 
245* GO TO 218 
246*178 E*A«S1C23+C4.e-B3*S1Cm4.8*C«SGLA-2.B#Z«H1*CC1-C23/CH1-2.*DT*QKC1 
247* 13/CH1 
248*218 R1C13*A/B 
249= R2C13*-E/A 
258* III*N-1 
2S1* DO 228 3*2,111 
252= CALL CONC3»C1.C2,SN1C33.SN2C33,CU,CL.SU,SL3 
253* SN12=8.5»CSN1C33+SN2C333 
2S4* CALL DMCC3,CH1,SN12,CHU,CHL,SU»SL3 
255* C*-H2»C2/CM1 
256* A=-H2*C1/CH1 
257* B»2.8+A+C 
2S8* QKC33-8.8 
259* DXL*3*DX 
268* IFC3.GE.PRZ-M.OR.RNA.GT.DXL3 GO TO 238 
261* DXU*C3-13»DX 
262* DXH=C3-0.S3*DX 
263* CALL RERC3,01,O2,SN1C33,SN2C33,NNL3 
264* IFC3.EO.PRZ3 Q1=Q1*CDRZA-DX*C3-8.S33/DXH 
265* IFCRNA.LE.DXU3 OKC33*8.5*CQ1+Q23 
266* IFCRNA.LE.DXM.AND.RNA.GT.DXU3 OKC33=8.S*CQ1*Q2*CDXM-RNA3/DXH3 
267= IFCRNA.GT.DXM.ANO.RNA.LE.DXL3 GKC33=01*CDXL-RNA3/DX 
268*238 E=A#S1C3+13+C4.B-B3*S1C33+C«S1C3-13-2.8»Z*H1*CC1-C23/CH1-2.e#DT« 
269* 10KC33/CH1 
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278= R1C33=A/CB-C*R1C3-133 
271= R2C33=CC*R1C3-13*R2C3-13-E3/A 
272= IFCL8.EQ.03 GG=GG+QKC33*DT*DX 
273=220 CONTINUE 
274= 3=N 
275= CALL C0NC3,C1,C2,SN1N,SN2CN3,CU,CL,SU,SL3 
276= IFCDX1.EQ.DXH3 SN12=0.S*CSN2CN3*SN1N3 
277= IFCDX1.NE.DXH3 SN12=SN2CN3*C1.0-DX/CDX+2.0*DX133 
278= CALL DI1CC3,CH1.SN12,CHU,CHL,SU,SL3 
279= A=-H2«C1/CH1 
280= C=-H2*C2/CH1 
281= B=2.0+A*RR+C 
282= GKC33=0.0 
283= DXM=CN-0.S3#DX 
284= DXL=DXM+DX1*SN1N 
285= IFCRNA.GT.DXL.OR.3.GE.PRZ+13 GO TO 240 
286= CALL RERC3,Q1,Q2,SN1N,SN2C33,NNL3 
287= DXU=CN-13*DX 
288= IFC3.EQ.PRZ3 Q1=Q1*CDRZA-DX*CPRZ-0.533/DXH 
289= IFCRNA.LE.DXU3 QKC33=0.S*CO1+Q23 
290= IFCRNA.LE.DXfl.AND.RNA.GT.DXU3 QKC3 3=0.S*CQH-O2#CDXM-RNA3/DXH3 
291= IFCRNA.GT.DXI1.AND.RNA.LE.DXL3 QKC33=Q1*CDXL-RNA3/DX 
292= IFCL8.EO.03 GG=GG+QKC33*DT*DX 
293=240 E=C4.0-B3*S1CN3+C*S1CN-13+2.0*A*RR*SN1N-2.0*Z*H1*CC1-C23/CH1-2.0* 
294= 1DT*QKCN3/CH1 
295= SCN3=CE-C*R1CN-13*R2CN-13 3/CB-C*R1CN-13 3 
296= 3=N+1 
297=710 3=3-1 
298= IFC3 .LT .23 GO TO 250 
299= SC3-13=R1C3-13*CSC33-R2C3-133 
300= IFCSC3-13 .LT.0 .0013 SC3-13=0.001 
301= GO TO 710 
302=250 N2=N-1 
303= DO 260 3=1,N2 
304= DEV=ABSCSC33+SC3-H3+S1C33+S1C3+13-4.0*SN1C33 3*0.2S 
305= IFCDEV.GT.1.0.AND.DEV.GT.EPS*SN1C333 GO TO 270 
306=260 CONTINUE 
307= ITER=0 
308= GO TO 280 
309=270 ITER=ITER+1 
310= IFCITER.LT.IMAX3 GO TO 290 
311= ITERH=ITERH-M 
312= ITIME=ITIME*1 
313= IFCSN1C33.NE.0.03 EPSM=DEV/SN1C33 
314= IFCSN1C33.EO.0.03 EPSM=EPS 
315= GO TO 310 
316=290 DO 320 3=1,N2 
317= SN1C33=0.25#CSC33+SC3+13*S1C33+S1C3-H33 
318= IFC3.GT.13 SN2C33=SN1C3-13 
319=328 CONTINUE 
320= 3=1 
321= GG=GG1 
322= RUNOFF=RUNOFF1 
323= S61=0.S*CS1C13+SC133 
324= GO TO 720 
325=310 IFCLPA.EO.L13 PRINT 330, EPS,ITIME,ITERM,3,EPSM,DEV,T 
326= IFCLPA.NE.L13 PRINT 730, EPS,ITIHE,ITERN,3,EPSH,DEV,T 
327=330 F0RMATC1H1,49H NUMBER OF IHAX NOT ENOUGH TO REACH ACCURACY EPS»FS. 
328= 14/ 
329= 217H VALUE OF ITIHE=IS,8H ITERH=I5,1SH NODE POINT 3=12,7H EPSH* 
330= 3F6.4.18H VALUE OF DEVC33=E9.3,7H TIME=F7.3/3 
331=730 F0RMATC49H NUMBER OF IMAX NOT ENOUGH TO REACH ACCURACY EPS=F5.4/ 
332= 117H VALUE OF ITIHE=I5,8H ITERM=IS,1SH NODE POINT 3=12,7H EPSM= 
333= 2F6.4,18H VALUE OF DEVC33=E9.3,7H TIP1E=F7.3/3 
334= LPA=LPA+1 
335=288 NS=N-M 
336= IFCNS.GT.NM3 GO TO 408 
337= DO 628 I=NS,NM 
338= IFCKODC13.EO.13 SCI3=1.8 
339= IFCKODC13.NE.13 SCI3=0.001 
340= OKCI3=0.0 
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341=620 CONTINUE 
342=480 CALL UACOCSU,SL,U,WCL,NM,S3 
343= \ V0L2=8.B 
344= DO 630 I*1,NM 
345= VOL2=VOL2+WCI3*DX 
346=630 CONTINUE 
347= DELTA=V0L2-V0L 1+GG-GG1-FLUXM*DT 
348= V0L1=V0L2 
349= SDELTA=SDELTA+DELTA 
3S0= IFCT.LE.SSS3 GO TO 340 
3S1= IFCL8.NE.B3 GO TO 350 
352= FLOU=ABSCB.S*C1/DX1*C2.8*SN1N-SCN3-S1CN3*2.8*Z*DX13 3 
353= IFCKODC63.EO.B3 FLUXM=C2U/DXH*CSG1-SGLA+Z*DXH3 
354= IFCFLOU.LE.ABSCFLUXM33 FLOU=ABSCFLUXM3 
355= IFCLS.NE.83 GO TO 348 
3S6= ST=USP*DX/FLOU 
357= L3=L3+1 
358= CFUT=CFUT*FUT 
359= IFCCFUT.GT.1.83 CFUT=1.B 
368= IFCST.GT.CCFUT*DS*TM3 3 ST=CFUT*DS*TM 
3M= IFCL3.EQ.13 SS=ST 
362= IFCCL3-L43.NE.13 GO TO 368 
363= DT1=DT1*STN 
364= STN=DT1 
36S= L4=L4+1 
366=368 IFCL4.EQ.8.AND.DT1.LT.SS3 GO TO 348 
367= DT1=SS 
368= L4=0 
369=348 IFCABSCT-TMA3.GT..881*DT3 GO TO 378 
370= IFCL8.EQ.13 GO TO 350 
371= T1=T 
372= L8=1 
373= RUNOFF=RUNOFF1 
374= GO TO 380 
37S=350 DO 390 1=1,N 
376= K=I/2 
377= IFCI.GT.2.AND.I.NE.2*K3 CALL CONCI,U2CI3,U2CI-13,SCI3,SCI-13.CU,CL 
378= 1,SU,SL3 
379= IFCI.EO.13 CALL CONCI,U2CI3,C2,SCI3,SG,CU,CL,SU,SL3 
388= IFCI.EO.N3 CALL CONCI,C1.U2CI3,SN1N,SCI3,CU,CL.SU,SL3 
381=398 CONTINUE 
382= C1=SORTCC1*U2CN33 
383= AVTR=18.B*CGG-ZZ3/TRCL13 
384= PRINT 418, T,GG,AVTR,L6»ITERM,RUNOFF,DELTA.SDELTA.WCL 
385=418 FORMATC1H1.SH DAY=F6.2,21H CUMULATIVE TRANS.=F6.3.21H CM AVERA 
386= 1GE TRANS.=FS.2,29H MM/DAY NUMBER OF TIME STEP=I4,19H NUMBER OF 
387= 2ITER.=I4// 
388= 38H RUN0FF=F6.2,12H MM DELTA=F6.2,8H SDELTA=F6.2,S3H CM THETA 0 
389= 4F LOWER LAYER AT THE CONTACT UITH UPPER=F5.4,12H CM»*3/CM**33 
398= PRINT 428 
391=428 F0RMATC//81H Z THETA CUM. WATER SUCTION 
392= 1 FLUX ROOT EXTR./ 
393= 278H CM VOL. CM CM CM/ 
394= 3DAY 1/DAY/3 
395= V=8.8 
396= DO 438 1=1,NM 
397= V*V+WCI3#DX 
398= IFCI.EO.13 QO=FLUXM 
399= IFCI.GE.N3 09*C1/DX1#CSN1N-SCN3«-Z#DX13 
488= IFCI.NE.1.AND.I.LT.N3 0Q=8.S*W2CI3/DX«CSCI«-13-SCI-13*2.8*Z«DX3 
481* IFCSCI3.LT.1.83 S2CI3*1.8 
402= IFCSCI3.GE.1.83 S2CI3=SCI3 
483= PRINT 448, XC13,WCI 3.V,SCI3,OO.OKCI3 
404= IT=L1 
^05= RETC=ALOG10CS2CI33 
406= IXCIT,I,13=UCI3*1888.+8.S 
487= IXCIT.I,23=V»18.+8.S 
488= IXCIT,I,33=RETC«1B8.+8.S 
489* IXCIT,I,43*00#1888.+8.S 
418= IXCIT»I,S3=QKCI3«18888.+B.S 
411*438 CONTINUE 
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412=448 FORMATC2X,FS.1,6X,FS.4,8X,F7.3,9X,E10.4,4X,E10.3,4X,E10.33 
413= PRINT 450, T,UCL,GG,RUNOFF,SUCU,SUCL 
414=450 FORMATC//81H SOIL 
415= 1 MOISTURE CONTENT PROFILE/ 
416= 28H DAY*F6.2,24H THETA AT THE C0NTACT=F5.4,1SH CUM. TRANS.«F 
417= 35.2,10H RUN0FF=F6.2,24H POROSITIES ARE UPPER=F4.3,12H AND LOU 
418= 4ER=F4.3/3 
419= PRINT 460 
420=468 FORWATC1H.11HDEPTH THETA,1X,3H8.8,7X,3H8.1,7X,3H8.2,7X,3H8.3,7X,3H 
421= 18.4,7X,3H8.S,7X,3H8.6,7X,3H8.7,7X»3H8.8.7X,3H0.9.7X»3H1.0 3 
422= PRINT 478 
423=478 FORHATC1H, 114H CM VOL. • **#*•*##»•*#*#•***#•*"***#•»•**#*•••*##*•••*** 
424= 1#-f**««+»**#-f»*«#+«#»*-f**»*-nnm*-f**#*+*nnn»+«#*m+*###4««»*-f#**«-f3 
42S= I1=SUCU*188.8+8.S 
426= I2=SUCL«100.8+8.S 
427= DO 480 3=1,NM 
428= IY*UC33*108.0+0.S 
429= IFC3.GT.NNL3 11=12 
430= DO 490 1=1,11 
431= IFCIY.GT.I3 IACI3=1H-
432= IFCIY.EQ.I3 IACI3=1H+ 
433* IFCIY.LT.I3 IACI3*1H 
434=490 CONTINUE 
435= NY=I1-H 
436= DO 500 I=NY,99 
437= IACI3*1H/ 
438=500 CONTINUE 
439= PRINT 510. XC33,UC33,IA 
440=480 CONTINUE 
441*518 F0RMATC1H,F5.1,1X,F6.4,2H • ,99A1,1H+D 
442= PRINT 470 
443= PRINT 460 
444= ZZ=6G 
445= IFCL1.GE.L23 GO TO 520 
446= L 1 = L U 1 
447= LPA=L1 
448= L8=8 
449= IFCKODC23.NE.13 TRCL13=TM 
450= THA=T*TRCL13 
451=370 IFCL3-L4.EO.03 GO TO 380 
452= TC=THA-T 
453= IFCTC.LE.5.01#ST3 GO TO 530 
454= IFCST.GT.1.1*DT3 ST=1.1«DT 
45S= IFCST.LT.8.9»DT3 ST=8.9#DT 
4S6= DT1=ST 
457= GO TO 388 
458=530 IFCL5.EO.03 GO TO 540 
459= DT1=SKS 
460= LS=LS-1 
461= GO TO 380 
462=548 DT1=8.2*TC 
463= SKS=DT1 
i/i. L5=4 
465=380 DO 550 1=1,N 
466= S2CI3=S1CI3 
467= S1CI3=SCI3 
468=550 CONTINUE 
469* IFCT+DT1.GT.TMA3 DT1=TI1A-T 
478= IFCDT1.EO.DT3 GO TO S68 
471= H1=DT1/DX 
472= H2=H1/DX 
473= A«=DT1/DT 
474* BH=1.B+8.S*AH 
475= DT=DT1 
476= GO TO 68 
477*560 Alt* 1.8 
478= BH*1.S 
479= GO TO 60 
488=520 TRACID-23=18.*CGG-TER13 
481* DO 578 KKK=1,S 
482* PRINT 580, KACKKK3 
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483= PRINT 590, CXC33,3=1.NM3 
484s T=TINIT 

-485* 00 688 3=1.L2 
486= T=T+TRCD3 
487= L3=T 
488= PRINT 618, LD,CIXC J,I,KKK).1=1,NMD 
489=600 CONTINUE 
498=570 CONTINUE 
491=580 FORMATC1H1,18X,A18/SX,2BC1H-3/3 
492=598 F0RMATC7X,2SF5.B3 
493=618 FORMATC1X,14,2X,2SIS3 
494=668 FORMATC1H1,39H ACTUAL TRANSPIRATION CMM/DAY3///3 
495= PRINT 668 
496= PRINT 678, 8,CI,1=1,183 
497=678 F0RHATC11I183 
498= KX=ID/1B-M 
499= LY=B 
5803 LB=8 
581= LC=8 
582=688 LY=LY+1 
583= LA=LB*1 
584= LB=1B*LY-1 
585= IFCLY.GT.KX3 GO TO 698 
586= IFCLY.EQ.KX3 LB=ID-2 
587= IFCLY.E0.13 PRINT 788, LC,ABC,CTRACKN3,KN=LA,LB3 
588= IFCLY.GT.13 PRINT 788, LC,CTRACKN3,KN=LA,LB3 
589= LC=LB*1 
518= GO TO 688 
511=788 F0RMATCI18,18F18.23 
512=698 STOP 
513= END 

514= SUBROUTINE PARAMCID,NM3 
515= REAL LAI 
516= DIMENSION TEHC36S3.RHC3653.UC3653.HNTC3653,CHC3653,SCC36S3,FLUXC36 
517= 1S3,DUTC3653,DRZC3653.CUC883,SUC883,CHUC883,CLC883,SLC883,CHLC803, 
518= 2S1C25 3,UC2S3,SGLC36S3,IBC693,KMC123,THETAC23»UCSC36S3,EPC3653,HEDC 
519= 3283,LC183,KODC63,LC1CS3 
528= EQUIVALENCE CCH.EP3, CRH,SGL.UCS3. CSCDUT3, CHNT.DRZ3, CTEMC 1 3.CHLC 13 
521= 23»CTEMC813,CHUC13 3,CTEMC1613,SUC13 3,CTEMC3163.UC13 3,CUC13,CLC13 3. 
522= 3CUC81 3, SLC 1 3 3, CUC 1613, CUC 13 3, CUC2413,S1C 13 3 
523= COMMON/CONDU/ CSAT1,CSAT2,SUA1,SUA2,SUA3,SUB 1,SUB2,SUB3,SUC,SUD, 
524= 1SLA1,SLA2,SLA3,SLB1,SLB2,SLB3.SLC,SLD,CUA1,CUA2,CUA3,CUB1,CUB2, 
525= 2CUB3,CUC,CUD,CLA1,CLA2,CLA3,CLB1,CLB2,CLB3,CLC,CLD,K0DC63,NNL,IU1, 
S26» 31U2,L6,SUCU,SUCL,LU,LL,MU,ML,FAC 
527= COMMON/BONC/ DUTC3653,SGLC3653,EPC3653,DRZC36S3,FLUXC36S3 
528= COMMON/FACT/ TEM.U 
529= COMMON/DECL/ HEDC283.LC183 
538= DATA KMC13,KMC33,KMCS3,KMC7 3,KMC83»KMC183.KMC123/7*31/.KMC43.KMC63 
531* 1,KMC93.KMC113/4«38/.6AMMA/1#8.66713/,SEP/1*8.B/ 
532= KMC23=LC33 
S33=C=====B0UNDARY CONDITIONS 
S34=C IF KQDC63=0-PRESCRIBED THETA AT THE SURFACE 
S3S=C IF KODC63«1-PRESCRIBED FLUX,SGL ANO EP AT THE SURFACE 
S36=C IF KODC63=2-BOUNDARY CONDITION AT THE SURFACE IS ESTIMATED FROM 
S37=C METEOROLOGICAL DATA: TEM,RH,U,HNT»CH AND FLUX 
S38=C IF LC73=8-HNT IS GIVEN IN U/M»»2,OTHERWISE IN CAL/CM*»2/DAY 
S39=C 
548= PRINT 18, HED 
541=18 FORMATC1H1,28A4///3 
542= PRINT 38 
543=38 FORMATC1H,31H BOUNDARY CONDITIONS AT THE TOP/3 
544= IFCKODC63.EQ.13 READ 648, CFLUXCI3.EPCI3,SGLCI3,1=1.ID3 
545= IFCKODC63.EO.23 READ 658. CTEMCI3.RHCI3.UCI3.HNTCI3,CHCI3.SCC13, 
546= 1FLUXCI3,I=1»ID3 
547= IFCKODC63.E0.83 READ 28, CEPCI3,UCSCI 3,1=1,ID3 
548=28 F0RMATC8F18.43 
549=648 FORMATC2CF18.3.F18.3,E18.433 
558=658 FORMATC7F18.33 

133 

http://IFCKODC63.EO.23


551 = IFCK0DC63.NE.23 GO TO 380 
552= PRINT 40 
553=40 FORMATC//7X,3HDAY,5X,5HTEMP.,4X,8HREL HUM.,4X.9HUIN0 VEL., 4X,9HNET 
554= 1 RAD.,SX,11HCROP HEIGHT,4X,18HS0IL COVER,4X,9HPRECIPIT./3 
5S5= DO 50 1=1,ID 
556= LC*LC13+1-1 
557= IFCLC73.NE.83 HNTCI3=8.48426*HNTCI3 
558= TEMCID=TEMCI3*273.1S 
559= PRINT 6 0 , LCTEMCI3 .RHCI3 ,UCI 3.HNTC I 3 »CHCI 3.SCC 13 ,FLUXC ID 
560=58 CONTINUE 
S61=68 F0RMATCI18,3X,F6.2,7X,FS.3,6X,F6.2.6X,F7.2.7X,F7.2,9X,FS.2,9X,FS.2 
S62= 13 
563=C 
564=C FGA,FGB.FGC.FGD,FGM,FMCH-COEFFICIENTS OF GCCH3-FUNCTION 
S6S=C 
566= FGA=.378E-87 
567= FGB=.283 
568= FGC=.164E-87 
S69= FG0=.S9 
578= FGM=1.3E-87 
571= Ff1CH=20.8 
572= IFCLC83.EO.03 READ 430 , FGA,FGB .FGCFGD.FGM.FMCH 
S73=C 
574=C FLA,FLB,FLC-COEFFICIENTS OF LAI-FUNCTION 
S7S=C 
576= FLA=1.179 
S77= FLB=.25 
578= FLC=1.171 
S79= IFCLC9D.EO.03 READ 20, FLA,FLB,FLC 
S88=C 
S81=C FIA,FIB,FIC,FID,FMP,FMI-COEFFICIENTS OF INTERCEPTION CFINCPREC33-
S82=C FUNCTION 
S83=C 
584= FIA=.S5 
58S= FIB=.53 
586= FIC=.008S 
S87= FID=5.0 
588= FRP=20.0 
S89= FMI=1.8S 
590= IFCLC103.EO.03 READ 20, FIA.FIB,FIC,FID,FMP,FMI 
591= PRINT 70 
592=70 F0RMATC//S8H THE FUNCTIONS OF GCCH3.LAI AND FINCPREC3/3 
S93=C PRINTING OF THE GCCH3-FUNCTION 
594= PRINT 80, FGA,FGB,FMCH,FGC.FGD,FMCH,FGM 
595=88 FORMATC16H GCCHD=E18.3,SH*CH**F6.3,29H 
596= 1FOR CH.GE.F7.2,3H CM/ 
S97= 216H GCCH3=E18.3,SH*CH**F6.3.29H FOR CH. 
598= 3LT.F7.2,3H CM/ 
599= 433H MAXIMUM VALUE OF GCCH3=E10.3/3 
600=C PRINTING OF THE LAI-FUNCTION 
601= PRINT 108,FLA,FLB,FLC 
602=180 F0RMATC14H LAI=F6.3,4H*SC*F6.3,7H*SC*»2+F6.3,6H*SC**3/3 
683=C PRINTING OF THE FINCPREC3-FUNCTION 
684= PRINT 118, FIA,FIB,FIC,FID,FMP,FMI,FMP 
685=118 F0RMATC23H FINCPREC3=SC*F6.3,8H*PREC*«CF5.2,1H-F6.4,7H«CP 
686= 1REC-FS.2,24H33 F0R.PREC.LT.F5.2,7H MM/DAY/ 
687= 223H FINCPREC3=SC*FS.2,57H 
688= 3 F0R.PREC.GE.F5.2,7H MM/DAY/3 
689=C 
618=C=====CALCULATI0N AND PRINTING OF THE VALUES—EUET-.-ES-.-EP-.-SEPLANT-, 
611=C FLUX-,-SGL 
612=C ESOIL=ES,-EPLANT=EP,-SEPLANT IS THE SUM OF THE EP-VALUES 
613=C FLUX=PREC-ES-FIN 
614=C FIN IS INTERCEPTION,SGL IS THE MINIMUM ALLOUED SUCTION AT 
61S*C THE SOIL SURFACE,EV IS THE SATURATED WATER VAPOUR PRESSURE,DL IS 
616=C THE SLOPE OF SATURATION VAPOUR PRESSURE CURVE 
617=C VPD IS THE VAPOUR PRESSURE DEFICIT OF AIR 
618=C 
619= PRINT 128 
628=128 FORMATC1H1//30X,S8HCALCULATION OF MAXIMUM POSSIBLE EVAPOTRANSPIRAT 
621= 1ION///3 
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622= PRINT 138 
623=138 F0RHATC//S5X.38HP0TENTIAL TRANSPIRATION RATE CW1/DAY3//3 
624=. PRINT 148 
62S=1s8 F0RHATC1H,32HDATE DAY EUET ESOIL EPLANT 8.8,7X.3H2.B,7X.3H4.8.7X 
626= 1,3H6.B,7X,3H8.B,6X.4H18.8,6X,4H12.8,6X,4H14.8,1X.7HSEPLANT,1X,SHFL 
627= 2UX,SX,3HSGL,4X,3HVPD3 
628= PRINT 1S8 
629= 1S8 F0RMATC1H»3BX,71H+*»**+****-»-*********+****+****+****+****+****+*M* 
638= 1*+«»«*+«##«+tt»«ft+tt«»*+3 
631= NE=LC13-1 
632= LF=LCS3 
633= LE=LC6) 
634= L1=LC13 
635= L4=LC43 
636= DO 168 M=LF,LE 
637= I2=KHCH3 
638= DO 178 3=L4,I2 
639= NE=NE-M 
648= I=NE-L1+1 
641= UED=.8S838263S*TEHC13-2.19386868 
642= EV=1.3332*EXPCC1.B88719B61*TEf1CI3-276.48839SS3/UED3 
6*3= DEL=13.731S8487*EV/CUED**23 
644= IFCCHCI3.GE.FMCH3 GCH=FGA*CHCI3**FGB 
6«5= IFCCHCI3.LT.FMCH3 GCH=FGC*CHCI3**FGD 
6^6= IFCGCH.GT.FGM3 GCH=FGH 
6«7= LAI=FLA*SCC13+FLB*SCCI3**2+FLC*SCCI 3**3 
648= VPD=C1.8-RHCI3 3*EV 
649= EUET=.83S2*CDEL*HNTCI3+1.8884E+e8*GCH*CUCI3**.7S3*VPD3/CDEL+GAI1MA3 
6S8= ES=8.83S2*DEL*HNTCI3*EXPC-8.39*LAI3/CDEL+GAMMA3 
6S1= IFCES.GT.EUET3 ES=EUET 
*S2= CHCI3=EUET-ES 
653= IFCFLUXCI 3.LE.FHP 3 FIN=SCCI3*FIA*FLUXCI3**CFIB-FIC*CFLUXCI3-FID3 3 
654= IFCFLUXCI3.GT.FI1P3 FIN=SCCI3*FHI 
655= FLUXCI3=FLUXCI3-FIN-ES 
6S6= SEP=SEP+CHCI3 
&S7= IFCFLUXCI3.GT.B.83 SGLCI3=8.881 
658= IFCFLUXCI3.LE.B.B3 SGLCI3=-4788.8*TEnCI3*ALOGCRHCI 33 
6S9= II=CCHCI3*S.8+8.S3 
*68= DO 188 13=1,69 
661= IFCII.GT.I33 IBCI33=1H-
662= IFCII.EO.I33 IBCI33=1H+ 
663= IFCII.LT.I33 IBCI33=1H 
664=188 CONTINUE 
665= PRINT 198. 3,M,NE,EUET,ES,CHCI3,IB,SEP,FLUXCI3,SGLCI 3.VPD 
666=198 F0RHATC1H,I2,1X,I2,1X.I3,1X,F5.2.1X.FS.2.1X,FS.2,3X,1H+.69A1,1H+,1 
667= 1X,F6.2,1X,F6.2.1X,E9.3,1X,F5.13 
668= IFCNE.GE.LC233 GO TO 288 
669=178 CONTINUE 
678= L4=1 
671^68 CONTINUE 
672=288 PRINT 158 
673= PRINT 148 
674= GO TO 218 
67S=388 IFCKODC63.EO.B3 GO TO 228 
676= PRINT 238 
677=238 F0RHATC//2C7X,3HDAY,4X,6HEPLANT,6X,4HFLUX,7X,3HSGL3/3 
678= DO 248 1=1,ID,2 
679= DO 688 3=1,2 
688= LC1C33=LC13*I-2+3 
681= IFCLC1C33.EO.LC233 GO TO 698 
682=688 CONTINUE 
683= 3=3-1 
684=698 PRINT 258, CLC1CIL3,EPCI+IL-13,FLUXCI+IL-13,SGLCI+IL-13,IL=1,33 
68S=248 CONTINUE 
686=258 F0RI1ATC2CI18,3X,F7.3,3X,F7.2,1X,E9.333 
687= GO TO 218 
688=228 PRINT 278 
689=278 F0RHATC//4C7X,3HDAY,4X,6HEPLANT»SX,5HTHETA3 3 
698= DO 288 1=1,ID,4 
691= DO 298 3=1,4 
692= LC1C33=LC13*1-2*3 
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693= IFCLC4C33.EQ.LC233 GO TO 348 
694=299 CONTINUE 
695= 3=3-4 
696=310 PRINT 660. CLC4CIL3,EPCI+IL-43.UCSCI+IL-43.IL=4,33 
697=280 CONTINUE 
698=90 FORMATCSCI40.F40.433 
699=660 FORMATC4CI40,2CF40.3333 
700=C 
701=C=====REAOING ANO PRINTING THE BOUNDARY CONOITION AT THE BOTTOM 
702=C . 
703=240 PRINT 320 
704=320 FORMATC4H1,33H BOUNDARY CONDITION AT THE B0TT0M///SC7X,3HDAY,SX,5H 
705= 1DEPTH3 3 
706^ READ 20, CDUTCIJ,1=1,ID3 
7B7^ DO 330 1=1,ID,5 
708= DO 340 3=1,5 
789= LC1C33=LC13+1-2+3 
710= IFCLC1C33.EO.LC233 GO TO 350 
711*340 CONTINUE 
712= 3=3-1 
713=350 PRINT 90, CLC1CIL3,DUTCI+IL-13,IL=1,33 
714=330 CONTINUE 
71S=C 
716=C=*===READING AND PRINTING THE DEPTH OF ROOTS 
717=C 
718= IFCKODC33.NE.03 GO TO 360 
719= READ 20, CDRZCI 3,1=1,ID3 
720= PRINT 380 
721=388 FORMATC/24H TABLE OF DEPTH OF ROOTS///5C7X,3HDAY,5X,SHDEPTH33 
722= DO 390 1=1,ID,S 
723= DO 480 3=1,5 
724= LC1C33=LC13+1-2+3 
725= IFCLC1C33.EO.LC233 GO TO 410 
726=400 CONTINUE 
727= 3=3-1 
728=410 PRINT 90, CLC1CIL3,DRZCI+IL-13,IL=1,33 
729=390 CONTINUE 
730=360 IFCKODC33.EO.13 READ 20, DRZC13 
731= IFCKODC33.EO.13 PRINT 670, DRZC13 
732=670 F0RMATC//36H THE DEPTH OF ROOTS IS C0NSTANT-DRZ=F5.1,3H CM//J 
733= IFCKODC33.NE.13 GO TO 710 
734= DO 720 1=1,ID 
73S» DRZCI3=DRZC13 
736=720 CONTINUE 
737=C 
738=C=====READING AND PRINTING THE INITIAL CONDITION 
739=C 
748*718 PRINT 370 
744=370 F0RMATC/88H INITIAL CONDITIONCIF KODC53=1-SUCTION CCM3 JIF KODC53= 
742= 18-UATER CONTENT IS PRESCIBED /3 
743= PRINT 420, KODCS3 
744=420 FORMATC//13H KODC53=I1/3 
745= IFCKODC53.EO.13 READ 430. CS1CI3,1=1,NM3 
746= IFCKODC53.EO.03 READ 20, CUCI3,1=1,NM3 
747=430 FORMATC8E18.43 
748= IFCKODC53.EO.13 PRINT 438, CS1CI3,1=1,NM3 
749= IFCKODCS3.EO.03 PRINT 20, CUCI 3,1=1,NM3 
7S8=C 
7S1=C=====READING AND PRINTING OF HYDRAULIC PARAMETER OF SOILS 
752=C 
753= PRINT 440 
754=440 F0RMATC/26H PARAMETERS OF UPPER LAYER/3 
755=450 F0RMATC/26H PARAMETERS OF LOUER LAYER/3 
756=460 FORMATC2C43H THETA SUCTION CONDUCTIV. DIF.U.CAP.3/3 
757=470 F0RMATC2C31H THETA SUCTION DIF.U.CAP.3/3 
7S8=488 FORMATC2C2X,F5.3,2C2X,E18.43 3 3 
759=498 FORMATC2C2X,FS.3,3C2X,E10.43 3 3 
760= IFCKODC13.EO.13 GO TO 500 
761= READ 430, CSUCI3.1=4,IU43 
762= READ 438, CSLCI 3,1=4,IU23 
763= DO 540 1=4,IU4 
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764= IFC I .EO-13 CHUCI 3=0.01/CSUCI-M3-SUCI33 
765* I F C I . G T . 1 . A N D . I . L T . I U 1 3 CHUC13=0.805/CSUC1+13-SUC133+0.S*CHUC1-13 
766= IFCI .EQ. IU1.AND. .01*CI+LU-13.GE.SUCU3 CHUCI3=0.01/CSUCI3-SUC1-133 
767=, IFCI.EQ.IU1.AND..01*CH-LU-13.LT.SUCU3 CHUCI3=0.S*CC.01*CI+LU-13-
768= 1SUCU3/SUCI3+CHUCI-13 3 
769=510 CONTINUE 
778= DO 520 1=1,IU2 
771= IFCI.EO.13 CHLCI3=0.01/CSLCI+13-SLCI33 
772= IFCI.GT.1.AND.I.LT.IU23 CHLCI3=8.00S/CSLCI+13-SLCI3 3*0.S*CHLCI-13 
773= IFCI.EQ.IU2.AND..0HCI+LL-13.GE.SUCL3 CHLCI3=8.01/CSLCI3-SLCI-13 3 
774= IFCI.EQ.IU2.AND..01*CI+LL-13.LT.SUCL3 CHLCI3=0.S*CC.01«CI+LL-13-
77S= 1SUCL3/SLCI3+CHLCI-133 
776=528 CONTINUE 
7^7^ IFCKODC13.EO.23 READ 430, CCUCI 3,1=1,IU13 
778= IFCKODC13.EO.23 READ 430, CCLCI3,1=1,IU23 
779= THETAC13=CLU-23*0.81 
788= THETAC23=THETAC13+0.01 
781= IFCKODC13.EO.23 PRINT 460 
782= IFCKODC13.EO.03 PRINT 470 
783= DO 530 I=1,IU1»2 
784= DO 540 3=1,2 
785= THETAC33=THETAC33+0.02 
786= IFCTHETAC33.GE.CMU»0.0133 GO TO 550 
787=540 CONTINUE 
788= IFCKODC13.EO.23 CSAT2=CLCIU23 
789= 3=3-1 
798=550 IFCKODC13.EO.23 PRINT 490, CTHETACIL3,SUCI-HL-13,CUCI+IL-13,CHUC1+ 
791= 1IL-13,IL=1,33 
792= IFCKODC13.EO.03 PRINT 480, CTHETACIL3,SUC H-IL-13,CHUCI + IL-13.IL=1, 
793= 1D3 
794=S30 CONTINUE 
795= IFCKOOC13.EO.23 GO TO 560 
796= READ 20, CSAT1,CUA1»CUA2,CU81,CUB2 
797= READ 20, CSAT2.CLA1,CLA2,CLB1,CLB2 
798= PRINT S70, 1,CSAT1,CUA1,CSAT1,CUA2,CUA1,CUA1,CUB1,CU82,CUB1 
799=570 F0RMATC//32H CONDUCTIVITY FOR SOIL=I1,1H:/ 
800= ^ 7 H KCPSI3=F8.3,52H 
881= 2 F0R!PSI«.LE.FS.1.3H CM/ 
882= 317H KCPSI3=F8.3,6H*EXPC-F6.4,8H»C»PSI»-FS.1,27H33 
883= 4 F0R!PSI!.GT.F5.1,14H.AND.!PSI!.LT.FS.1,3H CM/ 
884= 517H KCPSI3=FS.2,SSH*C!PSI!3**C-1.43 
885= 6 F0R!PSI!.GE.F5.1,3H CM//3 
886= GO TO 568 
807=500 READ 28, CSAT1,SUA1,SUA2,SUA3,SUB 1,SUB2,SUB3,SUC,SUD,CUA1,CUA2, 
888* 1CUA3,CUB1.CUB2,CUB3,CUC,CUD 
889= READ 28, CSAT2,SLA1,SLA2,SLA3,SLB1,SLB2,SLB3,SLC,SLD,CLA1,CLA2, 
818= 1CLA3,CLB1,CLB 2,CLB3,CLC,CLD 
811= PRINT 580, 1,SUA1»SUB1,SUB1,SUC,SUA2,SUB2,SUC,SUD,SUA3,SUB3,SUD 
812= PRINT 700, CSAT1,CUA1,CUB1,CUC,CSAT1»CUA2,CUB2,CUC,CUD,CUA3.CUB3, 
813= 1CUD 
814=580 F0RMATC//39H HYDRAULIC PARAMETERS OF SOIL=I1,SH ARE:/ 
815= 126H 13 SUCTION CCM3:/ 
816= 218H PSI=EXPCF8.4.2H*CF7.4,38H-THETA33 FOR 
817= 3 THETA.LE.FS.4.14H.AND.THETA.GE.FS.4/ 
818= 418H PSI=EXPCF8.4,2H*CF7.4,38H-TH£TA33 FOR 
819= 5 THETA.LT.FS.4,14H.AND.THETA.GE.F5.4/ 
828= 618H PSI=EXPCF8.4,2H»CF7.4,38H-THETA33 FOR 
821= 7 THETA.LT.F5.4//3 
822=780 F0RMATC3SH 23 CONDUCTIVITY:/ 
823= 112H K=F8.4,6H#EXPC-F8.6,8H#UPSI!-F6.3,2SH33 FOR 
824= 2 !PSI!.LE.F6.1,3H CM/ 
825= 312H K=F8.4,6H«EXPC-F8.6,8H#C!PSI!-F6.3,2SH33 FOR 
826= 4 !PSI!.GT.F6.1,14H.AND.!PSI!.LT.F6.1,3H CM/ 
827= S13H K=CFS.2,1H+FS.3,48H*LOG10C«PSI!3*C!PSI!3«*C-1.43 
828= 6 F0R.!PSI!.GE.F6.1,3H CM//3 
829=560 PRINT 450 
830= IFCK0DC13.E0.13 GO TO 590 
831= THETAC13=CLL-23*0.01 
832= THETAC23=THETAC13*0.01 
833* IFCKODC13.EO.23 PRINT 460 
834= IFCKODC13.EO.03 PRINT 470 

137 

http://IFCKODC13.EO.23
http://IFCKODC13.EO.23
http://IFCKODC13.EO.23
http://IFCKODC13.EO.23
http://IFCKODC13.EO.23
http://IFCKOOC13.EO.23
http://IFCKODC13.EO.23


835= DO 600 I=4,IU2,2 
836= DO 610 3=4,2 
837= THETAC33=THETAC33+8.82 
838= IFCTHETAC33.GE.CML*8.8433 GO TO 620 
839=6 40 CONTINUE 
840= 3=3-4 
844=628 IFCKODC43.EQ.23 PRINT 490 , CTHETACIL3,SLC H - IL -13 ,CLCI+ IL -43 ,CHLCI+ 
842= 4 I L - 4 3 . I L = 4 , 3 3 
843= IFCKOOC13.EO.03 PRINT 480, CTHETACIL3,SLCI+IL-43,CHLCI+IL-13,IL=1, 
844= 433 
84S=600 CONTINUE 
846= IFCKODC13.EO.23 GO TO 630 
847= PRINT 570, 2,CSAT2,CLA1,CSAT2,CLA2,CLA1,CLA1,CLB4,CLB2,CLB4 
848= GO TO 630 
849=598 PRINT 588, 2, SLA4,SLB4,SLB 1,SLC,SLA2,SLB2,SLC,SLD,SLA3,SLB3,SLD 
8S0= PRINT 788, CSAT2,CLA4,CLB1,CLC,CSAT2,CLA2,CLB2,CLC,CLD,CLA3,CLB3, 
851= 1CLD 
852=630 RETURN 
853= END 

854= SUBROUTINE UACOCSU,SL,U.UCL,NM,S3 
855= INTEGER P 
856= DIMENSION KODC63,SUC883,SLC803,UC253,SC253 
857= COMHON/CONDU/ CSAT 4,CSAT2,SUA4,SUA2,SUA3,SUB 4,SUB2,SUB3,SUC,SUD, 
858= 4SLA 4,SLA2,SLA3,SLB 4,SLB2,SLB3,SLC,SLD,CUA 4,CUA2,CUA3,CUB 4,CUB2, 
859= 2CUB3,CUC,CUD,CLA4,CLA2,CLA3,CLB4,CLB2,CLB3,CLC,CLD,KODC63,NNL,IU4, 
860= 3IU2,L6,SUCU,SUCL,LU,LL.HU,I1L,FAC 
864= IFCKODC43.EO.43 GO TO 40 
862= 1=0 
863=28 1=1+4 
864= IFCI.GT.NNL3 GO TO 38 
865= DO 48 3=2,IU4 
866= X=SCI3 
867= Y=4.8 
868= IFCX.LT.SUC13.AND.X.GE.SUC333 Y=C3+LU-H-CSUC33-X3/CSUC3-43-SUC333 3 
869= 4 /480*0 
870= IFCX.GE.SUC433 Y=0.84*LU 
87 4= IFCX.LT.SUCIU4 3.AND.SUCIU4 3.GT.0.00 4 3 Y=SUCU-CSUCU-0.B4*CIU4+LU-4 3 
872= 43/SUCIU43*X 
873= IFCX.LT.SUCIU43.AND.SUCIU43.LE.8.0043 Y=SUCU 
874= IFCY.NE.4.83 UCI3=Y 
875= IFCY.NE.4.03 GO TO 20 
876=48 CONTINUE 
877=30 P=NNL-4 
878=50 P=P+4 
879= IFCP.GT.NH3 GO TO 60 
880= X=SCP3 
884= Y=4.0 
882= DO 70 3=2,IU2 
883= IFCX.LT.SLC4 3.AND.X.GE.SLC33 3 Y=C3+LL-4+CSLC33-X3/CSLC3-43-SLCD3 3 3 
884= 4 / 4 0 0 . 0 
885= IFCX.GE.SLC433 Y=8.84*LL 
886= IFCX.LT.SLCIU23.AND.SLCIU23.GT.0.00 4 3 Y=SUCL-CSUCL-8.8 4*CIU2+LL-4 3 
887= 4 3/SLC IU23*tX 
888= IFCX.LT.SLCIU23.AND.SLCIU23.LE.8.8843 Y=SUCL 
889= IFCY.NE.4.8.AND.P.EQ.NNL3 UCL=Y 
898= IFCY.NE.4.B.AND.P.GT.NNL3 UCP3=Y 
894= IFCY.NE.4.03 GO TO 58 
892=78 CONTINUE 
893=48 IFCL6.GT.43 GO TO 88 
894= SUH4=EXPCSUA4#CSUB4-SUC3 3 
895= SUW2=EXPCSUA2*CSUB2-SUD3 3 
896= SLM4=EXPCSLA4*CSLB4-SLC33 
897= SLH2=EXPCSLA2*CSLB2-SLD3 3 
898=88 3=8 
899=98 3=3+4 
988= IFC3.GT.NNL3 GO TO 488 
984= X=SC33 
982= IFCX.LT.4.83 X«4.B 
983= IFCX.LE.SUH43 UC33=SUB4-ALOGCX3/SUA4 
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984= IFCX.GT.SUM1.AND.X.LE.SUM23 UC33=SUB2-AL0GCX3/SUA2 
98S= IFCX.GT.SUM23 UCZJ3=SUB3-ALOGCX3/SUA3 
906= GO TO 90 
907=100 P=NNL-1 
908=110 P=P-M 
909= IFCP.GT.NM3 GO TO 60 
910= X=SCP3 
911s IFCX.LT.1.03 X=1.0 
912= IFCX.LE.SLM13 Y=SLB1-ALOGCX3/SLA1 
913= IFCX.GT.SLM1.AND.X.LE.SLM23 Y=SLB2-ALOGCX3/SLA2 
914* IFCX.GT.SLM23 Y=SLB3-ALOGCX3/SLA3 
915= IFCP.EQ.NNL3 UCL=Y 
916= IFCP.GT.NNL3 UCPD=Y 
917= GO TO 110 
918=60 RETURN 919= END 

920= SUBROUTINE BOCDCEPA»SGLA,FLUXA.DRZA,SN1N,CFUT,DX,N1.ID.L,KOD,T13 
921= INTEGER P 
922= DIMENSION EPC36S3,DUTC3653,DRZC36S3,SGLC36S3,FLUXC36S3.LC103.K0DC6 
923= 1] 
924= COMMON/BONC/ DUTC36S3,SGLC36S3,EPC36S3,DRZC3653,FLUXC36S3 
92S= P=T1-LC13+1 
926= IFCP.GE.ID3 GO TO 10 
927= TA=T1-LC13-P-M 
928= EPA=EPCP3*CEPCP+13-EPCP3 3*TA 
929= IFCKODC33.NE.13 DRZA=DRZCP3+CDRZCP+13-DRZCP33*TA 
930= IFCKODC33.EO.13 DRZA=DRZCP3 
931= SGLA=SGLCP3 
932= CFUT=DUTCP3-KDUTCP+13-DUTCP3 3*TA 
933= N1=CFUT/DX+0.49 
934= SN1N=CFUT-DX*CN1-0.S3*0.001 
93S= IFCDUTCP+13.EO.DUTCP33 CFUT=DX/0.1 
936= IFCDUTCP-H3.NE.DUTCP33 CFUT=DX/ABSCDUTCP*13-DUTCP33 
937= IFCKODC63.EO.03 GO TO 20 
938= FLUXA=FLUXCP3 
939= GO TO 20 
948=10 EPA=EPCID3 
941= DRZA=DRZCID3 
942= SGLA=SGLCID3 
943= N1=DUTCID3/DX+0.49 
944= SN1N=DUTCID3-DX*CN1-0.53+0.001 
94S= CFUT=1.0 
946= IFCKODC63.EO.03 GO TO 20 
947= FLUXA=FLUXCID3 
948=20 RETURN 
949= END 

9S0= SUBROUTINE HEPRCU,S,SU,SL,NK3 
951= INTEGER P 
952= DIMENSION UC2S3.SC2S3,SUC803,SLC883,KODC63 
953= COMMON/CONDU/ CSAT1.CSAT2,SUA1,SUA2.SUA3,SUB 1,SUB2.SUB3,SUC,SUD, 
954= 1SLA1,SLA2,SLA3,SLB1,SLB2,SLB3»SLC,SLD,CUA1,CUA2,CUA3,CUB1,CUB2, 
955= 2CUB3,CUC,CUD,CLA1,CLA2#CLA3.CLB1,CLB2,CLB3,CLC,CLD,KODC6 3.NNL,IU1, 
9S6= 3IU2»L6,SUCU,SUCL.LU,LL,MU,ML.FAC 
957= 1=0 
958= IFCKODC13.EO.13 GO TO 10 
9S9=20 1=1+1 
960= IFCI.GT.NNL3 GO TO 30 
961= X=-1.0 
962= DO 40 P=2,IU1 
963= IFCUCI3.LE.0.01«CLU+P-133 X=SUCP-13+CSUCP3-SUCP-133»C100.0*UCI3-P-
964= 1LU+23 
965= IFCUCI3.LE.C0.01*LU33 X=SUC13 
966= IFCUCI3.GE.SUCU3 X=0.001 
967= I FCX .NE . -1 .03 SCI3=X 
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968= I FCX .NE . -1 .03 GO TO 20 
969=40 CONTINUE 
970=30 I=NNL 
971=50 1=1+1 
972= IFCI.GT.Nf13 GO TO 60 
973= X = - 1 . 0 
974= DO 70 P=2»IU2 
975= IFCUCI3.LE.0.01*CLL+P-133 X=SLCP-13+CSLCP3-SLCP-13 3*C100.0*UCI3-P-
976= 1LL+23 
977= IFCUCI3.LE.C0.01*LL33 X=SLC13 
978= IFCUCI3.GE.SUCL3 X=0.001 
979= IFCX.NE.-1.03 SCI3=X 
980= IFCX.NE.-1.03 GO TO 50 
981=70 CONTINUE 
982=10 DO 80 1=1.NNL 
983= IFCUCI3.GE.SUC3 SCI3=EXPCSUA1*CSUB1-UCI 333 
984= IFCUCI3.LT.SUC.AND.UCI3.GE.SUD3 SCI3=EXPCSUA2*CSUB2-UCI333 
98S= IFCUCI3.LT.SUD3 SCI3=EXPCSUA3*CSUB3-UC1333 
986=80 CONTINUE 
987= P=NNL+1 
988= DO 98 I=P,NM 
989= IFCUCI3.GE.SLC3 SCI3=EXPCSLA1«CSLB1-UC1333 
998= IFCUCI3.LT.SLC.AND.UCI3.GE.SLD3 SCI3=EXPCSLA2*CSLB2-UCI 333 
991= IFCUCI3.LT.SLD3 SCI3=EXPCSLA3*CSLB3-UCI 333 
992=90 CONTINUE 
993=60 RETURN 
994= END 

995= SUBROUTINE HEPASCUCS.SU,ID3 
996= INTEGER P 
997= DIMENSION UCSC36S3.SUC88 3,KODC63 
998= COMMON/CONDU/ CSAT1,CSAT2»SUA1.SUA2,SUA3.SUB 1,SUB2,SUB3.SUC»SUD, 
999= 1SLA1,SLA2,SLA3#SLB1»SLB2.SL83,SLC.SLD,CUA1,CUA2,CUA3,CUB1.CUB2, 

1000= 2CUB3»CUC,CU0#CLA1,CLA2»CLA3»CLB1,CLB2»CLB3»CLC,CLD,K0DC63#NNL,IU1, 
1001= 3IU2,L6,SUCU,SUCL,LU,LL,mJ,f1L,FAC 
1002= IFCKODC13.EO.13 GO TO 10 
1003= 1=0 
1004=20 I = I-M 
1005= IFCI.GT.ID3 GO TO 30 
1086= X=-1.0 
1887= DO 40 P=2,IU1 
1088= IFCUCSCI3.LE.0.01*CLU+P-133 X=SUCP-13*CSUCP3-SUCP-133«C108.0#UCSCI 
1009= 13-P-LU+23 
1010= IFCUCSCI3.LE.C0.0HLU33 X=SUC13 
1011= IFCUCSCI3.GE.SUCU3 X=0.001 
1012= IFCX.NE.-1.03 UCSCI3=X 
1013= IFCX.NE.-1.03 GO TO 20 
1014=40 CONTINUE 
1015=10 DO 58 1=1,ID 
1016= IFCUCSCI3.GE.SUC3 X=EXPCSUA1«CSUB1-UCSC1333 
1017= IFCUCSCI 3.LT.SUC.AND.UCSC13.GE.SUD3 X=EXPCSUA2*CSUB2-UCSC13 3 3 
1018= IFCUCSCI3.LT.SUD3 X=EXPCSUA3*CSUB3-UCSC1333 
1019= UCSCI3=X 
1020=50 CONTINUE 
1021=30 RETURN 
1022= END 

1023= SUBROUTINE DMCC3.CH1,X,CHU,CHL.SU,SL3 
1024= INTEGER P 
1025= DIMENSION CHUC80D,CHLC803,SUC80D,SLC80D,K0DC6D 
1026= COMMON/CONDU/ CSAT1.CSAT2,SUA 1,SUA2,SUA3,SUB 1,SUB2,SUB3,SUC,SUD, 
1027= 1SLA1.SLA2,SLA3.SLB1,SLB2,SLB3,SLC.SLD,CUA1,CUA2,CUA3.CUB 1,CUB2, 
1828= 2CUB3,CUC,CUD,CLA1.CLA2,CLA3,CLB1,CLB2,CLB3,CLC,CLD,KODC63,NNL»IU1, 
1029= 3IU2,L6,SUCU * SUCL,LU,LL.MU,ML,FAC 
1830= IFCKODC13.EO.13 GO TO 10 
1031= IFC3.GT.NNL3 GO TO 20 
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1832= CH1=8.8 
1033= DO 30 P=:i,iui 
1034= IFCX.GE.SUC133 CH1=CHUC13 
1035= IFCX.LE.SUCIU133 CH1=CHUCIU13 
1836= IFCX.LT.SUC13.AND.X.GT.SUCP33 CH1=CHUCP3-CCHUCP3-CHUCP-133*CSUCP3-
1837= 1X3/CSUCP3-SUCP-133 
1038= ^ IFCCH1.NE.8.03 GO TO 48 
1839=38 CONTINUE 
1848=48 IFC3-NNL3 58,60.28 
1841=68 SI=1.8 
1842= GO TO 78 
1843=20 SI=0.0 
1844=70 CH2=0.8 
1845= DO 80 P=1.IU2 
1046= IFCX.GE.SLC133 CH2=CHLC13 
1047= IFCX.LE.SLCIU233 CH2=CHLCIU23 
1048= IFCX.LT.SLC13.AND.X.GT.SLCP3 3 CH2=CHLCP3-CCHLCP3-CHLCP-13 3*CSLCP3-
1849= 1X3/CSLCP3-SLCP-133 
1850= IFCCH2.NE.0.03 GO TO 90 
1851=80 CONTINUE 
1852=90 CH1=8.5*CC2.B-SI3*CH2+SI*CH13 
1053= GO TO 50 
1854=10 IFCL6.NE.13 GO TO 100 
1855= SUI11=EXPCSUA1*CSUB1-SUC33 
1056= SUf12=EXPCSUA2*CSUB2-SUD3 3 
1857= SLM1=EXPCSLA1*CSLB1-SLC33 
1058= SLH2=EXPCSLA2*CSLB2-SLD3 3 
18S9=100 IFCD.GT.NNL3 GO TO 110 
1060= I FCX .LT .1 .03 X=1.0 
1061= IFCX.LE.SUM3 CH1=-1.0/CSUA1#X3 
1862= IFCX.GT.SUH1.AND.X.LE.SUM23 CH1=-1.0/CSUA2#X3 
1863= IFCX.GT.SUI123 CH1=-1.0/CSUA3*X3 
1864= IFC3-NNL3 5 0 , 1 2 0 . 1 1 0 
1865=128 S I = 1 . 0 
1866= GO TO 138 
1867=110 S I = 0 . 8 
1068= I F C X . L T . 1 . 0 3 X=1.0 
1869=130 IFCX.LE.SLM13 CH2=-1.8/CSLA1*X3 
1070= IFCX.GT.SLM1.AND.X.LE.SLPI23 CH2=-1.0/CSLA2*X3 
1071= IFCX.GT.SLI123 CH2=-1.0/CSLA3*X3 
1872= CH1=0.S*CC2.0-SI3*CH2+SI*CH13 
1873=58 RETURN 
1874= END 

1875= SUBROUTINE C0NC3,A,B,SA.SB,CU,CL,SU,SL3 
1876= INTEGER P 
1877= DIMENSION CLC88 3,SLC80 3,CUC80D.SUC80),KODC6 3 
1878= COWMON/CONDU/ CSAT1.CSAT2,SUA1.SUA2.SUA3,SUB 1.SUB2,SUB3,SUC.SUO. 
1879= 1SLA1.SLA2.SLA3,SLB1,SLB2,SLB3,SLC,SLD,CUA1.CUA2,CUA3,CUB1,CUB2, 
1888= 2CUB3,CUC,CUD,CLA1,CLA2,CLA3,CLB1,CLB2.CLB3.CLC.CLD,K00C63.NNL.IU1. 
1881= 3IU2,L6,SUCU,SUCL.LU,LL,HU,ML,FAC 
1882= LK=1 
1883= IFCD.GT.NNL3 GO TO 18 
1884= SS=SB 
1885= IFCKODC13.NE.03 GO TO 20 
1886=38 IFCSS.LE.CUA13 A1=FAC*CSAT1 
1887= IFCSS.GT.CUA1.ANO.SS.LT.CUB 13 A1*FAC#CSAT1*EXPC-CUA2*CSS-CUA13 3 
1888= IFCSS.GE.CUB13 A1=FAC*CUB2«CSS**C-1.433 
1889= IFCLK.E0.13 B=A1 
1898= IFCLK.EO.83 A=A1 
1891= IFCLK.EO.03 GO TO 48 
1892= LK=8 
1893= IFC3.GE.NNL3 GO TO 18 
1894= SS=SA 
1895= GO TO 38 
1896=10 IFCKODC13.NE.83 GO TO 28 
1897= SS=SA 
1898=58 IFCSS.LE.CLA13 B1=FAC*CSAT2 
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GO TO 
SS=SB 
B=B1 
GO TO 

-2) GO 
GO TO 

40 

40 

TO 
70 

1099= IFCSS.GT.CLA1.AND.SS.LT.CLB13 B1=FAC*CSAT2#EXPC-CLA2*CSS-CLA13 3 
1100= IFCSS.GE.CLB13 B1=FAC*CLB2*CSS**C-1.433 
1101= IFCLK.NE.23 A=B 1 
1102= IFCLK.EO.03 
1103= IFCLK.EQ.13 
1104= IFCLK.EQ.23 
1105= IFCLK.EQ.23 
1106= LK=2 
1107= GO TO S0 
1108=20 IFCKODC13.NE.23 GO TO 60 
1109= IFCZJ.GT.NNL3 
1110= SS=SB 
1111=90 A1=0.0 
1112= DO 80 P=1,IU1 
1113= IFCSS.GE.SUCP3.ANO.SS.LT.SUC133 A1=FAC*CCUCP-13-KCUCP3-CUCP-133* 
1114= 1CSUCP-13-SS3/CSUCP-13-SUCP333 
1115= IFCSUC13.LE.SS3 A1=FAC*CUC13 
1116= IFCSUCIU13.GE.SS3 A1=FAC*CUCIU13 
1117= IFCA1.NE.0.03 GO TO 140 
1118=80 CONTINUE 
1119=140 IFCLK.E0.13 B=A1 
1120= IFCLK.EO.03 A=A1 
1121= IFCLK.EO.03 GO TO 40 
1122= LK=0 
1123= IFCD.GE.NNL3 GO TO 70 
1124= SS=SA 
1125= GO TO 90 
1126=70 SS=SA 
1127= B1=0.0 
1128=110 DO 100 P=1,IU2 
1129= IFCSS.GE.SLCP3.AND.SS.LT.SLC13 3 B1=FAC*CCLCP-13+CCLCP3-CLCP-13 3» 
1130= 1CSLCP-13-SS3/CSLCP-13-SLCP333 
1131= IFCSS.GE.SLC133 B1=FAC*CLC13 
1132= IFCSS.LE.SLCIU233 B1=FAC*CLCIU23 
1133= IFCB1.NE.0.03 GO TO 1S0 
1134=100 CONTINUE 
1135=150 IFCLK.NE.23 A=B1 
1136= IFCLK.EO.03 GO TO 40 
1137= IFCLK.E0.13 SS=SB 
1138= IFCLK.EO.23 B=B1 
1139= IFCLK.EO.23 GO TO 40 
1140= LK=2 
1141= B1=0.0 
1142= GO TO 110 
1143=60 IFCD.GT.NNL3 GO TO 120 
44443 SS=SB 
114S=130 IFCSS.LE.CUC3 A1»FAC*CSAT1*EXPC-CUA1*CSS-CUB133 
1146= IFCSS.GT.CUC.AND.SS.LT.CUD3 A1=FAC*CSAT1*EXPC-CUA2*CSS-CUB23 3 
1147= IFCSS.LT.1.83 SS*1.8 
1148= IFCSS.GE.CUD3 A1=FAC*CCUA3*CUB3*ALOG10CSS33*CSS*«C-1.433 
1149= IFCLK.E0.13 B»A1 
1158= IFCLK.EQ.03 A=A1 
1151= IFCLK.EO.03 GO TO 48 
1152= LK=8 
1153= IFCD.GE.NNL3 GO TO 120 
1154= SS=SA 
1155= GO TO 130 
1156=120 SS=SA 1 
1157=160 IFCSS.LE.CLC3 B1=FAC*CSAT2*EXPC-CLA1*CSS-CLB13 3 
1158= IFCSS.GT.CLC.AND.SS.LT.CLD3 B1»FAC*CSAT2*EXPC-CLA2*CSS-CLB23 3 
1159= IFCSS.LT.1.03 SS=1.0 
1160= IFCSS.GE.CLD3 B1*FAC*CCLA3+CLB3*ALOG10CSS33*CSS**C-1.433 
1161= IFCLK.NE.23 A=B1 
_» 1162= IFCLK.EO.03 GO TO 40 
1163= IFCLK.E0.13 SS=SB 
1164= IFCLK.E0.23 B«B1 
1165= IFCLK.EO.23 GO TO 40 
1166= LK=2 
1167= GO TO 160 
1168=40 RETURN 
1169= END 
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]]70» SUBROUTIKE RERC3.A,B.SA,SB,NNL3 
\Y*= INTEGER PRZ 
; V 2 * COMMON/SINK/ SHB,SMU1»SHL1#SM2,SM3,QM,SnM,PRZ,AQ,BQ 
1173= L K = 4 

WltT IFC3.GT.PRZ3 GO TO 10 
A/-,. IFC3.GT.NNLD GO TO 28 Alt* SS=SA 

U2"3« A1=0.0 
i f IFCSS.GT.SWB.AND.SS.LT.SHU13 A1=QM*CSS-SKB3/CSHU1-SHB3 

i ' i ? 3 IFCSS.GE.SMU1.AND.SS.LE.SW23 A1=QM 
IFCSS.GT.SM2.AND.SS.LE.SH33 A1=SHri*CSM3-SS3*AQ*Qt1 
IFCLK.EQ.13 A=A1 
IFCLK.EO.03 B=A1 
IFCLK.EQ.03 GO TO 40 
LK=0 
IFC3.GE.NNL3 GO TO 20 
SS=SB 
GO TO 30 

1180= 
1181 = 
1182= 
1183= 
1184= 
1185= 
1186= 
1187= 
1188=28 SS=SB 
|189=S0 B1=0.0 
1190= 
1191 = 
1192= 
1193* 
1194= 
119S= 
1196= 
1197= 
1198= 
1199= 
1200=10 A=0.0 
l8/* B=8.0 

]282=48 RETURN 
1283= E N 0 

IFCSS.GT.SMB.AND.SS.LT.SHL13 B1=OM*CSS-SHB3/CSHL1-SrtB3 
IFCSS.GE.SHL1.AND.SS.LE.SPI23 B 1=011 
IFCSS.GT.SM2.AND.SS.LE.SM33 B1=SHM*CSM3-SS3+AQ»Qf1 
IFCLK.NE.23 B=B1 
IFCLK.EO.03 GO TO 48 
IFCLK.E0.13 SS=SA 
IFCLK.EO.23 A=B1 
IFCLK.EO.23 GO TO 40 
LK=2 
GO TO 50 

10.2 Instructions for input 

The data input has been arranged in 24 groups A, B , . . . , Y, Z 
and should be punched on cards in FORTRAN-code according to 
the instructions given on page 144-161. 
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10.3 Example of input 

1=SlnULATI0N 
2= 
3= 
4= 
S» 
6= 
7= 
8= 
9= 

18= 
11 = 
12* 
13= 
14= 
15= 
16= 
17= 
18= 
19= 
20= 
21 = 
22= 
23= 
24= 
25= 
26= 
27= 
28= 
29= 
38= 
31 = 
32= 
33= 
34= 
3S= 
36= 
37= 
38= 
39= 
48= 
41 = 
42= 
43= 
44= 
45= 
46= 
47= 
48= 
49= 
50= 
51 = 
S2» 
53= 
54= 
55= 
56= 
57= 
S8» 
59= 
60= 
61= 
62= 
63= 
64= 
65= 
66= 
67= 
68= 
69= 
70= 
71= 
72= 
73= 

2 1 
28 21 

1.0 
0.1 
.05 

13.0 
14.8 
13.6 
13.6 
16.7 
13.3 
13.0 
14.2 
13.9 
11.8 
14.8 
15.8 
14.8 
13.6 
13.3 
17.0 
17.6 
14.S 
12.7 
16.1 
17.0 
17.6 
20.6 
17.3 
15.1 
15.8 
20.3 
21.8 
17.6 
16.4 
14.2 
16.1 
13.3 
17.3 
16.1 
17.3 
16.7 
15.5 
17.0 
18.2 
19.1 
21.5 
18.S 
13.6 
13.0 
12.4 
13.2 
16.4 
20.0 
17.3 
17.0 
16.1 
15.1 
15.1 
15.1 
14.2 
16.1 
15.5 
15.8 
13.6 
12.7 
17.0 
14.5 
15.8 
15.5 
14.2 
14.2 

MODEL OF SOIL 
0 0 
6 10 

0.60 
32.5 

0.5 
8.77 
0.93 
0.89 
0.9S 
0.86 
8.89 
0.90 
0.90 
0.93 
0.78 
0.81 
0.88 
0.80 
0.83 
0.80 
0.79 
0.82 
0.89 
0.83 
0.80 
0.82 
0.84 
0.86 
0.95 
0.96 
0.89 
0.80 
0.81 
0.91 
0.87 
0.80 
0.74 
0.91 
0.80 
0.92 
0.91 
0.9S 
0.95 
0.83 
0.97 
0.87 
0.83 
0.92 
0.87 
0.83 
8.88 
0.84 
8.75 
0.79 
0.84 
0.88 
0.87 
0.80 
0.91 
0.90 
0.90 
0.85 
0.86 
0.93 
8.94 
0.84 
8.89 
8.93 
8.91 
8.89 
0.96 
0.81 

. WATER 
0 2 
1 1 

0.50 
4.7 
7. 

4.77 
5.58 
4.09 
2.46 
5.49 
3.92 
1.15 
S.48 
5.33 
1.9S 
1.80 
2.56 
4.28 
2.76 
1.96 
1.57 
1.77 
5.08 
2.46 
2.77 
2.S5 
4.23 
3.87 
2.72 
1.59 
1.44 
3.11 
2.48 
4.08 
2.62 
1.75 
3.45 
2.45 
2.90 
2.93 
4.54 
3.69 
2.90 
4.40 
5.73 
2.65 
2.01 
3.01 
2.94 
3.08 
2.82 
1.43 
2.75 
2.89 
2.04 
2.35 
5.11 
S.15 
3.91 
6.28 
4.14 
6.11 
5.83 
5.54 
1.64 
1.35 
1.77 
3.2S 
1.8S 
1.69 
1.86 
1.11 

AND ACTUAL 
8 60 
1 1 

10. 
S00. 

0.015 
395. 
307. 
240. 
176. 
301. 
428. 
164. 
404. 
136. 
391. 
270. 
382. 
365. 
253. 
331. 
275. 
292. 
186. 
303. 
329. 
363. 
343. 
326. 
188. 
112. 
312. 
315. 
329. 
346. 
3S6. 
250. 
272. 

60. 
333. 
125. 
255. 
154. 
103. 
241. 
180. 
324. 
252. 
185. 
79. 

179. 
177. 
129. 
260. 
280. 
171. 
283. 
250. 
223. 
138. 
104. 
160. 
114. 
1S8. 
112. 
50. 

265. 
189. 
109. 
245. 
218. 
112. 
179. 

TRANSPIRATION 
0 58 28 

172. 
20000. 

.0358 
11. 
12. 
12. 
13. 
13. 
13. 
13. 
14. 
14. 
14. 
15. 
15. 
16. 
16. 
17. 
18. 
18. 
19. 
20. 
21. 
22. 
23. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
33. 
34. 
35. 
35. 
36. 
37. 
37. 
38. 
39. 
39. 
40. 
40. 
40. 
41. 
41. 
41. 
41. 
42. 
42. 
42. 
42. 
42. 
42. 
42. 
42. 
42. 
>2. 
42. 
42. 
42. 
42. 
42. 
42. 
42. 
42. 
42. 

RATECDATA 
9 10 

221. 
1. 

180. 
.818 
.810 
.010 
.010 
.010 
.020 
.020 
.030 
.030 
.040 
.050 
.058 
.860 
.070 
.080 
.090 
.100 
.110 
.120 
.130 
.140 
.160 
.170 
.180 
.200 
.220 
.230 
.250 
.270 
.280 
.300 
.320 
.340 

.36 

.38 

.48 

.42 

.4S 

.47 

.58 

.52 

.54 

.S7 

.59 

.62 

.64 

.67 

.69 

.72 
.737 
.755 
.772 
.798 
.794 
.798 
.882 
.806 
.810 
.815 
.820 
.826 
.832 
.838 
.844 
.850 
.8SS 
.868 

R.A.I 
19 

.81 
.8 
.8 
.0 

2.0 
7.7 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.8 
2.5 

.0 

.0 

.0 

.8 

.0 

.0 

.0 

.0 

.0 

.4 

.7 
2.3 

.0 

.0 

.6 

.0 

.0 

.0 

.0 

.0 
3.9 

.0 

.0 

.4 
1.5 
3.4 
2.7 

.0 

.0 

.0 
3.2 

.0 

.0 
10.6 

.2 
1.0 
4.2 
5.0 

.0 
1.5 
2.4 
2.4 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

172 384 

24, 
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74= 
7S= 
76= 
77 = 
78= 
79= 
88= 
81 = 
82= 
83= 
84= 
8S= 
86= 
87= 
88= 
89= 
98= 
91 = 
92= 
93= 
94= 
9S= 
96= 
97= 
98= 
99= 

180= 
181 = 
182= 
103= 
104= 
18S= 
106= 
107= 
188= 
189= 
110= 
111 = 
112= 
113= 
114= 
11S= 
116= 
117= 
118= 
119= 
128= 
121 = 
122= 
123= 
124= 
12S» 
126* 
127= 
128* 
129= 
138= 
131= 
132= 
133= 
134= 
13S= 
136* 
137= 
138= 
139= 
140= 
141 = 
142= 
143= 
144= 
145* 
146= 
147= 
148= 
149= 
150= 

15.S 
1S.8 
15.1 
12.4 
14.8 
15.8 
16.4 
14.5 
14.8 
13.6 
13.0 
9.7 

10.3 
11.5 
13.0 
12.7 
13.0 
14.S 
15.1 
14.5 
13.9 
13.3 
13.1 
12.7 
12.4 
11.5 
13.0 
13.9 
16.4 
17.0 
18.2 
15.2 
14.5 
17.6 
15.S 
14.S 
13.5 
13.3 
12.4 
11.8 
12.7 
1S.8 
14.5 
16.3 
15.5 
14.8 
14.5 
12.7 
12.9 
13.3 
13.9 
10.6 
8.2 
9.7 

13.0 
13.9 
9.7 

10.6 
10.3 
12.4 
13.3 
10.9 
9.7 
8.5 
8.2 
7.2 

90.0 
93.0 
90.0 
92.0 
94.0 
94.0 
98.0 
90.0 
98.0 

100.0 
96.0 

0.92 
0.88 
0.91 
0.81 
8.89 
0.89 
0.80 
0.89 
0.87 
0.89 
0.85 
8.91 
8.89 
0.90 
0.89 
0.95 
0.92 
0.92 
0.97 
0.96 
0.92 
0.95 
0.93 
0.88 
8.85 
0.92 
0.93 
0.90 
0.94 
0.93 
0.89 
0.90 
0.91 
0.91 
0.78 
0.82 
0.73 
0.84 
0.79 
0.78 
0.94 
0.93 
0.96 
0.94 
0.98 
0.94 
0.97 
0.79 
0.86 
8.79 
0.89 
0.76 
0.86 
0.88 
0.89 
0.96 
0.94 
0.95 
0.91 
0.91 
0.79 
0.90 
0.90 
0.90 
0.94 
0.94 
95.0 
93.0 
98.0 
93.0 
9S.0 
90.0 

108.0 
96.0 
97.8 
98.0 
96.0 

1.21 
1.33 
2.34 
5.66 
4.21 
3.71 
5.80 
7.92 
5.71 
8.19 
3.71 
1.27 
1.4S 
1.53 
1.23 
1.23 
1.74 
3.58 
3.13 
2.54 
1.88 
8.99 
2.80 
4.82 
4.84 
2.20 
3.36 
2.72 
3.61 
1.49 
3.15 
1.56 
1.18 
3.88 
6.16 
6.63 
5.82 
7.92 
6.76 
4.86 
5.88 
6.16 
3.98 
7.09 
3.67 
4.80 
2.90 
5.36 
7.78 
6.20 
7.64 

10.29 
3.85 
S.53 
4.23 
3.15 
2.01 
3.08 
2.56 
7.89 
7.18 
9.47 
6.46 
3.54 
4.24 
3.50 
93.8 
94.0 
92.0 
93.0 
91.0 
96.0 
96.0 
93.0 
95.0 
93.0 
94.0 

206. 
218. 
108. 
166. 
188. 
197. 
185. 
-14. 
125. 

15. 
159. 
85. 

134. 
131. 
125. 
37. 

119. 
187. 

15. 
70. 
48. 
69. 
88. 
45. 

124. 
64. 
22. 

115. 
25. 
62. 
22. 

122. 
101. 
63. 
69. 
S3. 
19. 
39. 
66. 
38. 
27. 

-11. 
43. 
58. 
22. 
48. 

-14. 
-17. 

54. 
66. 
41. 

-22. 
24. 
26. 
30. 
18. 
-4. 
15. 

-29. 
8. 

-3. 
6. 

-5. 
-29. 
-23. 
-23. 
99.0 
86 . 0 
85.0 
79.0 
95.0 
86.8 
95.0 
92.8 
99.0 
95.0 
94.0 

42. 
42. 
42. 
42. 
42. 
42. 

42.1 
42.2 
42.3 
42.4 
42.6 
42.8 

43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 
43. 

42.5 
42.0 
41.5 
41.0 
40.0 
39.7 
39.4 
39.1 
38.7 
38.3 
38.0 
37.5 
37.0 
36.5 
36.0 
35.5 
35.0 
34.0 
33.9 
33.8 
33.6 
33.4 
33.3 
33.1 
33.0 
32.8 
32.6 
32.4 
32.3 
32.2 
32.1 
32.0 
32.8 
32.0 
32.0 
32.0 
98.0 16 
84.8 £ 
87.0 9 
82.8 8 
87.0 9 
92.0 9 
90.0 9 
93.0 9 

100.0 9 
96.0 7 
94.0 9 

.«6b 

.870 

.875 

.888 

.885 

.898 

.896 

.982 

.908 

.914 

.928 

.925 

.930 

.934 

.938 

.943 

.948 

.952 

.9S6 

.968 

.968 

.960 

.960 

.960 

.968 

.960 

.960 

.950 

.940 

.938 

.928 

.915 

.913 

.918 

.908 

.907 

.906 

.904 

.903 

.901 

.900 

.900 

.900 

.900 

.900 

.900 

.900 

.900 

.900 

.900 

.908 

.900 
900 

,900 
900 
,908 
988 
988 
988 
988 
988 
900 
900 
900 
900 
900 
I0.0 
IS.8 
2.8 
IS.8 
0.0 
'0.8 
0.8 
8.8 
1.8 
9.0 
2.0 

.W 

.0 

.0 

.0 
8.4 

12.1 
.0 

3.6 
1.8 

11.8 
7.7 
4.9 

.2 

.8 

.9 

.8 

.8 
2.0 
3.1 
1.9 
.3 
.8 

1.3 
5.6 
9.1 
2.8 
5.8 

.9 

.8 

.0 

.0 

.0 

.0 
2.8 

.0 

.0 
3.8 

12.8 
6.8 

.8 

.2 

.1 

.1 

.8 
4.4 

.1 
13.9 
.85 
5.8 

18.3 
11.2 
S.6 
0.3 

.7 

.0 
3.1 

.0 

.0 

.0 
4.0 

.0 
14.1 
29.8 
3.1 
3.8 
8.8 

99.8 
88.0 
92.8 
88.8 
95.8 
96.0 
91.0 
97.0 

100.0 
79.0 
94.0 

92.0 
88.0 
91.8 
89.0 
98.8 
95.0 
88.0 
95.8 

180.0 
90.0 
93.0 
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151 = 
152= 
153= 
1S4= 
155= 
156= 
157= 
158= 
159= 
160= 
161= 
162= 
163= 
164= 
165= 
166= 
167= 
168* 
169= 
170= 
171= 
172= 
173= 
174= 
175* 
176= 
177= 
178= 
179= 
180= 
181 = 
182= 
183= 
184= 
185= 
186= 
187= 
188= 
189= 
190= 
191 = 
192= 
193= 
194= 
195= 
196= 
197= 
198= 
199= 
200= 
201 = 
202= 
203= 
204= 
205= 
206= 
207= 
208* 
209* 

95.0 
92.0 
8S.0 
89.0 
67.0 
91.0 
25.5 
26.6 
32.7 
47.7 
61.2 
78.1 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.104 
0.468 
0.482 

. 1808E+08 

.S433E+06 

. 1096E+06 

.2163E+0S 

.4169E+84 

.7499E+03 

.2800E+03 

.1080E+02 

.1000E+08 

.S433E+06 

.1096E+06 

.2163E+0S 

.4169E+04 

.7499E+03 

.2310E+02 
0.108E-09 
0.338E-08 
0.282E-07 
0.2S2E-86* 
0.233E-05 
0.236E-04 
0.170E-03 
0.120E-02 
0.188E-09 
0.330E-08 
0.282E-07 
0.2S2E-06 
0.233E-0S 
0.233E-04 
0.S00E-02 

172. 
7. 
7. 

91.0 
94.0 
73.0 
91.0 
76.0 
67.0 
25.5 
27.2 
34.0 
50.2 
62.3 
80.6 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.292 
0.472 
0.487 

.5248E+07 

.4365E+06 

.8710E+0S 

.17S8E+0S 

.3311E+04 

.6316E+03 

.2350E+03 

.77S0E+01 

.S248E+07 

.436SE+06 

.8718E+0S 

.17S8E+8S 

.3311E+04 

.6316E+03 

.4700E+01 
0.200E-09 
0.448E-08 
0.38SE-07 
0.334E-06 
0.318E-8S 
8.298E-04 
0.200E-03 
0.220E-02 
0.200E-0? 
0.448E-08 
0.38SE-07 
0.334E-06 
0.318E-8S 
0.298E-04 
0.176E-01 

0. 
7. 
7. 

92.0 
94.0 
78.0 
70.0 
84.0 
36.0 
25.6 
27.8 
35.2 
52.8 
63.4 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.318 
0.474 
0.492 

.3162E+07 

.3548E+06 

.7079E+0S 

.1413E+0S 

.2692E+04 

.5S00E+03 

.1900E+03 

.SS00E+01 

.3162E+07 

.3S4BE+06 

.7079E+0S 

.1413E+0S 

.2692E+04 

.S012E+83 
.001E+80 

0.308E-89 
0.S80E-08 
0.S89E-07 
0.448E-06 
0.428E-8S 
0.407E-04 
0.230E-03 
0.500E-02 
0.300E-09 
0.S80E-08 
0.S09E-07 
0.448E-06 
0.428E-0S 
0.487E-04 
0.230E-01 

6. 
7. 
7. 

80.0 
96.0 
76.0 
72.0 
87.0 
47.0 
25.6 
28.4 
36.5 
55.4 
65.8 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.343 
0.475 
0.496 

.2042E+07 

.29S1E+06 

.S689E+05 

.117SE+0S 

.2213E+04 

.50S0E+03 

.1450E+03 

.37S0E+01 

.2042E+07 

.29S1E+06 

.S689E+0S 

.117SE+0S 

.2213E+04 

.374SE+03 

0.S80E-09 
0.748E-08 
0.684E-07 
0.S7SE-06 
0.548E-85 
0.900E-04 
0.278E-03 
0.170E-81 
0.S80E-09 
0.748E-08 
0.684E-07 
0.57SE-06 
0.S48E-05 
0.603E-04 

7. 
7. 
7. 

79.0 
95.0 
86.0 
76.8 
87.8 
51.0 
25.7 
29.0 
37.7 
S6.6 
68.2 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.380 
0.476 

.144SE+07 

.2399E+06 

.4677E+05 

.9333E+04 

.1820E+04 

.4600E+03 

.1088E+03 

.0810E+00 

.144SE+07 

.2399E+06 

.4677E+0S 

.9333E+04 

.1820E+04 

.2609E+83 

0.988E-09 
0.980E-08 
0.891E-07 
0.78SE-06 
0.713E-0S 
0.188E-03 
0.300E-03 
0.238E-01 
8.900E-09 
0.980E-08 
0.891E-87 
0.78SE-86 
0.713E-05 
0.982E-04 

7. 
7. 
6. 

86.0 
91.0 
88.0 
68.0 
89.8 

25.8 
29.6 
48.2 
57.8 
70.6 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.424 
0.478 

.1872E+07 

.198SE+06 

.371SE+8S 

.7S86E+04 

.1429E+04 

.41S0E+03 

.77S0E+02 

.1072E+07 

.190SE+06 

.371SE+0S 
•7S86E+84 
.1429E+04 
.1832E+03 

0.130E-08 
0.134E-07 
0.122E-06 
0.184E-05 
0.988E-0S 
0.110E-03 
0.368E-03 

0.138E-08 
0.134E-07 
0.122E-06 
0.104E-85 
0.988E-0S 
0.1S8E-03 

7. 
7. 

80.0 
81.0 
95.0 
55.0 
90.0 

25.9 
38.2 
42.7 
S9.0 
73.1 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.447 
0.480 

.8511E+06 
•1622E+86 
•3162E+05 
.6166L+04 
.1184E+84 
.3780E+03 
.S500E+02 

.8S11E+06 
•1622E+06 
.3162E+05 
.6166E+04 
.1184E+04 
.1310E+03 

0.188E-08 
0.166E-07 
0.151E-06 
0.137E-05 
0.133E-04 
0.120E-03 
0.410E-03 

0.180E-08 
0.-166E-07 
0.151E-06 
0.137E-0S 
0.133E-04 
0.249E-03 

7. 
7. 

90.0 
79.0 
94.0 
60.0 
86.0 

26.0 
31.4 
45.2 
60.1 
75.6 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 
83.0 

0.460 
0.481 

.6607E+06 

.1288E+06 

.2630E+0S 

.S129E+04 

.9SS0E+03 

.32S0E+03 

.3250E+02 

.6607E+06 

.1288E+06 

.2630E+05 

.S129E+04 

.9SS0E+03 

.8350E+02 

0.2S0E-08 
0.227E-07 
0.194E-06 
0.176E-8S 
8.170E-04 
8.140E-03 
0.660E-83 

0.2S0E-08 
0.227E-07 
0.194E-06 
0.176E-0S 
0.170E-04 
0.457E-03 

8. 
7. 

164 



11 Execution of CROPR 

11.1 Listing of program 

Is PROGRAM CROPRCINPUT.OUTPUT] 
2=C*****SIMULATI0N MODEL OF CROP PRODUCTION AS A FUNCTION OF UATER USE**** 
3=C*****THIS PROGRAM IS DEVELOPED BY R.A.FEDDES,INSTITUTE FOR LAND AND 
4=C*****UATER MANAGEMENT RESEARCH,P.O.BOX 35,6700 AA UAGENINGEN, 
S=C****»THE NETHERLANDS! P.ZJ.KOUALIK, INSTITUTE OF HYDROTECHNICS.TECHNICAL 
6=C*****UNIVERSITY,P.O.BOX 612,80-952 GDANSK,POLAND; H.ZARADNY,INSTITUTE 
7=C**»»*OF HYDRO-ENGINEERING,POLISH ACADEMY OF SCIENCES,UL.CYSTERSOU 11, 
8=C*****80-9S3 GDANSK,POLAND. 
9*C 

^ S C PROGRAM CROPR CONSISTS OF TUO PARTS: 
^ X C PART 1:-CALCULATES THE POTENTIAL DRY MATTER YIELD OF THE CROP 
^2*C PART 2:-CALCULATES THE ACTUAL DRY MATTER YIELD OF THE CROPCLC73*03 
*3*C IN CASE THAT LC73=1 ONLY PART 1 IS PERFORMED 
14=C THE FOLLOUING VALUES MUST BE PRESCRIBED: 
1S=C FOR PART 1: 
^=C A3-BETA-RATIO OF HARVESTED PART OF PLANT TO TOTAL PRODUCT-
*7=C ION 
*8=C PHF-PHOTOSYNTHESIS FACTOR 
<9=C UG-LATITUDE OF THE AREA CONSIDERED 
20=C ALFA-THE INFLUENCE OF TEMPERATURE ON PRODUCTION: 
21-C AS FUNCTION:ALFA*SINCCTEM+AL3/BL3 IF TEM<.5*BL-AL 
22=C ALFA=1.0 IF TEM>.5*BL-AL CLC8D=03 
23*C AS FUNCTION:ALFA=M-CTEM-AL3**2/BL**2 CLC83M3 
24=C AS TABLE: ALTE-FCTEM) CLC8D*23 
25=C LCID-FIRST DAY OF CALCULATION 
26=C LC23-LAST DAY OF CALCULATION 
27=C LC33-NUMBER OF DAYS IN FEBRUARYC28 OR 293 
28=C LC43-DATE OF THE BEGINNING OF THE CALCULATIONS 
29=C LCS3-FIRST MONTH OF CALCULATION 
38*0 LC63-LAST MONTH OF CALCULATION 
31=C LC73-VALUE 0 OR 1 
32»C LC83-VALUE 0,1 OR 2 
33=C LC9 3-VALUE 0 OR 1 
34=C LC103-VALUE 0 OR 1 
3S=C LC113-NUMBER OF LINES IN ALTE-TABLE 
36=C LC123-VALUE 0 OR 1 
37*C TABC10,12,33-TABLE CONSISTS OF 3*120 VALUES OF THE 
38=C SOLAR RADIATION FLUX CRC3 INVOLVED IN PHOTOSYNTHE-
39=C SIS C0.4 TO 0.7*E-06 M3 ON CLEAR DAYS CU*M**-23? 
40=C POTENTIAL PHOTOSYNTHETIC RATES ON CLEAR DAYS.CPC3 
4**C AND ON OVERCAST DAYS CP03 CKG*HA**-1*DAY**-13 
42*C DC123-TIME AT UHICH THE ARRAY-TAB IS GIVEN CDAYS3 
43=C B3-DAILY VALUES CMAXIMUM 3653 OF: 
4«SC TEM-TEMPERATURE OF THE AIR CDEGREES CELCIUS3 
4S=C SC-SOIL COVER CFRACTION3 
*6=C SRF-SOLAR RAOIATION FLUX INVOLVED IN PHOTOSYNTHESIS ON 
47*C ACTUAL DAY CU*M**-2 IF LC93*0,OTHERWISE IN CAL*CM 
48*C »«_2*DAY**-1 IF LC93*13 FOR CASE LC103*0 
4?*C CLO-CLOUDINESS C1 TO 103 FOR CASE LC183*1 
S0*C 
S1*C FOR PART 2: 
S2*C A3-A-RATI0 OF ACTUAL TRANSPIRATION/VAPOUR PRESSURE DEFICIT 
S3*C OF AIR VERSUS THE RATE OF GROUTH 
54*C FKSI-COEFFICIENT DEPENDING ON THE TYPE OF CROP 
SS*C B3-DAILY VALUES CMAXIMUM 3653 OF « 
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S6=C EP-ACTUAL TRANSPIRATION RATE CWH*DAY***-43 OBTAINED FOR 
S7=C EXAMPLE FROM PROGRAM'SUATR 
S8=C RH-RELATIVE HUMIDITY OF THE AIR CFRACTION3 IF LC123=1 
S9=C VPD-VAPOUR PRESSURE DEFICIT CMBAR3 IF LC123=0 
60=C 
61* LOGICAL RE 
62= DIMENSION ALTEC 10,23*TABC18.12,33,PCC123,POC123,RCC123,SRFC36S3, 
63= 1CLOC36S3,TEMC36S3,SCC36S3,EPC36S3,RHC36S3,VPDC36S3,PCYC36S3,LC123, 
64= 2PRGC36S3,KMC123,IAC9?3,HEDC283,DAYC23,DC123 
65= EQUIVALENCE CRH, VPD3, CSRF,CLO,PRG3, CSCPCY3 
66= COMMON/ALF/ ALTE 
67= DATA KMC13,KMC33,KMC53,KMC73,KMC83,KMC18 3.KMC12 3/7*31/,KMC4 3,KMC6 3 
68= 1,KHC93,KMC113/4*30/,ACY/1*0.0/ 
6?= READ 10, HED 
70=10 FORMATC20A4 3 
71= READ 20, L 
72=20 FORMATC16IS3 
73= NCA=LC113 
74= ID=LC23-LC13+1 
75= IFCLC83.NE.23 READ 38, BETA,PHF,UG,AL,BL 
76= KMC23=LC33 
77' IFCLC83.EO.23 READ 38, BETA,PHF,UG,CCALTECI,33,3=1,23,1=1,NCA3 
78=30 FORMATC8F10.33 
79= READ 38, CCCTABCI,3.K3,K=1,33,3=1,123,1=1,103 
80= READ 30, CDCI3.I=1,123 
81= READ 30, CTEMCI3,I=1.ID3 
82= READ 30, CSCCI 3,1 = 1,ID3 
83= READ 30, CSRFC13,1=1,ID3 
84= IFCLC73.EO.03 READ 38, A,FKSI 
85= IFCLC73.EO.03 READ 30, CEPCI 3,1=1,ID3 
86= IFCLC73.EO.03 READ 30, CRHCI3,1=1,ID3 
87= PRINT 48, HED 
88=40 FORMATC1H1»20A4 3 
89= IFCLC83.NE.23 TLIM=8.5*BL-AL 
90= PRINT 58, BETA,PHF,UG,LC83 
91= IFCLC83.NE.23 PRINT 60, AL,BL,TLIM,TLIM,AL.BL 
92=58 F0RMATC//15H BETA=F5.3,14H PHF=F5.3,19H 
93= 1 LATITUDE=F5.2,15H LC83=I1/3 
94=60 F0RMATC49H INFLUENCE OF TEMPERATURE IS PRESCRIBED!/ 
95= 138H A3 FOR LC83=0 ALFA=SINCPI*CTEM+FS.2,2H3/F5.2,19H3 
96= 2 FOR TEM<FS.2.4SH AND ALFA=1.0 FOR TEM>F5 
97= 3.2/ 
98= 434H B3 FOR LC83=1 ALFA=1-CCTEM-F5.2,6H3**23/FS.2,4H**2 3 
99= IFCLC83.EO.23 PRINT 78 

100= IFCLC83.EO.23 PRINT 38, CCALTEC 1,33,3=1,23,1 = 1,NCA3 
101=70 F0RMATCS8H INFLUENCE OF TEMPERATURE IS PRESCRIBED AS TABL 
102= 1E://4C20H ALFA TEM. 33 
183= LET=8.1*UG 
104= DET=0.1«UG-LET 
105= LET=LET+1 
106= DO 88 1=1,12 
107= IFCLET.EO.103 GO TO 90 
108= RCCI3=TABCLET,I,13-CTABCLET,I,13-TABCLET+1,I,133#DET 
109= PCCI3=TABCLET,I,23-CTABCLET,I,2 3-TABCLET-M,I,2 3 3*DET 
110= POCI3=TABCLET,I,3 3-CTABCLET,I,33-TABCLET+1,I,33 3*DET 
111= GO TO 80 
112=90 RCCI3=TABC10,I,13 
113= PCCI3=TABC10,I,23 
114= POCI3=TABC10,I,33 
115=88 CONTINUE 
116= PRINT 100, UG 
117=100 FORMATC//1SH FOR LATITUDE=F5.2/120H VALUES OF SOLAR RADIATION 0 
118= 1N CLEAR DAYSCRC3JPOTENTIAL PHOTOSYNTHLTIC RATES ON CLEARCPC3 AND 0 
119= 2N OVERCAST DAYSCP03 ARE:// 
128= 32C40H DAY RC PC PO 33 
121= PRINT 110, CDCI3,RCCI3,PCCI3,POCI3,I=1,123 
122=110 FORMATC2CF10.0,3CF10.133 3 
123= PRINT 120 
124=120 FORMATC/1H,30X,17HDAILY VALUES ARE://3 
125= IFCLC103.EO.03 PRINT 130 
126= IFCLC103.NE.03 PRINT 140 
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127=138 F0RF1ATC2C48H DAY TEN SRF SC 33 
128=140 F0RI1ATC2C48H DAY TEH CLO SC 3 3 

.129=158 FORMATC2C3F10.1#F10.233 
138= IFCLC93.EO.0.OR.LC103.EO.13 GO TO 160 
131= DO 170 1=1 , ID 
132= SRFCI3=0.48426*SRFCI3 
133=170 CONTINUE 
134=160 DAYC13=LC13-2. 
135= DAYC23=LC13-1. 
136= DO 188 1 = 1 , I D , 2 
137= 3=1 
138= DAYC13=DAYC13+2. 
139= DAYC23=DAYC23*2. 
140= IFCDAYC23.GT.LC233 3=8 
141= 3=3*1 
142= PRINT 150, COAYCK3,TEHCI+K-13,SRFCI+K-13,SCCI+K-13,K=1,33 
143=180 CONTINUE 
144= PRINT 198 
145=198 F0RI1ATC1H1///S8X,29HSII1ULATI0N OF POTENTIAL YIEL03 
146= PRINT 200 
147=200 F0RMATC///41X,46HP0TENTIAL RATE OF GR0UTHCPRG3-KG/HA/DAY,SIGN =// 
148= 141X.48HP0TENTIAL CUMULATIVE YIELDCPCY3-180*KG/HA,SIGN 0//3 
149= PRINT 210 
1S0=210 F0RMATC1H.31H DATE DAY PRG PCY 0.0,28X,SH188.0,28X,SH288 
151= 1.8,28X,5H380.0,20X,5H480.8 3 
152= PRINT 220 
153=220 FORMATC 1H.29X, IBIM************************************************ 
154= 1 **•**##•#***•***#•»•****• ****4-****4-****+****+**#*4-**«*+ 3 
155= N=LC13-1 
156= LA=LCS3 
1S7= LB=LC63 
158= LC=LC43 
159= OM=0.889027S6S 
160= DO 230 M=LA,LB 
161= I3=KMCM3 
162= DO 248 I=LC,I3 
163= ALFA=1.0 
164= N=N+1 
165= 3=N-LC13-M 
166= IFCLC83.NE.03 GO TO 250 
167= IFCTEMC33.GE.TLIM3 GO TO 260 
168= VALU£=3.141S926*CTEMC33+AL3/BL 
169= ALFA=SINCVALUE3 
178= GO TO 260 
171=250 IFCLC83.EO.13 ALFA=1-CCTEPIC33-AL3**23/BL**2 
172= IFCLC83.EQ.23 CALL TEINFCALFA,TEHC33,NCA3 
173=268 DO 280 NM=1,11 
174= IFCN.LE.DC133 GO TO 290 
175= IFCN.GE.DC1233 GO TO 380 
176= IFCN.GE.DCNW3.AND.N.LT.DCNIH-133 GO TO 310 
177=288 CONTINUE 
178=298 RCA=RCC13 
179= PCA=PCC13 
188= P0A=P0C13 
181= 60 TO 328 
182=308 RCA=RCC123 
183= PCA=PCC123 
184= POA=POC123 
185= GO TO 328 
186=310 B1=0H*DCNH3 
187= B2=OH*DCNfH-13 
188= B3=0M*N 
189= VAL1=SINCB13 
198= VAL2=VAL1-SINCB2J 
191= VAL3=SINCB33 
192= IFCLC103.NE.03 GO TO 278 
193= A2=CRCCNPU-RCCNfH-13 3/VAL2 
194= A1=RCCNM3-A2*VAL1 
195= RCA=AH-A2*VAL3 
196=278 A2=CPCCNM3-PCCNH+13 3/VAL2 
197= A1=PCCNM3-A2*YAL1 
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198= PCA=A1+A2*VAL3 
199= A2=CPOCNM3-POCNJ1+133/VAL2 
288= A1=POCNH3-A2*VAL1 
281= P0A=A1+A2*VAL3 
282= IFCLC183.NE.83 GO TO 338 
283=328 DELTA=CRCA-8.S*SRFC33 3/C8.8*RCA3 
284= RNET=CDELTA*POA+C1.8-DELTA3*PCA3*PHF 
285= PRGC33=RNET#BETA*ALFA*SCC33 
286= GO TO 348 
287=338 DN=1.8-CLOC33/18. 
288= RNET=CPOA+8.9#DN*CPCA-POA3 3*PHF 
289= PRGC33=RNET*BETA*ALFA*SCC33 
218=348 IFC3.EQ.13 PCYC33=8.01*PRGC33 
211= IFC3.GT.13 PCYC33=PCYC3-13+B.81*PRGC33 
212= I1=PCYC33/4.8+B.S 
213= I2=PRGC33/4.B+B.S 
214= DO 358 K=1,99 
215= IFCK.NE.I13 GO TO 368 
216= IACK3=1HB 
217= GO TO 358 
218=368 IFCI2.LT.K3 GO TO 378 
219= IACK3=1H= 
228= GO TO 350 
221=378 IACK3=1H 
222=358 CONTINUE 
223= PRINT 388. I»P1,N,PRGC33 .PCYC33, IA 
224= IFCN.GE.LC233 GO TO 588 
225=248 CONTINUE 
226= LC=1 
227=238 CONTINUE 
228=S88 PRINT 228 
229= PRINT 218 
238= PRINT 288 
231=388 F0RI1ATC1H,I4,2X,I2»2X,I3.2X,FS.1,1X,F6.2,2X,1H+,99A1,1H+3 
232= IFCLC73.EO.13 STOP 
233= PRINT 398. A.FKSI 
234=398 F0RMATC1H1,2X,97H RATIO OF ACTUAL TRANSPIRATION/VAPOUR PRES 
235= 1SURE DEFICIT OF AIR VERSUS THE RATE OF GROUTH A=F7.2/ 
236= 211X,21HTHE COEFFICIENT FKSI=F4.33 
237= PRINT 128 
238= IFCLC123.EO.83 PRINT 488 
239= IFCLC123.NE.83 PRINT 418 
248=488 F0RMATC2C38H DAY EP VPD 3 3 
241=418 F0RHATC2C48H DAY TEW EP RH 33 
242= DAYC13*LC13-2.8 
243= DAYC23-LC13-1.8 
244= IFCLC123.NE.83 GO TO 428 
24S= DO 438 1=1,ID,2 
246= 3=1 
247= DAYC13=DAYC13*2.8 
248= DAYC23=DAYC23+2.8 
249= IFCDAYC23.GT.LC233 3=8 
258= 3=3+1 
251= PRINT 448, CDAYCK3,EPCI+K-13.RHCI+K-13,K=1,33 
252=438 CONTINUE 
253= GO TO 468 
254=448 FORHATC2CF18.8,2F18.233 
2S5=428 DO 458 1=1,ID,2 
2S6= 3=1 
257= DAYC13=DAYC13+2.8 
258= DAYC23=DAYC23+2.8 
259= IFCDAYC23.GT.LC233 3=8 
268= 3=3+1 
261= PRINT 1S8, CDAYCK3,TEHCI+K-13,EPCI+K-13,RHCI+K-13,K=1»33 
262=458 CONTINUE 
263= DO 478 1=1,ID 
264= VPDC13=C1.8-RHC13 3*1.3332*EXPC C1.88871986 4*CTEMC13+273.1S3-276.488 
265= 139SS3/C.85838263S«CTEHCI3+273.153-2.193868683 3 
266=478 CONTINUE 
267=468 PRINT 488 
268=488 FORHATC1H1//S8X,27HSII1ULATIQN OF ACTUAL YIELD 3 
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269= PRINT 490 
278=498 F0RMATC///1H,48X,43HACTUAL RATE OF GROUTHCARG3-KG/HA/DAY,SIGN =// 
271= 141X,45HACTUAL CUMULATIVE YIELDCACY3-188*KG/HA,SIGN 0// 
272= 241X,53HDPAY IS DIFFERENCE BETUEEN POTENTIAL AND ACTUAL YIELD//} 
273= PRINT 500 
274=500 FORMATC1H/31H DATE DAY ARG ACY DPAY 8.8,28X,SH108.0,28X,SH288 
27S= 1.8,20X.5H300.0,20X,SH400.03 
276= PRINT 220 
277= N=LC13-1 
278= LC=LC43 
279= DO 520 rt=LA,LB 
280= I3=KMCM3 
281* DO 530 I=LC,I3 
282= N=N*1 
283= 3=N-LC13-H 
284= C=A*EPCD3/VPDC33 
285= Q=C1.0-FKSI3*PRGC33»C 
286= P=PRGCD3+C 
287= CALL SQUECP,Q»X,Y,RE3 
288= ARG=X 
289= ACY=ACY+0.01*ARG 
290= DPAY*PCYCD3-ACY 
291= I1*ACY/4.0+0.S 
292= I2=ARG/4.04-0„S 
293= DO 548 K=1,99 
294= IFCK.NE.I13 GO TO 558 
29S= IACK3=1H8 
296= GO TO S40 
297=550 IFCI2.LT.K3 GO TO 560 
298= IACK3=1H= 
299= GO TO 540 
300=560 IACK3*1H 
301=540 CONTINUE 
302= PRINT 570. I,M.N,ARG,ACY.DPAY,IA 
303= IFCN.GE.LC233 GO TO 590 
384=530 CONTINUE 
385= LC=1 
306=520 CONTINUE 
307=590 PRINT 220 
388= PRINT 588 
309= PRINT 498 
318=570 F0RMATC1H,I2,1X,I2.1X,I3,1X,FS.1,1X,FS.1,1X,F6.2.1X,1H+,99A1,1H+3 
311= STOP 
312= END 

313= SUBROUTINE SQUECP,Q,X,Y.RE3 
314= LOGICAL RE 
315= X=P/2.0 
316= DP=X«X-0 
317= RE*DP.GE.0.0 
318= DP=SORTCABSCDP33 
319= IFCRE.AND..TRUE.3 GO TO 10 
320= Y*DP 
321= GO TO 20 
322=10 Y*X*DP 
323= X=X-DP 
324=20 RETURN 
325= END 

326= SUBROUTINE TEINFCALFA,X,NCA3 
327= DIMENSION ALTEC 18,23 
328= COMMON/ALF/ ALTE 
329= K=NCA-1 
338= DO 18 1 = 1, K 
331= IFCX.LE.ALTEC 1,233 GO TO 28 
332= IFCX.GE.ALTECNCA,233 GO TO 38 
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333= IFCX.GT.ALTECI,23.AND.X.LE.ALTEC1>1»233 GO TO 40 
334=10 CONTINUE 
335=20 ALFA=ALTEC1,13 
336= GO TO 50 
337=30 ALFA=ALTECNCA,13 
338= GO TO 50 
339=40 ALFA=ALTEC1,1J-C ALTEC 1,13-ALTECI*1,133*CX-ALTEC1,23 3/C ALTEC 1 +1,2 3-
340= 1ALTECI.23 3 
341=S0 RETURN 
342= END 

11.2 Instructions for input 

The data input has been arranged in 11 groups A, B , . . . , L and 
should be punched on cards in FORTRAN code according to the 
instructions given on page 171-176. 
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Cd 

0) 

2 

C 
• * • * c 
c 

2 

c 
o 

CD 

c 

cd 

T3 

T3 

c/3 
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c 
o 
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2 

O 

Q 
W 
DC 

< o 
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c 
E 
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T3 
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cd 
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o 
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o 
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o 
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cd 
O « 

cd 

cd 

B 

cd 

cd •*-• E +-
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G C <D e 

<D T3 
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!s.s9 2 
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* - ^ cj 

o > , cd 

6 p Js 

O ^ cd 

^ c o 
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S S-S 
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t/5 

c 
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o 
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X 

C/3 

c 
o 
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C 

o 
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o 
VH 
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cd 
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O 
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3 
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<D ^ H o ( s cd o 
. ^ It . £ || 00 || 
Ofi » GO » cd 

CD 00 c 5 ^ 13 oo D oo 
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CM 
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I 

en 

in 
7 

CO 
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e 
.2 
& 

• !•< 

5 
Q 

5 
6 
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cd 
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U 
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3 c c 
O y y 
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c o 
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c 
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<4>4 

o 
OX) 
£ 
"3 
e • i H 

00 

JO 

45 
* • * 

3 
o i«f 

«4-t 

/ ^ _ N 

ft 
cd 
3 
<L> 
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CO T f i o vo t ^ 00 

QQQQQQ 

CO CO CO CO CO CO 

o o o o © © 
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11.3 Example of input 

1=SII1ULATI0N OF RED CABBAGE PRODUCTIONCEXPERIHENTAL FIELD GEESTHERAMBACHT-RAF-673 
2= 
3= 
4= 
5= 
6= 
7= 
8= 
9= 

18= 
11= 
12= 
13= 
14= 
15= 
16= 
17= 
18= 
19= 
28= 
21= 
22= 
23= 
24= 
2S= 
26= 
27= 
28= 
29= 
38= 
31= 
32= 
33= 
34= 
3S= 
36= 
37= 
38= 
39= 
48= 
41= 
42= 
43= 
44= 
45= 
46= 
47= 
48= 
49= 
58= 
S1= 
52= 
53= 
54= 
55= 
56= 
S7« 
58= 
59= 
68= 
61= 
62= 
63= 
64= 
65= 
66= 
67= 
68= 
69= 
78= 
71= 
72= 
73= 

172 394 
.885 
166 . 
2 3 8 . 
4 1 8 . 
178. 
2 2 2 . 
4 0 1 . 
183. 
2 3 6 . 
4 1 1 . 
1 2 1 . 
2 1 5 . 
4 6 8 . 
173. 
178. 
3 3 3 . 
194. 
2 5 8 . 
3 5 6 . 

6 3 . 
178 . 
5 0 6 . 
144. 
112 . 
2 2 3 . 
184. 
26S. 
2 6 0 . 

1 1 . 
114. 
5 4 4 . 

9 7 . 
3 1 . 
6 5 . 

160. 
2 7 3 . 
114. 

0 . 
2 4 . 

6 6 3 . 
3 9 . 

0 . 
0 . 

164. 
3 0 2 . 

0 . 
15. 

2 5 9 . 
13 .0 
13 .9 
17 .6 
1 5 . 1 
13 .3 
1 9 . 1 
2 0 . 0 
1 6 . 1 
15 .5 
15 .8 
11.S 
13 .3 
17 .0 
13 .3 
14 .8 
9 . 7 

10 .9 
. 0 1 
. 0 3 
. 1 0 
. 2 0 
. 34 
. 52 

28 21 
. 56 

4 1 3 . 
176. 
2 1 6 . 
4 2 9 . 
163 . 
2 1 2 . 
4 4 0 . 
183. 
2 1 8 . 
3 3 4 . 
182. 
2 5 0 . 
4 2 5 . 
115 . 
168. 
4 7 1 . 
186. 
182. 
2 1 9 . 
164. 
2 6 8 . 
3 9 0 . 

S 7 . 
100 . 
4 8 4 . 
167. 
1 2 1 . 

6 6 . 
126. 
2 7 6 . 
3 1 6 . 

7 . 
16 . 

5 0 6 . 
130 . 

3 8 . 
0 . 

7 8 . 
3 1 8 . 
195. 

0 . 
0 . 

5 8 8 . 
122. 

0 . 
4 6 . 

2 8 9 . 
14 .8 
11 .8 
14 .5 
1 5 . 8 
17 .3 
21 .S 
17 .3 
15 .5 
44 .2 
16 .4 
13 .0 
13 .1 
18 .2 
12 .4 
14 .5 
43 .0 
9 . 7 
. 0 1 
. 04 
. 1 1 
. 2 2 
. 3 6 
. 54 

6 10 
5 2 . 

2 1 9 . 
4 2 6 . 
166. 
2 3 0 . 
4 1 0 . 
174. 
2 3 6 . 
4 3 9 . 
1 5 1 . 
178. 
4 3 9 . 
493 . 
2 2 6 . 
32S . 
147. 
2 5 1 . 
4 5 6 . 
102. 
9 9 . 

4 2 7 . 
2 0 0 . 
2 8 0 . 
2 8 4 . 
180 . 
2 5 1 . 
4 4 8 . 

4 5 . 
19 . 

3 8 3 . 
188. 
148. 
4 9 . 
4 3 . 

2 4 1 . 
4 2 7 . 

1 . 
0 . 

3 3 3 . 
190. 
6 9 . 

0 . 
0 . 

2 6 9 . 
4 9 7 . 

0 . 
7 5 . 

3 2 0 . 
13 .6 
44 .8 
42 .7 
2 0 . 3 
46.4 
48 .5 
47 .8 
45 .8 
44 .2 
44 .5 
12 .7 
12 .7 
15 .2 
11 .8 
12 .7 
13 .9 
8 . 5 
. 0 1 
. 05 
. 12 
. 2 3 
. 3 8 
. 57 

0 0 
2 . 0 

174. 
2 2 8 . 
4 4 3 . 
477 . 
2 4 6 . 
4 2 2 . 
4 8 1 . 
23S . 
3 8 5 . 
142. 
2 3 5 . 
4 6 5 . 
152 . 
164. 
3 8 5 . 
2 0 2 . 
2 4 3 . 
2 9 9 . 

9 2 . 
2 2 3 . 
4 9 7 . 
107 . 

9 1 . 
3 1 0 . 
2 0 2 . 
2 3 0 . 
173. 
3 5 . 

187. 
5 2 3 . 

5 0 . 
1 1 . 

18S. 
198 . 
2 0 0 . 

7 . 
0 . 

133 . 
6 3 2 . 

4. 
0 . 
0 . 

2 0 7 . 
2 4 5 . 

0 . 
406. 
3 5 0 . 
43 .6 
45 .8 
46.4 
2 4 . 8 
47 .3 
43 .6 
46.4 
43 .6 
45 .5 
44 .8 
43 .0 
42 .4 
44 .5 
42 .7 
42 .9 
9 . 7 
8 . 2 
.04 
. 0 5 
. 4 3 
. 2 5 
. 4 0 
. 5 9 

4 0 
4 4 . 0 
4 2 4 . 
469 . 
2 4 8 . 
4 2 7 . 
445. 
2 2 5 . 
4 4 0 . 
179. 
2 0 3 . 
37 4. 
494. 
2 4 9 . 
3 8 7 . 

9 2 . 
2 0 0 . 
4 8 9 . 
1 6 1 . 
448. 
2 8 3 . 
492. 
2 6 3 . 
3 4 4 . 

3 5 . 
150 . 
5 2 2 . 
123. 
7 3 . 

1 5 1 . 
172. 
2 6 5 . 
195. 

0 . 
7 4 . 

6 1 2 . 
6 9 . 

4 . 
0 . 

462. 
2 9 7 . 

44. 
0 . 
0 . 

6 7 7 . 
49 . 
0 . 

436. 

46 .7 
44 .8 
47 .8 
47 .6 
46 .7 
43 .8 
45.4 
42 .7 
45 .8 
43 .6 
44 .5 
44 .5 
1 / . 6 
45 .8 
43 .3 
48 .6 
7 . 2 
.04 
. 0 6 
. 44 
. 27 
. 4 2 
. 62 

7 0 

2 2 6 . 
4 4 7 . 
473 . 
2 2 8 . 
3 7 6 . 
482. 
2 3 5 . 
4 3 1 . 
1 4 1 . 
193. 
4 6 0 . 
487 . 
2 0 3 . 
2 8 1 . 
176. 
2 6 1 . 
4 4 2 . 

8 7 . 
137. 
4 8 0 . 
179 . 
155 . 
147 . 
147 . 
2 7 3 . 
3 5 8 . 

3 0 . 
6 0 . 

4 8 7 . 
150. 
8 2 . 

0 . 
1 0 1 . 
2 9 1 . 
2 6 2 . 

0 . 
0 . 

5 7 1 . 
120 . 

2 . 
0 . 

7 S . 
3 1 9 . 
167 . 

0 . 
167 . 

13 .3 
13 .6 
17 .6 
16 .4 
15 .5 
12 .4 
15 .1 
17 .0 
15 .1 
13 .0 
15 .1 
13 .0 
15 .5 
14 .5 
13 .9 
10 .3 

. 0 2 

. 0 7 

. 16 

. 2 8 

. 4 5 

. 64 

179 . 
2 2 1 . 
4 2 2 . 
169. 
197 . 
4 3 7 . 
182 . 
2 3 0 . 
3 7 0 . 
163. 
2 4 6 . 
4 5 1 . 
128 . 
137 . 
4 3 7 . 
199. 
2 1 6 . 
2 6 9 . 
126. 
2 5 3 . 
4 5 5 . 

7 3 . 
6 0 . 

4 0 9 . 
196 . 
178 . 
130 . 

7 2 . 
2 4 5 . 
4 3 6 . 

18 . 
0 . 

3 5 0 . 
184. 
112 . 

0 . 
14. 

2 5 7 . 
4 7 4 . 

0 . 
0 . 

3 7 1 . 
192 . 
3 5 . 

8 . 
197 . 

13 .0 
13 .3 
2 0 . 6 
14 .2 
17 .0 
13 .2 
15 .1 
14 .5 
12.4 
9 . 7 

14 .5 
13 .9 
14 .5 
16 .3 
10 .6 
12 .4 

. 02 

. 0 8 

. 17 

. 30 

. 47 

. 6 7 

4 2 9 . 
163 . 
2V>5. 
4 1 8 . 
1 6 1 . 
2 3 4 . 
4 4 0 . 
167. 
193. 
4 0 7 . 
194. 
2 4 2 . 
3 4 8 . 
119 . 
2 3 2 . 
4 8 3 . 
1 3 1 . 
130. 
3 5 3 . 
2 0 4 . 
2 3 9 . 
2 4 1 . 

6 3 . 
2 0 7 . 
5 0 9 . 

7 9 . 
5 1 . 

2 5 4 . 
198. 
2 1 6 . 

9 4 . 
10 . 

158 . 
S7S. 

2 2 . 
0 . 

9 4 . 
2 0 5 . 
196. 

0 . 
0 . 

1 3 1 . 
6 4 6 . 

0 . 
0 . 

2 2 8 . 

14 .2 
17 .8 
17 .3 
1 6 . 1 
18 .2 
46 .4 
44 .2 
4 5 . 8 
44 .8 
40 .3 
43 .9 
46 .4 
13 .5 
15 .5 
8 . 2 

13 .3 

. 0 3 

. 0 9 

. 1 8 

. 2 

. 5 0 

. 6 9 
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74= 
75= 
76= 
77* 
78= 
79= 
80= 
81= 
82= 
83= 
84= 
8S= 
86= 
87= 
88= 
89= 
98= 
91= 
92= 
93= 
94= 
9S= 
96= 
97= 
98= 
99» 

180= 
101= 
102= 
103= 
104= 
105= 
106= 
107= 
108= 
109= 
110= 
1 1 1 * 
112= 
113= 
114= 
115= 
116= 
117= 
118= 
119= 
128= 
121= 
122= 
123= 
124= 
125= 
126= 
127= 
128= 
129= 
130= 
131= 
132= 
133= 
134= 
135= 
136= 

. 7 2 

. 8 1 

. 85 

. 89 

. 9 3 

. 96 

. 9 3 

. 98 

. 90 

. 9 0 

. 9 0 
6 4 7 . 
2 3 6 . 
5 2 3 . 
2 0 5 . 
176. 
5 5 1 . 
4 6 0 . 
2 5 7 . 
3 8 9 . 
3 4 2 . 
3 0 3 . 
159. 
136. 
116 . 
110 . 
189 . 
9 6 . 

100 . 
1.24 

. 85 
1.25 

. 6 2 
1 .92 
2 . 5 9 
3 . 2 8 
3 . 5 6 
1.35 
3 . 7 0 
1 .32 
1.03 
1.54 
4 . 8 0 

. 9 5 
1.8S 
2 . 3 5 

3 . 4 
1 .1 
3 . 6 

. 7 
1.4 
2 . 9 
4 . 9 
2 . 7 
1.9 
2 . 0 
1.4 

. 8 
1.4 
2 . 4 
1.0 
1.4 
1.3 

.74 

. 8 1 

. 8 6 

. 9 8 

. 94 

. 9 6 

. 92 

. 9 8 

. 9 0 

. 9 0 

. 9 0 
• 4 9 8 . 
6 7 6 . 
3 5 9 . 
4 9 5 . 
6 8 9 . 
4 4 8 . 
2 9 9 . 
3 2 9 . 
2 2 3 . 
157 . 
3 1 1 . 
2 0 5 . 
175. 
169 . 

2 9 . 
2 0 1 . 

66. 
. 0 1 
. 74 
. 96 

1.27 
1.85 
2 . 0 3 
2 . 1 7 
2 . 4 5 
2 . 6 0 
1.35 
3 . 74 

. 9 1 
1.97 
1.84 
4 . 3 3 
2 . 0 3 
1.27 

. 9 2 
1.2 
3 . 0 
1.8 
2 . 0 
3 . 9 
4 . 4 
3 . 2 
2 .S 

. 6 
3 . 7 
1.6 
1 .1 
2 . 3 
3 . 0 

. 5 
1.6 
1.2 

. 7 6 

. 8 2 

. 8 6 

. 9 0 

.94 

. 96 

. 9 2 

. 9 0 

. 9 0 

. 90 

. 90 
3 5 8 . 
4 8 8 . 
5 4 0 . 
4 9 5 . 
2 7 1 . 
3 1 8 . 
5 0 7 . 
2 0 3 . 
3 5 8 . 

5 8 . 
118. 
136. 
2 6 0 . 
129. 
147. 
7 6 . 
8 4 . 

. 5 3 

. 8 7 
1.42 
2 . 0 7 
1.57 
1.75 
3 . 0 8 
1.29 
1.74 
2 . 9 6 

. 90 
2 . 8 4 
1.46 
2 . 5 2 
3 . 37 

. 6 0 

. 36 
1.7 
3 . 2 
2 . 5 
4 . 8 
1.S 
1.7 
2 . 3 
1.3 
3 . 1 
1.8 

. 7 
1.8 
1.7 
3 . 0 
3 . 1 

. 6 
1 .1 

.77 

. 8 2 

. 8 7 

. 9 1 

. 9 5 

. 96 

. 9 1 

. 9 0 

. 90 

. 90 

. 90 
2 5 5 . 
5 3 7 . 
5 7 9 . 
5 0 9 . 
4 3 8 . 
2 3 2 . 
4 6 4 . 
1 7 1 . 
3 7 3 . 
3 0 8 . 
3 0 1 . 
3 2 3 . 
2 6 6 . 

8 9 . 
189. 
140 . 

7 9 . 

. 85 
1.36 
1 .61 
2 . 0 9 
1 .51 
2 . 2 2 
4 . 1 9 
1.42 
1 .71 
3 . 0 1 
1.56 
2 . 0 2 
1.72 
1.46 
4 . 0 3 

. 6 2 

. 34 
. 8 

2 . 2 
3 . 7 
5 . 0 
1.8 
2 . 0 
2 . 4 

. 9 
1.4 
2 . 2 
1.2 
2 . 2 
1.5 

. 9 
2 . 1 

. 7 

. 7 

. 79 

. 83 

. 87 

. 9 1 

. 95 

. 96 

. 9 1 

. 98 

. 90 

. 90 

. 90 
5 1 7 . 
6 3 5 . 
6 3 2 . 
5 7 8 . 
2 8 3 . 
3 9 8 . 
4 2 7 . 
4 8 1 . 
4 0 5 . 
102 . 
2 0 2 . 
179 . 
183. 

9 1 . 
2 2 0 . 
189 . 

7 9 . 

1 .11 
1.53 
1.80 
1.74 

. 92 
2 . 2 8 
3 . 3 6 
2 . 0 1 
1.69 
2 . 1 4 
1.17 
1.14 
4 . 1 8 
1.35 
3 . 5 9 

. 7 8 

. 34 
2 . 7 
3 . 4 
3 . 5 
1.8 
1.0 
2 . 5 
3 . 4 
2 . 3 
2 . 2 
1.7 
1.3 
1 .1 
1.8 
1.3 
3 . 2 

. 6 

. 6 ' 

. 7 9 

. 83 

. 8 8 

. 92 

. 96 

. 96 

. 9 1 

. 9 8 

. 98 

. 90 

7 1 3 . 
4 6 3 . 
6 0 2 . 
S70 . 
165 . 
3 5 7 . 
2 8 4 . 
3 1 3 . 
2 7 2 . 
3 8 3 . 

7 5 . 
9 2 . 

2 4 8 . 
108 . 
143 . 
106. 

. 55 
1.12 
2 . 0 0 
1.77 
2 . 1 4 
1.74 
2 . 3 0 
1.65 
2 . 9 2 
1.63 

. 7 0 
1.54 
S.S7 
1.52 
3 . 5 8 
1.55 

1.7 
2 . 6 
3 . 2 
2 . 4 

. 9 
1.7 
1.5 
2 . 1 
1.5 
2 . 2 

. 5 
1.0 
3 . 9 

. 7 
.1.7 
1 .1 

. 80 

. 84 

. 8 8 

. 9 3 

. 96 

. 95 

. 9 1 

. 9 8 

. 9 0 

. 9 0 

2 8 6 . 
5 8 3 . 
4 9 1 . 
4 5 9 . 
4 0 4 . 
3 0 5 . 
2 0 7 . 
2 5 8 . 
3 2 4 . 
2 3 0 . 
154. 
2 5 0 . 
197 . 
134. 
8 3 . 

158 . 

. 6 5 
1 .11 
1.27 
2 . 7 2 
2 . 2 8 
2 . 8 5 
2 . 4 4 
1.69 
3 . 2 8 
1 .85 

. 94 
1 .58 
5 . 3 5 
1.28 
2 . 9 3 
3 . 8 9 

1.5 
3 . 1 
3 . 4 
3 . 2 
3 . 3 
2 . 4 
1.7 
1.2 
2 . 7 
1 .1 

. 7 
1.6 
3 . 0 
1 .1 
3 . 1 
1.3 

. 8 8 

.84 

. 8 9 

. 93 

. 96 

.94 

. 9 1 

. 90 

. 9 0 

. 90 

6 5 0 . 
4 9 6 . 
2 8 4 . 
5 1 0 . 
2 3 6 . 
5 0 3 . 
2 6 2 . 
4 6 2 . 
184. 
2 9 3 . 
2 8 5 . 
152. 
163. 
4 7 . 

186. 
194. 

. 85 
1.13 

. 45 
2 . 3 3 
1.82 
4 . 1 6 
3 . 8 2 
1 .95 
2 . 4 3 
1 .32 

. 84 
1.14 
5 . 3 8 
1.00 
1.58 
4 . 2 5 

1 . 
4 . 1 
1.0 
4 . 8 

. 6 
4 . 7 
1.6 
1.6 
1.9 
1.4 
1.3 
1 .1 
4 . 2 

. 4 
1.S 
3 . 2 
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Appendix A List of used symbols 

Some incidental symbols are defined in the text only. Some letters 
are also used for any given constant. For conversion of SI units into 
other units, see Table 10. Explanation of computer symbols is given 
in Part III. 

- i 

Symbol Interpretation Dimension 

A Maximum water use efficiency (see Eqn 
6.8 and Figs 19-21) M2 .L-4 /r2 

C Differential moisture capacity L"1 

CP Specific heat per unit mass of air at 
constant pressure L 2 . t~ 2 .T~ 1 

E> E* Actual and potential evapotranspiration M.Lr2.^1 o r L.t 
£pi» E* Actual and potential transpiration M.L~2.t_1 or L.t-1 

^» E? Actual and potential soil evaporation M.L~2.t_1 or L.t"1 

E* Actual evaporation flux of intercepted 
water M.L"2.t_1 or L.t"1 

ea» ed> es Saturated and prevailing vapour 
pressure at air temperature Ta, saturated 
vapour pressure at soil surface 
temperature Ts M.L~\f 2 

F Relative humidity of the air — 
f Function — 
G Heat flux into the soil M.t~3 

£ Acceleration due to gravity L.t"2 

H Heat flux into the air M.t~3 

h Suction L 
* Leaf area index — 
K K, Unsaturated and saturated hydraulic 

conductivity L.t-1 

L Latent heat of vaporization of water per 
unit mass (Chapter 3) L2.t~2 

L Lower boundary of flow region (Chapter 
4) L 
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Symbol Interpretation Dimension 

L,, Lft L™ Rooting depth, effective rooting depth 
and non-active rooting depth, 
respectively L 

I crop length or height L 
N, n Maximum possible and actual duration 

of sunshine per day t 
Pc, P0, P,t Gross photosynthesis rate of a 'standard 

canopy' on clear, overcast and arbitrary 
days, respectively. M.L~2.fl 

pa Atmospheric pressure M.L_1.t"2 

O, Ooct, Opoc Dry matter yield of a crop, actual and 
maximum dry matter yield M.L~2 

q, q* Actual and maximum possible volume 
flux of water passing through a unit 
horizontal area per unit time L.t"1 

4» 4»d» 4poi Growth rate, actual and potential 
growth rate of a crop M.L~2.t_1 

Rn9 Rsy Rt Net, short-wave and thermal radiation 
flux M.r 3 

R?p Short-wave radiation flux at the top of 
the atmosphere M.t"3 

Ry Re Solar radiation flux involved in 
photosynthesis (0 .4 to 0.7 jxm) on actual 
resp. clear days M.t"3 

ra Diffusion resistance to water vapour of 
the air layer surrounding the leaves t .L~ l 

rc, rx Diffusion resistance to water vapour 
dependent on fraction of soil covered 
and on solar radiation flux, respectively t.L"1 

rs Diffusion resistance to water vapour of 
both crop and soil surface t.L"1 

5, Smax Actual and maximal possible vo lume of 
water taken up by roots per unit 
vo lume of soil per unit t ime t"1 

Sc Fraction of soil covered — 
Sj Stress of growth factor j — 
Ta , T, A ir temperature in a Stevenson screen 

and at the soil surface T 
t T ime t 
u Horizontal wind velocity L.t~ l 
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Symbol Interpretation Dimension 

w Growth factor water — 
z Vertical distance from the soil surface 

taken positive in downward direction L 
aT Parameter accounting for effect of 

temperature on growth — 
a (t/0 Sink term variable (a (tfO = S/Smax) — 
0H Ratio of harvested part to total plant — 
7 Psychrometric constant M.L""1.f2.T~1 

5 Slope of the saturation vapour pressure 
curve M.L-'.t^.T"1 

e Ratio molecular weight of water vapour 
and dry air M.L~l.r2.T".1 

0 Volume of water per unit volume of soil — 

6S Moisture content at saturation — 
A Fraction of time the sky is overcast — 
v Reflection coefficient of short-wave 

radiation — 
£ Mathematical flexibility constant in 

growth equation [see Eqn (6.11)] — 
pa Density of moist air M.L"3 

p Bulk density of dry soil M.L"3 

<t>r Factor to account for the respiration of 
a crop — 

X Flux of precipitation M.L""2.t~l or L.t"1 

^ Total water potential expressed as 
energy per unit weight L2.t~2 

$ Soil moisture pressure head L 
*k Minimum soil moisture pressure head to 

be allowed under air-dry conditions L 
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