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[. INTRODUCTION

1. GENERAL

To a large extent the result of a farmer’s efforts to get higher crop yields will
be determined by the prevailing environmental conditions, i.e. by the existing
complex of physical, chemical and biological factors. The possibilities of an
efficient use of these factors are enlarged by our knowledge of their effects on
agricultural production. Such knowledge is in first instance mostly gained from
practical experience or field experiments often giving, however, only empirical
information of local value,

To apply local results with success to analogous problems in other regions a
fundamental treatment of research data is necessary, by which the occurring
phenomena and processes can be analyzed more objectively. Nowadays such
approaches are feasible, the more so because of the recently rapid increasing
knowledge on the processes taking place in the soil-plant-atmosphere system,
In this context the progress in knowledge during the past ten years on the
movement of water in the unsaturated zone must be mentioned in particular.

In this paper attention will mainly be paid to the effects of the physical
environmental conditions on plant development. As local research object, part
of the economically important horticultural region of Geestmerambacht was
taken (5300 ha; 1 ha = 2.47 acre), situated in the Netherlands in the northern
part of the province of North-Holland. In this area 709 of the land lies in open
horticulture, with as main crops early and store varieties of cabbage (covering
807, of the vegetable-growing area), early potatoes and onions. This one sided
cropping pattern, of which the crops are mostly intended for export, offers only
low economic possibilities with the result that for example in 1968 the total net
return of the holdings in this area was negative.

There are a number of reasons for this situation. A large part of the area is
covered with heavy sea clay soils, the so-called ‘pikklei’ or sticky clay soils (Du
Burck, 1957). These soils consist of heavy, very compacted, non-calcarsous
clay with a prismatic structure and are very susceptible to drought (table 1).

Usually 0.20 to 0.30 m heavy clay is underlain by a 0.60 m thick sticky clay.
The granular composition of these layers is almost the same. Under the sticky
clay layer a peaty horizon of 0.20 m deep is often found, this overlying a cal-
careous light sandy loam,

Cultivation, sowing and planting can be started only relatively late, the
development of the crops is slow and often only one crop can be grown per
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TasBLE . Composition (weight per cent) of a sticky clay soil (partly after Du Burck, 1957)

Mineral particles

Depthm 5. Humus CaCQO; pH
E E g
§ § 2 g 8 &
S 7 T 2
W el p= & L A
0.00-0.30 46 25 22 7.5 0.6 0.2 3.7 0.1 6.7
0.30-0.60 47 23 22 6.4 0.2 0.1 2.4 0.2 7.1
0.60-0.80 51 26 18 4 0.3 0.5 3.1 1.1 7.4
0.80-1.00 41 19.5 21 16.5 1 2 11.5 0.6 7.3
1.00-1.20 12 8.5 47 315 0.2 - 2 13.7 7.6
1.20-1.8¢ 10.2 209 487 13.3 7.0
< 2pm 2-50pm 50-105m 105-150pm > 130pum

growing season. Furthermore, the accessibility of the fields in this region with
its many water ways, fragmented parcelling and insufficient water management
is poor and makes land exploitation difficult; in some cases the fields can only
be reached by boat.

In this situation there is limited scope for the cultivation of more profitable
intensively managed crops. Therefore, market gardeners asked for a consoli-
dation scheme, including new roads, improved drainage and better workable
soils. It was decided to carry out an integrated land consolidation program for
the region and in connection with it to design and construct in 1958 a ground-
water level experimental field at Qudkarspel with the purpose to investigate the
possibilities of improving the heavy clay soils and the water management of the
region (details on the layout of the experimental field are given in Chapter II}).
On this experimental field the original clay soil was improved by changing the
succession of soil layers, after which the reactions of a number of horticultural
crops were investigated during the years 1959 to 1966 at different constant
depths of the groundwater table.

2. PREVIQUS INVESTIGATIONS

The previous investigations on the groundwater level experimental field
(VAN DER VALK and SCHONEVELD, 1963, 1964; VAN DER VALK and NICOLAI,
1969; ANNUAL REPORTS, 1958 through 1966) had the purpose of finding relation-
ships between yield and mean optimum groundwater depth during the growing
season on the different profiles. Due to change in weather conditions the.results
differed of course from year to year. In general the optimum water level on the
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clay soil proved in dry years to be between 0.60-0,8) m minus surface for
horticultural crops and between 0.40-0.60 m for bulbous crops, and in wet
years for both categories approximately 1.00 m. For the improved clay solil, i.e.
the sandy loam, a water level between 1.00-1.20 m minus surface appeared to
be the most favourable, the occasional depressions were sharper, however. As
a general rule it could also be established that late crops need a deeper water
table than earlier crops.

The clay soil showed a number of disadvantages as compared with the sandy
loam. Tillage depended much more on weather conditions and often had to
start later. Germination, emergence and establishment of the crop met with
great difficulties, becaunse the top layer is very susceptible to drought. In
autumn, mechanical harvesting was only possible under dry scil conditions.
The yield was not always highest on the sandy loam, however, especially in the
case of late crops. The growth on this profile is faster early in the season, but
generally stops in autumn, while on the clay soil growth is still going on.

Based on these earlier experiments, advice was given on the most desirable
water level in the land consolidation area of Geestmerambacht, resulting in a
freeboard of 1.25 m below the future land surface of the open water conduits,

3. SCOPE OF PRESENT INVESTIGATIONS

The main aim of the present study is to give a more fundamental treatment
of some environmental conditions influencing plant growth, based on data
from the Geestmerambacht area. This treatment could be realized by taking
into account the laws of conservation of matter and energy of the plant en-
vironment, i.e. by considering by means of balance approaches what happens
to mass fluxes and energy fluxes reaching the surface. With a balance approach
the unknown flux can be derived from detailed measurements and/or theoretical
analyses of the remaining component fluxes. With lysimeters, for example, the
evaporation flux from a surface can be obtained from the water balance equa-
tion when the fluxes of precipitation, capillary rise, subsurface outflow and
change in soil moisture content are measured. Such comprehensive balance
studies make it possible to determine the total influence the physical conditions
of the environment have upon plant growth by means of detailed quantitative
analyses of the transport processes occurring in the soil-plant-atmosphere
system. Necessary in this context is an evaluation of the physical properties of
the system by which the transport processes are determined.

In Chapter II a description of the layout and construction of the ground-
water level experimental field is given. Because this field initially did not lend
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itself to water balance studies, a special type of lysimeter was developed and
installed on the experimental field, the details of which are also presented.

In Chapter 111 the principles of the transport of water through the soil via the
plant into the atmosphere are treated. Part I A deals with the flow of water
through the unsaturated zone of the soil. The results of the measurements of the
various physical parameters involved are presented. The amount of water
available for evaporation during a number of days and at different depths of
groundwater table is calculated for different soil profiles. In part IIIB the
estimation of evaporation from a combined energy balance — vapour transport
approach which is based on rather easily measurable meteorological as well soil
and crop quantities is discussed. The in this way derived evaporation data of
different crops are compared with evaporation data obtained by means of
water balance approaches. Special attention is given to the problem of esti-
mation of net radiation and reflection. Finally a mathematical description of
water uptake by roots is derived and evaluated.

Another important physical condition of the soil is its temperature regime.
A detailed treatment of heat transfer in soil, including the determination of the
thermal properties involved, is presented in Chapter IV, Temperature effects
in relation to soil profile and groundwater table depth are quantified and
discussed. '

Chapter V is devoted te a synthesis of the combined effects of the mentioned
physical processes on plant growth. To that end two stages of plant develop-
ment are distinguished: the stage from germination to seedling emergence and
the stage from seedling emergence to maturity. For the first stage the effects of
soil temperature and soil moisture content are evaluated and optimum con-
ditions are formulated. For the second stage photosynthesis rates are compared
with theoreticaily calculated rates of a standard crop. Both photosynthetic as
well as water use efficiencies of a number of crops are discussed. Based on the
concept evolved for moisture available for evaporation, some earlier results of
the experimental field are evaluated and optimum amounts of water for maxi-
mum fresh yield production of some crops are established. From these latter
data and from given frequency distributions of rainfall, lowest and highest
admissable as well as optimum groundwater table depths are calculated.

In the manner described above it has been tried to develop some theoretical
concepts and calculation methods to quantify the effects of some environmental
conditions on seedling emergence and crop production, which can possibly be
used in evaluating existing as well as planned water, soil and crop management
practices.

4 Meded, Landbouwhogeschool Wageningen 71-12 (1971}



II. EXPERIMENTAL FIELD AND LYSIMETERS

l. GROUNDWATER LEVEL EXPERIMENTAL FIELD

As already mentioned in the Introduction, the soil improvement of part of
the experimental field Geestmerambacht was carried out in 1958 and had the pur-
pose to improve the arable top layer as well as eliminating the negative influences
of the sticky clay layer. Three objects were laid out in replicate (see fig. 1 and 3) of
which the first is an untreated reference object (A), also used to evaluate the
influence of groundwater depth on the quality of the original sticky clay. In
the second object a re-assortment of layers was realized by transferring the top
layer and the underlying sticky clay layer to 0.90 m minus original soil surface
and bringing up the very fine sandy loam from beneath this depth (C)*. The
third type of profile (D) was obtained in the same way as profile C, with the
exception that the original clay top layer was removed and brought back to pre-
vent puddling, as was expected to occur on profile C. In future the original
sticky clay profile {A) will be denoted as clay, the very fine sandy loam (C) as
sandy loam and the third profile (D) as clay on sandy loam.

As to the water management, first a plan with inclining groundwater levels
was developed. After testing, this plan was rejected because the permeability
factors proved to be too low and the differences in soil fertility could not suffi-
ciently be eliminated in this way. From a number of other alternatives, a
system with stepped groundwater levels as developed by Ir. W, C. VIssErR of the
Institute for Land and Water Management Research at Wageningen, was
finally chosen. A general view of the set-up is given in fig. 1 (VAN DER VALK,

* An intended B-profile, breaking the sticky clay laver in situ, was never realized.

— — —- boundary individual grw. level plots
——— boundary soi! improvement

mwem canal;citch

rood

[ infiltration and outlet wells

- pumping house and storage basin

winee  Grass-—-strip
HE meteorological station

y o 3 A clay
Pl c  light sendy loam
N groundwater level (r-secil surface) D Clay on light sandy loam

FiG, 1. Layout of the experimental field.
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F1G. 2. Cross-section of the water level regulating system (along the length of an experimental
strip) at the experimental field. 1, averflow; 2, floating overflow, 3, master rod; 4, master float;
3, pump, 6, valve; 7, delivery pipe; 8, nonreturn valve; 9, infiltration main; 10, infiltration well;
11, outlet weil; 12, floating reduction valve; 13, groundwater level drain; 14, overflow; 13, coke
filter; 16, servo-switch; I7, concrete tank; 18, supply pipe.

1961). Groundwater levels are stepped with 0.15 m steps from 1.65 m to 0.30 m
minus surface. From fig. 1 it can be seen that the largest difference in phreatic
level between two groundwater plots is 0.60 m. The groundwater levels are
maintained independently and automatically in strips of 14 x 100 m2. Each
groundwater section (each including the three profiles) contains a subirrigation
system of 6 tile lines laid at 1.80 m depth with spacings of 4 m in the centre and
of 1 m at the borders (fig. 3). The strips are separated from each other by
bufferstrips of 8 m wide. A cross-section of the water level regulating system is
given in fig. 2, Via a floating overflow (2) in the reservoir and a concrete tank
(17) in the pumping house, water is let in from the reservoir to the infiltration
main (9) to which all infiltration wells are connected. The supply is regulated by
a master float (4) in the concrete tank in such a way that the water level in the
infiltration main and therefore also in the supply pipes (18) of the infiltration
wells is almost constant. A decline of the groundwater level in the strip by
evaporation causes a decline of the water level in the infiltration well (10) and
by that of a floating reduction valve (12) which is connected to the supply pipe
(18). This pipe is turnable at the upper end, so the more the reduction valve is
going down the more water is supplied to the infiltration well (see also fig. 3).

A rise of the groundwater level by rainfall or subsurface inflow will give a
discharge via an overflow (14) to the lower ditch and this water is returned via
a coke filter {13) to the pumping house, where an electric pump (5} governed by

F1G. 3. Some appliances at the experimental field, from top to bottom: cross-section of the 0.90 m
groundwater plot with built in Iysimeter; view of the tile drainage system at 1.80 m depth of the
0.90 m groundwater plot and the site of its three lysimeters; cross-section of one of the lysimeters.
For the meaning of the circled numbers from 9 through 18, see fig. 2, 19, outlet well drain,; 20, dis-
charge main.

6 Meded. Landbouwhogeschool Wageningen 71-12 {1971)



lysimeter

v m heavy cla sticky clay light sandy loam
B 55°co s6<i6pm (D 55-6556<16pm 12189 <16pm
1 1 —
L ET) $y 1
: * 1
l 'ditch
- |4m drainage system |i 'i
& i _|
H [}
| 1
WIysimeters-—-—@ @ :
H G "
1 |
4m 100 m | | _ :
1L L)
im iy L
manometer .
rubber stoppers —» 9 —— switch-board
-le o

=|

phota-electric ceil — B-§- -

—

gamma tubes || | —s|[tensio-
meJt_er

mercury --H-|

=X

undisturbe soil

r

d

|

i

|

i

i

|

|

:

I |
I
]
i

discharge
Fic. 3. vessel—

Meded, Landbouwhogeschool Wageningen 71-12 (1971) 7



a floating servo-switch (16) pumps the water back to the reservoir. To prevent
leakages from the high groundwater level sirips through the grass covered
border strip to the lower ditch, a discharge main (20) which is connected to all
outlet wells was in a later stage laid on the bottom of the lower ditch to take
care of the discharge. Now the water level in the lower ditch can be raised to
prevent the mentioned leakages. In periods of water surplus the overflow in the
reservoir (1) is working, in periods of water shortage water is let in from the
high polder ditch (6) via the direct inlet.

2. LYSIMETERS

For two main reasons the construction of the experimental field makes it
impossible to set up a closed water balance for each individual strip. In the first
place it is not possible to determine how much water is taken by means of
capillary rise from the groundwater by each of the three different profiles
separately. Secondly, in spite of the buffer strips there still is seepage from neigh-
bouring sections when they have a higher groundwater level ; this quantity can
hardly be measured or calculated.

To rectify these disadvantages, the present author in 1966 designed a non-
weighable lysimeter in which the same groundwater level, including the minor
fluctuations is maintained as exists in the surrounding field (fig, 3). Plastic
containers of 0.80 m diameter and 1.30 m height, containing the specific un-
disturbed soil profile, have been installed by means of hydraulic pressure in
each of the three profiles of the 0.90 m as well as in those of the 1.20 m ground-
water level strip. The groundwater level in the field and the water level in the
container are registrated by groundwater standpipes. The lysimeter standpipe is
erected on the tube connecting the container with a supply and discharge vessel.
On the two standpipes a mercury manometer system* was built, provided with
a photo-electric cell (23). Differences in water level between lysimeter and field
are transferred to the manometer system. Then the photo-clectric cell via the
switch-board gives a command to open one of the magnetic valves till the water
leveis equal each other, The system is working with an accuracy within 1 cm dif-
ference in head. By daily measuring of the deciine in water level in the supply
vessel and the rise in the discharge vessel, in dry periods the amount of capillary
rise from the groundwater table is determined, and in wet periods the subsur-
face outflow.

* The manometer system was developed by Ir. A. J. W, BorGHORST of the Department of
Physics and Meteorology of the Agricultural University at Wageningen.

8 Meded, Landbouwhogeschool Wageningen 71-12 (1971)



1. WATER

A. TRANSPORT IN THE UNSATURATED ZONE

I. INTRODUCTION

To describe the condition of water in soil, mechanical and thermodynamical
(or energy) concepts are used. In the mechanical concept only the mechanical
forces moving water through the soil, are considered. Tt is based on the idea that
at a specific point, water in unsaturated soil is under a pressure deficit as com-
pared with free water so the potential is negative, Often the negative sign is
avoided by using the term suction, which is negative pressure.

However, water movement in soil is not onfy due to differences in suctions,
but water may also move through unsaturated soil by other driving forces such
as thermal, electrical or solute concentration gradients. Therefore a thermo-
dynamic or energy concept has been developed over the years by various
authors, which concept combines all the various components involved. Buck-
INGHAM (1907) introduced the concept for soil systems, the theory was then
further developed for biological systems and a thermodynamic approach was
evolved of which SLATYER (1967} and TAYLOR (1968) give clear reviews,

For a given temperature the state of water can be described by the partial
specific Gibbs’ function of water* often simply called the water potential. It is
an expression for the capacity of a unit mass of water to do work as compared
to the work capacity of the same mass of pure free water. Pure free water at the
same temperature is defined as having a potential of zero. Since water in the
unsaturated zone is retained in the soil by binding forces at the surfaces of the
soil particles, soil moisture is not capable of doing as much work as pure free
water, hence the potential is negative. Apart from forces resulting from the
attraction of soil matrix and water, forces associated with the osmotic charac-
teristics of the soil solution and forces which effect the pressure on the soil water
arc contributing to the water potential. Hence the water or moisture potential
¥ can be written as:

* The term Gibbs’ function or Gibbs’ free energy of water per unit mass (G), in Ezrope mostly
called frec enthalpy, is used here for the function G = U — TS + pV, where T is temperature,
p is pressure, S is entropy, U is internal energy and F is volume. In this paper the symbols, S,
{7 and V represent the differences with entropy, energy and volume relative to a unit mass of
pure free water of the same temperature.

Meded. Landbouwhogeschool Wageningen 71-12 (1971) 9



¥Y=Y,+%+Y, N

where ¥, is the matric potential, ¥, the solute or osmotic potential and ¥, the
pressure potential. When the water is located at an elevation different from that
of the reference level, gravitational potential due to the force of gravity, ¥, has
to be added. Hence the total water potential ¥,,,,; 1s given by

Prowa =F + ¥, =¥, + ¥+ ¥, + ¥, (2)

Potentials are expressed on a unit mass basis (J.kg~')*, but may also be
expressed as energy per unit volume or per unit weight, as is illustrated below
(see also Rosg, 1966). For conversion of one system into another it is necessary
to keep in mind that the density p is the mass m per volume V. From the defi-
nition of potential it follows that the capacity to do work (W) of a mass of
water (m = pV’), which is raised through a vertical distance z from the reference
level, is equal to mgz or pVgz, if g is the gravitational acceleration. Thus the
(gravitational} potential expressed per unit mass, volume or weight will be:

P ass = PVEZ[pV = gz (kg™ (3)

Wrmhrme = pVgZ/V = pgz (J.l‘ﬂ_3 or N'm_z) (4.)

qlweighl = pngl,pVg =z (m) (5)
From egs. (3), (4) and (5) it follows that:

!Pmaas : l-plmlume : 'Pweight = g:.pg" 1 (6)

As can be seen from eq. (4), potential expressed as energy per unit volume is
in agreement with the mechanical or hydraulic terminology, since the energy
per unit volume (J.m~3) is equivalent with a pressure unit (N.m~2). Therefore
in this paper, potentials expressed on a volume basis (¥}, Will be called
pressure equivalents and denoted by ¥, where i = p¥ ., in bar (10> Nom™2),

When dealing with water flow, the energy per unit weight is often used. In
that case energy has the dimension of length and is usually expressed in m head
of water (eq. 5). The gravitational potential in this system is a height which is
easy to measure as a hydraulic head. Potentials expressed on a unit weight basis
therefore will be referred to as a hydraulic head with symbol A, where A = ¥/g,
in m. To facilitate conversion of one system into another, table 21 modified
after TAYLOR (1968), has been inserted.

* Tn this study the units principly used are those of the so-called International System of Units
{S1) as recommended by the International Organization of Standardization, These units are
presented in table 20. As other texts often use different symbols and units, this table also gives
some conversion factors. Furthermore, for conveniency of differently oriented readers, almost
all graphs contain secondary axes in colloquially generally used units.

10 Meded. Landbouwhogeschool Wageningen 71-12 (1971)



2. FIELD AND LABORATORY EXPERIMENTS

The soil moisture characteristics or moisture retention curves (fig. 4) of the
three soil profiles which give the relationship between moisture content ¢ and
matric pressure i, have been determined according to methods described by
STAKMAN, VALK and VAN DER HARST (1969).

In the pressure range of zero to —0.49 bar (pF 2.7), undisturbed soil cores
of 100 ¢cm?® (Kopecky) are used. The samples which are pre-saturated with
water, are placed on a tension plate or on a water saturated porous medium, to
which the required negative pressure is applied. To determine the moisture
percentages at —2.5 bar (pF 3.4) and —15.6 bar (pF 4.2) pre-wetted disturbed
soil samples are placed in a pressure membrane apparatus. Here the water
content is obtained on a dry weight basis and it is converted to a volume per-
centage based on a mean value of dry bulk density. For pressures below —15.6
bar (pF 4.2), disturbed soil samples are brought into equilibrium with air of
known and constant humidity. After measuring the relative vapour pressure of
the soil water 1, can be determined (e.g. STAKMAN, 1968). Volume moisture
percentages have to be derived as mentioned above. The relative vapour pressure
is also affected by the component ¢, but for the soils under investigation this
influence could be neglected.

In order to follow the change in soil moisture content with depth and time in
the field, undisturbed seil cores can be taken at several sites. However, serious
difficulties occur when the erratic variation in dry bulk density of the soil is

matric pressure ¢m {bar} pF
-10* [ A " T 7
| P trgm) ’ Pa (kg @ |
i 1 990 Y| — 1030} 8
K 1090 | top and ————— 1130 > top soil
190 [ sub soi) —_———— 1305
1340 et} 1305 sub soll 5

50 60 70 O 10 20 30 40 50 60
volumetric soil water content @ (m3 water m? sail )

FiG. 4. Soil moisture retention curves of clay and sandy loam at a few dry bulk densities,
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considerable as is the case with the soils of the experimental field. Therefore use
was made of the gamma radiation transmission method, which measures
changes in soil water content by the attenuation of gamma radiation. This
method has the advantage that measurements of soil density are always taken
at the same site. If the dry bulk density of the soil remains constant with time,
changes in wet bulk density are only due to changes in water content. However,
to convert the readings into the absolute values of the soil moisture content, the
dry bulk density has to be determined too.

The gamma transmission apparatus used was from Frieseke and Hoepfner.
It had a 20 mc '37Cs sealed radiation source with a peak gamma energy of
0.662 MeV, Collimation at the source and at the detector was not applied. For
measurements in the field this is neither practical nor essential (see J. DE VRIES,
1969). The copper or iron access tubes were placed at a mutual distance of
0.40 m. Measurements were performed at 0.10 m depth intervals with the
deepest measurement under the groundwater table, The first two years of the
cxperiments, measurements in duplicate were made outside the lysimeters, the
last year one of each pair was taken inside the lysimeter,

Many authors found a linear relationship between log count rate and dry bulk
density from their calibration experiments (e.g. JENSEN, 1966; SmrtHet al., 1967).
In order to know the relationship between log count rate and wet bulk density,
however, in principle a new calibration curve has to be determined for each
separate value of dry bulk density (RYHINER and Pankow, 1969). The latter
authors propose to use as density scale, not the mass densities of the various
components of the soil but the densities of these components expressed as an
equivalent ‘electron’ density of water (p*). This resulted in an equivalent water
density:

p* =09p, + p, + 1.01 p, (kg.m™?) . (N

where p, is the dry bulk density of the mineral soil, p,, the volume fraction of
water and p, the dry bulk density of organic matter. Following this method,
they obtained a single calibration curve for different soils for each type of
access tube,

The gamma access tubes must be inserted precisely parallel and vertical at an
exact constant distance, because the gamma transmission method is highly
susceptible for deviations in distance as is clearly shown in fig. 5. In this graph,
a measurement of 100 impulses per second is equivalent with a p* value of
1877 kg.m ™2, if the distance between the access tubes is 0.40 m. If the distance
had been for example 0.42 m one obtains a p* value of 1837 kg.m~3. As the
accuracy of the gamma radiation measurements was in the range of 5 kg.m~3,
this will, when using the calibration curve of 0.40 m distance, introduce a
systematic error in the calculated moisture content that is 8 times as large as the
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FiG. 5. Calibration curves of count rate of the  counts s
gamma transmission apparatus and equivalent 4o+
water density p* for three different distances be-

* 040m
tween source and detector (after RYHINER and + 038m
Pankow, 1969). X 042m

£
3 \\,p‘
10— \
A\

1 2, 3
equivalent water density P (107 kgm™)

accuracy of the gamma measurement itself. The corresponding error in the soil
moisture content is in the range of 4 vol. %,. Because a truly parallel installation
of the tubes at a certain desired distance is very difficult, a theoretical method
was developed to apply a correction for distance deviations and non-parallelism
. of the tubes at each measuring depth (RUUTEMA, 1969).

Before the installation of the access tubes, soil samples were taken while
making the holes. Of these samples dry weight moisture percentage and organic
matter content were determined. Immediately after the installation of the tubes,
gamma radiation measurements were performed. At the end of the measuring
period, volumetric soil samples (100 cm® Kopecky cores) were taken between
the access tubes to obtain an ultimate check.

An exact measurement of the volume moisture percentage of the surface
layer by means of the gamma transmission or volumetric sample method is
impossible, because of changes in dry bulk density. Only estimates can be made
and therefore another method was followed. Many samples of about 5-15 mm
height were taken of the upper top layer. The volumes of these samples were
determined by measuring approximately the average thickness and the circum-
ference of the clods. After weighing and drying at 105°C, the clods were re-
weighed and dry bulk density and moisture content on volume basis could be
obtained.

Values of hydraulic conductivity at different saturation conditions were
obtained from field and laboratory experiments, which were based on a steady
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state solution of the flow problem. This requires a measurement of the total
water head at different depths at known flux.

In the field mean hydraulic conductivity values were obtained in dry periods
of a week duration, when it could be expected that a continuous flow of water
existed upwards from the groundwater table to the surface. The flux through
the phreatic surface was determined from lysimeter experiments, while the
amount of moisture extracted from the soil was measured with the gamma
transmission method. From the soil moisture profile the water head at various
depths could be derived.

In the laboratory the infiltration method as developed by WESSFLING and
WIT (1966) was used (fig. 6). This method is based on the infiltration of constant
small amounts of water into vertical undisturbed soil columns. The matric
head (tension) gradients were measured along the columns with small tensio-
meters which had different types of fillings, namely fine sand, very fine sand or
a mixture of this and kaolinite and could therefore react rather fast. Tensions
up to some 5 m head of water could be measured.

Saturated hydraulic conductivity values were determined using the constant
and falling-head method of Wit (1967), the auger-hole method (ErnsT, 1950,
see also VanN BErrs, 1963) and pumping tests.

iensiometer [}
filling fine sang 3 steel frame

~—— reservoir

tensio -
meters

filing very fire sand

nylon cloth

periorated plate

Hsteel
wire to vacuum
— l pUMpP

filing very fine sana 3
and kaolinite 3

F1G. 6. Experimental arrangement for
the determination of hydraulic conducti-
vity. The three types of tensiometers are,
from fop to bottom, for h,, values down

recuction box to -1, =2 and -5 m respectively (after
ﬂ_ s, WESSELING and WIT, 1966},
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3. MOISTURE CONTENT, MATRIC PRESSURE AND BULK DENSITY

From soil sampling with volume cores it appeared that the variation in dry
bulk density of each separate layer in the field was quite large (1000 < p,
< 1500 kg.m~3). Especially when determining the moisture retention curves
the variability in dry bulk density causes serious trouble as can be seen from
fig. 7A. At a moisture content of for example 47 vol, %, the matric pressure
varies from —1.0 x 1072 to —0.7 bar while the dry bulk density ranges from
1444 to 1194 kg m~3. For this reason replicate sets of samples are required to
obtain more valid mean estimates of bulk soil water content or water pressure.
SLATYER (1967), referring to measurements of Aitchison et al. and of Staple and
Lehane, indicates that in a specific loam soil more than 10 replicate samples
were required to keep the differences in dry weight soil water content below 19
with a probability of 959%. PEERLKAMP (1954) found that for water balance
purposes at least 12 replicate samples were required at an experimental field in
the Rottegatspolder in the Netherlands. For a discussion on errors in hydraulic
conductivity and dry bulk density determinations in relation to the number of
samples taken, one is referred to Mason et al. (1957).

Because of these problems, RUTEMA and FeDDEs (1971) analyzed a number of
retention data obtained from sticky clay samples which were taken in the spring
of various years. The samples taken in the autumn were not used for the deter-
mination of the retention curves because air was trapped in the samples when

A B
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. -10 T ey G T_j*”‘fﬁ 7
03 eae ’-—— -] ! uJ(— . i ]
-102 ‘ | 1 ] 5
i — ]
, i
@00 |
101! | ! e 2 2 4
10 : ]
e ce | I ° .
1 ® I e | 1 [ 3
10 . oo =TT T or |
B . -] .3 C e ! e
-10 ‘o—c—e—-—‘ ——ePy =1194 kg m” s T 2
(e oo | 0Py =135 ' : o
e i (s ole____ LeoPy=1444 o b ]y
i . . ' | T |
) ! |
( ‘ ¢ °‘e , ' . L o8 1
1072 L _eo & . o ——c—e—l
0 10 20 30 40 50 60 10 11 12 13 1.4 15 A6 17 1.8
velumetric soil water content equivalent water density P (10° kg m3y

® (m? water i soil)

FiG, 7. A, relation between matric pressure and volumetric soil water content; B, equivaiem water
density. Both for clay at three dry bull densities and a sampling depth of 0.45 10 0.50 m.
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saturating them. This phenomenon was already reported for heavy clay soils
by MakkINK and Vax Heemst (1965). From the spring data relationships
between moisture content on dry weight basis §/p,, matric pressure i, and
dry bulk density p, were found, the results of which are shown in fig, 8. From
this graph moisture retention curves at various dry bulk densities can be derived.
This method offers some advantages especially when using it with the gra-
vimetric sampling procedure or the gamma transmission method.

With the gravimetric method changes in soil moisture content can be followed
if the p, values of the individual samples are equal. If this is not the case, it can
be recommended to use the mean p, value and to obtain with aid of fig. 8 the
average moisture retention curve,

The retention curves for the p; values of the individual samples can be
reconstructed. The procedure to be followed then is to derive the actual ¥,
value of each sample using the measured ¢ value and p, value of the actual
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sample in combination with the pertinent soil moisture retention curve. Having
obtained the actual matric pressure, the moisture content belonging to this
pressure at p, can be read from ithe average retention curve. In this way one is
fess dependent on the differences in dry bulk densities between the individual
samples.

With the gamma transmission method the dry bulk density is incorporated
in the obtained data and when p, is known one can determine v, directly from
the measurements with the aid of fig. 7B. This graph represents in fact the same
relationship as fig. 7A, except that the variable in fig. 7B is the equivalent water
density p*, instead of the moisture content 6.

An important conclusion that can be drawn from fig. 8 is, that the procedure
of converting dry weight moisture percentage to volume moisture percentage
based on a mean value of dry bulk density is for values of p, exceeding 1100 kg.
m~2 not valid at matric pressures equal to —2.5 bar, The same holds when
p4> 1300 kg.m ™ ? at matric pressures of —15.6 bar and lower. As was mention-
ed earlier, this procedure is normally used for the determination of volume
moisture percentages at low pressures, where the weight percentage is deter-
mined from disturbed samples. As these samples have generally dry bulk
densities below 1000 kg.m~2, this conversion procedure may involve some
eIrors,

4. CAPILLARY RISE

In general, flow of water through soil can be described as the sum of the
products of all acting forces and corresponding conductivities. The driving
force may be a water pressure gradient, or a thermal or electrical gradient
(TaYLoOR, 1968). In this paper only the total water pressure gradient will be
considered. In that case the general flow equation reduces to Darcy’s law.
Considering the flow of water in response to a force in vertical direction only,
the equation can be written as:

qg=— k* (V'ub.roml) = - k* (V'mb + Vl/’g) =

= - k* (Vd’m + Vlthp + Vd’s + Vllhg) (8)
where:
q = volume flux of water passing per unit time through a unit horizon-
tal area (m* m~2s5"1 = m.s™Y)
k* = hydraulic conductivity (m3.s.kg™)

.o = total water pressure equivalent (bar)
z vertical co-ordinate (m), positive in upward direction
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A negative sign has been introduced in order to make g positive in upward
direction, i.e. positive in the direction of decreasing pressure. It has become
customary to refer to k as hydraulic conductivity for water flow in the saturated
as well as the unsaturated zone, since in both cases the flux of water is expressed
per unit of hydraulic (water) pressure. In saturated soil, the pores filled with
water, yir is approaching zero, the flow is fargely controlled by the gravitational
component ¥,. In unsaturated soil, the contribution of , diminishes at increasing
desiccation of the soil and + begins to dominate flow. Because of the coherent
nature of air spaces we can neglect ¢, In general the influence of W, is low,
because both solutes and water are moving together. Hence, eq. (8) can be
written as:

g=— k' (W + v, (m.s™) (8a)

As was stated earlier, when dealing with flow of water, it is convenient to express
energy on a unit weight basis. Using the appropriate symbols, eq. (8a) turns to:

q=—k(yhy, + 1) (ms ") (80)

where & is in m.s™¥, &,, is matric head and 4, is gravitational head in m water
column [gh, = 1, see eq. (5)). _

There are three variables in eq. (8b), namely ¢, & and 4,, and solving it
becomes complicated because & is a function of the matric head 4, If this
function is known eq. (8b) may be integrated, when considering steady state
flow.

Several analytical approximations for the relation between k& and A, have
been proposed (e.g. WIND, 1955; WESSELING, 1957; GARDNER, 1958). RuTEMA
{19635) used in his approximation the functions:

k =k, for h,>=>h, )
k=kye P4 for h, > h, > hype (10)
k=a(—hy) " for h, < hum (11

where k, is the saturated hydraulic conductivity, k, the matric head at air entry
point, i.e. the head at which a water-saturated porous medium starts to let air
go through (e.g. STAKMAN, 1966), Ay,,.,. is the head below which eq. (10) does
not hold (see fig. 9) and ¢ and » are constants.

From the data of the experimental field it is possible to compute the hydraulic
conductivity with the aid of eqs. (9), (10) and (11).

The flux g(z, £) is not the same for all depths, but is the sum of the volume
flux through a constant phreatic surface ¢(0, 7) and the amount of moisture M
extracted per unit of time from the soil above this surface. The fiux (0, f) was
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measured with the lysimeter. Af was determined with the gamma transmission
method and is defined by:

Mi—rf Bazdt () (12)

nJo of
Hence the flux ¢(z, 7) is:

qmo=qwn+%¥=—kwm+n (ms™) (13)

The integral of eq. (13) over the time interval (z,-¢,)

12 12 t2
f q(z,t)dt:'[ q(O,t}+M=J — k{yh, + D)dt (m) (14)
1 I tr

has been used to determine the hydraulic conductivity. To simplify the calcu-
lations, time averaged values at depths z were taken:

i@=— | q@d  ms (15)
(12 - tl) 5

An example of the calculation of the hydraulic conductivity & of clay in the
field is given in table 2 for the period July il through July 18, 1967,

The results of such calculations are shown in fig. 9. As can be seen, the
laboratory data agree reasonably well with the values obtained in the field. It is
important for this type of calculation not to use the k,, values of the root zone,
as the movement of the water through the roots is independent of the hydraulic
gradient in the soil. Otherwise, too high values for k at certain 4,, are obtained.
For the sandy loam sufficient measurements without any root influence were
available. For clay, however, h,, values of the root zone had to be used. There-
fore, according to data of WinND (1955) and RirreMa (1965}, the function k =
0.993 x 10~ %(—h,)~ '-35 was taken for 4, values lower than -0.50 m (fig. 9).

The factors k,;, n and a for the three profiles, derived from fig. 9 and the
corresponding vajues of %, and Ay,,,;, are shown in table 3.

Substitution of eqs. (9) and (10) into eq. (8b) gives after integration respectively:
z = — kohui(q + ko) (9a)

z=lI/pin g+ ko L (10a)

q+koen(hm_ha) q+k0
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F1G. 9. Relarion between hydraulic conduc-
tivity and matric head for clay, sandy loam
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Fia. 10. Relation between height of capillary
rise above the groundwater table z and ma-
tric head h, at different fluxes of upward
flow q (mm.day =) for clay, sandy loam and
clay on sandy loam.

Table 3. Values of k¢, #, a, h, and J;,; for the three soil profiles

kq ko n he Mo
Profile ms—! mmday-! m-* " a a m m
Clay 1.6 x 10°? (14 8.61 1.35 0.993 x 10-° (0.086) O —0.50
Sandy loam 17.4 x 10-° (150) 824 1.40 0.570 x 1077 (0.049) —0.08 —1.00
Clay on
sandy loam 0.6 x 10-° 5 473 140 0.570 % 10-° (0049) 0 —1.00
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For values below A, analytical expressions are available, for special values
of n (see GARDNER, 1958). In non-specific cases numerical integration must be
applied, according to:

ben (21) ’
I — Zy = —f ( dh,, - ) (11a)
b z2) \1 + gla (= h,})7"

In fig. 10, the relationships between g, h,, and z for the three profiles are
given. For regions close to the water table, a precise knowledge of these re-
lationships is not very important, because flow resistance is low and therefore
loss of matric head is very small. Data at various fluxes nearly coincide with the
equilibrium curve where ¢ = 0 mm.day~*. For low matric heads the various
fluxes remain almost constant and therefore an exact knowledge of the relation-
ship between g, k,, and z is in these cases also of lesser importance.

" 5. DRAWDOWN OF THE GROUNDWATER TABLE

In soils where a groundwater table is present, often the problem is encoun-
tered to quantify the influence of surface evaporation on depth and drawdown
of the water table. Knowing the water properties of the soil, such a problem can
be solved for certain boundary conditions.

One approach is to impose independently of the soil conditions a uniform
specified evaporation flux at the surface dependent on meteorological conditions
only. As will be pointed out in Chapter 11IB-3c, a constant evaporation rate
will, due to the development of a dry surface layer, soon be followed by a falling
rate phase, and the existence of a moisture profile satisfying the requirements
becomes quite impossible (see CHILDS, 1969). Another, more realistic, approach
is the imposition of a fixed matric head at the soil surface. In Chapter IIIB-3¢
it will be shown that even in rather wet periods such a situation is likely to occur
because of rapid desiccation of the top layer resulting in rather low matric
heads at the surface. ' .

For the clay and sandy loam a theoretical evaluation of the influence of eva-
poration on the drawdown of the groundwater table was carried out assuming
the following boundary conditions. The initial condition is the equilibrium
situation (g = 0), with the water table depth z put at 0.39 m below surface. The
latter value taken arbitrarily for conveniency of the calculations only. Next a
sudden fall of the matric head from &, = —0.39m to —158.5m (pF 4.2) is
imposed at the surface. The imposed head value also arbitrarily taken, How-
ever, it has been shown in section 4 of this Chapter that at least for the shallow
groundwater levels, the fluxes ¢ remain rather constant at matric heads between
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—10% and —10* m. This fall in matric head causes an evaporation flux at the
surface, soil moisture is released from the profile and the result is a drawdown
of the groundwater table. The procedure applied can be shortly summarized as
follows:

— The relationships between ¢, h, and water table depth z are known from
fig. 10.

— With the aid of fig. 10, and using the retention curves, the courses of the mois-
ture content with depth for ¢ = 0O and ¢ = g (with 4,, is —158.5 m at the sur-
face) are obtained for the various water table depths z being read from fig. 10
at h,, = -158.5 m for various g values.

— The differences in moisture content with depth at ¢ = 0 and ¢ = q are plotted
on graphs.

- The areas between the successive g values are then determined from the
graphs by means of an integrimeter (or planimeter). These areas represent the
amounts of moisture released from the profile at certain drawdowns of the
water table. For example if the water table in sandy loam is lowered from 1.29 m
to 1.37 m below surface, i.e. the moisture profile is changing from the situation
g = 02 mm.day~' to the situation ¢ = 0.17 mm.day~', 6.0 mm water is
released.

— Starting with the water table depth z at (.39 m below surface, now the cumu-
lative amounts of water released at increasing depths of the groundwater
table can be obtained (fig. 11A).

- For interpolation purposes the groundwater table depth zat k,, = —1358.5m
is plotted against ¢ on half-logarithmic paper.

time (days)

amount of moisture released (mm) 80 180 240 120 400
240~ : } 0 —7

A B [
200 / 040 —= sandy loam
w—— tloy
160—1— —I—J,,—, 0BO
’I
120 ,/J L/’ 120 |
-
80 AL 2T 160 N

I 200 -

0 T 240
0004 08 12 16 20 24 28 32 36 gr.w, level depth (m)
drawdown of grw. level (m)

40

F1G, 11, A, cymulative amount of moisture released from the profile at certain drawdowns of the
water table; B, lowering of the groundwater table with time. Both under influence of evaporation
Jrom the surface while maintaining a constant equivalent matric head b, of -158.5 m at the surface.

Taking sandy loam as an example, the numerical analysis is carried out in the
following way.
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In the initial situation g = 0 and z = 0.39 m. After the sudden drawdown of
the matric head at the surface, it is seen from fig. 10 for z = 0.39 m and &, =
—158.5 m that ¢ = 10.0 mm.day~!. Assuming that the drawdown of the water
table is 0.01 m then Z = 0.395 m and ¢ = 9.7 mm.day~? (as read from the half-
logarithmic graph). It follows from fig. 11A that the released amount of mois-
ture is 0.2 mm. Hence the time taken for a drawdown of 0.01 m of the ground-
water table, is as a mean 0.2 mm/9.7 mm.day—! = 0.0203 day = 27 min, For
a lowering of the water table from 0.40 to 0.4] m a time of 32 min. is calculated,
etc, The final results for clay and sandy loam are presented in fig. 11B showing
that in the beginning the water table in the sandy loam is falling at a larger
mean speed than that of the clay soil. Fig. 11B also shows, however, that the final
water table for clay lies deeper than for sandy loam. Afier 360 days the calcu-
lated depths are 2.23 m and 1.60 m respectively.

The calculated depth for the sandy loam seems to be somewhat small, as
groundwater table depths between 2--2.5 m in similar soils are often found in
arid zones (VAN DER MOLEN, personal communication). This discrepancy may
be due to the following reasons. At the low relative humidities in arid climates,
the matric head of the surface layer will be lower than assumed in the calcula-
tions. Then values of —10* m may not be unusual. Especially for the later
stages of desiccation when deeper groundwater tables occur, this difference in
matric head may be important (see fig. 10). If the soil is covered by a vegetation,
the A, value of —158.5 will perhaps be reached at the underside of the root
zone. Then the depth of the root zone, say 0.50 m, has to be added to the cal-
culated water table depth.

The evaporation flux from a deep uniform soil initially unsaturated at a
uniform moisture content (g = 0) decreases with the square root of time
(GARDNER, 1959). So when plotting cumulative evaporation against ¢* a straight
line should be obtained, with the slope dependent on the type of soil. From
fig. 11A and B the variation of the cumulative amounts of water released with
time (i.e. the variation of the comulative evaporation with time) was derived. By
plotting cumulative evaporation against ¢* (days?), a slight departure from the
t} relationship was obtained as different boundary conditions were applied.
GARDNER and GARDNER (1969) in laboratory studies and BLACK et al. (1969) in
field experiments also found in cases of finite depth of wetting departures from
the ¢} relationship, so it scems that Gardners hypothesis also holds reasonably
well for soils under the influence of a groundwater table.
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6. AVAILABLE WATER

To describe the amount of water available for plants, often the terms field
capacity and permanent wilting percentage have been used, Field capacity is
taken to be the upper limit of stored soil water available for plant growth and
permanent wilting percentage as the lower limit.

SLATYER (1967) and KraMER (1969) discussing these terms refer for field
capacity to measurements of Marshall on undisturbed samples, who proposed
to use a pressure value of —0.1 bar, and to Richards and Weaver, who recom-
mended a pressure of —0.3 bar on samples which are dried, ground and sieved.
These values may be useful for soils without influence of groundwater, How-
ever, in the presence of a groundwater table the term field capacity must be
defined as the moisture content of the unsaturated soil in the sitnation where
the flux g is zero. In this situation the matric pressure gradient is in equilibrium
with the gravitational pressure gradient. If the gravitational energy is expressed
on a unit weight basis, field capacity is the moisture content belonging to a
gravitational head of —Ak m, if Ak is the elevation above the phreatic surface.

According to SLATYER (1967) the permanent wilting percentage is neither a
constant as it varies with the variation in osmaotic pressure of plant-tissues, the
latter ranging from —35 to —200 bar. Both SLATYER (1967) and KrRaMER (1969)
pointed out, however, while referring to measurements of Richards and Wad-
leigh who found that the variation in soil water pressure at wilting point appro-
ximates —10 to —20 bar, that the mean value of about —15 bar can still for
many practical purposes be regarded as an important soil value. In general one
can say that a plant starts wilting when the water pressure in the plant (.,
is equal to the total water pressure in the soil (¥ ,.a1)s 1€ Yo = Vicrar-

Under certain restrictions the maximum amount of water that will be avail-
able for the evaporation of the crop during a number of days, can be calcuiated
if one is informed about precipitation, depth of the root zone, depth of the
groundwater table and the hydrological properties of the scil (WESSELING,
1957; RwoteMa, 1965; Feppes, 1969; FEiTsma, 1969). The amount of
moisture available in the soil is the sum of water available in the root zone plus
the amount of water delivered via upward movement from below the root zone
as well as from the groundwater table. The water available in the root zone is
often defined as the water content between the equilibrium situation (g = 0)
and ¥ = —135 bar. It is known, however, that at increasing desiccation of the
soil the availability of water for the plant decreases progressively. Therefore in
order to get optimum production, it is better not to allow the soil to dry out
that far. This holds especially for soils under leaf crops like many horticultural
crops. FEDDES (1969b) concludes in a review dealing with moisture requirements
and effects of water pressure on vield and quality of various vegetable crops,
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that in general for these crops the admissable pressure at which soil water
begins to limit plant growth is about —0.4 bar (pF = 2.6). In the present cal-
culations this value is adopted as the upper drought limit for the root zone. To
evaluate the upward flow from the groundwater table an average pressure of
0.224 bar (pF = 2.35) was adopted for the whole growing period of the crop.
This is an arbitrary value, but as can be seen from fig. 9 only the magnitude and
not the exact value is of importance. For the shallower groundwater table depths
of the experimental field the values of ¢ do not alter much around this pressure
value, but it is to be noted that this is not true for rather deep water tables. The
effective root zone which is the depth above which most roots are found, de-
pends on the type of the crop, the profile and the meteorological conditions.
In the clay on sandy loam there is a sharp boundary of the rooting depth at
0.40 m, while in the sandy loam the boundary is less distinctive. On the clay
profile the effective rooting depth was larger: about 0.60 m,

The amounts of water coming available via capillary rise from the ground-
water table can be derived from fig. 9 by reading at ¥, = —0.224 bar the
various fluxes for the respective depths z. The result is presented in table 4.

Tabel 4. Capillary rise (mm.day~!) in three profiles at various groundwater levels and an
average pressure of —0.224 bar (pF = 2.35) at the lower side of the effective root zone

Depth Groundwater level m below surface
Profile effective root

ZOne m 060 075 090 1.05 120 135 1.50 1.65

Clay 0.60 - 6.5 1.9 0.8 0.4 0.3 02 0.1
Sandy loam 0.40 - 11,0 38 1.2 04 02 01 007
Clay on sandy loam 0.40 3.5 1.5 0.8 04 0.3 0.2 0.1 0.07

The computation of the amount to be extracted in and below the root zone is
elucidated with fig. 12A for the clay soil with a constant groundwater table at
1.05 m below the surface and an effective rooting depth of 0.60 m. The lowest
admissable pressure in the root zone is, as was already mentioned, —0.4 bar
and the effective rooting depth of 0.60 m reaches to 0.45 m above the ground-
water table. Under these conditions the maximum flux can be read from fig. 10
(1 mm.day~!) and the pressure profile can be found from interpolation. Start-
ing from the equilibrium situation QARB, the total amount of moisture available
represented by the area OABCDO, can be determined with the aid of the reten-
tion curves of the various Jayers, With these curves the area can be translated in
moisture content and then be measured with an integrimeter or a planimeter.
In fig. 12B once more the extraction from the layers below the root zone
(which in fig. 12A is represented by the area OADO for a 1.05 m water table
depth) is presented for various water table depths.
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FiG. 12. A, example of the amount of water available for the crop in clay when the minimum value
of matric pressure o, it the root zone is —0.4 bar (pF 2.6) and a groundwater table at 1.05 m be-
low surface; B, moisture extraction from the layers below the effective root zone for clay, sandy
loam and clay on sandy loam at various groundwater table depths when w ., of the root zone is
0.4 bar.

After summarizing the various quantities of moisture available in and coming
available from below the root zone and from capiliary rise from the ground-
water table over a certain growing period of the crop, one obtains the amount of
moisture available for evaporation, which is given in table 3.

TABLE 5. Amount of moisture {mm) available for evaporation in periods of 30, 60, 90 and
120 days in relation to depth of groundwater table, when the lower limit of the matric pressure
in the root zone is allowed to be —0.4 bar (pF = 2.6)

Groundwater depth m below surface

Profile Period
0.60 075 090 105 120 135 1.50 1.65
Clay
30 days — 235 96 63 50 44 38 35
60 — 430 153 28 64 52 44 38
90 — 625 210 112 77 60 49 42
120 — 820 267 137 91 68 54 46
Sandy loam
30 days — — 168 87 62 33 48 44
60 —_ = 282 125 77 61 53 49
%0 —_ = 96 162 90 67 57 53
120 — — 510 200 104 73 60 55
Clay on sandy loam
30 days 138 75 54 45 3% 36 32 30
60 242 120 78 58 438 42 37 4
%0 348 164 101 72 57 47 40 36
120 452 208 124 85 65 52 44 a8
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B. TRANSPORT TO THE ATMOSPHERE

I. INTRODUCTION

There is little need to emphasize the importance of a reliable method for the
determination of both actual as well as potential evaporation from different
surfaces, under varying conditions of climate, soil profile and plant cover.

For example, agriculturists who are concerned with optimum crop produc-
tion are likely to wish information on the effects of water supply on production,
i.e. the specific water requirements of a crop, and whether these requirements
under the prevailing environmental conditions are met or not. When from
regularly taken evaporation estimates it appears that water shortages frequently
occur, technical measures can be taken to establish better irrigation treatments.

Another group dealing with evaporation that can be mentioned is that of
hydrologists concerned with the water balance of catchment areas, who when
for example dealing with siream flow and groundwater recharge want to know
how much water is lost by means of evaporation.

An estimation method which is of value in both agricultural and hydrological
problems and which is based on rather easily measurable meteorological as
well as soil and crop factors, is the combination method treated in section 3 of this
Chapter. This method has been used on agricultural crops, but little is known
about its applicability to vegetable crop production. It is the purpose of this
part of the present paper to assess this. In this context attention is also given to
the estimation of net radiation and reflection. The calculations by means of the
various equations involved will be verified experimentally with data obtained
from four vegetable crops, namely spinach, red cabbage, dwarf French beans
and celery,

2. FIELD EXPERIMENTS

- During the years 1967 to 1970 the following main crops were grown on the
experimental field:

Spinach (Spinacia oleracea L., cv. Vital R.) April-May 1967
Red cabbage (Brassica oleracea L., cv, Rode Herf5t) June-Nov. 1967
Dwarf French beans (Phaseolus vulgaris L., cv, Centrum) May-Sept. 1968
Spinach (Spinacia oleracea L., cv. Vital R.) Sept.-Nov. 1968
Celery (Apitmn graveolens L., cv. Marmer Kogel) April-Oct. 1969

Growth and development of these crops were analyzed at regular times, In
the main, measurements of crop height, soil cover, and leaf area were made
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twice a week. Dependent on their development stage the crops were periodi-
cally harvested. The fraction of soil covered was estimated with aid of a frame
of 1 m?. The leaf area was determined by measuring length and width of all
leaves of some individual plants.

Dependent on crop type, fresh and dry weight were determined either per
plant or per unit surface {1 m?). The groundwater table depths at the different
plots were measured in plastic pipes (inner diameter 16 mm) placed in regularly
spaced auger holes. The pipes were perforated and wrapped in nylon filter cloth
at the bottom ends. The measurements were taken with a thin metallic tape
fitted with a bell sounding device. In the 0.90 and 1.20 m groundwater piots
(having lysimeters) the water levels were measured every day, in the other plots
biweekly.

The necessary meteorological data were obtained from a weather station
located at the open western edge of the experimental field (fig. 1). In a Stevenson
screen continuous records of air temperature (7;) and relative humidity
(100e,/e,*) were obtained using two bimetallic thermographs* and two hair-
hygrographs respectively. Daily (24 hours) mean values were estimated by
using an Ott-integrimeter. The recording devices were calibrated each day with
an unaspirated mercury-in-glass psychrometer consisting of a dry bulb and a
wet bulb ordinary thermometer, Maximum and minimum air temperatures at
2m and 0.10 m above soil surface were measured with Six’s thermometers.
Details of the measurements of soil temperatures are described in Chapter IV3.

Wind velocities (1) were measured at a height of 2 m above soil surface with
a totalizing cup anemometer, which was provided with three conical beaded-
edge cups and a mechanical counter mechanism. In a few cases single values
of () were derived from data of the meteorological station in Den Helder.,

Radiation was measured with the following instruments. The duration of
bright sunshine (n) was measured with a heliograph, i.e. a Campbell-Stokes
sunshine recorder. Incident direct and diffuse short wave (0.3-ca.2um)
radiation flux (R,) was measured with a pyranometer known as the Moll-
Gorczynski solarimeter, manufactured by Kipp. It consists of a Moll ther-
mopile of 14 elements of constantan-manganin (resistance: 9.6L); sensitivity:
t.3 x 1077 V/W.m~?) mounted under two concentric hemispherical glass
domes of sufficient diameter (> 30 mm) to satisfy the cosine law. Two domes
are used to prevent convection caused by atmospheric influences. A white
lacquered screen (diameter (.30 m) paralle! to and slightly above the piane of
the sensing surface prevented the housing to be heated by radiation.

The solar radiation reflected by the surface (R]°) was measured by a second

* Unless stated otherwise, instruments were obtained from Casella, London.
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pyranometer of the same type (resistance: 11.502; sensitivity: 1.2 x 10-3
V/W.m™2} mounted in an inverted position at a height of 2.25 m above the
ground surface on a movable ‘sulky’ type installation. To obtain information
on the reflection of different soils and different vegetable crops at different per-
centages of covered soil, measurements were carried out above 36 rectangular
clay and sandy loam plots (each 6 x 6 m) under the following crops: broad
beans, dwarf French beans, garden beet, red cabbage, carrots (summer and
winter), cauliflower, celeriac, celery, endive, lettuce, spinach, brussels sprouts
and onion.

Net radiation (R,) was measured at 1.10 m above each of the 4 main crops
mentioned at the beginning of this Chapter. Measurements were performed
with a miniaturized unaspirated net radiometer developed by Funk (1962) and
manufactured by csiro (model CN 6). The ribbon thermopile consists of
250 elements of cropper-constantan (125 facing upwards ,125 downwards) and
has an internal resistance of 87C2 and a sensitivity of 0.83 x 107% V/W.m ™2,
The thermopiles were protected by thin polyethylene hemispheres which were
continuously kept inflated and free of internal condensation by supplying dry
nitrogen from a gas cylinder. The outputs of the two pyranometers and the net
radiometer were recorded on three points of a 12-point Honeywell (Brown)
stripchart recorder, which was calibrated in °C by a built-in cold-junction
compensation. To make these three points suitable for radiation measurement,
a constant reference temperature is necessary for which the temperature of the
groundwater at a depth of 1.20 m below the surface was taken, A system of
resistances was wired between the radiation instruments and the recorder, This
made | ¢cm on the recorder represent 94.6 W.m™2 for the upward facing pyrano-
meter, 45.3 W.m™2 for the downward facing pyranometer and 61.6 W.m~ 2 for
the net radiometer. The two pyranometers were calibrated (accuracy | 29%)
against a pyrheliometer at the Department of Physics and Meteorology of the
Agricultural University at Wageningen, for the net radiometer the manufac-
turer’s calibration (accuracy + 5%;) was accepted. The accuracy of determining
the daily totals of R, Ry and R, by means of the Ott-integrimeter from the
charts, depends on the shape of the recorded curves. It was estimated to be
about 3 to 5% on the average. Hence the degree of accuracy of individual values
of R, and K° was, as far as determined by random errors, about 5% and of R,
about 8%,

Precipitation was measured with two collecting rain gauges of the type used
by the Royal Netherlands Meteorological Institute (cross-sectional area:
0.04 m?) with height of the rims at 0.40 m above soil surface, as well as with a
recording rain gauge (Van Doorne, De Bilt) of the same cross-sectional area
placed with the rim at soil surface.
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The amount of water intercepted by the cabbage crop was measured at 6 dif-
ferent sites by covering the ground around a number of individual plants with
plastic sheets (areas about 3 m?). The amounts of water reaching these covers,
i.e. the throughfall, were collected in cylinders (diameter 0.395 m, length 1.20 m).
The thus collected data werc compared with the rainfall measurements,

To relate the evaporation of bare soil and cropped surfaces to a standard
surface like water, two circular shaped tanks (diameter 0.50 m, depth 0.25 m)
were installed in the ground keeping the rim at the surface and the water level
at 25 mm below the rim. Each day the changes in water levels were measured by
means of hook gauges, after which the levels were brought back to their original
position. Heat exchange with the surrounding soil was avoided as much as
possible by insulating the outside of the pan with a layer of gravel.

3. EVAPORATION
@, THEORY

In this paper the term evaporation will be used to indicate the change of
liquid water into vapour, whether it is evaporation from water, soil or plant
surfaces,

The process of evaporation has three basic physical requirements. There
must be: A, a continuous supply of water; B. energy available to change liquid
water into vapour and C. a vapour gradient to maintain a flux from the evapo-
rating surface to the atmosphere. The various methods to determine evaporation
are based on cne or more of these requirements. The water balance approach is
based on A, the energy balance approach on B, the acrodynamic or profile
method on C and the combination method on parts of B and C. In the present
context a full description of all these methods cannot be given. Reference can be
made, however, to for example Rosg (1966), PENMAN et al. (1967), SLATYER
(1967), TANNER (1967, 1968), ROSENBERG et al. (1968). Here, only a short outline
of the two methods used in the investigations will be given. The first method is
the water balance approach, the second the combination method based on the
use of the energy balance and a Dalton-type transport formula.

When expressing for the soil surface the various terms of the water balance or
conservation equation as depth rate equivalents, the equation may be written as:

Zs A
E=x-x.r+t}..(0,t)—qa(0,t)-J- Z—rdz (14a)
a
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where E, y and y, are the fluxes (m.s~ ') of evaporation, precipitation and inter-
cepted precipitation at the soil surface (z;) respectively, and g, (0,1) and ¢,(0,7)
the upward and downward fluxes through the phreatic surface at a constant
water depth (z = 0), 8 is the volumetric moisture percentage and ¢ the period
considered (s). The integral of eq. (14a) over the time interval (7,—¢,)

rEdr =J‘2 [x— t+ 4.0, 0 — qa(O,t)] dr + -

t

2 [2s

- j J % 4z ds (m) (14b)
t 0 at

has been used to check and to calibrate the combination method.

The vertical energy balance equates all the incoming and outgeing energy
fluxes at the earth’s surface. Neglecting the part of energy involved in metabolic
processes, one can write this equation as:

R,=LE+H+G (Wm™ %) (16)

where R, represents the energy flux of net incoming radiation, LE the flux of
latent heat into the air, H the flux of sensible heat into the air and G the flux of
heat into the seil. Eq. {16) can also be written as a transport equation:

Rn -G=- (Lpasfpa) Kuvé - panKhVT (16&)

where p, is density of the air (kg.m~?), ¢, is specific heat of air at constant
pressure (J.kg=1. K1), K, and K, are eddy transfer coefficients for heat and
vapour (m®.s~1), & is time averaged vapour pressure (bar), ¢ is ratio of molecular
weight of water vapour to dry air (= 0.622), p, is atmospheric pressure (bar)
and Tis time averaged temperature (K) and z is elevation above ground surface.
By using the so-called Bowen ratio H/LE, the measured net energy (R,—G) can
be partitioned in LE and K. Assuming equality of X, and X, and expressing the
Bowen ratio in finite form one gets:

B = H/LE = yAT/Ae a7

where AT = T, - T, A = e, — e, (both measured over Az = z;, —z;) and
¥ = ¢ p./Le (bar. K~1) is the psychrometcr constant. Combination of eq. (16)
and (17) yields:

LE=(R, -G /1 +/ (W.m™?) (18)
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In order to compute evaporation from water surfaces PENMAN {1948) com-
bined eq. (18) with the empirical formula of Dalton:

LE — (7)) (eX — e,) (19)

where f(i3) is an empirically determined function of mean horizontal wind speed,
e¥ is the saturated vapour pressure at the water surface and e, the vapour pres-
sure in the air at height z. In order to know e} the surface temperature must be
determined, To avoid the difficulties involved in measuring surface temperature
Penman introduced an auxifiary value E, so that e} in eq. (19} is replaced by eF,
the saturated vapour pressure at air temperature 7, hence:

LE, = (i) (¢} — e,) (19q)

The variables e§ and T, can be eliminated by introducing the slope of the
saturation vapour pressure curve de*/dT or 6 (bar. K — ') at the mean temperature
{To + T2 or at T, provided (T, — T} is small. Combination of egs. (18),
(19) and (19a) gives the formula of PENMAN (1948):

_&(R, — G) + yLE,
d+ 7y

LE (W.m™?%) (20)

Nomographs and tables to compute LE can be found in RUKOORT (1934),
WESSELING (1960) and KoorMmAns (1969). CHipLEY and PIKE (1970) developed
a computer programine,

In eq. (20) the term E, is empirically expressed as:

E, = 4,67 x 1074 (0.5 + 0.54 @) (eF — &) (mm.day™")  (19h)

where & is average wind speed (m.s™1),

The Dalton formula can be improved by using turbulent transport theories,
from which follows that under neutral conditions (temperature lapse rates
between isothermal and dry adiabatic) when all the turbulence is caused by
frictional effects, the wind profile above a surface can be represented by:

f#fuy = (1/K) In [(z = d)/z,] (21)

where u, is the friction velocity (m.s~'), X is Von Karman’s constant, z is
elevation above the ground surface, z, is roughness length {m) and 4 the dis-
placement of the zero plane of wind speed. Due to the logarithmic form of eq.
(21), z, is the extrapolated height at # = 0 when plotting # versus In z. To find
the height at which turbulent exchange commences, one can extrapolate the
actual wind profile (fig. 13), yielding at @ = 0 an intercept equal to (z, + ).
MONTEITH (1963) refers to this height as the effective crop surface, Both factors
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FiG. 13. Exainple of the relation between wind veloc- Inz
ity profile above a rough swrface and the natural
logarithm of height z above the soil surface (after
GATES, 1962).

dtzg = -

B

wind velocity {u)

zZ, and 4 depend on # (e.g. Tani, 1960). Assuming under neutral conditions
similarity of the transfer coeflicients for momentum, vapour and heat (RIDER,
1954), the profiles of @, & and T in the air layer above the evaporating surface
are geometrically similar. Hence plotting of measurements of T and & taken at
several heights above the surface on a logarithmic scale against &, will give
straight lines from which T = T, and & = e, can be read at & = 0. The transfer
coefficients for momentum found from the wind profile can then be used to
calculate the fluxes of sensible and latent heat.

Under non-neutral conditions, part of the turbulence is caused by thermal
buoyancy, and the logarithmic wind profile does not exist: during stable con-
ditions it becomes concave downward and during unstable conditions concave
upward. However, the assumption of similarity of transfer coefficients may still
be used by introducing stability corrections, such as for example proposed by
MOoONIN and OpukHOV (1954) and SELLERS (1965). For a survey of wind profile
formulae see RIKOORT (1968). Under neutral conditions it was shown (e.g.
LETTAU, 1952) that the turbulent transfer coefficients (X}, and K,) must increase
linearly with height. STERK (1936) found from experiments some 100 km from
the coast during the years 1948-1954 that this was valid both for periods of a
day and a year. Hence with the stronger winds prevailing in the coastal regions
it was assumed that for the circumstances at the experimental field the loga-
rithmic wind profile could be used.

Assuming now constancy of vertical fluxes with height, PENMAN and LoNG
(1960) expressed the evaporation flux for a crop in an improved Dalton type
formula as:

E = aK® (Co — C) [ {In [(z — d)/z,]}* (kg.m %57 (22)

whete Cy and C, are the vapour concentrations (kg.m~?} at height (z, + o)
and z respectively.

When evaporation is limited by water supply it is often written in the form of
a diffusion resistance model in analogy with Ohm’s law (PENMAN and SCHoO-
FIELD, 1951; MONTEITH, 1963):
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Co—C, Cy—C, C§—C,

ra rS rﬂ + r.!‘

(kgm~ 257" (23)

where C} is the saturated vapour concentration (kg.m~?) and r, and r, (s.m~!)
are the external atmospheric or aerodynamic resistance and the internal canopy
resistance respectively. (For conversion of concentrations C into pressures e,
a conversion factor of ep,/p, = 7.40 x 107 ° m~2.s5? can be used), Comparing
egs. (22) and (23) MonTEITH (1963) arrived at the expression:

r. = {In [(z — d)fz,])*/aK? (s.m™ 1 (24)

from which functions of r, at various z, and # were derived. RDTEMA (1965),
following the same procedure, expressed eq. (24) as:

-1
r,=2e [f(zo, d) u] (s.m™") (24a)

Pa

where f(z4,d) is a roughness function {m~2,s%), which is assumed to be the pro-
duct of a function of crop height f, (/) (m~2.5%) and a dimensionless function of
wind speed i, f,(&):

r, = %[f,(z) fz(ﬁ)a] (24b)

The function f, (/) originally derived for grass but recommended and used for
other crops, has been tested under conditions of coptimum water supply for
arable crops by SLABBERS (1969), whose results are presented in fig. 14. As can
be seen the data agree fairly well with those for grass. The deviating points for
sunflower have been explained as resulting from maturation of the crop at the
end of the growing season, giving a reduction of evaporation caused by a lesser
covering of the soil and a higher transport resistance in the crop. The points for

FiG. 14, Dependence of the function f1(1) .see eq.

1Ly (107 i's?)
(24b), on crop height I (after SLABBERS, 1969,

;: T __j’ :.:_____i:_x—‘— ::_[_-f__% the curve for grass after RUTEMA, [965).
- x sunflower 1968

of — g IS,
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wheat under winter conditions fit the line, whereas under summer conditions
both high potential evaporation fluxes and high transport resistances are
reducing evaporation (see also RuTEMA and RYHINER, 1966).

BRUTSAERT (1963) using a model based on evaporation as a molecular dif-
fusion process into a turbulent atmosphere, found that evaporation (E) is
proportional to #,° 7%, Using his data, an alternative expression for r, can be
derived by substitution of the relationship fy(@)i = 1.15# %75 in eq. 24b (see
also RUTEMA, 1966) yielding:

r, = s |:f1(l) 1.15 ﬁ‘”s]-l (s.m™!) (24¢)

Pa

Using eq. (24¢), values of r, for various crop heights (/) and wind velocities ()
were calculated (table 6).

The factor r, (eq. 23) is regarded by MONTEITH (1963; 1965) to be a factor
mainly reflecting changes in stomatal resistance. He assumes from a number of
experiments that the fraction of net heat available for evaporation is closely
related to r, as LE/(R, — G) = log (25/r)?* (sec also CowaN and MILTHORFE,
1968; Szeicz et al., 1969). Rijtema, taking into account the geometry of the
evaporating surfaces, calls r, a diffusion resistance built up by a stomatal resis-
tance (r,), a resistance dependent on fraction of soil covered (r,) and one depen-
dent on availability of soil moisture and on liquid flow in the plant {r,). Hence

Fo=1F + F, + F, (sm™Y) (25)

To describe evaporation from a canopy, from a leaf or from another surface
as a diffusion process has been strongly criticized by TANNER (1963) and FucHs
and TannER (1967), because a diffusion model does not include the spatial
distribution of sensible and latent heat sources and sinks, and neither the differ-
ence in transfer coefficients. However, it has been pointed out by SLATYER
(1967) that for practical purposes this approach has a number of advantages
above such laborious and complicated methods as for example the profile
method.

With the substitution of eq. (23) into eq. (20) the evaporation of surfaces with
either optimum or limited water supply can be computed (MONTEITH, 1965;
RuTEMA, 1965). For a wet surface with ample water supply the equation of
Penman (20) can be modified into:

_ 5(Rn - G) + pacp (e: - ez)/ra
d+

LE* (W.m™?%) (26)
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TABLE 6. Values of r, (s.m ') calculated with eq. (24¢) for various crop heights / (m) and wind
velocities # (m.s~")

ums?!

Im
03 05 07 10 15 20 25 30 35 40 50 60 70

0.00 1020 693 539 412 304 245 207 18l 161 146 123 108 958
0.0 962 656 509 390 288 232 1% 171 152 138 117 102 90.6
0.02 793 541 420 322 237 191 162 141 |26 114 96.2 83.9 74.7
003 590 402 312 239 176 142 120 105 934 845 715624 556
0.04 468 319 248 190 140 113 954 832 741 671 567495 441

005 33% 265 206 138 116 93.7 193 692 616 357 471411 366
0.06 338 231 179 137 101 815 690 602 536 485 41.0358 319
007 305 208 161 123 91.1 734 621 542 482 436 369 322 287
0.08 281 192 149 114 84.1 678 574 500 446 403 34.1 297 265
009 261 178 138 106 8.1 629 532 464 413 374 316276 246

0.10 247 168 131 100 73.8 59.5 503 439 390 354 299261 232
0.12 226 154 120 91.5 675 544 460 401 358 323 274239 213
0.14 210 143 111 85.2 629 3507 429 374 333 301 255222 198
0.16 199 135 105 80.5 394 479 405 353 315 285 241 21.0 187
0.I8 1%0 130 101 77.1 569 459 3838 338 301 273 23.1 200 179

0.20 183 125 968 741 547 441 373 325 290 262 222193 172
0.25 171 116 90.5 692 511 412 348 304 271 245 20.7 181 1e.1
03¢ 163 111 86.5 662 488 393 333 290 259 234 198173 154
0.35 156 106 827 633 467 376 318 278 247 224 189165 147
0.40 150 102 794 607 448 361 305 266 237 215 182158 141

0.45 144 98.1 762 583 43.0 347 293 256 228 206 174152 136
0.50 138 944 733 561 414 334 282 246 219 198 168 146 130
0.55 135 923 71.7 549 405 326 276 241 214 194 164143 128
060 131 909 706 341 399 321 272 237 2L1 191 162141 126
0.65 130 890 69.1 529 390 315 266 232 207 187 158138 123

070 129 877 682 522 385 31.0 262 229 204 184 {56136 12.1
080 124 84.8 659 504 372 300 254 221 197 17.8 151131 11.7
090 122 831 646 494 364 294 248 217 193 175 148129 115

where E, = &p, (e* — e,)/para, and E* the evaporation of a wet surface.
For surfaces with limited water supply r, has to be included. Thus by com-
bining eq. (26) with eq. (23), one gets:

— 5(Rn - G) + PaCyp (e: - ez)/raf
d+ vy + 1r)

LE (W ?) 27

It is clear that if r, is zero, £ becomes equal to E*. If r, consisis only of the
sum of 7, and/or r, (see eq. 25}, eq. (27) yields the potential evaporation flux
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(E,) under the prevailing meteorological conditions and surface structure.
The reduction in evaporation can be found as the ratio of eq. (27) to eq. (26).

E(E® = (3 + p)[8 + 7 (L + rr)] (28)

During periods with precipitation, evaporation will increase due to evapo-
ration of intercepted water. Evaporation may then be approximated as (see
RUTEMA, 1965):

= %*Y e _Ey+E (kgm~2s7Y 29)
0+ y (b + rfry)

where E; is denoting the evaporation flux of the intercepted water. RUTTER

(1968) developed another formula being an alternative expression of the same

concepts. Because E* is the maximum possible evaporation of a cropped

surface, £* > E, holds.

Egs. (26), (27) and (29), together with table 6 were used to calculate and
analyze evaporation fluxes for various vegetable crops grown under different
meteorological conditions, on different soil profiles with different depths of
groundwater tables. The calculated data were compared with those obtained
from water balance studies, and the significance of various relationships were
derived and tested (see IIIB-3d and I1IB-4).

b. RADIATION

As can be seen from egs. (26) and (27), one of the most important terms
determining evaporation flux from a surface is the net radiation flux (R,) ab-
sorbed by that surface. In case no direct measurements of R, are available,
which up to now is the rule rather than the exception, R, has to be derived from
empirical formulae, These are based on physical considerations and need other
meteorological data and locally adjusted constants. Some of these formulae
were used and the calculation results were compared, by means of linear re-
gression techniques, with measured values of R, and with data known from
literature.

From a practical point of view it is important that R, can be determined from
relationships which are not locally determined, but more universally applicable
and more easier in use. Therefore a few empirical expressions based on the often
noted high correlationship between net and shortwave radiation, were derived
and analyzed by linear regression.

Because as in the present paper evaporation is usually calculated on a weekly
basis, weekly mean data were mainly used. The weekly means were calculated
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from data covering 24 hours (0800-0800 local standard time) during the period
of interest for plant growth which ranges from about mid March till end October.
For radiation totals data both on a 24-hour basis as well as on a daylight basis
were used. The main resulis are shown in table 7.

Net radiation flux {R,) can be written as:

R,=(1-a)R, — R (W.m™% (30)

where R, is the flux of incident shortwave (about 0.3 to 2 um) radiation, R, is the
flux of net outgoing thermal or longwave (about 4 to 100 um) radiation and « is
the surface reflection coefficient of shortwave radiation. According to this
sequence the various terms will be discussed.

TABLE 7. Results of linear regression analysis of radiation data (R,, R, in W.m™2; # in min.) for
from stat. on exp. field

X Derivation

Line Object measured ¥ of y with Period of measurement
WEEKLY MEAN DATA (24 HOURS)
1 - R, R, 3la April 13-October 31, 1967
2 -~ n'® n meas. March 13-December 26, 1967
3 -~ R, R 32 April 20-October 31, 1967
4 - R.* R, meas. April 13-October 31, 1967
5 Red cabbage on sandy loam R R, 31a June 21-Octaber 31, 1967
& Red cabbage on sandy loam R, R, 31a, 33a  June 2]-October 31, 1967
7 Celery on clay Ry R, 31a, 332 June 24-October 31, 1969
8 line (6) and (7) R, R, 31a, 33a
DAILY DATA (24 HOURS: 0800-0800 LOCAL STANDARD TIME)
9 Red cabbage on sandy loam R, R, meas. June 21-October 31, 1967
10 Bare sandy loam R, R, meas. April 4-May 25, 1969
11  Celery on clay R, R, meas. June 26-October 21, 1969
12 line (%), (10) and (11) R, R, meas.
DAYLIGHT DATA (SUNRISE - SUNSET)
10" Bare sandy loam R, R, meas. March 27-June 11, 1969
117 Celery on clay R, R, meas. June 26-October 22, 1969
12° line (10°) and (117) R, R, meas.
WEEKLY MEAN DATA (24 HOURS)
13 Red cabbage on sandy loam R, R, meas. June 21-October 31, 1967
14 Red cabbage on sandy loam RX* R, meas. June 21-October 31, 1967
15 Celery on clay R.* R, meas. June 24-October 21, 1969
16 line (14) and (15) R.* R, meas.
16" Transformation of line (16) with aid
of line (4) R, R, meas.
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1. Shortwave radiation

An empirical expression frequently used for the calculation of shortwave
radiation flux (R,) is the one proposed by ANGSTROM (1924):

R.,=a+ ba|N = [c + (1 — ¢)R/N]R: (W.m™%) (31)

where ¢ is a local constant, 7 is the mean number of minutes of bright sunshine
in a mean day-length of N minutes (the maximum 7 can reach on clear days)
and RS is the mean value of R, under clear sky conditions. The values of N and
R¢ are depending on the latitude and the time of the year. ¥ can be found in the
SMITHSONIAN METEOROLOGICAL. TABLES (1951) table 171. From a linear re-
gression of mean monthly day-values during the years 1938 to 1953 of R, on
A{N, DE VRiEs (1955) estimated a and b for Wageningen, after which ¢ was

¥ = ax + b. Data with * from meteor. stat. Den Helder, with ** from local stat. Castricum, other data

Standard deviation from

Number X y g1 Intercept b Correlation regression
of data W.m~? W.m~? ope & Ww.m~? coefficient r
S.V,S Sa Sb
21 150 150 0.976 3 0.9% 10 0.036 6
33 274 16 1.110 12.6 0.99 25.6 0.027 8.6
21 148 142 ¢.932 5 (.98 1 0.041 6
21 165 150 0.917 — 2 0.9% 7 0.022 4
15 130 44 0.142 26 0.70 10 0.041 6
15 60 55 0.827 5 0.99 7 0.038 3
8 97 87 1.034 —14 0.96 12 0.121 12
23 73 66 0.875 2 0.98 9 0.042 4
115 134 64 0.692 —29 0.96 14 0.018 3
11 139 75 0.489 7 0.95 13 0.053 8
19 177 87 0.552 —11 0.96 15 0.038 8
145 140 63 0.64% -23 0.%96 15 0.016 3
21 191 110 0.476 19 0.97 12 0.028 6
40 157 87 0.59 — 5 0.97 12 0.024 4
61 168 95 0.547 3 0.96 13 0.020 4
15 130 60 0.753 —38 0.9%9 7 0.029 4
15 144 60 0.694 —40 0.99 7 0.028 4
8 189 97 0.634 —22 0.97 10 0.066 13
23 159 73 0.693 —37 0.98 9 0.027 5
23 144 73 0.755 —36 0¢.98 9 0.030 5
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found to be a/(z + b). The factor ¢ varied during the year, but an average value
of 0.29 was found for Wageningen, which was adopted for the present author’s
experimental field. So eq. (31) becomes:

R, = (0.29 + 0.71 A/N)R¢ (31a)

From lines drawn through the points (R,, A/N) for each mean monthly day-
value, R values are found, which can be plotted against time, from which
finalty smoothed daily RS values are obtained. Application of eq. (31a) and RS
data given by De Vries gave rather good results, as can be seen from a com-
parison between measured and calculated mean weekly data of R, at the ex-
perimental field (see line 1, table 7).

To avoid tedious determination of », a very good correlation with values of #
from a neighbouring meteorological station can sometimes be obtained, as in
the present case from the relevant 33 mean weekly day-values from Castricum
(see line 2, table 7). Another empirical equation easier to use, is that first pro-
posed by KiMBaLL (1927):

R, = (p + q a/N)RY* (W.m™?) (32)

where R{°F is the extra-terrestrial radiation flux at the top of the atmosphere
which can be found in the SMITHS. METEOROL. TABL. (1951), table 132,

The value of p for a latitude of ¢ < 60°, isfound as p = 0.29 cos p = 0.18
and for ¢ the value of 0.54 was taken (SCHOLTE UBING, 1959). A comparison of
measured data and data calculated with Kimball’s equation also shows a rather
good correlation (see line 3, table 7). HELDAL (1970) obtained for As in Norway
even better results with eq. (32) than with eq. (31). LiNACRE (1967) presented
values for p and ¢ from 39 different stations, mostly near the means 0.25 and
0.50 respectively. Generally it is stated that the eqs. (31) and (32) are superior to
those empirical formulae which contain values of fraction of sky covered by
clouds instead of values of /N (e.g. SCHOLTE UBING, 1959; VaN WIIK, 1966;
Herpar, 1970).

Comparison of measured R, values at the experimental ficld and at Den
Helder yielded a high correlation coefficient (+ = 0.99, see line 4, table 7),
emphasizing the fact that in this situation it is allowable to derive R, from a
relatively distant (about 30 km) meteorological station.

2. Thermal radiation

A review on a number of empirical formulae approximating thermal radiation
flux (R,) has been given by SCHOLTE UBING (1959). Probably the most applied
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equation is a Brunt-type formula as used by PENMAN (1948):
R = e0Ti[1 —(a + b &I —d (1 —#N)]  (Wm™®) (33)

where ¢,, is the longwave emissivity of the earth (about 1), ¢ is the Stefan-
Boltzmann constant (5.67 x 1078 W.m~2K~*), e, is mean vapour pressure
(mbar), (1 — A/N) is the mean fractional cloudiness, T, is the mean air temper-
ature (K} at screen height and a, b and d are empirically determined constants.
Following PENMAN (1948) the values ¢ = 0.44 and b = 0.080 were used. For d,
which depends on the type and the height of the clouds, the maximum value of
0.9 was taken (ScHOLTE UBING, 1959; GEIGER, 1961), so:

R, = 5.67 x 107°T%(0.56 — 0.080./2,) (0.10 + 0.90 &/R) (33a)

Because R, was not measured directly, no comparison of measured and cal-
culated data could be made. However, the data of R, and R, can be correlated
because both increase with decreasing cloudiness, and vice versa. The correla-
tion is rather poor (see line 5, table 7, r is about 0.70), chiefly due to the in-
fluence of the term (0.10 + 0.90 A/N), which changes too much in periods with
alternating cloud cover and does not take into account the differences in clond
cover between day and night.

It is obvious that eq. (33a) only holds for periods with constant cloud con-
ditions, be it overcast or clear sky. Besides that, eq. (33a) is subject to the as-
sumption that T, =~ T,, which is only a good approximation in the case of
well-watered crops. If T, exceeds T,, R, increases roughly with 5 W.m~? K-
(ScHOLTE UBING, 1959; LINACRE, 1968).

Because over short periods the results of eq. (33a) are liable to strong devia-
tions other approaches have come in use. These will be discussed now.

3. Net radiation

If the reflection coefficient « is known (for data see fig. 21) estimation of net
radiation flux (R,) using semi-empirical eqs. as (31a}, (33a) seems to yield
rather good results (see lines 6, 7 and 8 of table 7). Despite the low accuracy of
the estimation of R,, the sample standard deviation from regression (S, ) for
both red cabbage on sandy loam, and celery on clay as well as for the pooled
objects, is about 10 W.m~2, This is approximately 10%, of the net radiation
flux received on an average day. The random errors in measuring R,, as quoted
by LINACRE (1968), are in the same order of magnitude. Even measurements of
two net radiometers exposed side by side above pasture land, as reported by
Hormes and WATsoN (1967), showed differences of 10%,. From own measure-
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ments it was found that on days with alternating cloud cover, errors in the area
determination of the radiation curves with an integrimeter alse amounted 5 to
109Z. The latter deviation can be reduced by using an electronic integrator. For
well-watered surfaces (7, = T,), LINACRE (1968) developed a number of appro-
ximate expressions for R, with decreasing accuracy but increasing simplicity of
estimation, involving only the three terms », ¥ and R¥?, Still the incorporation
of locally determined values of p and g in the Kimball equation (32) seems to be
desirable, however,

Instead of using empirical formulae such as (31a) and (33a), R, is often
derived from R, data only, by considering the correlation:

Rn‘—_aRs_b (34)

Comparison of the eqs. (30) and (34) shows that the slope a of R, mainly
depends on the reflection coefficient «, and the intercept b will be a function of
the other terms in eq. (33), i.e. of cloud cover and air temperature.

As mentioned carlier, » will be a constant for days with clear or overcast skies.
ScHoLTE UBING (1939) for example reports for clear 24-hour days (#/N > 0.65)
b ~ 80 W.m~? and for overcast 24-hour days (w/N < 0.10) b ~ 20 W.m~2.
For a the values found by the latter author are 0.86 and 0.80 respectively, which
means that data for clear days show a larger slope than those for overcast days.

From a practical point of view a separation in clear and overcast conditions
seems to be less attractive because all kind of sky conditions occur in the period
of plant growth. For evaporation calculations one uses mean values of n/N
over a balance period. For weekly periods during 1967 (April 13--October 31)
the gross of /N values was in the range of 0.4 to 0.6 with extremes ranging
from 0.14 to 0.77, indicating that the extreme conditions reported by Scholte
Ubing are seldom reached.

In table 7 the results of regression analyses of R, on R, of measured 24-hour
data are listed for red cabbage on sandy loam in line 9, for bare sandy loam in
line 10, for celery on clay in line 11 and for the pooled objects in line 12. The
correlation coefficients r are exceeding 0.95 and the standard deviations from
regression S, . are ranging from 13 to 15 W.m~2, which is about 109; of the
shortwave flux received on an average day. In fig. 15A the regression line of the
pooled objects, with equation

R, = 0.649 R, — 23 (W.m™2) (34a)

together with the 145 individual data are shown. In this graph also the regression
lire (R, = 0.66 R, — 25) as found by FirzpaTtrick and STERN (1970) from
309 radiation data above irrigated cotton in Kununurra in Western Australia
(lat, 15°42’ S, long. 128°36' E) is drawn. The results compare strikingly well.
The standard deviation from regression of the Australian data was as twice as
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FIG. 15. Regression of net radiation on shortwave radiation for three different pooled objects. For
the given relations, see text,

high (26 W.m~?) as the present data. The previous mentioned authors reduced
this by the introduction of atmospheric transmissivities (R,/R°?) into eq. (34),
getting a standard error of estimation of about 18 W.m~2, Analyses by the
same authors of 249 radiation data collected above non-irrigated grass at
Centerton in the USA (lat. 39°30' N, long. 75°10° W) yielded the regression
equation R, = 0.50 R, -- 3.4, According to the authors the differences in slope
between the regression lines of Kununurra and Centerton are probably due to
differences in reflection coefficient (0.18 and 0.22 respectively) and in tempera-
ture.

The radiation data on daylight basis are shown in table 7 for bare sandy loam
in line 10’, for celery on clay in line 11’ and for the two pooled objects in line 127,
The regression equation for the latter is;

R, =0.547R, + 3 (W.m %) (34b)

which is shown in fig, 15B together with the 6] individual data. The standard
deviation S, is about 13 W.m~?, which compares favourably with data of
FriTscHEN (1967) who found for clear days a standard error of 16.5 W.m~2.
For varying cloud conditions relatively few expressions are known. DAVIES
(1967) developed the relation: R, = 0.617 R, — 11.6, also drawn in fig. 15B,
for 14 stations throughout the world.

The differences in R, data obtained with eq. (34b) versus the equation of
Davies are about 5% at high values of R, and about 259 at very low values of
R,. The latter are of minor importance when estimating evaporation, however,
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The criticism of IDso et al. (1969) that the slope of the line obtained by Davies
is inaccurate as a result of a lack of points in the region close to the origin, is
cxaggerated. Idso et al., by combining data of Fritschen, which were obtained
at high radiation intensities, with data of Van Bavel, obtained at low radiation
infensities, found a slope of about 0.80, which is true for conditions of clear sky
only, whereas the results of Davies were obtained under varying conditions of
cloud cover. Recently Davies and BuTTiMOR (1969) published another relation-
ship as being valid for various crops, namely: R, = 0.556 R, — 16, which is
shown in fig. 15B and which has a standard deviation of 19 W.m~2, The slope
of this line is practically the same as that found for the experimental field (eq.
34b), but the intercepts of the two lines with the ordinate differ. This may be
partly due to differences in standard error, because the last mentioned authors
extrapolated the intercept which was obtained on a minute basis, to a daytime
basis by multiplying the intercept with an approximate 11-hour average, the
period the R, values were positive.

An incorporation of net shortwave radiation by using instead of R, = aR;, — b
the expression R, = @’ {l — a) R, — b does not improve the results (e.g.
FRITSCHEN, 1967; Davies and BurtiMoR, 1969), which is in agreement with
findings of the present author.

MonTEITH and SzEICz (1961, 1962) developed for clear days with a relatively
constant incoming flux of thermal radiation, the expression R, = [(1 — o)/
{1 + B)] R, — b, where the so-called heating coefficient § is defined as —dR,/
dR, = (1 — a')/a’. The value of b is equal to R, when R, = 0 and can be found
by correlating R, and (1 — «)R,. The authors report constant § values of 0.1 for
well-watered crops completely covering the soil, of .1 to 0.2 for incomplete soil
cover and of 0.3 to 0.4 for a very dry bare soil. If an average reflection coefficient
o of say 0.20 is adopted, f values can be computed with the ¢ values given in
table 7 in lines 10" and 11’, and the relationship a = (I — «)/(1 + f), yielding
f = 0.68 for bare sandy loam and § = 0.35 for celery on clay. DAvies and
ButtiMor (1969) found # values ranging from 0.17 to 0.51, but no significant
differences in § between the various crops could be shown, nor a trend with in-
creasing soil cover during the growing season. From these findings the conclu-
sion can be drawn that neither o, nor § have to be necessarily included in re-
gressions of R, on R,.

It is obvious that regression equations can be computed either on an hourly,
a daylight or on a 24-hour day basis, For weckly mean day-data (table 7, lines 13,
14, 15, 16 and 16'), the standard deviation is about half that of the 24-hour data.
Since the number of available weckly mean day-data of R, was not sufficient,
R, data were derived from Den Helder, after which a linear transformation was
carried out with the aid of line 4 of table 7. As a result of the lack of data, the
slope of the pooled regression line may be somewhat in error. Therefore pre-
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ference should be given to the regression equation based on 24 hours (eq. 34a),
from which weekly means can be derived. However, it still seems that R, data
at the experimental field can with sufficient accuracy be derived directly from R,
data of Den Helder (see lines 13 and 14 of table 7).

4, Reflected shortwave radiation

A determination of the reflection coefficieni of shortwave radiation (x) by
means of computation is hardly possible, because o depends on a number of
factors as for example the spectral reflectivity of the soil, which varies with its
moisture content, and the amount of cover by a leaf canopy. The spectral
reflectivity of the soil itself also depends upon the solar altitude which causes
changes in spectral composition during the day and accordingly changes in «.
Because the direct and diffuse components of shortwave radiation have different
wave lengths, « is also dependent on their ratio. The influence of solar aititude
and ratio of radiation types implies that similar surfaces at different latitudes
may have different values of a. Therefore care should be taken in transferring
the results found at one latitude to another one. In general there is a decrease in
o from the higher to the lower latitudes (see OGuNTOYINBO, 1970). The structure
of the surface is also of importance, as for example differences between ploughed
or smooth soils, or differences in leaf angles of different types of vegetation.
That all these factors have influence, as is shown by the variation in reflection
data presented in the literature, is pointing to the necessity of measuring «
directly. 1t must be noted that existing data mostly refer to either bare soils or to
situations of crops fully covering the soil. Relatively few data exist on reflection
under circumstances of increasing soil cover, especially for vegetable crops.

Usually « increases with wave length; bare soils show a more gradual increase,
whereas vegetal covers generally show a small increase within the range of wave
lengths of 0.4 um to about 0.5 to 0.6 um, a very sharp increasc within the in-
frared region (.6 — 0.7 ym) and a more or less constant course beyond the
infrared region (loFre and Revut, 1966). Therefore the visual reflection coeffi-
cient is generally smaller than the total reflection coefficient, which was a reason
for MoNTEITH (1959} to reserve the term albedo strictly to the visible range
(about 0.4 — 0.7 um) of the spectrum.

The reflection coeflicient of the various plots was determined from continuous
measurements taken on all kind of days throughout the growing season. With
respect to the way of measuring « it has to be noted (BRowN et al., 1969) that the
shading of the pyranometer by shields should not restrict the view angle (from
the center of the sensing surface) to angles less than 160°, because otherwise an
underestimation as well as a distortion of the diurnal pattern of & might occur.
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The quantitive value of & can be defined as:

(4 t
o= J Redt / J Rt (35)
0 0

where R;° is the reflected shortwave radiation flux. A proper way of obtaining «
is to determine during a certain period with a planimeter or integrimeter the
respective areas under the recorded curves for R:® and R, and take their ratio.
Another method often being applied is to take readings of R and R; at fixed
intervals and average their ratios (see e.g. Davies and BurtiMor, 1969). This
method will generally result in too high values, because at low solar altitudes in
the morning and evening the highest ratios occur at periods of lowest radiation
fluxes. Therefore STANHILL et al. (1966) determined a from the slope of the
regression line between R and R,, which method according to the authors as-
signs equal weight to periods of low and high radiation fluxes. This may be only
partly true because the slope of the regression line is more sensible for high
radiation values than for small ones. To get out of this dilemma and to avoid
the time-consuming area determination with an integrimeter, hourly values of
R; and R;® were read from the charts of the recorder and the areas were deter-
mined by means of the trapezoidal rule. If the interval is divided in equal parts
of 2 k& by the divisional points, so

y0=0!y0<y1!<y2<""<y21t=h’

the trapezoidal rule can be expressed as:

X1 h 2k—1
J f(x) dx ~ T (.Vo +yu+2 X2 y,.) (36)
1

X0

with which the trapezia are summarized with parallel sides of length y, and
Vn+ and height k/2k. To check the accuracy obtained with this rather simple
method, the calculated daylight totals were compared with the integrimeter day-
light data, separately for clear days, for overcast days as well as for days with
alternating clouds (fig. 16). For 71 daily totals, the results were compared by
means of linear regression, yielding & .., = 0.175, & .. = 0.177, a = 0.962,
b = 0.0085,r = 099, §, , = 0.0057, §, = 0.018 and §, = 0.0032. In the graph
the 99% confidence limit (¢, = 4 2,654) is drawn, showing that the accuracy
obtained with this calculation method is high. Heavy overcast days with a R® of
about 5 W.m ™2 were left out of the calculations, because at low radiation fluxes
the reading reliability of the recorder charts was too low, Due to the various
random errors previously mentioned, it can be said that data on « are roughly
within an accuracy of 0.01.
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In fig. 17 the variation of o with solar altitude and with solar time is shown for
a dry clay, a wet clay and a dry sandy loam. The altitude of the sun () for the
time of the day (/) is given by:

sinag = sin ¢psind + cos pcosdcos h (37

where ¢ is latitude of the location of the observer, § is seasonal declination of the
sun {SMITHS. METEOROL. TABL., 1951, table 169) and % is the hour angle of the
sun. The solar time is calculated from the equation

true solar time = local mean solar time + 4(1 — 1) +
+ equation of time

(38)
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FiG. 17. Diurnal variation of the reflection coefficient with solar altitude and with solar time ditr-
ing a number of days for dry clay, wet clay and dry sandy loam.
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where / and /; are the degree of longitude of the sit¢ of the observer and the
standard meridian respectively (see NAUTICAL ALMANAC of the AMERICAN
EpHEMERIS, 1970). From fig. 17 it can be seen that « is higher at lower solar
altitundes. From area determinations it was found that above about 20 degrees,
o remains nearly constant around an average value of 0.14 to 0.15. This givesan
indication for the period of the day over which measurements of o will yield the
daily average. Both from fig. 17A and calculations of o for consecutive 3- and
4-hour periods, it appeared that in summer a few measurements between say
0900-1600 hours L.S. T, will represent a good daily average, in spring and au-
tumn with lower solar altitudes one has to measure within a more restricted
period of time, say between 1200-1400 hours L.S.T., to find representative daily
averages,

Fig. 17 shows that wetting the soil reduces the reflection coefflicient. For dry
clay o is 0.14-0.15 and for wet clay o is 0.08-0.09. Sandy loam shows an average
o of 0.17—0.18 if dry and an o of about 0.10-0.11 if wet. Due to the specific
nature of clay sharp distinctions in « for dry and wet circumstances could be
made. The sandy loam showed irregular variations between dry and wet. This
caused the attempts which were made to relate changes in soil moisture content
of the upper soil layer of the sandy loam to changes in «, to fail.

Fig. 18 gives the results of measured « values at increasing fractions of soil
covered for a number of vegetable crops both for clay and sandy loam. The
graphs refer to dry situations. The lines for the various crops were obtained by
drawing by hand a fitting line through the points. The results of the measure-
ments on the clay soil are more reliable than those on the sandy loam because of
the reason mentioned above. Analogous to bare soil a wet vegetation has a
lower reflection coefficient than a dry vegetation. Wet vegetations on the sandy
loam show at soil cover fractions below about 0.5, o values similar to those of
dry vegetations on the clay soil. The decrease in « for a wet vegetation is on
sandy loam roughly 10 to 209, and on clay 5 to 109 of that for dry vegetations.
The differences in reflection of bare soil (S, = 0) in fig. 18 are due to random
differences between the plots.

As the values for bare clay soil are low, the increase in « with increasing soil
cover is more pronounced on clay than on sandy loam. Except for spinach the
a values of the crops grown on sandy loam (fig. 18) show all a more or less
similar pattern within a small band of « values. The « values at full soil cover
seem to be slightly higher on sandy loam than on clay, which is probably caused
by the better development and different leaf angles of the crops grown on sandy
loam. It has been shown (ANGSTROM, 1925; Davies and BUTTIMOR, 1969) that
the « of single leaves increased with time as they loose their turgidity. As crop
structure, leaf arrangement and incomplete soil coverage weaken this trend, the
¢ of a whole crop is lower than that of a leaf. The low « value for spinach at low
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FIG. 18. Dependence of the reflection coefficient on fraction of soil covered for various vegetable
crops grown on clay and sandy loam.

S, values is probably due to the vertical habit of the young spinach leaves
shading each other, so radiant energy is trapped. This may be the reason for the
low & values of sugar beets found by MonTEITH (1959). Later on the leaves are
growing more horizontally, resulting in a higher « valuc (se¢ also FRITSCHEN,
1967). It appears that red cabbage shows a pattern not very different from the
other investigated crops. This again affirms the earlier statement that total
reflection is hardly influenced by reflection in the visible range.

¢. EVAPORATION FROM BARE SOIL

Before dealing with evaporation from cropped surfaces, brief attention will
be given to evaporation from bare soils.

As stated before, evaporation from any surface is determined by the amount
of energy available, the vapour gradient and the supply of water. This implies
that evaporation from bare soil can be studied either from the ‘demand’ or
from the “supply’ point of view,

The first approach is based on the external atmospheric conditions which
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involves a detailed study of the energy balance at the surface. The second
approach is based on the flux of water in the seil which involves a study of the
physical transport properties of the soil,

For the choice of the method to be used, the various stages of desiccation
which occur during the evaporation process of an initially saturated soil can
be considered (e.g. WiEGAND and TAYLOR, 1960). During the first stage when
the soil is wet the evaporation flux is independent of the moisture content of the
soil, but dependent on the external meteorological conditions. In the second
stage the evaporation flux decreases rapidly and is mainly determined by the
limiting transport capacity of the (unsaturated) soil for liquid water. In the third
stage the evaporation flux is small, falling slowly, and depending on the vapour
diffusion through the surface layer which is controlled by the vapour diffusivity
of and the vapour concentration in that layer.

Under natural conditions in the ficld, evaporation generally passes through
all three stages, hence evaporation should preferably be studied considering
both atmospheric and soil conditions. This has the advantage that the processes
above as well as below the soil surface can be linked together, In the present
research the approach based on transport in the soil was of necessity given less
attention than the energy balance approach.

To obtain information on evaporation from bare soils with different ground-
water tables, a detailed study was made of two clear days evaporation from the
clay and sandy loam profiles of the 0.45 and 1.65 m groundwater plots. One of
the clear days (March 28, 1968) belonged to a rather wet, the other clear day to
a rather dry period (June 14, 1969), The transfer of heat in the soils during these
days was also studied (see Chapter V).

In the energy balance approach the study of evaporation is started with the
energy balance equation:
R,=LE+H4+G (W.m™?%) (16)

The transport equations for LE and H are now written in a form somewhat
different from those appearing in eq. (16a), where they did apply over a height
increment dz at height z. Considering the transport from the surface z = Otoa
height z (here 2 m), the transport equations can be written as:

LE = — (Lp, £/pa} (&2 — €5)i7, (W.m™%) (39
H = — (pac) (T2 — To)ir, (W.m™?) (40)

where r, is assumed to be the same both for heat (r, = 1/K,) and water vapour
(r. = 1/K,). The soil heat flux G can be obtained with the temperature gradient
method (see Chapter 1V). Using temperature measurements at depths z =0
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and z = 0.0 m, and the mean thermal conductivity 4 over these depths the
expression for G is:

G = =4 = 0.005 (To.ox — Tp)/0.01 (W.m™?) (41)

The various terms appearing in egs. (16) and (39) to (41) were obtained in the
following way.

Net radiation (R,) was measured with the net radiometer above the sandy
loam of the 1.65 m groundwater plot. From these measurements, R, data of the
other objects were derived by taking into account the 5% difference in reflection
between clay and sandy loam. No corrections were applied for mutual differ-
ences in thermal radiation caused by differences in soil surface temperatures
(about | to 2 K over one day, see Chapter IV), because for energy balances
applied at hourly basis such corrections are roughly within the accuracy of the
method.

The transport resistance values to the air (r,) were obtained by means of
table 6, taking for (/) the value at / = 0. Individual values of wind velocity (u)
were derived from data of Den Helder. The fluctuations occurring at Den
Helder were reduced by the ratio @, (the experimental field)/ii,, (Den Helder).
It has to be emphasized that under these circumstances a high accuracy in r, is
not cssential, because in the climate of the Netherlands the (radiation) term
(R, — @) in eq. (27) is usually large during the day as compared with the (sen-
sible heat) term [p,c (ef — e.}/r,] (DE VRiEs and VAN Duin, 1953; TANNER and
Fuchs, 1968).

The temperatures at the soil surface of the various objects were obtained by
extrapolation of the Fourier coefficients of the measured soil temperature waves
at the depths of 0.01, 0.02, 0.03 and 0.05 m, while the thermal conductivities
were obtained both from measurements with the transient needle method and
from an analysis with an electric analog (see Chapter IV). The temperatures (7',)
and vapour pressures (e,) were derived from data recorded within the screen.

The mentioned procedures resulted in measured R, data from which calou-
lated H and G data could be subtracted, finally giving LE. The differences in the
various components of the energy balance at the different objects will be dis-
cussed first. After that the rest term (eg) will be discussed, which can finally be ob-
tained with the aid of eq. (39). It must be remarked here that it is also possible
to obtain e, from extrapolation when the Bowen ratio is measured at various
heights above the ground (e.g. FRITSCHEN, 1965; FucHs and TANNER, 1967).

In fig. 19 an example of the hourly distribution of the energy balance com-
ponents over the clay soil of the 0.45 m groundwater plot for June 14, 1969 is
given, as also the houtly distribution of the vapour pressure at the surface of
this object. In order to obtain daily totals of the different fluxes involved, the
trapezoidal rule (eq. 36) was applied. The main results are shown in table 8.
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TaBLE 8. Energy balance results on a 24-hour basis of the clay and sandy loam soils of the 0.45 m an
(in rather dry period), with some meteorological conditions

0.45 m sandy loam

Components Units
March 28 June 14

R, w.m~? 43 134
H W.m 2 —12 29
G w.m~?* 24 2
LE (24 hours) W.m2 3 104
E (24 hours) mm H,0 1.09 3.66
LE (nocturnal) W.n~? —10 — 13
E (nocturnal) mm H,O — 0.35 — 045
LE* (24 hours) eq. 26 W.m™2 3t 97
E* (24 hours} mm H,0 1.09 343
eo mbar 11.6 26.4
¥, (calculated) bar 80 143

pF 4.91 516
w,, (soil sampling) bar — 874

pF — 5.25
T, °C 8.5 22.5
. °C 8.0 22.4
Zeol mbar 11.1 272
€o* W.n ' K-t 0.481 0.213
j'0.()!'35

szax szln Tz ezmax
Meteorological conditions: °C °C °C mbar
March 28, 1968 18.4 1.0 104 9.6
June 14, 1969 226 12.1 18.0 19.2

From this table it is seen that except for the clay soil of the plot with a ground-
water table at 1.65 m below soil surface {1.65 m clay), the sensible heat flux (H)
on March 28 is negative on all objects, this being most pronounced on the rela-
tively coldest object (0.45 m sandy loam). This means that energy from the air is
used to warm up the soil. Because of the high surface temperature on June 14
the loss of sensible heat to the air, is for 0.45 m clay twice that of the 0.45 m
sandy loam. Due to the high thermal conductivity of the 0.45 m sandy loam on
March 28, the soil heat flux () for this object is 2 to 3 times as large as for the
0.45 m clay. The very low G values on June 14 for the 0.45 m sandy loam and
1.65 m clay are probably caused by temperature measurements at incorrect
depths (subsidence) near the surface as well as to the mentioned extrapolation
procedure. All the estimation errors made in determining R,, H and G are
finally reflected in LE. To check the results obtained, the maximum possible
evaporation (LE*) was calculated with aid of eq. (26). It is seen that on March
28 for the objects with shallow groundwater levels no reduction in evaporation
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.65 m groundwater plots respectively, for March 28, 1968 (in rather wet period) and June 14, 1969

0.45 m clay 1.65 m sandy loam 1.65 m clay
March 28 June 14 March 28 June 14 March 28 June 14
52 149 43 134 52 149
) 56 - 2 37 11 42
9 25 20 10 19 4
49 68 25 72 21 103
1.73 2.40 0.88 2.54 0.74 3.63
— 13 - 10 — 12 — 24 — 16 — 13
— 046 — 035 — 042 — 085 - 0.56 — 0.46
44 9i 13 91 38 105
1.53 3.23 1.15 122 1.34 3,70
12.9 22.9 10.7 25.0 10.5 26.5
137 849 308 393 649 375
515 5.95 5.50 5.60 5.82 5.58
- 816 - 619 - 1207
- 592 - 580 - 6.09
9.6 26.6 10.0 23.5 12.0 244
9.1 247 9.6 22.8 10.6 241
11.9 34.8 12.2 23.9 14.0 30.6
0.197 0.138 0.619 0.159 0.142 0.134
e;m™" e; exfes* Uz ¥a Epn Wi, ar
mbar mbar - m,s~? sm-1! mmH,0 -
5.8 7.8 0.66 28 190 1.5 s
14.1 17.4 0.88 25 210 5.2 NE

is present as distinct from the decp groundwater plots, The estimated LE value
on this day for the 0.45 m clay seems to be somewhat high. As a result of the
earlier mentioned low G values, this also holds for the 0.45 m sandy loam and the
1.65 m clay on June 14. Except for the 0.45 m sandy loam with its favourable
water supply conditions, evaporation during this day is reduced on all plots.

During ihe nights of both days LE was negative on all objects, indicating that
dew formation by condensation of water vapour occurred. The order of mag-
nitude (about 0.5 mm) agrees with observations of MoNTEITH (1957, 1963b).
This indicates the necessity of using 24-hour data in evaporation studies, since
by using only daylight data evaporation might be overestimated. Dew might
promote germination of shallowly sown seeds. Water vapour may also be
directly adsorbed by the soil when the relative humidity of the air exceeds the
relative humidity of the soil. The last situation is of minor importance because
water is then held at water pressures below -- 15 bar (pF 4.2), so far below those
that are optimum for germination (see Chapter V).
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F16. 19. Hourly distribution of the energy balance componenis over and the vapour pressure at the
surface of clay with 0.45 m groundwater depth, on June 14, 1969. R, = net radiation; LE = latent
heat; H = sensible heat; G = soil heat; ex* = saturated vapour, eq — unsaturated vapour,

By means of eq. {39) the vapour pressure at the surface (&,) was calculated
and compared (table 8) with data obtained from sampling of the surface layer
(as indicated in Chapter TTI). As there exists a logarithmic relationship between
relative humidity (eo/ed) and matric pressure [\r,, = (pRT/M) In (ey/e})] at high
humidities small errors in e, will result in large errors of ,, (see for example the
0.45 m sandy {oam and clay plots on March 28). For drier circumstances there
is a rather good agreement between calculation and sampling (see the i, values
in table 8). The height of the samples varied from about 5-15 mm, so the vapour
pressure found by sampling refers to a depth lying slightly below surface,

Tt is to be noted that any energy balance approach needs very precise meas-
urements of the various fluxes involved. Because in the present study part of
the data had to be derived instead of measured (e.g. R,, ., To, €0), 1t must be
emphasized that here only general differences could be shown, The lack of
precise data on soil moisture content was also the reason that detailed studies
on water transport through the soil could not be carried out for the days in-
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volved. However, from successive weekly determinations of soil moisture content
it indirectly appeared that the order of magnitude of the evaporation data were
estimated reasonably well. For example, the 0.45 m sandy loam proved to be
in the equilibrium situation on June 3, 1969. From comparison with June 14,
1969 it was found that up to and inclusive that day 31.6 mm water was lost
from the profile which gives a mean value of 3.2 mm.day~!. The energy balance
approach for the 0.45 m sandy loam on June 14, resulted in evaporation data
ranging from 3.4-3.7 mm.day . Calculations on capillary rise furthermore did
show that on June 14 for the layers 0.05 to 0.20 m fluxes between (.3 and
0.4 mm.day—! had to be accounted for.

Part of the data were used to quantify the importance of thermally induced
moisture flow as compared with flow induced by potential gradients (Chapter IV).

v

d. EVAPORATION FROM CROPPED SURFACES
I. Crop development

The two important quantities to be measured to characterize the development
pattern of a crop, are crop height and the fraction of soil covered. The height of
the crop () and the wind velocity (&) determine the roughness length (z5) and
zero plane displacement (d), and finally the aerodynamic resistance (r,) (see
table 6). The fraction of soil covered (S.) is directly related to the vapour
diffusion resistance r; {eq. 25).

The crop height can be measured easily. Estimation of fraction of soil covered
is more complicated. It can be done by taking photographs at regular intervals
from a point above the crop surface, and determining the relevant parts of the
photographs afterwards either by means of an integrimeter or by weighing,
However, this tedious and awkward procedure may be avoided by making
frequent eye view estimations of soil cover with the aid of a horizontal frame,
and finally smoothing a curve through the estimated data. Use can be made of the
rather good relationship which exists between the easy measurable crop height
and the fraction of soil covered, so that possible wrong estimations of soil cover
can be corrected afterwards. As an example the relationship for spinach and
red cabbage grown on different soil profiles is given in fig. 20, Many investigators
use as a measure of the photosynthetic size of the crop, the leaf area index (LAI)
which is the total area of leaves per unit area of soil surface. This index was
obtained by totalizing the area of all individual leaves of a few individual plants,
It appeared that, except for the maturing stage of the crop, there is a close
relationship between fraction of soil covered and leaf area index as shown for
red cabbage in fig. 20,

Meded. Landbouwhogeschool Wageningen 71-12 (1971) 57



crop height | {(m} F1G. 20, Relation of crop height and leaf area

085 —— — T a4 ——y index with fraction of soil covered for red
050 |_---- rea cabvage cabbage and spinach grown on clay and san-
; ; -
: :nuny;.ly leam 8 A‘ dy laam'
045 lazg—
30"
040 -p g #T; e
[ o.h::n‘{ o°§
~ L -
035 s i 1
030 ——|got’a ! —
8,
025 6" l By Ll
\/ s )
~ I | ‘ r
020f — /5 l— — b e e
Aog | j . ! & o
0.15 —j'— S— 1— AT
2 | e
010 [ep0— i — — - e e
! : o ° —~— spinach ‘
* L B spring autumn |
005 i‘/“‘gr‘/ﬁ sani Lu% : i ‘
000 | ‘ ' \
leaf area index
ST TTwmey T T T T =
a sandy loam i !
4l — _lnciay on sandyloam _— u"j
. | t
; !
bt .} -al
| | Thegd
o
1L i . __c—(!ﬂ . E
| _.—‘"‘n——r . ‘
o] foapen-2 =2

: |
Q20 040 Q60 08B0 100
fraction ot soil covered S,

2. Diffusion resistances

Resistance (ry). It is known from literature (e.g. GAASTRA, 1963 ; SLATYER, 1967)
that stomatal aperture, which is of importance for evaporation as well as for
photosynthesis, is predominantly affected by the visible part of the radiation
0.4 - 0.7 ygm) flux (R’), CO, concentration in the intercellular spaces of the
leaves, water pressure in the leaves and temperature. Under conditions of
optimum water and nutrient supply, and normal outdoor CO, concentrations
{about 300 ppm), stomatal aperture is mainly determined by R'. The value of
R’ is about 0.4-0.5 of the shortwave radiation flux (R,). Kurper (1961) per-
forming experiments on bean leaves at temperatures above 10°C found a 5-
shaped dependency of stomatal aperture on R’ with the stomata nearly closed
at darkness and with their widest aperture at a R’ value of about 80 W.m~2,
Stomatal apertures can be related with stomatal diffusion resistances. Hence
RuTEMA (]963) derived a hyperbolic expression, based on Kuiper’s data, for the
relationship between stomatal diffusion resistance and R’, which expression
agrees with values measured in field experiments on maize, sorghum and tobacco
by TurNER (1970) and on corn by SHAWCROFT and LeMoN (1970). The latter
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authors, paying attention to the influence of water potential in the leaves of the
crop, also show that the stomata do not respond until some critical water po-
tential has been reached.

The integrated parameter of these diffusion resistances of the separate leaves,
i.e. the diffusion resistance of the crop (r,), can also be related to R’. For prac-
tical evaporation purposes, however, assuming that R is about 0.4 R,, the solar
radiation flux can be used as a measure of R’ by taking the mean shortwave
radiation flux [R, = (I/N §§ R, dN)} during a balance period as the factor con-
trolling stomatal opening, fig. 21 (RUTEMA, 1963). The critical value for a crop
appears to be 265 W.m™ 2, while in single leaves stomata already begin to close
at a radiation flux of 174 W.m~2, This difference is probably caused by mutual
shading of the leaves in a leaf canopy. The reduction of evaporation due to the
resistance value r, is important in the early morning, evening and night. Over
the year the influence of r, is largest in spring and antumn and during cloudy
periods in summer, in general in all periods with low radiation fluxes in which
evaporation is usually low,

Resistance (r,}. In the section on evaporation from bare soil it has been shown
that at increasing desiccation of the soil, evaporation is reduced by the restric-
tion of vapour diffusion as imposed by the dry top layer. This means that es-
pecially in the initial stages of plant development, this resistance to diffusion
has to be taken into account under dry soil conditions.

For spinach and cabbage, values of r. were computed from eq. (27) for a
number of periods under varying fractions of soil covered, with the evaporation
flux (£) taken from water balance studies. The results are presented in fig. 22.
Included are some data on wheat as computed by RUTEMA and RYHINER {1966).
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FiG. 21, Dependence of diffusion resistance r;  F1G. 22. Dependence of diffusion resistance r.

on photosynthetic active shortwave radiation  on fraction of soil covered for red cabbage and

flux R’ (after RUTEMA, 1963). spinach (data of spring wheat after RUTEMA
and RYHINER, 1966).
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The scatter in the data follows from the influence of small amounts of preci-
pitation in some balance periods. It appears from this graph, that the soil must
be covered to about 70 to 809, before r, decreases to approximately zero, The
results agree with experiments of MILTHORPE (1960) who found little variation in
evaporation from different crops with leaf area indexes larger than 2 (compare
fig. 20, where fractions of soil covered for cabbage of 0.7-0.8 correspond with
leaf area indexes larger than 2). MONTEITH (1965) reports a constant evaporation
rate for broad-leaved crops with a leaf area index larger than 3 grown on dry
soils and for more upright standing leaves a constant rate when the leaf arca
index is about 6. MARLATT (1961) found constant evaporation from mowed
orchard-grass if the soil covered was above 50%/. STANHILL (1958) obtained
constant evaporation rates for irrigated carrots when the crop covered more
than 409 of the s@il. TANNER (1967) reports for irrigated dwarf French beans
and potatoes that 559, of the row spacing had to be covered before evaporation
rates became constant. Swan et al. (1963) found for the same crops a percentage
of 50. Cowan and MILTHORPE (1968), commenting on the differences found by
the various authors for the same kind of crop, state that small leaf area indexes
resulting from wide spacing (in combination with a more extensive root system)
give lower evaporation rates than with close spacing.

To the present author’s opinion an important part of the mentioned differ-
ences can be explained by considering the soil conditions in the various experi-
ments. The evaporation from a wet soil generally encounters small diffusion
resistances and hence variation in the area of soil covered has not much effect.
Due to irrigation treatments in most of the experiments mentioned in literature
it can be expected that the critical fractions of soil covered under these circum-
stances will be lower than under drier conditions.

1t should be mentioned that for soils which have good transmissivities from
lower io upper layers, one has to be careful when using fig. 22 for evaporation
calculations, as will be shown in the section specially dealing with the evapora-
tion of celery (section IIIB-4).

Resistance r,. If water in the so0il becomes limiting, an internal water deficit in
the plant develops, the potential in the leaves decreases and the stomata begin
to close, which results in an increase of #,. For a full discussion on this subject,
the reader is referred to SLATYER (1967, 1970) and CrAFTS (1968). This resistance
can be derived from eq. (27) when the other terms are known. For an investi-
gation on the significance of r,, dry meteorological conditions as well as soils
sensible for drought are required. In the three years of the experiments there
were only very few dry periods. On the average a ‘dry vear’ in the Netherlands
occurs only once in ten years, and for example the », investigations of RISTEMA
(1965) on grass covered soils pertain therefore mainly to the very dry conditions
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in 1959. The dry period in the first growing stage of red cabbage was used for an
analysis of the transport resistance for liquid flow in the plant as well as for an
investigation on the geometry factor of the root system. When knowing these
factors, more can be said about r,. For a more complete discussion on this
subject, the reader is referred to section ITIB-3c-4.

3. Interception

The amount of water which can adhere to the surfaces of the leaves of a crop
depends on factors like intensity, amount and distribution of precipitation,
evaporation flux, and shape, stand, size and nature of the leaves. Because cab-
bage is a broad-leaved crop it was expected that some differences in interception
with that of a crop like spinach might occur.

The results of the measurements of interception of red cabbage are presented
in fig. 23. The data represent means of 53 measurements at 5 different places with
fractions of soil covered varying from 0.70 to 0.95. The scatter of the data is
large due to the variation in the different environmental factors. A smooth line
was drawn through the points and it appears from fig. 23 that at precipitation
amounts smaller than | mm from one rain shower, 50 to 100%, adhered to the
leaves. At higher amounts (> 5 mm), only 159 remained on the leaves. In
fig. 23 the interception curve for grass, which crop is comparable with for exam-
ple a vegetable crop like spinach, as derived from data of RuTema (1963) is also
drawn. Taking the scatter in the various data into account, the curves do not
show many differences. The slightly lower interception values of cabbage arc
probably due to the lower fraction of soil covered and to the specific nature of
the surface of cabbage leaves. As a wax layer is present upon the surface of the
leaves the water layer is not spread all over the surface but big droplets are
formed. For calculation purposes the curve of cabbage was used for broad-
leaved crops, and that of grass for small-leaved crops.

Interception is especially important in periods of reduced evaporation [i.e.

interception {9%)
100 ‘ |

80 — » red cabbage ]

——  grass

60

40

FiG. 23. Dependence of interception on rainfall 20
depth for red cabbage grown on three different . !

profiles (the curve for grass derived from data of 0 5 ‘I‘ é 3 110 B4 18
RuTEMA, 1965). precipitation {mm}

¢ —ma——|

e .‘_. Y.
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when r, is large, see eq. (29}]. The interception increases the total evaporation
but reduces the evaporation of the crop, because part of the energy is used for
the evaporation of intercepted water (E,). It is to be noted that when a relatively
large error is made in estimating E, a relatively small error in the final calculation
of evaporation is made. This may be illustrated with an example, which con-
cerns the evaporation of cabbage during the period August 9 to August 16,
1967. The results are presented in table 9.

TaBLE . Influence of the interception term (E,) on the calculation of evaporation (eq. 29)
at various reductions in evaporation; E* = 4.04, real E, = 0.64 (mm. day ')

Emm.day—!

G+ )0+ vy (I + rira]
E, =064 E, =128 E=0

0.9 370 3.76 3.64
0.8 3.36 3.49 3.23
0.7 3.02 3.21 2.83
0.6 2.68 2.94 242
0.5 2.34 2.66 2,02

At a 1009 error in the estimation of E; (E; = 1.28 instead of E£; = 0.64) a
relative small error in E is made, the error being larger the larger the reductions
in evaporation are. Neglecting interception completely (E; = 0) will result in
an underestimate of E, the more so the more the surface is dry.

For balance periods with precipitation, E; was determined daily with the aid
of fig. 23, after which a mean value of E, was obtained for the whole balance
period.

4. Water withdrawal by plant roots

Any reasonabiy accurate mathematical description of water uptake by crops
with a non-uniform root system, is complicated. Therefore it has been become
customary to describe water flow through the entire soil-plant-atmosphere
system with an electric analog (VAN DEN HONERT, 1948). This model assumes
that the water flux ¢ (m*.m~2.s~1) through the rooted soil zone and the root-
stem-leaf-stomata path is proportional to the total water head difference Ak,
(m) and inversely proportional to the total resistance r (expressed in seconds)
met in the system. Thus, considering a one dimensional steady state flow in a
series parallel network, the liquid flow equation is:

L4V — &htom! - (hrooa surface haoit) =
Adi Fiveal Feoil
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= — hleaf - hmut surface _ hleaf - hsaii’ (m.s*l) (42)

rplam' rsuil + rplam

It should be noted, that the resistance » {expressed in seconds) to liquid flow
in the soil-plant system is a function of water head gradients and must not be
confused with the earlier mentioned diffusion resistances r (s.m™?!) which are
functions of water vapour concentrations. A full discussion on the various plant
factors involved has been given by SLATYER (1967) and KraMER (1969).

Water flow to the roots has been described by models as developed for ex-
ample by PoiLip (1957), GARDNER (1960), Visser (1964), Cowan (1965),
WHISLER et al. (1968), Morz and Remson (1970). In the model of Gardner a
single root is taken to be a hollow infinitively long cylinder of uniform radius
v (m) with uniform water absorbing properties. From a soil which is initially at
uniform equilibrium water content, the rate of water uptake g, per unit length
of root (m*.m~!.5s7!) can be calculated if water under a head gradient is flowing
radially toward the roof. Under steady state conditions {(28/0¢t = 0) and in
analogy of heat flowing from a distance v, (m) toward a linear sink of infinite
length, one can write

h (vi) _h(v2)
f . _ mrootsurf. m, seil 241 43
o (la (v,?fv, )] jdrk (s @)

where &, the hydraulic conductivity (m.s~!), is a function of the matric head 4,
(m). ’

A daily fluctuation in g, will exist and GARDNER (1968) therefore extended
his model by assuming a sinusoidal variation of evaporation flux with time, In
the present study a constant mean weekly g, has been taken. CowaN and
MiL¥HORPE (1968) are of the opinion that in drying soil which shrinks there is
water transport to the roots in the vapour state when the air gaps around the
roots are not larger than the radius of the root, In this study any possible vapour
transport has been left out of consideration.

The model of a single root can be extended to an entire root system (GARDNER,
1960; GARDNER and EuLIG, 1962). If [ is the length of root per unit velume of
soil (m.m~%) and z, is the rooting depth (m), the flux g, (m.s~!) can be written
as:

4, = Lz,q, (ms™") (44)
Combination of the third term of eq. (42) with eqs. (43) and (44) gives:

q = — (hruat surf. hsoil)/(b/k) (m's_l) (45)
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where b (m) is a constant with which the length and geometry of the root system
are accorded for:

b = [In (v,*/v,*)]/4rl,z, (m) (46)

In eq. (46) it is assumed that the mutual distance between the roots is suffi-
ciently large to avoid interference.

The final equation expressing the water flux through the roots to the atmos-
phere is obtained by combining the fifth term of eq. (42) with eq. (45) vielding:

4=4, = — (h!enf - hsni!)f(b/k + rp!) (m-s_l) (47)

A detailed analysis of the importance of the effects of r,,;; (= b/k) and r,,
with the aid of measured heads and fluxes will be necessary, because a reduction
in evaporation flux may cause a serious reduction in the preoduction rate of a
crop. For such an analysis one needs to be informed on the water withdrawal
patterns from the soil by the roots, both with depth and time. For a certain
period these patterns may be obtained by applying the water conservation
equation (14b) on a given volume of soil (RUTEMA, 1965; ROSE and STERN, 1967).
The flow through the roots is calculated as the measured total flow both through
roots and soil, diminished with the calculated flow through the soil. Using the
subscripts r, #, d and s for roots, upward, downward and soil respectively, eq.
(14b) can for every depth z be written as:

J‘zqr(z,l)di =.[2 |:qu(0,?) - qa(OJ)] ds -—f fz a—g—dzdi +
ts N ol Ot

_ rq,(z,t)dr () 48)

Iy

To simplify calculations, it will be convenient to use time averaged values at
depths z:

= — 1 j @t (msTh (49)
(t; — 1) Ju

For the water uptake by the roots ¥, = dg,/dz (s1), the following expression
is always valid:

r glz.t) = f r Y(z,)dzdt (m) (30)

1 0/t

For the first three terms on the right hand side of eq. (48), see section IIIB-3a.
The vertical flux through the soil ¢,(z,f) can be calculated from eq. (14).
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FiG. 24. Profiles of A, matric head, B, time averaged cumulative water withdrawal of both crop
and $0il Guorar, of s0il 0nly Go.i and of voots only Goms, and C, time averaged extraction rate Y,
Jor red cabbage on clay for the period July 18 through July 25, 1967, D, water withdrawal patterns
Jor the other periods indicated.
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In table 10 an example of the calculation of water extraction by roots at
depths z is given for red cabbage on clay for the period July 18 through July 25,
1967. The mean matric head in this period is given in fig. 24A, the time averaged
cumulative withdrawal patterns of both crop and soil (§,.:a), soil only (7,) and
crop only (g,) are presented in fig. 24B, while the time averaged extraction rate
at depths z, Y, (z), is given in fig. 24C. From figs. 24B and 24C it follows that the
effective rooting depths can be found as the depths where the cumulative with-

TasLE 10, Calculation of the water withdrawal pattern of red cabbage on clay for z = 0at 1 m below

GratailZ, 1) =

*
: oy e g PO G0N L IAM Gea(n ) e
] Af
m kgm=* kgm~* kgm™? mm mm.\té"éek*‘ mm.day~* m

1.000 2.48 223,90*
0.975 205.05
0,950 16.2 2.45 186.20
0.925 163.75
0.500 1514 1515 1514 —0.1 2.41 141.30
0.875 121.80
0.850 16.3 2.33 102.30
0.825 79.27
0.800 1573 1546 1559 2.7 2.15 56.23
0.775 4221
0,750 13.6 1.95 28,18
0.725 21.84
0.700 1573 1534 1554 39 1.67 1549
0.675 . 10.90
0.550 9.7 1.36 6.31
0.625 4.85
0.600 1554 1508 1531 4.6 0.97 3.39
0.575 2,74
0.550 5.1 0.73 2.09
0.525 1.73
0.500 1627 1610 1618 1.7 0.60 1.38
0.475 1.24
0.45 34 0.50 0.96
0.40 1708 1698 1703 1.0 0.39 0.74
0.35 2.4 (.35

0.30 1706 1704 1705 0.2 0.33 0.33
0.25 2.2 0.30

0.20 1662 16359 1660 0.3 0,27 0.20
0.15 1.9 0.26

.10 1605 1602 1604 0.3 0.25 Q.10
0.50 1.6 0.24

0.00 1558 1554 1556 04 017

* all values in this column from fig. 27A
** all values in this column from fig. 9
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drawal function of total flow and soil flow intercept. In this paper the maximum
rooting depth (.} is taken to be the effective rooting depth z7;, plus 50 mm.
From fig. 24C it can be scen that for the period in question the maximum ex-
traction rate occurs at a depth of 0.30 to 0.35 m below surface.

As said before, the extraction patterns of the various periods (fig. 24B and
24D) will be used to give a quantitative analysis of the magnitude and variation
of the resistances ry,; and rp, with time. For this purpose one can divide for

urface g(0, #) = 1.2 mm. week —!, 1y = July 18 and ¢, = July 25, 1967
_ Ag
) 3 AR Gued)  Gan D) Gennd B — =X
Az Az

m mm.day ! mmday~! mmday~' mm.day! mm.day ! day ™~
.02 2.46

170 4.65 x 10 5%% 753 0.03 0.06 0.00t2
0.05 2,40

L9 63 x 1073 897 0.06 0.06 0.0012
0.07 2,34

e 9.5 x 10°°8 779 0.08 0.13 0.0026
0.12 221

.06 1.72 x 10-# 920 0.18 0.26 0.0052
0.20 1.95

.06 425 x 1074 560 0.28 0.30 0.0060
0.30 1.65

169 1.05 % 1073 253 0.30 0.38 0.0076
0.40 1.27

.18 2,70 x 1073 183 (.49 0.38 0.0076
047 0.89

193 8.20 x 1073 57 0.47 0.41 0.0082
(.49 0.48

.30 1.90 x 10-2 25 0.48 0.25 0.0050
0.50 0.23

L71 3.60 x 10-2 13 0.47 0.14 0.0028
0.51 0.09

142 540 x 10-2 7 0.54 0.09 0.0018
0.50 0.00

Meded. Landbouwhogeschoo! Wageningen 71-12 (1971) 67



each period the root zone in a number of layers, say of 50 mm thickness and
apply eq. (47) to each layer separately. In this way for each period a number of
equations can be evaluated with known values of §,(z), A (z) and 1/k(z), from
which the three unknown variables £, ., #(z) and r,(z) have to be solved.

For a crop as grass with a root system which does not change too much with
time, it can be assutned that &(z) and r,(z) are constant with time (RUTEMA,
1965). This does not hold, however, for a cabbage crop where the root system
changes with depth and time (see also Rawitz, 1970). Therefore one can expect
that for each period there must be a functional relationship of 4 and r,; with
depth. As a first approach, for each period an exponential variation of b, r,, and
the root mass W with depth was adopted. With the depth below soil surface z*
(m) taken positive downwards, it follows that:

B(z*) = b(0) exp (az™) | (51)
ra(z®) = r(0) exp (xz") (52)
W(z*) = W(0) exp (— az™) (53)

To determine « it is assumed that W(z% ) = 0.0l W(0) and, as stated
earlier, z,,,. = z.,, + 0.05. The value of z,,, is obtained both from measurements
of rooting depth in the field and from figs. 24B and 24D. This procedure was
taken, because a determination of root mass in clay soil is hardly possibile. Now,

substitution of eq. (51) and (52) in eq. (47) leads for every depth z* to:

Ffz") = — e i = Az") (47a)
b{(0) exp (2z*)/k(z*) + 7,(0) exp (az*)
Rearranging it to a simpler form gives:
— [Afz*)gz* ] exp (— az*) = — [Rfq,(z")] exp (- az¥) +
— b(0)/k(z*) — F,(0) (47b)
¥y = a, X1 +
+ a; X3 + 4y 47¢c)

Application of eq. (47c¢) to three or more depths z*, with increments of .05 m
leads to a solution of the variables £, b(0) and 7,(0). Because of uncertainty of
matric heads and fluxes in the top layer, calculations were started at 0.125 m
below surface.

With this procedure a first impression was obtained of the order of magnitude
of iy, b(0) and 7,,(0), as well as of the values of b and r,, at various depths z*. It
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soon appeared that according to the assumed exponential variation of #,, with
depth, r,; increased too fast at the greater depths. At these depths the root mass
decreases but young roots are also formed, giving a relatively large activity and
permeability. Due to high & values in these regions, the soil resistance (b/k) will
be low and possibly incorrect estimates of b will be of minor importance. Soil
resistance is relatively low as compared with plant resistance. The reverse holds
for the top layers. When the soil is dry, & will be small and in comparison with
rp the soil resistance (b/k) becomes relatively large. This is the reason that
wrong estimates of r,; have for dry top layers only a slight influence on the total
resistance of the soil-plant system.

Keeping this in mind, in a second attempt an iterative procedure was followed,
taking the A, values and » values obtained with the first approach as a basis.
This yielded r,, values through which smooth curves were drawn. From the
curves, corrected r,, values were read and used to determine new & values and
vice versa. This procedure was repeated several times.

The variation of r,, and & with depth during the various periods is shown in
fig. 25. It is seen that during the first three weeks of growth there is an almost
exponential relationship of r,; with depth. After this period, the r,; data below
0.25 m increase less fast as a result of the development of new roots. The depth
and extent of branching of the roots is nicely marked by the b curves. In the
first 3 to 4 weeks root developmeni was rather poor. After this period, however,
the distance to which roots were extending changed in less than a month from
0.35 to 0.80 m.

plant resistance rp|(z) (days) effective root length b(z) (m)
000 10° 108 107 0 1 2 3 4
’ '] = [ I \ 1T F T I
S ) R WA
ik : IR \ N l 1
I ) | AR
020 :‘i_H:,%'_..i - T S — June 21-27

=== June 27-July 4
TJuly 4 -11 4

»-:iJuly n-18

owtli—11 \
060 #“ ‘ T 1 L STy 25 augst 2

depth z* (m)

.iJulV 18-25

FiG. 25, Variation in plant resistance and effective root length with depth for a number of consecu-
tive periods.

With aid of the curves for r,, and 4 in fig. 25 root extraction rates at different
depths were calculated for the various periods and compared with data obtained
from the water balance studies. The results for the last 4 weeks are shown in
fig. 26. Except for the upper soil layer, the calculated values compare well with
the experimental data. It has already been pointed out that the ‘experimental’

Meded. Landbouwhogeschool Wageningen 71-12 (1971) 69



depth z {m)

000 T S R EEEYIE oTTT T
.\1\\[ [ x b\.x—( $x ) [ ‘ ™
010 ‘J‘_- :\_;;777‘ %’ A b\.ill N .:_ T .:‘% T
‘ T | i ‘ | ;
e I | N
oot - LIy LR e
030 =g e x'f* I .\;i : .\‘; - T “{.
i .)‘-'/ J l L) L( ‘ X ! \o s-
e e e N B ot e T R —r N
] !
_ I Rl ‘ R S B N X
0.50 - T \ /." p x};’i
B 5
060, s carcuroted l 1\ S - --"-'T'—.‘I‘ D ‘“xi—
x waterbaluncei | I J x’ ‘J
070 pb———— — P b g — —-July 26 — August 4 -
July 11-18 July 18-25 ‘ August 2 ‘ 2-9 - ‘
08B0 | | | l I L L o=}
c 2 4 6 8 0o 2 4 6 B O 2 4 6 8B 0 2 4 6

roat extraction rate Y, (16%day’

FiG, 26, Comparison of time averaged root extraction rates for red cabbage caleulated with the

vor anid b curves of fig. 25 with rates obtained from water balance studies over four consecutive
weeks.

data in the top layer were obtained by means of extrapolation. Due to small
amounts of rain, the matric heads in the top layer may be changing from time to
time, probably resulting in errors. Fig. 26 shows that water uptake by the roots
in a top layer of about 0.05-0.10 m is about neglectible.

The overall resistance can be computed when taking into account the various
resistances in each part of the pathway by means of the following expressions:

1 1,;',nrpf,n
Fot = EH? (54)
Ton
n=1
| L Tabilk,
Fsaif = ; ilﬁ';;’ T (55)
g

The results of the calculations for 7,, (eq. 54), 7, (eq. 55) and b are presented
in table 11.

In literature the potential is often expressed per unit volume, then r,, has the
dimension of for example bar.day.cm~! (equivalent with 1019 days) and & the
dimension of bar {equivalent with about 10.19 m). GARDNER and EHLIG (1963)
report from pot experiments with Birdsfoot Trefoil a r,; of 11,200 days and a b
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TaBLE 11, Results of the calculations on the mean plant resistance (¥,;), mean soil resistance
(rsor; = B/k) and mean effective root length (4)

Line Period F days Fsore days & mm
1 June 21 to 27 27,160 37,240 24.2
2 June 27 to July 4 18,290 33,210 19.8
3 July 4 to 11 31,860 33,420 13.Q
4 July 11 to 18 31,410 21,430 54
5 July 18 to 25 41,220 10,150 2.7
6 July 25 to Aug. 2 37,490 7,920 1.6
7 Aug. 2to 9 36,340 5,490 1.2

of 0.4 mm. RuteMa (1965) gives for grass grown on clay a r,,, value of 10,618
days and a b value of 3.8 mm. RUTEMA and RYHINER (1966) found for summer
wheat grown on sand, values of 30,570 days and 2.2 mm respectively. For pota-
toes on sand #,, was equal to 10,322 days and b was 3.1 mm (ENDRODI and
ROTEMA, 1969).

The r,, data for cabbage (table 11) are in reasonable agreement with the
mentioned data. The b data of the initial growing stage (lines 1, 2, 3, table 11)
differ a factor ten from the & values reported above. This is mainly caused by the
non-homogencous and poor root development in the early stages of growth.
When root development increases with depth, & values (lines 4-7, table 11)
decrease to values also reported for other crops. The given data for red cabbage
demonstrate that possible effects of low matric heads in the soil on the evapo-
ration flux in the early stages of growth, will start at a lower matric head than in
the [ater stages of growth.

The accuracy of the calculation of the overall resistances of plant and soil is
largely dependent on the accuracy of the determination of ¥, (eqs. 54 and 33).
Moreover the distribution in ¥, with depth is important in the determination of
the final resistances. For example in consecutive dry periods the water uptake
in the top layers is about zero, but this may be quite different in a dry period
occurring shortly after a rainy one. This may cause relatively important changes
in r,; and minor changes in b.

ROTEMA (1965) derived the following expression for the effect of soil moisture
conditions, overall resistance of the soil plant system and ciimatological con-
ditions on the diffusion resistance r,:

Fh = f(ﬁl) =f [Ep(Fpl + BI,IE) + hsoll] (56)

From substitutions of the varicus data mentioned, it appears that », can
range from 0 to 600 s.m~'. The high r,, value of summer wheat may be the
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reason that even under a good supply of water evaporation of the crop at high
E, values can be severely reduced, as shown in fig. 14.

5. Calculated and measured evaporation

The evaporation results obtained with four crops during the three years of the
experiments will now be discussed briefly.

Spinach. The first experiments with spinach were performed in the spring of
1967 on the 0.90 m groundwater plot only. The problem immediately met during
the dry period the experiment started was the poor germination and emergence
on the clay and on the clay on sandy loam, in sharp contrast with the good and
rapid development on the sandy loam. During the growing period this last
profile showed potential evaporation rates amounting from 1.4 mm.day—!
during the period of April 28 to May 11, to about 3 mm.day~! during the period
of May 11 to May 31. The average matric pressure in the root zone was about
—0.3 bar (pF 2.5) which is to be regarded as optimum for the production of
spinach (FEDDES, 1969b). The average matric pressure on the top 0.10 m of clay
soils was below —3.1 bar (pF 3.5) which is far too low for a good germination
(see Chapter V).

The experiments with spinach were repeated in the autumn of 1968 on the
profile of the 0.45, 0.90 and 1.20 m groundwater plots. The crop started well on
all the plots after 20 mm precipitation falling soon after sowing. After seedling
emergence, however, frequent rain storms totally destroyed the crop on the
0.45 m groundwater plot (fraction of soil covered at the end of the growing
season about 0,.04). On the sandy loam profiles of both the 0.90 and 1.20 m
groundwater plot the crop reached a S, value of about 0.50. The same values
occurred on the clay soils of the 0.90 m plot. On the 1.20 m plot on the other
hand the soil covered reached 1009, on the clay indicating the favourable beha-
viour of the deeply drained clay soil in autumn as compared with sandy loam
soils and the shallowly drained clay soils. Evaporation on the various plots
varied between 0.5 to 1.5 mm.day 1,

Red cabbage. An example of the evaporation calculations for red cabbage on the
clay and on the clay on sandy loam profile is presented in fig. 27A and B. It
appears that calculations of real evaporation {eq. 29) for clay on a weekly basis
compare reasonably well with the values obtained by means of the water balance.
The calculations were performed including the resistance r,. For clay on sandy
loam, however, not enough information about this resistance was available as
the rooting depth was too small. From comparison with the calculated potential
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evaporation (E,) it is seen that also on this profile actual evaporation is reduced
in the initial stages of growth. From the discussion presented in section B3-d4 of
this Chapter, it is clear that this must be due to the restricted root growth on the
clay on sandy loam which apparently causes high plant (r,,} and soil (5/k)
Tesistances.

There are some deviations between calculated and measured evaporation
from both profiles, occurring in the same periods. In the periods of September
12 to 19, October 10 to 17 and October 24 10 31, heavy rainfall caused a rise of
the water tables even above some of the tensiometers. From inspection after the
experiments it appeared that leakage along the tensiometers had taken place,
which disturbed the water balance measurements. In the period of August 23 to
29 the measured evaporation (E,,) increased to above the wet evaporation
(E*). This was probably due to the extraordinary meteorological conditions of
relatively high solar radiation (178 W.m~?) in combination with low wind
velocities (# = 1.38 m.s™*) and high humidities (0.91), causing wrong readings
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of the unventilated psychrometer, anemometer, ete. This resulted in evaporation
values calculated too low. In this type of calculations also the distribution of
precipitation plays an important role, especially around and on the days when
the weekly periods are balanced, as for example September 5 and September 19,
During the growing period it was found that the dry bulk density of the top
layer of 0.10 to 0.15 m increased gradually with about 10Y%,. Because of the great
variations in moisture content in this layer, density corrections were applied.
Below 0.20 m depth no variations in dry bulk density were found.

The results for the 0.90 m sandy loam are presented in a somewhat different
form (fig. 27C). The cumulative real evaporation is plotted against the cumulative
potential evaporation. It can be seen that the moisture extraction data obtained
from gamma transmission measurements in tubes situated in the field at two.
distances from the lysimeter and the lysimeter data, gave reliable results as they
do not differ much from each other. Fig. 27C also shows that not much reduction
in evaporation is present on this profile, even during the almost rainless period
in the beginning stages of growth.

It is well-known that sandy loam soils are very suitable for cabbage grown for
the early market, while cabbage grown for storage grows best on the heavier
(clay) soils. Due to the easy availability of water in the sandy loam, the develop-
ment of roots, leaves and stem is relatively rapid on this soil. While the less
easier extraction of water in the clay soils seems to be better for the storing
types. This feature can be elucidated with fig. 28 where the measured cumulative
capillary rise from the 0.90 m groundwater table is shown for the three profiles.
The capillary rise in the sandy loam was about twice to three times that in the
clay soil.

Dwarf French beans. In 1968 three new lysimeters were installed in the 1.20 m
groundwater plot in addition to the three already existing ones in the 0.90 m
groundwater plot. To establish greater differences in waier regime between the
two plots, the 0.90 m groundwater table was raised to 0.70 m below surface, In
the field the seed was sown by machine, in the lysimeters and between the gamma
tubes by hand. In contrast with the regular seedling emergence occurring in the
field, irregular emergence occurred on the hand sown plots, so on June 12 the
bare spots in the lysimeters and between the gamma tubes were replanted with
young plants taken from the field. To ensure emergence, additional water was
supplied. However, during the growing season discrepancies in crop develop-
ment between the lysimeters and their corresponding fields still occurred. In
general the development of all objects was better on the 1.20 m groundwater
plots than on the 0.70 m plots. Later on (July 18), the crop on some of the lysi-
meters had to be thinned to ensure more comparable development and growth
on lysimeters and field.
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FiG. 28, Cumularive capiliary rise from the 0.90 m deep groundwater table to red cabbage on
three profiles over the growing season.

An example of the differences in development is shown in fig. 29. Potential
evaporation from fields and lysimeters was calculated separately. Due to better
plant development in the early stages on the 1.20 m groundwater plot, higher
evaporation values resulted as compared with those on the respective profiles of
the 0.70 m groundwater plot. When comparing for both plots the lysimeters with
their corresponding fields, the tysimeters show a higher evaporation (fig. 30).
From fig. 30 it is seen that, except for the first stage, measured evaporation of the
lysimeters runs almost parallel with calculated potential evaporation of both
lysimeters and fields. This indicates that practically no reduction in evaporation
by water shortage was present. The deviation in the measured data between June
25 to Tuly 9 corresponds with heavy rainfall on June 28 and July 7, which caused
ponding at various places and may have resulted in temporarily wrong water
balance data. The slope of the measured data steeper than E, during July 30-
August 6 resulted from heavy rainfall on August 3.
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Similar results were obtained on the clay and on the clay on sandy loam pro-
files of the 0.70 and 1.20 m groundwater plots.

Celery. Because celery makes high demands upon structure, water content and
nitrogen content of the soil, this crop was chosen for the last year (1969} of the
experiments.

On April 9 celery was sown on the field by machine in rectangular patterns of
0.22 x 0.22m at a shallow depth of about 10 mm. In the lysimeters and
between the gamma tubes the seed was sown by hand. About 4 weeks after
sowing the seedlings emerged. It soon appeared that the best emergence occur-
red in the tracks made by the tractor wheels. Although the precipitation con-
ditions were favourable, the fact that the seed was lying deeper in the looser upper
so0il layer between these tracks and in the lysimeters finally resulted in poor
emergence. On June 3 celery plants taken from the field were transplanted in the
lysimeters and between the gamma tubes. Because of the partial failure of the
transplants settled in the rather dry month of May, transplanting was repeated
on June 25. Additional water was supplied. As a total failure of the crop by the
very dry conditions in the top soil threatened to occur, it was decided as a last
measure to sprinkle the entire experimental field on July 1. Because the crop
{especially on the sandy loam soils) showed a yellow colour which pointed to
nitrogen deficiency, an additional amount of nitrogen was applied together with
the irrigation treatment. Probably the earlier applied amount of nitrogen did
not become available to the plants owing to the dry conditions. One week after
irrigation the crop started to grow very rapidly and height of and seil coverage
by the crop quickly increased. After the first harvest, a second irrigation treat-
ment was carried out on July 28 in combination with an additional gift of
nitrogen.

The various treatments are reflected in the curves of fig. 31, where the evapo-
ration results of the sandy loam objects are shown. During 1969 one set of the
gamma tubes was installed inside the lysimeter, the other set remaining outside
the lysimeter. Because soil coverage on the lysimeter and between the gamma
tubes in the field was almost equal and evaporation data obtained with the
different tubes did show only small differences, the evaporation data obtained
with these tubes were averaged. Both calculated potential evaporation and
measured evaporation on the 0.70 m sandy loam plot were higher than on the
sandy loam of the 1.20 m groundwater plot. This was due to considerable ca-
pillary rise on the 0.70 m plot, 39 mm between April 29 and June 23 as against
11 mm in the 1.20 m groundwater plot. After the crop after 45 days had reached
a soil coverage of 40 to 507 not much difference remained between E, and E,,
of the lysimeter, the curves running almost parallel. It now was taken that £,
calculated for the field was also correct. As the field had a much lower percentage
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of soil covered, water use on the field was far below that on the lysimeter (fig, 31).

It is striking that the 0.70 and 1.20 m clay soils and clay on sandy loam soils,
did not show differences in evaporation, neither for the different profiles nor for
the different water table depths (fig. 31). The reason for this is the shallow root
system of celery, on all objects going to only 0.25 m below surface. This explains
that on these heavy profiles the groundwater tables were still not high enough to
ensure an optimum water supply from the groundwater. It also explains why the
celery could not readily compete with weeds, why nitrogen did not become
available in sufficient amounts in dry periods and why the top soil had to be
abundantly supplied with water and nutrients. The necessity to supply additional
water was clearly illustrated in the middle of August when, owing to the very
humid meteorological conditions, a tremendous amount of new roots was formed
at the surface of the soil all over the field.

From the evaporation data for celery additional information on evaporation
from bare soil can be obtained. In fig. 32 the wet evaporation (E*) of the 0.70 m
sandy loam, the potential evaporation (E,) of all the other objects, the precipi-
tation (y), and the measured data of the water balance of the different plots are
shown. It appears that in times of precipitation the evaporation of the 0.70 m
and 1.20 m sandy loam soils follow the evaporation (E*) of an almost bare wet
soil. In periods of little precipitation, evaporation of the 0.70 m sandy loam still
follows the E*. Apparently the capillary rise from the 0.70 m groundwater table
is still sufficient for this soil to have it behave as a wet soil. In periods of drought
this does not hold for the 1.20 m sandy loam, where evaporation follows the
potential evaporation (E,) of a dry soil. The clay soils behaved as dry soils both
in dry and in rather wet periods, obviously because the rain did not completely
moisten the cultivated top layer but percolated mostly to the subsoil. Summa-
rizing, it can be stated that evaporation from bare soil both for clay soils and
deeply drained sandy loam soils can be computed from eq. (27), with additional
use of fig. 22 to estimate r,. For bare sandy loam soils with a high groundwater
table and also for deeply drained
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IV. HEAT

1. INTRODUCTION

Soil temperature is one of the most important factors for vegetable crop pro-
duction, as it influences germination, seedling emergence, early growth of plants,
maturation and yield.

Thethermal regimethat exists within a soil profile insituisthe result of theenergy
balance at the surface and the thermal properties of the soil, e.g. the thermal
conductivity and the thermal capacity. Measures like changing the depth of the
water table and improving the soil will change the thermal properties and there-
fore influence the thermal regime. To evaluate the consequences these measures
will have, and to create the most favourable environmental conditions for the
crop in this regard, a detailed knowledge of heat transfer in soil is required,
with which the thermal regime at any depth and time under given climatological
conditions can be described.

2. HEAT CONDUCTION IN SOIL-

To a large extent heat transfer in vertical direction in soil can be considered as
consisting of a molecular conduction of heat, the transport of heat by convec-
tion, by distillation and by radiation being generally of minor importance. The
magnitude of the heat flux in a homogeneous soil is proportional to the temper-
ature gradient and the thermal conductivity:

g(z,0) = — AVT(z,0) (57)
where:
g, = heat flux (W.m~2)
z = depth (m)
t = time (s)’
T = temperature (K)
A = thermal conductivity of the soil (W.m~1 K~1)

The negative sign was introduced because the heat flux (g;) is positive in the
direction of falling temperatures and 7 is negative. Eq. (57) is known as the
one-dimensional form of Fourier’s law of heat conduction.
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The principle of continuity requires that the difference in heat flux into and
out of an elementary soil element with thickness dz equals the rate of storage:

&T(z,1)
ot

- VQh(z,t) = pc (58)

where:
p = specific mass (kg.m~?)
¢ specific heat per unit mass (J.kg. K™7)
pc = heat capacity of the soil per unit volume (Jm=3X-1)

Applving eq. (58) requires that no heat exchange in other than vertical (z)
direction and no heat generation takes place. Substitution of eq. (57} into eq.
(58) gives:

dT(z,1)
ot

v [AvT(z,t)] = p¢ (59)

3. FIELD AND LABORATORY EXPERIMENTS

Soil temperatures in the field were measured with parallel circuits of copper-
constantan couples at depths of 0.01, 0,02, 0.03, 0.05, 0.10, 0.30 and 1.20 m,
the output of which was written down by two multipoint recorders. The accu-
racy of temperature readings was within 0.1 to 0.2°C. The measurements were
taken on the clay and sandy leam; in spring on the 0.45 and 1.65 m ground-
water plot, in summer and autumn on the 1.20 m plot.

On some clear days both in wet and dry periods, the variation with depth of
the thermal conductivity of the soil in situ was determined with the so-called
transient needle method, which will be discussed below. For this purpose line
probes were inserted horizontally, at depths of 0.01, 0.02, 0.03, 0.04, 0.05,
0.075, 0.10, 0.15, 0.20 and 0.30 m, into the wall of a small trench. The measure-
ments in the top soil were repeated several times, until only small deviations in
the individual data remained. The applied current was 0.1-0.2A, the measuring
time did not last longer than 100 seconds and the difference in temperature
between the needle and its surroundings was always smaller than 2°C, Simul-
taneously, moisture content and dry bulk density were obtained by taking
samples of known volume at depths of 0.05, 0.15, 0.25, 0.35 and 0.45 m,

The obtained variations of the thermal properties with depth were checked in
the [aboratory with an electric analog, the details and theory of which are dis-
cussed in section 5 of this Chapter.

Undisturbed soil samples of both profiles were taken in plastic cylinders of
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0.10 m diameter and 0.50 m length, following the method of WisnsMa and Wit
(1970). These cylinders were cut into pieces of 0.10 m length. Measurements of
thermal conductivity were carried out with the needle method on each separate
sample at successive stages of desiccation. With the data obtained, a number of
calibration curves of conductivity versus moisture content were constructed for
various dry bulk densities, With the aid of these calibration curves, it was
thought that the course of conductivity with depth could be determined indi-
rectly from core samplings.

4. THERMAL PROPERTIES OF SOIL

As can be seen from eq. (59) heat iransfer in soil is completely governed by
two independent thermal parameters, the thermal conductivity and the volu-
metric heat capacity. They depend mainly on the mineral composition, the dry
density and the moisture content of the soil will therefore vary with depth and
time. The methods of determination of these properties will be brietly discussed.

a. THERMAL CAPACITY

For a non-homogeneous material such as soil, the heat capacity per unit
volume of soil {pc) equals the sum of the volumetric heat capacities of the
different components. Denoting the volume fractions of the solid material, of
the water and of the air as x,, x,, and x, respectively, and the volumetric heat
capacities of these components as p.c,, p.c. and p,c,, one can write:

PC = Xofs€s + XwfwCy + XafaCa (60)

According to measurements of KERSTEN (1949), as quoted by DE VRIEs (1966),
p. is for mineral soils about 2700 kg.m~2, while ¢, varies linearly from 670
1+ 40T kg L K-1at255K (—18°C)to 790 - 40 T.kg~*. K~ at 333 K (60°C).
This results in an average value of pe, for mineral soils of 1.92 x 10% J.m~2.
K-t

For organic soils p; is as an average 1500 kg.m~?, while for ¢, a value of
1.92 x 10* J.kg=*. K ~! can be used [DE VRIES (1966) referring to measurements
of Lang, Ulrich, Bracht and DE VRIEs and DE WIT (1954)}. Thus for organic scils
pses = 2.88 x 1068 Jm~3 K",

The volumetric heat capacity for water p.c, = 4.18 x 10° Jm~3 K~ As
£4C, 18 in the order of magnitude of 1255 I.im~ 3K 1, it usually can be ignored.
So, denoting the volume fractions of soil minerals by x,, and of organic matter
by X, One can write:
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pe = (192 x,, + 2.88 x,, + 4.18 x,) 10° (J.m 2K 1) (61)

where x,, + X + Xw + X, = L.

From mechanical and chemical analyses the particle size distribution and.
organic matter content of the soil can be obtained. The various volume fractions of
the soil can be obtained from sampling at various depths, and pe can be cal-
culated with the aid of eq. (61), according to DE VRIES (1966} giving an accuracy
varying from 5 to 109%. In this way the variation of volumetric heat capacity
with depth can be found. In fig. 33 an example of the linear variation of pc with
moisture content is given for two dry bulk densities of the sandy loam,

Measurements of pc are based on calorimetric methods. Lang, Ulrich,
Patten and KERSTEN (1949) used the method of ‘mixtures’, which consists of
mixing a given mass of soil with known temperature and a given mass of liquid
with known temperature and specific heat. By measuring the resulting temper-
ature, the specific heat of the soil can be computed. Bowers and Hanks (1962)
as well as DE VRIES and DE WIT (1954) quoting this method, prefer an alternative
method based on Newton’s law of cooling. This law states, that the rate at
which a body with an initial uniform temperature cools is directly proportional
to the temperature difference between the body and its surroundings, provided
this difference is small. WIERENGA (1968) deduced the heat capacity from the

thermal capacity
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temperature rise of a known mass of soil and water in a calorimeter, as caused
by a known electric power,
Methods of measurement of pc in the field are discussed in the next section,

b. THERMAL CONDUCTIVITY

An gstimation of thermal conductivity of the soil from its structure, in the
same way as heat capacity, by considering the conductivity as a function of
volume fractions and specific conductivities of the various components, is
difficult. There are theoretical and empirical solutions, however. DE VRIES
(1952a) has given a survey of the theoretical work, and developed an approx-
imate solution based on theories of Maxwell, Burger and Eucken in analogy
to the calculation of the dielectric constant of granular material, as a function
of the electric conductivities and the volume fractions of the components. With
this model, one can estimate the thermal conductivity of a soil, if kind, shape
and arrangement of the particles and moisture content are known (see also van
WK, 1966). [t seems that the errors in De Vries’ calculations were not exceeding
19%.

Measurements of A in the field or in the laboratory are based on specific so-
futions of eq. (59), depending on the method used, the geometry and the bound-
ary conditions.

The heat flux is mostly initiated by heating (electrically or by other means e.g.
water) a probe (of flat, spherical or cylindrical shape) situated in the soil.
Measurements are made either of the power consumption, the rate of heating or
cooling of the probe, or the rise in temperature of the surrounding soil.

The surface of the probe may be kept for a short or for a long time at a temper-
ature different from that of the surrounding soil. Long heating of the probe is
undesirable because it provokes migration. of soil moisture away from the
heated body and therefore causes a loss in latent heat. Such a heat loss will also
occur if the temperature of the probe relative 1o that of the surrounding soil is
too high. Therefore, the shortly applied temperature differences between probe
and soil should not reach more than 2 K.

The shape of the probe is also important. Flat probes have for example the
disadvantage of sideway heat losses. CHUDNOVSKI (1948) gave an extensive
review on determining thermal properties of soils with plane, cylindrical and
other types of probes, both with steady and unsteady state methods, including
the often laborious mathematical treatments. With most of the methods the
thermal diffusivity A/pc is obtained, which in combination with a separate
determination of pc ,yields A, see for example KRISCHER and ESDORN (1955).

For a simultaneous determination of pc and 4 in the top layer of the soil,
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CuupNovskii (1948) used an icebox instrument which is placed on the surface
of the soil. Based on the same principle, van WiK and BRuunN (1964) made use
of a heat flux plate also placed on the top of the soil and thermocouples in the soil.
From a heat impulse of known intensity which causes a temperature increase in
the surface layer, A and pc can be found. van Wuk (1964, 1967) developed the
‘contact’-method, by which a block of Perspex of known temperature is brought
into contact with the soil surface (see SCHNEIDER, 1969). This method is in
principle the same as the junction method of CHUDNoOvVsKII (1948) who brings a
soil sample in contact with a standard material of paraffin. STIGTER (1969),
discussing the method of Van Wijk, concludes that accurate results could only
be obtained on dry sandy soils and homogeneous solids.

In the present study, the direct measurement of 4 in the field as well as in the
laboratory was realized with a line source heater in the form of a needle, first
used by Stdlhane and Pyk in 1931 as quoted by DE VRiEs (1952a). The device
consists of an electrically transient heated probe with a temperature measuring
device and is constructed in such a way that it represents as much as possible an
infinite line source of heat (e.g. CHUDNOvsKI, 1948; DE VRIES, 1952a, b; VAN
DRUNEN, 1949; JANSE and BoREL, 1965; HaarRMAN, 1969; MoENCH and EVANS,
1970).

GoLovANOV (1969) showed that, in order to prevent convection of heat, the
time of measurement on soil samples should not exceed 100 seconds with soil
samples of a diameter of 40 mm.

An example of the results of laboratory measurements of A for sandy loam
at different moisture contents for two dry bulk densities is presented in fig. 34A.
In fig. 34B a comparison between measurements and calculations according to
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F1G. 34. A, variation of measured thermal conductivity A of sandy loam with the volume fraction
of water x,, for two volume fractions of solid material xs; B, comparison of thermal conductivity
of sandy loam calculated by the De Vvies' method (a, b) with those measured with the transient
needle method (@', &°) for two volume fractions of solid material.
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DE VRIES (1952a, b) is given. It is seen that in general the calculations result in too
large 2 values. Such type of calculations are among other things based on the
assumption that the (randomly oriented) granules are ellipsoids of revolution,
i.e. that the soil particles can be considered as spheroids. In agreement with DE
VRIES (1966), for the depolarization factor of the ellipsoid in the direction of the
a axis (g,) the value 0.144 for quartz sand was adopted. Part of the deviation
between measured and calculated A values may be explained by a possible wrong
choice of this depolarization factor. For example, calculations for clay using
g, = 0.125 resulted in A curves more similar to the measured curves of the sandy
loam. Therefore it may be necessary to derive from diffusion experiments actual
g, values for a soil, as was done by De Vries. There is little doubt, however,
that the theory describes the shape and orientation of the particles of these sedi-
mented soils in a sufficient way.

Because clay soil is suspect to shrinking at desiccation and to swelling at
wetting, dry bulk density changes during these processes. In relatively small soil
columns neither calculations nor measurements in the laboratory will give
reliable results unless corrections for changes in p, are applied. The scatter in
the laboratory 4 data on clay was that large, that preference was given to meas-
ure 4 in the soil in situ with the transient needle method.

Soil temperature also influences the value of 4. For dry soifs an increase in
temperature from 273-323 K (0°-50°C) gives an increase in A of about 20%;.
For moist soils the dependency is much less and can be neglected for practical
purposes (CHUDNOVsKTL, 1948 ; [oFFE and REvUT, 1959).

There are three known methods to find the heat flux g,(z.f) in the soil. A
quantity which is of importance in the determination of evaporation via energy
balance and combination methods.

The first method is known as the temperature gradient method. If 4 is known
and measurements of soil temperature at several depths are available, the heat
flux can be computed according to eq. (57) as the product of 4 and the vertical
temperature gradient ¢7. In wet soils too low values are found when additional
transport of heat via the vapour phase occurs (e.g. WIERENGA, 1968).

A second method of determining ¢,(z,¢) is the measurement by means of heat
flux plates buried horizontaily just below soil surface, Heat flux plates are thin
plates usually of plastic material, having a A which is approximately equal to
that of soil. The temperature is measured at both sides of the plate, and the
temperature gradicnt is obtained by dividing the temperature differences by the
thickness of the plate. The heat flux is again obtained with eq. (57). Careful
calibration of the heat flux plates in situ is necessary. Errors are due to disturb-
ance of the soil and in wet soils to interference of moisture flow (e.g. FucHs
and TANNER, 1968).

86 Meded. Landbouwhogeschool Wageningen 71-12 (1971)



The third method, known as the integral method, requires knowledge of
temperature as well as volumetric heat capacities with depth. From the change
in heat content during a certain time interval a mean value for g, is obtained
(e.g. SLATYER and Mc.ILroOY, 1961).

The above mentioned methods are more deeply discussed by for example
CARSON (1961), vaN WK and SCHNEIDER (1967).

¢. THERMAL DIFFUSIVITY

The rate of temperature equalization in the soil is determined by the thermal
diffusivity @ = A/pe. The dimension of a is m?.s™* which is the same dimension
as that of a diffusion coefficient. A large diffusivity causes rapid changes in
temperature and a quick and deep penetration of the heat wave into the soil.
An example of the thermal diffusivities of the investigated sandy loam in relation
to porosity and soil moisture content is shown in fig. 35. Tt is seen that maximum
values of a occur roughly at moisture fractions x,, of 0.25 to 0.30 for x; = 0.50,
and at x,, of 0.30 to 0.40 for x, = 0.46,

Besides determinations of A, with the cylindrical probe method a direct meas-
urement of g is also possible by measuring the temperature of the soil at the
probe-soil interface or more radially distant from the probe. Because of the
contact resistance between probe and medium, a high degree of accuracy cannot
be expected (DE VRiEs and PECK, 1958a) especially when measuring in soils (DE
VRIES and PECK, 1958b).

Determination of a in the field from the analysis of temperature measure-
ments at various depths is practised frequently, by assuming constancy of the
thermal parameters with depth. Due to the periodic heating of the surface of the

thermal diffusivity a
(167 m25")

FiG. 35. Thermal diffusivity of sandy loam versus
volume fraction of water x,, for two volume frac-
tions of solid material x,, as derived from figs. 00 O1C 020 030 D040 050 080
33 and 34 (a = Afpc). Xw
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soil by incident radiation, the surface temperature during days or periods of
days without cloud cover can be approximated by a sinusoidal periodic function
of time. Assuming that period and amplitude of the heat flux before and during
the period considered is constant, the temperature at the surface can be expressed
as:

10,0 = T, + A, sin wt (62)
where:

Ao
®

amplitude at the surface (K)
angular frequency (rad.s™'}

If T(z,0) = T,, then eq. (59) can according to CArRsLAW and JAEGER (1959) be
solved as:

T(z,t) =T, + Ay exp (_ ZE) sin (a)t - ;) (63)

where:
21

pea

D= = VZ_a is called the damping depth (m)
w

Comparison of egs. (62) and (63) shows that at any depth z the amplitude
A, = Ay exp (—z/D) and the phase shift ¢, = —z/D.

The values of D and therefore of a, may be found by plotting log A4, against
depth, or phase shift (for example of the maxima) against depth. Usnally differ-
ent results are obtained from these two methods, indicating that the thermal
properties vary with depth.

If the temperature at the soil surface is a more general function of time, the
sine term can be replaced by a Fourier series (e.g. CHUDNOVSKI, 1948 ; CARSON,
1961, 1963; BROOKS et al., 1966; vaN WK, 1966) and the theory holds for the
identical terms of these scries. For non-periodicity of the temperature wave,
(linear) corrections can be applied. A further discussion of eq. (63) is given in
section IV3-b.

Van Wijk proposes another solution of eq. (59) by expressing the Laplace
transform of the temperature as a function of depth. The present author applied
this theory to temperature measurements in the field. The results showed that
thismethod is verysensible forthe condition of a homogeneous initial temperature
of the soil. Deviations from this condition of 0.1 K had a large influence on the
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results of the calculations. Hapas (1968) compared these two methods when
determining « under laboratory conditions. For a dry soil he found lower values
with the sine wave solution than with the Laplace solution. For a wet soil he
found higher values with the sine wave solution if the period of the applied heat
wave lasted at least 16 min,

5. SOLUTION OF THE HEAT CONDUCTICN EQUATION

a. GENERAL

The temperature field in the soil is determined by the variation of temperature
at the soil surface and the variation of the thermal parameters with depth and
time [eq. (59)].

Classical theories often assume a vertical uniform soil and independency of
the thermal properties with depth and time. As was shown 2 and pc are func-
tions of mineral composition, density and moisture content of the soil (figs. 34
and 35), however, and these usuvally vary considerably with time and depth, so
A and pc are also functions of time and depth, LetTau (1954) proposed a
formula where the diffusivity is taken as the product of a depth function and a
periodic function of time. Fortunately, the dependency of time can be neglected
for the daily temperature variation, as was shown by IoFFg and RevuT (1959).
The latter authors reported that for daily periods the variation in the thermal
properties of soils did not exceed 10 %. This implies that these properties may be
regarded as constant when solving practical problems. This simplifies the
mathematical problem of solving eq. (59) for depth dependent thermal prop-
erties with the boundary condition of harmonic variation of surface temper-
ature with time,

b. ANALYTICAL APFROACH

For cases with a special functional relationship of A and pc with depth,
analytical solutions exist. CHUDNOVSKII (1948), STERK (1956}, DE VRIEs (1956,
1957) and vaN WUK (1966) treated the case for a semi-infinite medium (air),
with pc constant with height and A increasing linearly with height. Eq. (59) then
takes the form;

v [ao (1 4 mz) VT] = gz {64)
t
and the solution is given in terms of Bessel and Hankel functions.
If A and pc are exponential functions of depth the following form has to be
solved
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Vilds = (4o — o)™ “1VT} = {(pc), — [{pe)e — (PE)e] e_“’}g (65)

For exponential variation of 1 and constancy of pc with depth, cne has to
olve:

vile, — @, = o) e™1vT) = 7 (66)
In case of a layered soil with each layer having different thermal properties,
modifications of eqs. (64), (65) and (66) have to be applied to each layer
separately with the condition that there is equality of temperature as well as
heat flux at the boundaries of the various layers. An extensive treatment of eq.
(64) and eq. (65) has been given by CRUDNoOVSKH (1948).
Analytical solutions are not possible when 4 and pc are arbitrary functions of
depth. Then, other solutions have to be applied (see section IV5-c and d).

In order to evaluate the influence of groundwater depth and type of profile
on the thermal regime of the soil, the observational data taken on four individu-
al, clear days were studied in more detail. Two of the selected days, April 17,
1968 and June 14, 1969 belonged to a rather dry period, the other two days,
March 28, 1968 and May 14, 1969 to a rather wet and a very wet period
respectively.

As a first approach the measured soil temperatures at the various depths
were subjected to a Fourier harmonic analysis. Expressing the temperatures at
each depth as a sum of cosine and sine components, and taking 12 temperatures
at equidistant, fixed intervals of two hours, the following equation can be
evolved (e.g. WHITTAKER and RoeinsoN, 1958):

T(z,t) = a, + a; coswt + a,cos 2wt + . . . + a5cos 5ot +
+ a4 cos 6wt
+ by sin wt + bysin 2wt + . . . + bssin Swi (67)

where 4, is the mean temperature (K), a, and b, the amplitudes (K) of the cosine
and sine waves respectively and ¢ time (s).

Using the property that in one period equal absolute values of cos kwi and
sin kwt occur, the 12 unknown coefficients g, and b, can be determined by
applying schemes of successive sums and differences of the 12 temperature
values.

Instead of representing the temperature as a dual co-ordinate wave (eq. 67),
a more convenient expression in the form of a single sine wave can be found.
For that purpose the following auxiliary relationship, which is always valid,
can be introduced:
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a, cos kot + by sin kot = (al + lbi)”‘[zﬂ"zl cos kot +
(af +b])'"*

+ % sin kwt 68
(a% + )" } @
where & 1s the wave number of the harmonics.

Denoting the phase angle of the single sine wave as @, (radians), it can be
calculated by writing

ai
(af +b7)'"

by

(68a), cosg= ——— 1
T @

sin @, = (685),

A, = (al + bY)'?  (68¢)

where 4 is the amplitude of the single sine wave. Substitution of eqgs. (68a),
(68b) and (68¢) in eq. (68) vields the following expression:

5
T(z,t) = ay + Y Ay sin(kot + @) + ag4 cos 6 ot (69)
k=1

Because on the mentioned selected days the variation of temperatures with
time was not strictly periodic, an improvement in the approximation was made
by considering a linear trend between the midnight temperature values, The
interpolated temperature T(z,r) is then given by

Tz - T(z0) _ -1,
T(z27) — T20) 12, — 1o

or 70

tt'—tU

T(z,f) = T(z,0) + [T(z,2%) — T(z,0)] (70a}

2x ¢

The procedure taken was to subtract from the 12 measured temperature
values the pertaining values of the right hand side of eq. (70a) and next to
subject the reduced temperatures to the Fourier analysis (eq. 69). The final
equation describing T'(z,?) over the period of observation is then formulated as:

Téz,1) = T(z,0) + [T(z.2%) — T(z,0)] i“’i +oag +
e

5
+ X A, sin (kwt + @) + ag cos 6ot (7D
k=1
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and
T = T(z,0) + £ [T(z,2n) — T(z,0)] + a, (71a)

An example of the results of Fourier analyses of soil temperature data at a
variety of discrete depths, is given in table 12.

Generally spoken, the accuracy of a Fourier analysis will be the higher, the
more harmonics are taken. The accuracy of the temperature measurements was
in the range of 0.1 to 0.2 K, which restricts the number of reliable harmonics,
It can be seen from table 12 that for all depths but 0.01 m, 4, and 4, can be
neglected. For the depths of 0.05, 0.10 and 0.60 m even 4, can be neglected. For
the clear days taken, the sum of the first three harmonics fitted the measured
temperature data reasonably well. An example is given in fig. 43.

As pointed out earlier, the thermal diffusivity of a homogeneous soil can be
derived via the constant decrease of the logarithm of amplitude with depth,
which should equal the retardation of phase with depth. In fig. 36, 4, is plotted
on half-logarithmic paper and ¢ (radians) on normal graph paper, both against
depth for the clay and sandy loam of the 0.45 m groundwater plot and for clay
on the 1.65 m plot, for April 17, 1968. The graphs show that, except for the top
0.03 m, there is a distinct deviation from the above mentioned linear relation-
ship. To a lesser extent this also holds for the curves concerning May 14, 1968,
where it was expected that the wet circumstances would make the profiles more
uniform in water content and therefore more uniform in thermal properties.
The uniformity of the 0.03 m top layers will have been the result of the shallow
cultivation before starting the sowing experiments. This uniformity made it
possible to obtain the Fourier coefficients at the surface by extrapolation from
the values at the 0.03, 0.02 and 0.01 m depths, allowing the unmeasured
temperature waves at the surfaces to be reconstructed.

Because the procedure to derive the thermal diffusivity of soils from the
amplitude and phase relationships with depth failed, two other lines of attack
were followed to try to establish functional relationships of thermal diffusivities
with depth. Both methods are based on the principle that a discontinuous field
can approach the continuous thermal field by expanding the partial differential
equation (59) into a set of finite difference equations. This expansion can be
realized by means of either an electric analog approach, or a mathematical,
i.c. numerical approach.
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FIG. 36. Example of the variation of the amplitude and phase angle of the first harmonic of the
daily soil temperature wave as obtained by Fourier analysis with depth for the clay and sandy loam
of the 0.45 m groundwater plot and the clay of the 1.63 m plot, April 17, 1968.

c. ELECTRIC ANALOG APPROACH

The electric analog approach is based upon the analogy between the flow of
heat in a thermal field and that of electricity in an electrical field, which can be
illustrated by comparing the partial differential equations governing the two
flow systems. The one dimensional equation governing electrical flow in an
electrical resistance — capacitance circuit can be derived from fig. 37.
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\\\\

FiG. 37, A, one-dimensional electrical resistance — capacitance system; B, differential element
(after KARPLUS, 1958).

According to Ohm’s law, the current i (A) is proportional to the voltage
gradient y¢ (V.m~1), and the reciprocal value of the resistivity R (chm.m™1)

= -1
i= =2V (72)

The principle of continuity requires that the difference of incoming and
outcoming current through the differential elernent equals the rate of storage:

i — iy =iy = — yidz = CAzZY (73)
ot
where C is the capacitivity (farad.m~'). Substitution of eq. (72) into eq. (73}
gives
1 ¢
— = C_Z (74)
V(R Vd’) ot

Comparison of eqs. (72), (73) and (74} with egs. (56), (57) and (58) shows that
¢ plays a role analogous to 7, i to ¢, 1/R to 4 and C to pe.

Considering the above mentioned equations, the electric analog equation for
the system shown in fig. 37, becomes

b — o _ 90— b _ o490

73
R R dt (73a)

where it is seen that the left side of eq. (74) is discretized, while the time variable
is kept in continuous form. Hence, the temperature field can be simulated by
means of a rectangular one-dimensional network of lumped resistance -
capacitance elements, where each parameter and variable at a junction in the
electric analog, corresponds with the parameter and variable at a specific
location in the thermal field. This type of network is known as the model of
BeukeNn (1937). LieBMANN (1956) developed another model containing only
resistors. In his model both place and time derivatives are discretized.
Conversion constants (scale factors) relate the corresponding parameters and
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variables in the two systems. The corresponding waves were displayed on an

oscilloscope as voltage versus time plots. The technical realization of the Beuken

model as used in this study was carried out by BOELS (1969).

The determination procedure of apparent thermal conductivities, can be
shortly summarized as follows:
~ The volumetric heat capacities at different depths, obtained by means of

volumetric sampling and successive computation with eq. (61), are inserted

as electrical capacitors in the model.

— The voltage and current excitations corresponding with the first harmonic
of the temperature wave at 0.01 m, are applied to the network entrance.

— The amplitudes and phase angles at discrete depths are known from the
Fourier analysis of the measured temperatures, and consequently the rates of
decrease in amplitude and increase in phase lag with respect to the tempera-
ture wave at 0.01 m depth.

— Then the resistors are adjusted by trial and error until at the points corre-
sponding with each depth, the rates of decrease in amplitude and increase in
phase lag of the first harmonic correspond with the values obtained by the
Fourier analysis. The same procedure is carried out for the second harmonic.

— Finally, the found resistances are converted into apparent thermal con-
ductivities.

A few examples of the results obtained with this electric analog method for
April 17, 1968 are represented in fig. 38. The scatter of the data can be explained
to some extent.

The mean volumetric heat capacities obtained may differ from actual values
because of heterogeneity of the soils and a probable underestimation inherent
to the computation method. WIERENGA (1968) found for a silt loam computed
pc values which were on the average 139 lower than the experimentally
determined heat capacities. Instrumental errors may also have had some
influence. The recording and reading errors from the temperature registrating
device were in the range of 0.1 to (.2°C. The accuracy of an oscilloscope is
limited to approximately 3%, of the full scale value (KarpLUS, 1958). Another
important reason introducing uncertainties in the electric analog method are
the relatively widely spaced temperature observations at the larger depths. The
consequences of this will be discussed in more detail in the next section.

It turned out that the apparent A values obtained from the adjustment of the
amplitude of each first harmonic, were significantly lower than those obtained
from adjustment of the phase shift of it (7-test; n = 78, T = 46; if T > 24 the
differences are significant at 1 per cent level). The differences were on the
average in the range of 0.29 to 0.79 W.m~'.K~! (Student’s r-distribution;
n = 66, significancy at 1 per cent level). For the second harmonic no significant
differences were found.
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Fic. 38. Values of thermal conductivity 1 ob-
tained with the electric analog by adjustment on
amplitudes and phase angles of the first and sec-
ond harmonic of the daily temperature waves
(A, A, and @, @2 respectively), for the sandy
loam and the clay of the 0.45 m groundwater plot
and the clay of the 1.65 m plot, April 17, 1968.

After due consideraiion it has been assumed that the procedure of averaging
the A values obtained from the amplitude and phase relationships of the
first harmonics will be acceptable and will at least give an indication about the
order of magnitude.
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It is interesting to note that the same phenomenon of obtaining
different soil physical constants from amplitade and from phase re-
lationships, also occurs in a quite different field of application, namely
the determination of hydrological constants from the transmission of tidal
waves in groundwater (STEGGEWENTZ, [933). WESSELING (1960) con-
sidered the propagation of tides in aquifers and found that the hydrolo-
gical properties calculated for a non-compressible aquifer were sig-
nificantly lower than when the elasticity of the aquifer was taken into
account. The similarity of these results and those obtained with the
analog method is that the clasticity of soil and water in the aquifer works
analogous but in an opposite way as a corresponding additional negative
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heat generation occurring in the soil during the transmission of heat. As
already mentioned, this latter process may be caused by a movement
of water in the vapour phase under action of thermal gradients, tending
to yield higher thermal properties then when not considering this heat
loss. The importance of such a process will be discussed in more detail in
section I'V5-e.

d. NUMERICAL APPROACH

The numerical approach discretizes the partial differential equation (59) in
the following way. Let a co-ordinate net or grid be drawn over a scale diagram
of the temperature field under consideration, as shown in fig. 39. In this net the
index along the space ordinate is denoted 7, the index along the time abscissa is
denoted j. Considering the node point 7, ;, frequently used approximations for
the first derivative with respect to time in terms of the adjacent node tempera-
tures are:

(@) x Dis = 1oy (75a)
at Jijii+t At;
Ot Jui-1:,i At

K

where At; is the uniform time interval. The forward time difference eq. (75a) and
backward time difference eq. (75b) approximations can be considered to re-
present the temperature change midway between the node points indicated by
the indices, with the assumption that the change is constant between these
points.

01 2 g n t
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m L[] Fii. 39. Grid of rectangular mesh with time arms of
2z equal and space arms of unequal lengths.
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The approximation for the second derivative with respect to space, being the
rate of change of the first derivative to space, is obtained by subtracting the
backward space difference from the forward space difference and dividing
by the net spacing:

oz} = Az, Az, Az;

where Az; is the uniform space interval and assuming that ¢27/9z2 remains
constant between the net points (i~1,j) and (i+1,j). The one-dimensional
difference equation is then obtained by combination of either eq. (75a) with
eq. {76), ScHMIDT (1942), or by combination of eq. (75b) with eq. (76), Lies-
MANN (1955). The first combination is subject to the stability criterion a(Ar)/
(Az)? < 0.5. WiERENGA (1968) applied this method io compute the temperature
field from known boundary conditions and known (constant) apparent thermal
diffusivity, as well as estimated the latter from observed temperature variations
at various depths. Except for depths smaller than 0.10 m, he received fairly good
results in predicting soil temperatures in a soil with approximately uniform
water content. CRANK and NICHOLSON (1947) give a more stable approximation,
but their method involves more terms and requires an iterative procedure. The
combination method used by Liebmann, has a very stable nature permitting the
choice of relatively large time intervals. The disadvantage of this approach is,
however, that the solution requires a relaxation technique, using at each point
the relation between four unknown and one known temperature value.

Another approximation can be used by assuming that the temperature
distribution over two line segments of time is linear, so the first derivative with
respect to time may be represented by the mean of egs. (75a) and (75b). Com-
bination of this with eq. (76) then gives:

-T

T;'+l,_i_ Ti,j 1; i—1,j

ki
Ljrr— T, -1 - g Az, Az;_, (77
ZAtJ Azi + Azi_l

2

where the thermal diffusivity () can be solved from a system of linear equa-
tions.

Calculations have been carried out using this method. As a first approach
for At; an interval of 2 hours was taken. Later on intervals of 1 hour were used.
The space interval chosen was not uniform, but taken according to the depths
of the temperature measurements.

It appeared from the output of this numerical method that sometimes
unrealistic @ values, as for example zero, were obtained. This may have resulted
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from the alrcady mentioned recording and reading errors of the temperature
data, To correct for this type of errors the temperature data read from the slips
of the recording device were replaced by reconstructed, smoothed temperatures
computed from the Fourier analysis by taking the sum of the first three har-
monics.

Even when the temperatures are exactly correct, another error may be
introduced, i.c. the error inherent in discretizing the continuous temperature
field to a discontinuous field. To get more accurate interpolations between two
known points, approximations by polynomials of a power determined by the
net points available, can be used. Interpolation of temperature values with
depth by means of such a polynominal resulted in temperatures near the ground-
water table approaching almost the boiling point of water. Moreover the use
of a polynomial through a great number of net points is a less attractive
method.

A more satisfactory interpolation technique can be found in applicating
spline functions. The term spline originates from long thin strips of wood
(splines) used by draftsmen to fair in a smoothed curve between specified points.
The mathematical spline approximates the draftsman’s spline by a piecewise
different cubic polynomial between each pair of adjacent points. The spline is
continuous and has both a continuous first and second derivative (e.g. AHLBERG
et al., 1967; REINSCH, 1967).

If a function y is known at x4 < x;, < x, < x;, a polynomial of third
degree

V= ag + box 4+ cox® + dox’ (78)

can be drawn through the peints y, and y,.
A second cubic curve can be drawn through y, and y,. Then the equation for
their common point y, is:

ap + boxy + cox? + dox? = a; + byx, + %2 + dx3 (79)

Applying the condition that in point y, both the first and second derivative
must be equal, the relationships derived by differentiation of eq. (79) are:

bo + 2co%, + 3dox? = b, + 2¢,%, + 3d,x} (80)
2¢0%; + 6dgx, = 2¢, + 6d,x, {81)

From this set of equations the coefficients and the first and second derivatives

can be determined. Thus, from the interpolation of temperature data by spline

functions in i and j direction, the related derivatives can be obtained.
Computations with the finite difference method (eq. 77) and with spline
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functions (eqs. 78-81) were carried out on a CDC 3200 digital computer with
ForTRAN IV programs used for the difference scheme and the spline functions
(the latter according to REmNscH, 1967).

From the large amount of data obtained, one example was taken (table 13),
which shows the results for the clay profile of the 1.65 m groundwater plot,
during part of the day of March 28, 1968. It appears from this tabie that
because of large scatter in the computed a values the numerical approaches give
rather poor results. For lower depths a similar scatter in @ values was observed,

TaABLE 13. Examnple of the computation resuits of the apparent thermal diffusivity o (107
m?.s~1) by numerical analyses with the finite difference method (diff.y and with spline func-
tions (spline), clay, 1.65 m groundwater plot, part of the day of March 28, 1968, with ¢, 2
hours respectively 1 hour, with measured temperatures (7,,) and with temperatures reconstruc-
ted from Fourier analysis (7;). For the determination of # at z = 0.02 m, use was made of
temperatures measured at 0.01, 0.02 and 0.03 m depth

Time hours

]

Method
m 6 8 w12 14 16 18

002 diff. withAy;, =2and 7, 012 158 071 023 006 008 197
diff. with Ay =1 and T, 005 1.8 075 024 004 024 231
spline with A#; = | and T, 008 139 056 017 002 015 1.37
diff. with Ar; =1 and 7, 009 559 064 025 004 032 238
spline with Af; = 1 and T, 003 042 097 020 002 0,17 1197

A type of error that has to be taken into account is the error in reading the
ternperature from the chart of the recorder. The order of magnitude of this
error can be shown by the following example. Considering the soil temperatures
at the 0.01 (7~1), 0.02 (/) and 0.03 (i + 1) m depths at 15(j — 1), 16 (j)and 17
(J + 1) hours for 1.65 m clay, March 28, 1968, where T, ; ., = 2922K,T;; =
2921K, T ;00 = 2903 K, T3y ; = 2904 K and T;_, ; = 294.9 K. From com-
putation with eq. (77) it follows that ¢ is 0.24 x 10~7 m2.s~! (see table 13).

Assuming a reading error of 0.2 K and taking values of 292.3 K and 290.2 K
for T, ;and T}, ; respectively, an a value of 0.53 x 10~7 m*.s™' is computed,
showing an error of estimate of more than 100 %. This type of error is the most
dangerous at lower depths as there changes in iemperature with time and depth
are small.

Another error that may have been introduced is the error resulting from small
deviations in Az, Suppose that Az,_, is 9 mm instead of 10 mm (then Az, = 11
mm), an a value of 0.17 x 10-7 m2.s~1 is computed, yielding a difference with
the ‘real’ a value (0.24 x 10~ 7) of about 30%,. Assuming Az,_, is 8 mm instead
of 10 mm, an a value of 0.13 x 1077 m2s~" is found, the error being about

46%;.
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An important reason for the scatter at the lower depths could be the widely
spaced intervals of the temperature observations, which cause considerable
errors in the second space derivatives. For example at the 0.20 m depth,
3d2T/dz? values were computed from the 0.10 and 1.20 m depths, yielding a
values which were a factor 10 too high. Moving the temperatures from the
1.20 m depth to the 0.60 m depth (which is not unrealistic as between these
depths there is little difference in temperature) more acceptable ¢ values were
obtained, indicating that Az, had been chosen too large. Application of spline
functions in z direction should improve the second space derivatives. However,
it turned out that due to the large z; ’s, physically impossible curves were drawn
through the points. Therefore the temperature observations should be spaced
more closely to obtain realistic values. For the relatively close spaced obser-
vations in the top layers, interpolation by spline functions should be preferred
above the finite difference method, because it gives better approximations of the
related derivatives,

The instrumental errors as also the reading and certain round off errors are
partly neutralized by the use of spline functions as well as by the use of the re-
constructed temperatures by means of the Fourier analysis.

Another, already mentioned, reason for scatter of apparent a values for the
dry top layer, is a possible disturbing influence of water transport in the vapour
phase as induced by temperature gradients. This is accompanied by a transport
of, principally latent, heat which influences the temperature distribution and
will result in higher a values than could be expected from thermal conduction
alone. If this vapour transport plays an important role, a daily pattern should
occur in the @ values of the top layer, as a result of the daily variation in tem-
perature and soil moisture content. From the data such a pattern can hardly be
derived. In the next section it will be illusirated that, at least at the temperature
gradients measured in the present research, the influence of thermally induced
vapour transport can be neglected as a possible explanation of the scatter in the
data.

e. INFLUENCE OF THERMALLY INDUCED VAPOUR FLOW

The flow of water through the soil occurs in the liquid phase, in the vapour
phase or in both.

The general equation describing figuid flow in the soil as induced by gradients
of water head, gravitational head and temperature can be written as (PHILIP and
DE VRIES, 1957):

qilpy = — Dyt — DpyT — k (m-S_i) (82)
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where / refers to the liquid phase, Dy, is the isothermal liquid diffusivity
(m?.s~ ') and Dy, is the thermal liquid diffusivity (m?.s~ 1. K ~'). RosSE (1967a, b)
showed from field experiments that liquid fiow induced by thermal gradients
even under conditions of temperature gradients of 10°C.cm~! was relatively
unimportant. Hence eq. (82) reduces for the soils under investigation to

q=—k(yh, + 1) (m.s™h (85)

The general molecular diffusion equation describing the flow of water
vapour in air free of convection, can be written as:

q, = — Dy,ovC (kg.m™2s7%) (83)

where Dy, is the molecular diffusion coefficient of water vapour in air (m?.5~1)
and C is the water vapour concentration (kg.m~3). Under equal conditions of
vapour gradient and temperature gradient, the water vapour flow in the soil is
less than in air because of the available cross-sectional area and increased
path length, hence instead of Dy, a reduced diffusion coefficient (D o) has
to be used. Currik (1960) found from diffusion experiments with dry porous
granular materials that the empirical equation Dy, = as; Dy,o (where &, is
the air filled porosity in m* air.m~3 soil) fitted all the tested materials well.
Taking for the dry top layers of the soils of the experimental field the average
total porosity 0.67, the equation of Currie for Woburn and Highfield soil
crumbs with ¢ = 0.83 and » = 1.7 can be used. Hence isothermal diffusion of
water vapour in the top layers of the investigated soils can be described as:

gy = — 0.83 591'7 DH;O (0622 pa/pa) ve (84)

Substitution of the appropriate values (see the list of used symbols) for
Dy.0, pe and p, reduces this expression to:

gy = — 160 x 1077 ye (kg.m™?s7") (84)

with vapour pressure e in bar. However, many investigators found from
experiments that the measured vapour fluxes generally exceed fluxes calculated
with a molecular diffusion type of equation such as eq. (84), with sometimes up
to a factor 10. This means that flow mechanisms other than molecular diffusion
also play a role.

PuiLipr and pE VRiES (1957) have therefore extended the molecular diffusion
theory to account for these differences. The reader is also referred to the
elucidating papers of RoOsE (1966, 1967a, 1967h). Philip and De Vries separated
the total vapour flow in isothermally and thermally induced vapour flow by

Meded. Landbouwhogeschool Wageningen 71-12 (1971} 103



considering the effect of relative humidity (. = efe*) as follows. For ye in
eq. (84) one may write:

ve = yhe* = e*yh, + hye* (bar.m™ 1) (85)

where A, is a function of moisture content (#,) only and the saturated vapour
pressure ¢* is a function of temperature (7') only. Hence eq. {85) may be written
as:

yve = &* (8h,/00) v8, + h, (6*j0T)yT (852)

Substitution of eq. (85a) into eq. (84) gives the vapour flow equation

g, = — 16.0 x 107%,"7 ¢*(8h,/08)y0, +
isothermally induced flux (86)

— 16.0 x 107 %,"" h(@e*[oT)yT (kg.m 257 Y
thermally induced flux

Now Philip and De Vries consider two factors which may explain the differ-
ences in vapour fluxes found from measurements and those calculated with the
molecular diffusion theory.

The first one is that the macroscopic temperature gradient in the medium
(y7T) is generally exceeded by the microscopic temperature gradient across the
air-filled pores (y7), (see also Rosg, 1966). Following the same symbols as used
by Rosk (1967a):

WD), =T (87)

The second reason is that vapour diffusion in fairly dry soils is not restricted
to the gas-filled pores only {&,), but is aided by liquid islands which cause con-
densing on the upstream side and re-evaporation on the downstream side (see
Rosg, 1966) and therefore vapour diffusion is dependent on the total pore space
(¢, + 0,). This holds not only for the isothermally induced flux, but also for
the thermally induced flux (RosE, 1567a). For this enhancement of vapour flux
the expression holds:

g + 6, = &az) (88)

The combined effect of the two factors then gives the expression with which the
molecular diffusion flux has to be multiplied to yield calculation results which
agree with measurements:

£ = g, +b8; " (vT), (89)
as, vT
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The enhancement factor ¢ was calculated by substitution of the relevant
values in eq. (88), while the enhancement factor { was derived from a com-
bination of own data and those of table 2 of PHILIP and DE VRIES (1957).
Taking all the given considerations into account, the total vapour flux can be
found from eq. (86) and eq. (89), vielding

g, = — & (isoth. ind. flux) — £ { (therm. ind. flux) o0

Using the theory of irreversible thermodynamics, CARY (1966) showed that
when the vapour pressure gradient in soil is determined by temperature only and
not by changes in moisture content, the thermally induced vapour flux under
steady state conditions can be described as:

g, = — B[1.56 x 10 3(T—273)* + 2.72 x 1072)(dT/dz) (mm.he™") (Y1)

where f is a dimensionless factor accounting for pore geometry and 7T is the
temperature of the soil.

Another possible intensification of the vapour flux as calculated with molecular
diffusion theories, is due to the influence of air turbulence (FARRELL et al., 1965;
ScoTteR and RaAATs, 1969). These authors show that wind induced atmospheric
pressures at the soil surface may induce mass flow of vapour transport into and
out of the upper layers of the soil. This enhancement dug to air turbulence can
be in the order of a factor 2 to 4 for soils with particle sizes of 4 to 6 mm
(ScoTTER and RAATS, 1969), to even a factor 100 for coarse mulches (FARRELL
et al., 19653).

Because thermally induced vapour flow becomes most important under drier
soil conditions, the data obtained from the 0.45 m clay plot for June 14, 1969
(as presented in table 8) were used to calculate a numerical example which may
give an insight into the relative importance of the various factors involved. For
the top layer of the 0.45 m plot the following conditions did apply: &, = 0.628;
6, = 0.031; Ty = 2996 K, Toor = 2977 K, Typ: = 2970K, Tpo; =
296.3K; e, = 229 x 1073 bar.

The enhancement factor ¢ can be found from eq. (88) by

£ = (g, + 6))/(agl) = 0.659/[0.83 x (0.628)"7] = 1.75.

From table 2 of PHILIP and DE VRIES (1957) it follows that for the prevailing
porosity and moisture content the enhancement factor { is about 1.37. For a
proper evaluation of the results of the calculations with eq. (90), one needs to bein-
formed about the depth below surface where evaporation takes place, i.¢. the depth
where A, & 1. In general, the evaporation front will not move below a few cen-
timeters into the soil (see GARDNER and HANKS, 1966; ROSE, 1967a). As the depth
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of the evaporation zone was not exactly known, calculations were performed
assuming different depths of evaporation zone under the same existing temper-
ature regime. The results of these calculations are presented in table 4.

TasbLE 14, Calculation by eq. (90) of the order of magnitude of the isothermal vapour flux
and the thermally induced vapour flux, assuming different depths of the evaporation zone,
for the 0.45 m clay plot, Tune 14, 1969,

Depth evaporation Isothermally induced Fhermally induced Net vapour
zone vapour flux vapour flux flux
mm mm.day "} mm.day ! mm.day ="'
2.5 499 -0.98 4.01
50 247 —0.67 1.80
7.5 1,63 —0.52 1.11
10.0 1.22 —0.44 0.78
12.5 0.97 —0.38 0.59
15.0 0.80 —0.35 0.45
20.0 0.68 ~—0.32 0.36

In the calculations z was taken positive upwards. From eq. (86) it follows
that the direction of the isothermally induced vapour flux, as determined by
V., is positive upwards for the 24-hour period taken. During such a period the
direction of the thermally induced vapour flow will generally be upward at
night and mainly downward during the day in accordance with the temperature
profiles.

Because on June 14, 1969, there was an average thermal gradient from the
surface downwards, the direction of the thermally induced vapour flux for the
24-hour period, as determined by vye*, is also downwards. From the data in
table 14 it can be seen that thermally induced vapour flow becomes a more im-
portant component of net vapour flux when the evaporation zone is located
deeper, For example, if this zone is located at 2.5 mm depth, thermally induced
flow is about 209, of isothermal flow. With the zone at 20 mm depth this
percentage is about 50,

Thermally induced vapour flow can also be calculated from eq. (91). The
magnitude of the empirical constant § should, however, be determined experi-
mentally (CaRry, 1965, 1966). For different moisture conditions and porosities
the latter author found for vapour flow in moist soils § values ranging from 1.7
to 5, The thermally induced vapour fluxes calculated with a § value equal to the
product & { = 2.4 {see last term of eq. (90) and eq, (91)} amounted to values
about three times those as calculated with eq. (90). Moreover CARY (1966) states
that for Columbia loam soil, eq. (91) was only applicable when the moisture
content of this soil was above the 10 to 12% level. Values of thermally induced
vapour flux comparable with those found with the theory of Philip and De Vries
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could only be obtained with the theory of Cary by taking § equal to 1. This is in
full agreement with the findings from HANKs et al. (1967) in laboratory studies
on soils with relative low moisture contents,

By means of sampling the surface layer (see section I1TA-2), as well as by
sampling the deeper layers with Kopecky cores, the variation in matric head with
depth could be found. From interpolation between the data obtained it appeared
that the depth where relative humidity (&, ) reached about unity (4, = 0.9885 at
15.6 bar or pF 4.2) was about 10 mm below surface. At this depth the calculated
isothermally induced and thermally induced vapour flux were 1.22 and —0.44
mm.day ~! respectively, so at this depth thermally induced flow was about 369
of isothermal flow. For less extremely dry conditions, the contribution of
thermal flow will be much less.

The calculations were carried out assuming steady state conditions and a
linear relationship over the dry top layer of 4, and e* with depth, It is more
probable, however, that the relationship is for example parabolic or exponen-
tial. Moreover, evaporation does not take place from a plane but over a depth
range (e.g. Fuchs and TANNER, 1967). The performed calculations will at least
give a reasonable impression of the order of magnitude, however, and it is seen
that the calculated net vapour flux by means of molecular diffusion theories
(0.78 mm.day~!; see table 14) is about one third of the evaporation flux (2.40
mm.day~?'; see table 8) deduced from energy balance considerations. The
reason for the larger evaporation flux found is probably due to wind-induced

“pressure fluctuations at the soil surface, transferring water vapour into and out
of the surface layer (FarreLL et al., 1965; Cary, 1966; ScOTTER and RAATs,
1969). This explanation seems to be acceptable at least for the crumbled upper
clay top layer and at the wind velocities occurring at the experimental field
{about 3-4 m.s~! during daylight hours).

Under the prevailing conditions the temperature gradients for the lower soil
layers are generally less steep than for the upper soil layers. This means that
ye* for the deeper layers is relatively low, hence thermally induced vapour flow
in these regions will be of less importance.

Reviewing all the above mentioned considerations, it can be concluded that
for very dry situations in the top layer of a soil, the values of thermally induced
vapour flow may amount to about 359 of those of isothermal vapour flow. In
most other cases it will be far less. Moreover, the effect of thermally induced
downward vapour flow will be counteracted by matric head induced upward
liquid flow. The latter influence will be the higher, the more vapour condenses
in the lower layers. HANKS et al, (1967) found that thermally induced downward
vapour flow for a top soil layer over a period of 40 days amounted to about 109/
of the net upward flow.
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As thermally induced liquid flow may also be considered as being relatively
unimportant, the conclusion can be reached that thermally induced vapour
transport can hardly be considered as one of the main reasons for the scatter in
the thermal diffusivity data as found from the numerical analysis.

6. TEMPERATURE REGIME OF SCIL

The most direct and probably best method to determine @, is to measure
pc by means of a calorimetric method, to measure 4 with the transient needle
method and finally to estimate a at each depih by considering the ratio of A and
pc. As pointed out earlier the pe values were obtained from duplicate samples
and computation with eq. (61), while the A values were measured in situ by
means of the needle method.

In fig. 40 some results on the variation of thermal properties with depth for
the 0.45 and 1.65 m clay and sandy loam groundwater plots are presented.
March 28, and May 14, were days in rather wet periods, June 14, 1969 a dayina
rather dry period. The differences in the duplicates of the pc data are mainly due
to the patural inhomogeneity of the soil. Therefore it was decided to draw by
hand a smooth curve through the means of the data.

The A measurements which did not accord with the theory of a linear re-
lationship of temperature against log time were ignored, as the scatter in these
cases could be ascribed to poor contact between the needle and its surroundings.
The remaining measurements give a clear picture of the large heterogeneity of
the soil and therefore the same procedure as applied to the pe¢ values by drawing
smooth curves through the means of the data was followed. In the A graphs the
mean A values, obtained from the electric analog using the amplitude and phase
relationships of the first harmonics, have been drawn in fig. 40A and E.

The thermal diffusivity at each depth now could be obtained by dividing 2 by
pe.

Despite the various complications mentioned earlier, it can be seen from
fig. 40 that at higher groundwater levels thermal diffusivity is generally lower,
especially in the top 0.10 to 0.15 m layer. This can be explained by the fact that
at higher groundwaier levels because of higher soil moisture contents A tends to
increase, but pc even more, which results in a decrease in 4. Thus a shallower

Fi1G. 40. Variation of thermal capacity pc, thermal conductiviiy X and thermal diffusivity a with
depth for the clay and sandy loam of the 0.45 m and 1.65 m groundwater plots on March 28 and
May 14, 1968 in a rather wet period, and for June 14, 1969 in a rather dry peviod. Thermal capac-
ity was obtained from soil sampling and consecutive computation with eq. 61. Thermal conductiv-
ity was obtained from measurements with the transient needle method and from averaging the i
values obtained from the amplitude and phase relationships of the first harmonics. Thermal diffu-
sivity was obtained by considering the ratio of i and pc.
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groundwater table will generally cause a lower soil temperature. The difference
in thermal diffusivity of the different groundwater plots is most sharply pro-
nounced in a dry period, e.g. on June 14, 1969 (fig. 40 D and E). The differences
tend to decrease in a wet period, as for example for March 28, 1968 (fig. 40A
and B) and for May 14, 1968 (fig. 40C), which makes the plots more uniform in
thermal properties.

The higher diffusivity in the top layer of the 0.45 m clay on June 14 (fig. 40D)
as compared with the 1.63 m clay is an exception to the rule, as on all other
selected days all objects with high groundwater levels had lower diffusivities in
the top layers. The cause may become clear by considering the curves of 4 and
pe (fig. 40D). Tt is seen that 2 (0.45 m) > A (1.65 m). However, despite the higher
moisture content of the 0.45 m plot pc (0.45 m) < pc (1.65 m). On closer
inspection it appeared that the dry bulk densities of the top layers of the 1.65 m
plot were higher than those of the 0.45 m plot (fig. 41). This had as final result
higher pe values and lower a values for the 1.65 m plot.

Pylkg M)
0, 800_900 10001100 1200 1300 1400
‘-i"u-h..___‘. - i ! } —:
20—l L i ""{:\-. i Fic. 41. Variation of mean dry bulk density p;
——04% m clay : ﬁ ‘IW {obtained from the sampling data of the emer-
4 L i | L gence trials) with depth for the clay profiles of
depthz{(m) the 0.45 m and 1.65 m groundwater plots.

It should be noted that differences in @ values do not give direct information
on differences in the absolute temperature regimes of soils. The final temper-
ature distribution in a soil will be determined by the initial and boundary con-
ditions of the system, i.c, the temperature distribution in the soil and the amount
of available heat at the surface. Particularly the last term will be different for
plots with a high respectively a low groundwater table, as a result of differences
in evaporation between the plots (see table 8), which may result in considerable
differences in the amounts of latent heat used.

In this respect it may be interesting to mention first the findings of other
investigators, before presenting the present author’s results. VAN DuIN (1960,
1963) computed the annual temperature wave at the surface of a sandy soil
with groundwater tables at depths of 1.50 and 0.50 m below surface. Assuming
the same amount of heat available at the surface, he calculated a difference of
only 0.2°C due to differences in thermal properties. With the assumption of
differences in amounts of heat available, as caused by a maximum difference in
evaporation of 1 mm.day~?, he came to a yearly mean temperature 2 to 2.4°C
higher for the 1.50 m object under the assumption that shallow and decply
drained soils had the same yearly minimum temperature.
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Kopecky (1908) reports an increase in temperature in spring in the order of
1 to 2°C as caused by tile drainage. KUNTZE (1958) mentions differences in
temperatures of 7°C between drained and undrained sticky clay soils, which
seems to be very high, HERLYN (1964), reporting on temperature measurements
in a peat soil covered with unripened mud, and groundwater tables varying from
0 to 0.50 m below the surface, found no statistically significant differences in
temperatures for plots which had a maximum difference of 0.45 m in ground-
water table depth.

Horticultural crops in glasshouses have relatively high heat requirements.
vAN DER PostT (1960) reviews the adaptation of growing methods of lettuce to
soil properties. Lettuce has a relatively low heat requirement and is grown in
spring in cold glasshouses on sandy and light sandy loam soils, which warm up
quickly and have good aeration and water supplying capacities. On the other
hand lettuce harvested in autumn and winter, is grown in heated glasshouses on
clay soils which do not cool off as quickly as the previous mentioned soil types,
and have a slower growing rate. vaN Dam and VAN DER KnaaP (1968) showed
that on all kinds of soils the harvesting time of tomatoes grown in heated
glasshouses was earlier when soil temperatures were higher. They could not derive
a significant relationship between earliness and groundwater table depths for
depths varying from 0.50 to | m below surface, indicating that the growers
climinate the harmful influence of high groundwater tables on soil temperature
by increasing artificial heating. VAN WK {1969) compared the rate of warming
up of a peat soil with a 0.50 m groundwater table and that of a clay soil with a
groundwater table at 1 m below surface. From his data it can be derived that, if
the same air temperature is maintained, the mean temperature of the peat soil to
a depth of 0.50 m is 1 °C lower than the temperature of the clay soil. This means
that with the same amount of energy it takes on the average 4 days longer to
heat up the peat soil to the same temperature as the clay soil. KNOPPIEN and
HiLe (1967) reported from measurements in a heaied glasshouse at about 0.15
m depth below surface that a sticky clay soil was 0.5°C warmer than a sandy
loam soil. Also included in their experiments was a clay soil mixed with some
sand to improve the structure. This soil type proved to be 1°C colder than the
pure clay soil, indicating the adverse effect of the sand mixture on soil temper-
ature.

The results of the temperature measurements of the 0.45 and 1.65 m plots of
the groundwater experimental field over the observation period March 18 to
May 19, are listed in table 15.

From this table it can be seen that the mean daily temperatures of the plots
with the higher groundwater tables are 1 to 2°C lower than the temperatures of
the plots with the deeper groundwater tables. This holds both for clay and sandy
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loam. Generally, it can also be stated that with the same groundwater depth the
clay is warmer than the sandy loam (see column 0.45 clay — 0.45 sandy loam).
This does, however, not hold for the 1.65 clay and 1.65 loam at the depths of
0.02 and 0.03 m. This exception may be due to small errors in the exact measure-
ment depths, as it was noted that when heavy rainstorms occurred some of the
top soil of the sandy loam was eroded away. Furthermore cultivated top layers
are liable to subsidence. Temperature measurements under a cover of red
cabbage in the 1.20 m groundwater plot over the observation period May 31 to
November 11, 1968, showed that the temperatures at depths of .10 and 0.20 m
were on the average 1.1°C higher on the clay soil than on the sandy loam.
Similar results were obtained from measurements in 1969.

In fig. 42 the course of daily mean temperatures of the 0.10 and 0.03 m depths
during the spring of 1968 are plotted. From the measurements at the 0.10 m
depths it can be seen that there is little difference between the clay and sandy
loam profiles with the same groundwater level of 0.45 m and that on the in-
vestigated sails the difference in groundwater table depth plays a more im-
portant role than the differences in type of profile. The same holds for the
0.03 m depths. Generally it can be said that the sequence of cold to warm is:
0.45 sandy loam — 0.45 clay — 1.65 sandy loam — 1.65 clay.
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FI1G. 42. Course of the daily mean soil temperature at 0.10 m and 0.03 m below surface during
spring of 1968 for the indicated soil profiles and groundwater table depths.

The maximum and minimum temperatures of the various treatments can be
compared by locking at fig. 36, table 16 and fig. 43, In fig. 43A the temperature
differences in a (clay) profile as caused by a difference in groundwater table is
shown, This holds even for a day in a wet period (May 14, 1968). Fig. 43B gives
an idea of the temperature differences in a dry period (June 14, 1969) on a clay
and sandy loam plot having the same high groundwater table,

It can be concluded that in spring the maxima and minima in the top soil are
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FiG. 43. Diurnal variation of measured soil temperature at vavious depths showing A, temperature
differences in a clay profile as caused by a difference in groundwater table and B, temperature
differences between a clay and sandy loam profile having the same high groundwarter table. The
temperatures at the surface were found from extrapolation to the surface of each of the amplitudes
and phases of the first three harmonics at the 0.03, 0.02 and 0.01 m depths and successive compu-
tation of the sum of the first ihree harmonics in its Fourier expansions. For the 0,01 and 0.10 m
depths of the 0.45 m clay, June 14, 1969, it is seen that the curves for soil temperature as calculat-
ed by taking the sum of the first three harmonics fits the measured temperature data rather well
{left hand fig. B, 0.0] and 0.10 m depths).
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higher when the soil is deeply drained and that the amplitudes decrease faster
with depth in soils with a deep groundwater table. This decrease is more
marked on the clay than on the sandy loam (see fig. 36). In accordance with this,
the risk of (night-) frost is larger on a deep than on shallowly drained soil.
The danger again being more pronounced on the clay than on the sandy loam
soil. Measurements during a night-frost period confirmed this. Later in this
period it appeared that the night-frost penetrated deeper into the clay soil. The
temperatures of the plots with the high and with the low groundwater table
did not show much difference, however, obviously as a result of rainfall
antecedent to the frost period.

It is particularly interesting that the minimum temperatures of the shallowly
drained plots are lower than the temperatures of the deeply drained plots. This
is, however, generally true when, as in the cases under investigation, for the
temperature-time curves in equal soils at two different groundwater depths,
here 1.65 and 0.45 m below surface, (T, 45 — To.as) > (A1 65 — Ag.g5) holds.
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V. EFFECTS OF WATER AND HEAT
ON SEEDLING EMERGENCE AND
CROP PRODUCTION

1. INTRODUCTION

The suitability of a soil for horticultural use depends to a large extent upon
its physical properties, as they determine the final effect of the external clima-
tological conditions on crop growth. The Chapters III and IV dealt with
the determination of the basic physical properties and the related transport
processes of heat and water. These processes as occurring under different en-
vironmental conditions, were discussed for the three profiles each having iis
own water regime,

A study of physical processes is interesting from a scientific point of view,
but for practical purposes the observed differences in behaviour of soil profiles
will have to be expressed in terms of final effects on growth and production of
crops. It is the purpose of this Chapter to evaluate some of the mentioned results
with regard to their effect on two stages of plant development: the stage of
germination to seedling emergence and the stage of seedling emergence to
maturity.

In the first stage the most important process is respiration, yielding energy to
change solids stored in the seed into soluble foods which can be transported to
radicle and plumule to be utilized for cell division, elongation and differentiation.
One of the prerequisites is water absorption. In this stage there is virtually no
evaporation, nor dry matter production by photosynthesis. Growth chiefly
depends on moisture content and temperature of the top surface layer of the soil.

In the second stage (from seediing emergence to maturity), the leaf area
gradually increases. Owing to this, evaporation and photosynthesis are in-
creasing too. The water uptake of the plant from the soil is then practically con-
trolled by evaporation. In this stage, growth not only depends on moisture con-
tent and temperature of the soil, but also on the temperature of the air and
mainly on leaf area and net radiation.

There is little need to emphasize the importance of an effective germination.
Particularly in the case of vegetable crops, the establishment of a uniform crop
stand and a uniform time of maturity is a strict economic necessity. Failure as
well as retardation in germination are detrimental to an economically efficient
production.
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It is well-known that limiting available water reduces plant production,
which especially holds true for vegetable crops where production is more aimed
at quality and fresh weight than at an increase in dry matter. It is of interest to
know the maximum production to be obtained under the prevailing weather con-
ditions with an optimum water supply. Therefore attention will be paid to the
calculation of maximum as compared with measured production rates. Special
attention will be given to the influence of groundwater table depth.

2. FIELD AND LABORATORY EXPERIMENTS

Emergence experiments were conducted in the spring of 1968 and 1969, on
the 0.45 m and 1.65 m groundwater plots, both on clay and sandy loam. Four
different kinds of seeds were used: radish (Raphanus sativus L., var. radicula, cv.
Cherry Bell), spinach (Spinacia gleracea L.., cv. Spinoza), broad bean (Vicia faba
L., cv. Trio) and garden beet { Beta vulgaris L., cv. Juweel). The separately deter-
mined germination percentages amounted to 94, 94, 99 and 93 respectively. In
1968 as well as in 1969 the seeds were sown on seven successive dates. In 1968:
March 4, 18 and 29, April 8, 16, 22 and 29; in 1969: March 11 and 25, April §,
22 and 29, May 7 and 13. At each sowing date 200 seeds of each crop were sown
by hand at a depth of 3 cm with a row distance of 0.10 to .15 m on 4 areas of
1.5 m? (so in total 16 objects per sowing date). Soil temperatures were registered
at the sowing depth of 3 cm, according to the procedure described in section
1V3. Each week the soil moisture content of the various plots was determined by
means of vertical soil sampling with Kopecky rings (height 5 cm) at depths of
0.05, 0.15, 0.25 and 0.30 m. Emergence was considered to have taken place
when the cotyledons had developed. The number of seeds that emerged were
picked and counted each day.

In order to check the results and conclusions obtained from the field ex-
periments, another experiment with radish seeds under controlled soil moisture
and temperature conditions was carried out in the laberatory. For that purpose
undisturbed soil samples were taken from the surface of the two profiles in the
field in rings of 10 cm diameter and 2.5 cm height. These samples were brought
in equilibrium with various matric pressures by means of the apparatuses and
methods used for the determination of soil moisture retention curves, already
described in section ITI2. The matric pressures employed were: —0.0098,
— 0.031, — 0.098, — 0.196, — 0.49, — 0.98 and — 2.47 bar (pF 1.0, 1.5, 2.0,
2.3, 2.7, 3.0 and 3.4 respectively). Of the 7 pressure treatments, the first 5 were
carried out in duplicate for each of the two profiles. In a first experiment the
seeds were sown in the top of the samples, in a repeat in the turned over under-
side of the same samples. The temperature of the samples was in the range of
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20 to 21 °C and was recorded by means of ferro-constantan thermocouples,

In each sample 50 radish seeds for uniformity passed through a 2 mm mesh,
(the batch tested for germination giving a germination percentage of 98), were
sown at a depth of 0.25 to 0.50 cm. Owiag to this smaller sowing depth as com-
pared with the 3 cm sowing depth in the field (necessary because the necessary
large diameters of the undisturbed samples entailed a small height of the
samples), it was to be expected that the heat sums necessary for a certain
emergence percentage would differ from the values obtained in the field ex-
periments. As emergence criterion a normal development of both radicle and
cotyledons was taken.

For production experiments crops like spinach, red cabbage, dwarf French
beans and celery were grown (details have been givenin section ITIB-2). Periodi-
cal measurements on fresh and dry weight production, crop height, soil cover
and rooting depth were carried out on the 0.30, 0.60, (.90, 1.20 and 1.50 m
groundwater plots. In addition to this, also determinations of the distribution
of dry matter between shoots and roots on some of the sandy loam plots.

On the 0.45, 0.75, 1.35 and 1.65 m groundwater plots, only final production
was measured.

3. GERMINATION AND SEEDLING EMERGENCE

After reviewing known effects of soil temperature and soil moisture content
on germination and seedling emergence, the results obtained from the field and
laboratory experiments will be discussed.

a. EFFECT OF SOIL TEMPERATURE

It has been known for a long time that temperature has a remarkable effect on
the germination of seeds (see for example SacHs, 1860; HABERLANDT, 1874;
Korowskl, 1926; EDWARDS, 1932). In general three cardinal temperatures for
germination have been defined: the minimum and maximum temperatures
below and above which no germination occurs, and the optimum temperature
giving the highest germination rate.

Instead of definite cardinal points it is more correct to speak of temperature
ranges because the temperatures found are influenced by such external condi-
tions as the stage of after-ripening in the seeds, the testing technique and the
germination criteria used. Moreover it is very difficult to determine the mini-
mum and maximum temperatures, as they are reached asymptotically (fig. 44
after TaLma, 1918). For a review of these and similar considerations and the
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early literature on the effects of temperature on various kinds of crops, see
HAGAN (1952a, b).

Temperature investigations on the germination and emergence of six range
grasses were reported by McGinnies (1960), on nineteen native and cultivated
herbaceous species in Southern Alberta by DUBETZ et al. (1962), on thirteen
kinds of vegetables by HARRINGTON (1962), on caulifiower by HepToN (1957), on
celery by Guzmax (1964) and on tomato to JAwoRrsKI and VALLI (1964).

For the relationship between temperature and growth the temperature
coefficient {Q,,), defined as the factor by which the growth rate in a certain
temperature range is multiplied when the temperature is inereased with 10°C,
is often used. From fig. 44 it follows that within the daily temperature range of
the soil a linear relationship between growth rate and temperature can be
used with good approximation for growth processes like germination, e-
mergence and initial stem elongation. In the range between minimum and
optimum temperature the growth rate at any time is proportional to tempera-
ture and at a fixed temperature level growth rate is proportional to time. The
combined relationship for a definite emergence percentage can therefore be
represented by:

F= (T- Tmin) x t (92)

where T and 7, are the mean and minimum soil temperature (K), ¢ is time
(seconds) and F (K.s) is a constant heat sum. In this way a rather simple
means to relate temperature and emergence has been obtained. In practice
these heat sums are often used to schedule plantings and to predict maturity,
to select crop varieties appropriate to different areas or to schedule work in fruit
orchards (DETHIER and ViTTUM, 1963). Although applicable for early growth, it
has been shown (BIERHUIZEN and FEDDES, 1969) that predictions of yield and
harvest time have to be treated with great care since radiation then plays a pre-
dominant role, In such type of studies, the environmental air temperature is
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mostly used. In the case of emergence of seeds it is advisable, however, to register
the temperature in the direct environment of the seed, ¢.q. to measure at sowing
depth. It is clear that temperatures at other depths will give different heat sums
for a particular stage, especially as the temperature fluctuations in the top layer
are generally very large.

Under field conditions soil temperature will vary during the day, and T has
to be found from the expression:

T(z) = _t J’ ’ T(z) dt (93)
(’2 - t1) t

where t; — ¢, is 24 hours. One of the most correct methods of solving eq. (93)
is to use an integrimeter. Then, in cases when during part of the day the tem-
perature is below T, or above T,,,, the integrated temperature sum below
T'nin and/or above T,,,,, which must be disregarded, can be easily omitted.

For days with soil temperatures continuously above 7,,;, and below T,.,. an
approximation of eq. (93) can be given by:

T = (Tmax + Tmin)/z (94)

which relationship will give particularly good results when the temperature
varies sinusoidally with time. For a few other analytic approximations of eq.
(93), see ARNOLD (1959).

b. EFFECT OF SOIL MOISTURE

The other essential condition for germination and emergence, namely soil
moisture content, has also been early recognized. However, most studies were
dealing to only a slight extent with quantitative aspects (see DONEEN and
MaAcGILLAVRY, 1943). These authors, using soil as a germination medium. per-
formed experiments with seeds of different vegetables. They found that, with the
exception of celery seeds, total emergence was not affected in the range between
field capacity and permanent wilting percentage. However, they also reported
that the rate of emergence decreased with decreasing matric pressures. AYERS
(1952) working on the emergence of onion seeds in soil, found both a decrease
in rate and final percentage of emergence with decreasing matric pressures.
HunTter and Erickson (1952) found for five soil types minimum values of
matric pressures of —12.7, —8.0, —6.7 and —3.5 bar necessary for emergence
of corn, rice, soybeans and sugar beet seeds respectively. MCGINNIES (1960)
used osmotic solutions of different concentrations in order to get various
{osmotic) pressures. Reviewing the results of various workers who used this
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type of method, and studying pressure effects on range grasses, he concluded
that increasing concentrations delayed the rate and reduced total germination
percentage, TAYLOR (1964) reports no statistical significant differences on
germination of radish seed at concentrations giving absolute osmotic pressures
below 15 bar.

Obviously many investigators assumed that osmotic pressures, which are
numerically equivalent with matric pressures, have a similar influence on
germination by lowering the free energy of water in the same quantitative way.,
Germination experiments of a basic nature by CoLLIS-GEORGE and SANDS
(1959, 1962) on sintered discs showed that this is only true if seeds have semi-
permeable membranes capable of preventing movement of solutes into the seed.
With permeable membranes, solutes enter the seeds by diffusion and when
equilibrium has been reached, the osmotic component is no longer effective in
decreasing the free energy of water. The last mentioned authors pointed out, as
they detected retardation of the germination rate already at matric pressures of
— 0,238 bar, that the delay in germination rate which was found by various
authors at the very low osmotic pressures of —35.97 to —7.85 bar is not caused
by a physiological drought, but by a final toxidity of the solution. TAYLOR (1964)
reported that the same germination percentage of radish seed occurred at lower
pressures in solutions than in soil,

The interesting experiments of CoLLIs-GEORGE and HECTOR (1966) and of
CoLLis-GEORGE and WILLIAMS (1968) did show that matric pressure influences
the germination of seeds in various ways. It influences the free energy of the soil
water, the mechanical strength of the solid matrix, the area of seed — liguid
contact, and the aeration and hydraulic conductivity of the soil. In the range
between 0 — 400 cm H,O (0 to 0.393 bar), it is thought by them that the in-
fluence of matric pressure must be completely attributed to its contribution to
the effective stress in the solid framework surrounding the seed and not to its
influence on the free energy regime of the soil water. Hapas (1970) reports from
his experiments that there was no influence on germination at effective stresses
of the order of 107 dyne.cm™2 (10 bar). The area of water contact between soil
and seed is regarded as being of less importance when matric pressure decreases
(SEDGLEY, 1963; CoLL1s-GEORGE and HECTOR, 1966). This means that the area
of water contact would under field conditions be of only minor importance.

Considering aeration Hack (1963), who worked with tomato seeds in com-
post with high matric pressures, found good emergence at — 0.027 bar which
means an air filled pore space of 20 vol % of air, but poor emergence at —0.013
bar, corresponding with 8 vol. % of air. DASBERG (1968) states that the bulk of
oxygen is taken up by the seed by means of diffusion. He found a decrease in
total emergence of wheat and of a range grass (Oryzopsis), when the oxygen
diffusion rate to Pt electrodes was below 20 x 10~% gem~2min~! (1.33 x
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10~2 kg.m~2,5s71). HaNkS and THoORP (1956) observed reduction in seedling
emergence at oxygen diffusion rates below 75 to 100 x 1078 g.cm™2.min~!
(5.00 — 6.67 x 10~ kg.m~ 2.5~ 1). DasBERG (1968) did show that irrespective of
the medium, germination and emergence were dependent on the amount of
water taken up by the seeds, which is determined by the matric pressure of the
soil. It seems (Hapas, 1970) that for good germination and emergence a relative
water uptake around 1009 of the initial seed weight is necessary. Dasberg
found that water at distances exceeding 10 mm was not taken up by 2 mm seeds,
which would mean that outside that range the hydraulic conductivity is of no
importance.

¢. COMBINED EFFECT OF SOIL TEMPERATURE AND SOIL MOISTURE

The combined effect of temperature and soil moisture content on seedling
emergence was studied in field experiments. For each sowing treatment on each
plot graphs were made of percentage of emergence versus time in days after
sowing. Fig. 45 shows the emergence rates of radish sown on March 18, and
April 8, 1968, respectively. It appears that emergence is highly correlated with
precipitation. Another common feature is that seeds emerge earlier in sandy
loam than in clay. The seed-soil contact as well as the contact with the subsoil is
much better in the sandy loam than in the crumble-structured top layer of the
structured clay soil. Obviously the water uptake by the seedlings is favoured in
the sandy loam, where a high hydraulic conductivity at high matric pressures
ensures an ample water supply. These are reasons that on all sowing dates the
sandy loam plots with the high groundwater table showed the highest emergence
rate as well as the highest total emergence percentage. From graphs like fig. 45
the time in days for 50 %, emergence (¢5,) was obtained.

emergence (%6}
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FiG. 45. Course of emergence of radish sown in the clay and sandy loam profiles of the 0.45 and
1.65 m groundwater plots on March 18, and April 8, 1968 respectively.
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As a first approach to determine the heat sum required for 50%, emergence,
for each treatment heat sums were calculated by multiplying T with £5,. It
appeared that in general all mean heat sums to 509, emergence on sandy loam
were lower than those on clay, and that the heat sums of the 0.45 m ground-
water plots were lower than those of the 1.65 m plots. Except for the 0.45 m
sandy loam, extremely high heat sums were required during a rainless period
from the 5th till the 21st of April in the 4th and 5th emergence experiment,
resulting in a water shortage in the top 5 cm soil layer.

For a calculation of the minimmum temperature for emergence (T,;,) only
those treatments were used in which no limitation of water could be expected
to occur. According to the heat sum concept a linear relationship should be
present when the mean soil temperature (T) is plotted versus the reciprocal of
the period to emergence (1/1,,). In this way the intercept with the temperature
axis directly gives T,,;, and the slope the heat sum (fig. 46). The correlation

Tk} (cc)
290 - -
radish spfnach
. —15
: : .
[ ]
285 s
~ 10
280
F o 62.10° F  79.10°
Ttnin 276.8 Tmin 275.6 -5
r 0.51 r 0.89
275 [
290 -
broad garden
. bean beet 415
:
- .
285 /{ . Y
9,70 ™ —10
L/
- [ 4
®,
280 3] . - .
; F 11210 F 8210
! Tmin 276.6 Tmin 2773 s
‘ r 093 ro 095
275
v} 05 10 15 20 ¢] 05 10 1.5 20
-6 -
. 1It50(10 s
[ ] ] ] 1 — ] ] ] ]
0 oc4 008 012 016 o} 004 Q08 012 Q16

\fday'1 )

FIG. 46. The mean soil temperature T at 0.03 m depth plosted versus the reciprocal of time re-
guired for 30%, emergence (tsq) in order to derive the minimum femperature for emergence
Tmix for the four vegetable crops, F = heat sum in K.5; r = correlation coefficient.
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coefficient of T and 1/t5, was relatively high, namely in the order of 0.9. Under
the condition of no water limitation, the minimum temperatures for emergence
of respectively radish, spinach, broad bean and garden beet were 3.8°, 2.6°,
3.3° and 4.3°C and the heat sums 72, 91, 130 and 95 degree.days. The results of
the minimum temperatures for emergence agree with findings of Kotowskr
(1926) who mentions a minimum of 4°C for radish and spinach, and of 4 to 8°C
for beet. In horticultural practise it is known that spinach emerges already at
fairly low temperatures. HARRINGTON (1962) reports for spinach a development
of 83 %, normal seedlings after 63 days at a temperature of 0°C and of 96%,
normal scedlings after 27 days at a temperature of 5°C. It is also generally
known that radish emerges quickly and broad beans rather slowly, which agrees
with the respective heat sums of 72 and 130 obtained by the present author.

Now T, was known, in a second approach the effect of soil moisture on
emergence could be evaluated by calculating the heat sums of all treatments,
taking into account the minimum temperature for emergence, hence (T — T,u0)
X lsp. An average soil moisture content for the first five days after sowing was
for each treatment calculated from the soil moisture data and the precipitation
records. The period of the first five days was taken to be the most important one
for swelling, initial water uptake and recommencing of metabolism of the seeds.
This is in accordance with HUNTER and ERICKSON (1952} who also believed that
the five-day seed-soil contact is the best indicator for the minimum moisture
content required for emergence, As soon as the primary roots have developed
water from deeper layers will come within reach and the seed will become less
dependent on the water content of the top soil layer.

Soil moisture measurements were usually performed on the sowing date. It
was assumed that precipitation amounts were stored in the top 5 em layer up to
field capacity and that evaporation losses were compensated for by upward
water flow.

In fig. 47 the heat sum required for 50°/ emergence in each treatment is
presented against calculated matric pressure, It is obvious that below -0.49 bar
{above pF 2.7) all seeds mentioned require a sharply increasing heat sum to
bring them to 509 emergence. This result is in accordance with the known
retardation of elongation at lower matric pressures. The variation in heat sum
needed for 509, emergence at matric pressures below —0.49 bar is large, which
may be ascribed to the large fluctuations in soil moisture content in the top 5 cm
layer, and the difficulties to obtain exact measurements of the soil moisture
content at this depth. The circled points are from the 5th sowing period which
was very dry. The broken circled points are belonging to the 3rd germination
experiment in which rainfall on the 5th day after sowing date obviously disturb-
ed the calculation of the mean soil moisture content during the first five days,
resulting in a too high mean matric pressure value for this peried.
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F1G. 47. Effect of matric pressure of the soil on the heat sum required for 50, emergence for four
vegerable crops sown in the clay and sandy loam profiles of the 0.45 and 1.65 m groundwater plots.
Circled points are from the 5th sowing period which was very dry, broken circled points are from
the 3rd sowing period with rainfall on the 5th day after sowing.

The results of the laboratory experiments are given in fig. 48A. It is clear that
at matric pressures between —0.0098 and —0.031 bar (pF 1.0 and 1.5 respectiv-
ely), the soils are too wet for good emergence. The seeds start to germinate, but
their development is too poor to yield normal seedlings. From —0.098 to
—0.49 bar (pF 2.0 to 2.7} an emergence percentage of 90%, or higher occurred.
At lower pressures —0.98 to —2.47 bar (pF 3.0 to 3.4) total emergence per-
centages again decreased. This confirms the results obtained from the ficld ex-
periments that —-0.49 bar (pF 2.7) is the critical value for emergence as regards
the dry side. From fig. 48A the mean total emergence percentage occurring
after 7 days at the various pressure treatments were derived, see fig. 48B. In this
graph also the separate total emergence values of each experiment are given,
It appears that in the second experiment total emergence percentages were
gencrally lower than in the first experiment. The reason for this can be that the
seeds in the repeats were sown in the turned over underside of the soil samples
and therefore in denser soil layers. Also a slightly larger sowing depth may have
had some influence on the total emergence percentage. By application of hori-
zontal sectioning of fig. 48A at 509 emergence, the time needed to reach this
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FIG. 48. A, mean seedling emergence of radisk in clay and sandy loam at seven conirolled matric
pressures versus lime after sowing; B, mean fotal emergence percentage occurring seven days after
sowing at the various pressure treatments for clay and sandy loam, as derived by vertical section-
ing of fig. 48 A C, time required for 50 %, emergence at the various pressure treatments, as derived
Jrom horizontal sectioning of fig. 484.

emergence stage at various matric pressures can be obtained, The result is shown
in fig. 48C indicating that the time for emergence increases rapidly at matric
pressures above —0.098 bar and below —0.49 bar.

For the sandy loam, with p, = 1320 kg.m ™3, BAKKER (1971) determined the
oxygen diffusion rate as a function of water content. At field capacity (—0.098
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bar, pF 2.0) the soil contains 37 volume per cent water and showed an oxygen
diffusion rate of 1.33 x 10~ ? kg.m~2.5~1, which is just the minimum value
necessary for emergence as found by DAsBERG (1968). This supports once more
the conclusion that for this soil —0.098 bar (pF 2.0} is the critical value for
emergence as regards the wet side,

It appears from the field and laboratory experiments that heat sums can give
a relatively accurate prediction for emergence, if soil moisture content is taken
into account.

For a fast and adequate seedling emergence both a high temperature and a
sufficient moisture content are necessary.

Under field conditions this combination is seldom reached: higher tempera-
tures are generally related with lower moisture contents and deeper ground-
water tables. To get out of this dilemma one can maintain a relative deep ground-
water table, which gives a relatively high temperature, and keeps by means of
sprinkler irrigation the sowing bed at the desired moisture content between
—0.098 bar (pF 2.0) and —0.49 bar (pF 2.7). This offers the additional advan-
tage of keeping the temperature of the seed bed low in periods when soil temper-
ature would exceed the optimum temperature for germination and emergence.
Even on the experimental field in the temperate climate of the Netherlands near
the sea coast, temperatures of 40°C and higher were in mid summer no ex-
ception in the fop layer of clay soils. Such temperatures are far too high for
germination and emergence of seeds of for example cabbage and spinach, which
have optimum emergence temperatures of 8 to 11°C, beet and cauliflower
of 11 to 18°C as well as asparagus, carrot, celery, endive, [ettuce, onion, pea,
radish and tomato all with optimum temperatures between 18 to 25°C.

A few important conclusions on the effects of drainage upon germination and
emergence can be drawn. It is known that yields of spring crops decrease when
sowing dates are later, the depressions increasing progressively with the shift in
sowing date (WiND, 1960). It is also known that owing to adequate drainage,
soils can be cultivated and sown approximately 5 to 14 days earlier (WESSELING
and vAN WK, 1957; WIND, 1963). An additional advantage of drainage is the
shortening of the germination and emergence period as a result of the higher
soil temperatures. This can be elucidated with the following example. For a
crop like spinach, which has a minimum emergence temperature of about 3°C
and an optimum temperature of 11°C, a difference in soil temperature of 1.5°C
means a shortening of the emergence period of say 199 [100/(11 — 3) x 1.5].
This can be expressed in days as follows (see eq. 92). If a heat sum of 180 degree.
days is necessary for 1009/ germination and emergence, this means that in a
shallowly drained soil with a mean temperature of 7.5°C a time ¢ of 180/
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/(7.5 — 3) = 40 days is needed. If due to drainage the temperature is raised to
9.0°C the time will be 180/{9.0 — 3) = 30 days, which gives a 10-day gain in
emergence as compared with the shallowly drained soil, assuming that enough
water for germination and emergence remains present.

4. CROP PRODUCTION
a. CALCULATION OF POTENTIAL PRODUCTION

Photosynthesis is the process with which radiant energy is converted into
chemical energy by the reduction of CO, (in the presence of H,0) to carbo-
hydrates (CH,0). This process occurs in the chloroplasts of green plants. Be-
cause energy is needed for the maintainance of the structure and the living
faculties of the plants, some of the stored carbohydrates are oxidized to deliver
the required energy by the process of respiration. The difference between photo-
synthesis and respiration is called net photosynthesis. In general three main types
of processes are of importance for net photosynthesis, namely diffusion and
photochemical and biochemical processes (e.z. GAASTRA, 1963).

The diffusion processes take care of the transport of CQO, from the external air
through the stomata and then to the chloroplasts situated in the leaf mesophyll.
Within the normal temperature range these processes mainly depend on the
difference in CO, concentration outside the leaf (C.) and inside the chloroplasts
(Co). The CO, diffusion encounters the following resistances. First the aero-
dynamic resistance between bulk air and effective leaf surface (r,), which is
assumed to be equal for all gases because air exchange is governed by turbulent
mixing (MoONTEITH, 1963). Secondly the resistance for molecular diffusion
transport through the stomata (r,). Finally the resistance (especially associated
with net photosynthesis) of the mesophyll cells (r,) for CO, diffusion,
which transport is supposed to take place in the liquid phase. Thus, except for
the last resistance, the same resistances are encountered for CO, as for water
vapour transport. The molecular diffusion resistances for gaseous CO, trans-
port {r,) are related to the diffusion resistances for water vapour (#,} by the ratio
of their diffusion coefficients: rfr, & Dy,0/Dco, = 1.8. Hence under steady
state conditions the photosynthetic flux of CO, in anology to eq. (23) can be
written as

P = — (Co — Cco,i(Fs + 1.8rg + 7)) (kgm~%s”YH (95)

As stated, in connection with eq. (25), r; represents for a single leaf the
stomatal resistance, for a crop surface, however, it represents the resistances of
both crop and soil surface,
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Radiant energy may indirectly influence the diffusion process by closing of
stomata at low radiant fluxes, increasing the value of r,.

The photochemical processes involved in photosynthesis are responsible for
the reduction of CO, to CH,O under influence of radiant energy. The solar
radiation active in these processes (R’) lies within the spectral range of 0.4~
0.7 pm, The value of R’ is about 0.5 of the shortwave radiation flux R,.

The biochemical processes responsible for the chemical reduction of CO, are
strongly temperature dependent.

The three groups of processes can be illustrated with fig. 49 (after GAASTRA,
1963), where photosynthesis () of a single cucumber leaf is shown in relation to
photosynthetically active radiation flux (R’) and the temperature at a limiting
(0.03 %) and at a non-limiting or ‘saturated’ (0.13 %) CO, concentration. From
this graph it is seen that at low values of R', photosynthetic flux P is limited by
the photechemical process (curve A). At normal CO, concentrations (0.03 %))
and high values of R’, P increases rapidly when the external CO, concentration
is raised (curve B). This means that under the conditions of curve A, CO, dif-
fusion is l[imiting photosynthesis. A change of temperature from 293 K to 303 K
has hardly any effect (curve A). At high values of R’ and CO, the same temper-
ature increasc has a strong effect (curve C) because biochemical processes then
were limiting.

GaasTRA {1963) also showed that in principle photosynthesis can be more
increased by increasing the flux of the diffusion process (which is commonly

photasynthesis
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F1G. 49. Photosynthetic flux of a cucumber
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a ‘saturated’ (0.13%,) CO, concentration at é_ _i, 1'0 1'5 210 2]5
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done in greenhouses by increasing CO, concentrations of the air) than by in-
creasing the radiation flux.

Generally the relationship derived for leaves also holds for leaf canopies, with
differences, however. For instance, as a result of the mutual shading of leaves,
the saturation level of radiant fluxes lies much higher than for single horizontal
leaves. Furthermore a leaf canopy is not equivalent with a large horizontal leaf
as it consists of leaves spatially arranged at various angles, causing a lower
reflection and by means of a better radiation distribution a more efficient uptake
of the incident radiation flux. The uptake efficiency depends on factors like
number, size and spatial arrangement of the leaves, transmission and reflection,
solar altitude and cloudiness (DE WIT, 1965). Based on radiation and leaf distri-
bution functions, the latter author combined the variables mentioned in a model
which makes it possible to calculate for any date and place the daily potential
photosynthesis of a crop. This approach gives the investigator interested in
actual crop problems a valuable standard with which he can weigh various
measures, as for instance change in groundwater table depth, in soil profile, etc.
The procedure of De Wit can be summarized as follows., For the Netherlands
{52°N latitude) the variation in average photosynthetically active radiation flux
on cleardays (R, = 0.5 R°) over the year is shown in fig. 50A. The average photo-
synthetically active radiation flux on overcast days (R)) is assumed to be 0.2R..
With thesedataand certainradiation and leaf distribution functionsheevolved, De
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Fi1G. 50. A, annual variation in average photosvnthetically active radiation flax R’ on clear days
Jor latitude 52°N; B, the average potential photosynthetic flux of a eanopy with a leaf area index
of 5 and an aerodynamic resistance v, of 50 s.m =" for clear days P, and overcast days P, in rela-
fion to average photosynthetically active radiation R’ for latitude 52°N (derived from data of
De WiT, 1965},
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Wit calculated the average potential photosynthetic flux of a canopy under stan-
dard conditions for both clear and overcast days. The results are summarized in
fig. 50B. From this graph it can be seen that the average photosynthetic flux on
overcast days P,(kg.m 2.5~} is not 0.2 times the average flux on clear days P,
but about 0.5 P,, which is due to the better radiation distribution on these days.

The average photosynthetically active radiation flux on an arbitrary day (R") is
taken to be equal to 0.5 R;. Reading at this value in fig. 50B gives the values of
P, and P,. The mean fraction of time the sky under the actual conditions is
overcast, A is found from

A =(R, — R)/(0.8R)) (96)
The mean potential photosynthetic flux (F,,) is then obtained by:
P,,=AP, +(1 - AP, (kg.m~2s™1) (97

This mean potential dry matter production rate (P,,) refers to conditions
with a leaf area index of 5 (which means a closed green crop), optimum water
supply and r, = 50 s.m™ 1.

RuTeMa and ENDRODI (1970) have calculated with the aid of eq. (95) photo-
synthetic fluxes (P,) at other values of r, relative to the photosynthetic fluxes
(P)) at r,=50sm~'. Then P,jP, = [A,Ceo,/(r, + 1.8r; + r)l/[A:Cco,/
(50 + 1.8r, + r,)]and assuming A, Cep, = 8,Cp0, gives Py /P, = (50 + 1.8+
+ ri(r, + L.8r; + r,). Reading from fig. 12 of DE Wit (1965) P values at
different r, values, they came for the conclusion that if r, for the conditions of
optimum water supply may be taken to be zero, the r,, value of the standard
crop is 440 s.m™'. Hence for r, values different from 50 s.m~!, the P, value
has to be multiplied with the ratio of the sum of the resistances of the standard
crop {50 + 440 = 490) and the sum of the resistances of the actual crop (r, +
L.8¢; + 440). This gives:

P = [490/(r, + 1.8r, + 440)] P, (98)

where r, is the resistance of the leaf canopy and is obtained from evaporation
data.

Under natural field conditions potential photosynthesis will never be reached.
One of the reasons is that during the beginning of the growing period photo-
synthesis is only performed by the area fraction of soil covered (S5,). Another
reason is the loss in dry matter production by respiratory processes. Whereas
photosynthesis reaches fairly early at increasing temperatures a rather flat
topped maximum (and decreases at still higher temperatures), respiration re-
mains increasing to a point where all physiological processes of the plant stop.
Net photosynthesis will therefore rather quickly increase with increasing tem-
peratures to a rather sharp maximum, then more slowly decreasing again. For
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a discussion on the effects of air temperature, source and sink relationships, and
ageing of leaves on net photosynthesis, see BierHUIZEN (1970). The composite
effect of all this can be summarized by the introduction of a reduction factor
(2pn). Introduction of S, and «,, in eq.(98) then yields for the actual photosynthetic
flux (Ru1EMA and ENDRODI, 1970) with the stipulation of an optimum nutrient

supply:
P = 490/(r, + L.8r, + 440) 0., S.P,, (kgm 2571 99)

where r,, still determined from evaporation data, now only consists of the sum
of the first two resistances () and (r,) of eq. (25}, as the effect of partial soil
cover r, is incorporated into §,.

Various authors calculated a,, or have given data from which it can be derived.
So for instance SiBMA (1968), who analyzed a number of agricultural crops
grown under optimum conditions of water and nutrient supply. He concluded
that in the Netherlands a green crop surface from the time the soil is completely
covered until maturity, produces on the average about 225 kg.ha~'.day~!.
From fig. 25a as given in DE WIT (1965) it can be derived that for the main
growing period from May to October the potential production rate is about
320 kg.ha~'.day~'. This means for Sibma’s data an «,, factor of about 0.7.
RuirTEMA and ENDRODI (1970) calculated for potatoes an a,, of 0.68. GAASTRA
(1963), quoting data from field experiments by Thomas and Hill (1949), reports
average daily a,, values of alfalfa varying from 0.51 to 0.65 and for sugar beet
varying from 0.67 to 0.71.

As discussed in section IIIB-3d-2 low radiation fluxes cause closing of the
stomata (r, increases) and hence both evaporation and photosynthesis are
reduced. The same holds when the stomata close as a result of a low water head
in the leaves, resulting in an increase of r,. For extensive discussions on the
influence of water potential on photosynthesis the reader is referred to SLATYER
(1967, 1970), CowaN and MILTHOREE (1968), CRAFTS {1968) and KRAMER (1969).
Generally, the influence of closing of stomata will be larger on evaporation than
on photosynthesis, because CO, diffusion is controlled by the additional meso-
phyll resistance, r,, (sec ¢.g. GAASTRA, 1963), which has a large value (440 s,m~1
for the standard crop of DE WiT, 1965),

With the use of eq. (99), the maximum production rates of the crops red
cabbage, dwarf French beans and celery were calculated. These rates were
compared with the dry matter production rates obtained from periodical
harvests. The relationships between real and calculated production rates were
analyzed by linear regression of measured on calcateuld production, from
which the reduction factors «,, were derived.

It should be noted that the calculations refer to total dry matter production
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{shoots plus roots). Therefore, at the periodical harvests an estimation was
made of the shoot/root ratio and after conclusion of the experiments the change
of this ratio with time was determined. The ratios were estimated on the sandy
loam where the roots could easily be clean-harvested. The ratios for the other
profiles were approximated from the sandy loam data taking into account the
measured differences in rooting depths. For red cabbage on sandy loam a con-
stant (shoot plus root)/(shoot) ratio of 1.11 proved to be valid during the grow-
ing season. The same ratio did hold for the cabbage grown on clay on sandy
loam, which crop had an effective rooting depth of 0.40 m similar to that in the
sandy loam. In accordance with the larger effective rooting depth in the clay
profile (0.60 m), a ratio of 1.13 was here adopted. For dwarf French beans with
rooting depths about equal on all profiles (0.20 m), a (shoot plus root)/(shoot)
ratio of 1.08 was found. For celery the rooting depth was also equal in the three
profiles: about 0.25 m. As various cuttings were made the shootfroot ratio
varied during the growing season. However, it appeared that total root produc-
tion was about 24 %, of total shoot production.

The results of the calculations for the three crops, as presented in fig. 51, will
now be discussed successively.
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b. CALCULATION OF RFAL PRODUCTION

Red cabbage. Tn order not to destroy too many plants with the weekly harvests,
each time only one plant of each object was harvested. 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 in
fig. 51A. The obtained reduction factors ¢, of the single as well as of the com-
bined objects, are summarized in table 16.

The calculated «,, values are lower than those found by the earlier mentioned
investigators for other crops. This may be due to the following reasons. From
fig. 51 A it is seen that in the beginning period the production rate of the cabbage
on clay is delayed as compared with the other profiles. In this period the evapo-
ration of the cabbage on clay was reduced because of lack of water and this
consequently led to the development of an internal water deficit and an increase
in the surface resistance r,. CaTsky (1965) found that a decrease in water
potential was directly proportional to the resulting decrease in photosynthetic
rate. He also remarked that this slowing down of photosynthesis developed
faster in older than in younger leaves.

TaRLE 16. Slope (x,,), correlation coefficient () and standard deviation (0.1 kg.m~?) from
regression (S,,, and Sa,,) for regression of measured production (P} on calculated production
(P.a..) of red cabbage grown on the three profiles of the 0.90 m groundwater plot (1967}

Profile . r Sy.x Sapn
Clay 0.51 0.99 0.543 0,012
Sandy loam 0.40 0.97 0.838 0.014
Clay on sandy loam 0.56 0.98 0.875 0.017
Pooled objects* .51 0.96 0.950 0.012

* without the last 6 data of fig. 2A for the sandy loam

For cabbage grown on sandy loam the contradictory is true. The development
is fast in the beginning, but slows down around the end of August and almost
ceases in antumn (fig. 51A). This feature is also mentioned by VAN DER VALK and
NicoLAT (1969) for red winter cabbage and by vaN DER VALK and SCHONEVELD
{1963) for savoy cabbage. They report for instance that the exterior leaves of the
latter crop went vellow-green to yellow on the sandy loam profiles, but re-
mained green on the clay profiles, The yellowing of leaves (first seen in older
leaves) is a condition associated with severe proteolysis without concurrent
synthesis, and the decrease in chlorophyll content is a clear visible symptom of
nitrogen deficiency (STEwARD, 1963), The high rate of photosynthesis of red
cabbage on sandy loam in the early stages of growth is accompanied by an up-
take of considerable quantities of nitrogen. This in combination with the leaching
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processes during wet periods, makes that available nitrogen on the sandy loam
profiles is soon lacking. The effects of N-deficiency are premature ripening of
the heads and earlier ageing of the leaves. Similar effects were reported for
early cauliflower grown in dry periods on clay soils (vAN DER VALK and SCHONE-
VELD, 1963). The higher «,, values found for cabbage grown on clay on sandy
loam are probably due to the combination of a better nitrogen availability in
the top soil with a favourable water availability in the subsoil.

Another important reason for the relatively low o, factors found for red
cabbage may have been an air deficiency in the later stages of growth. Heavy
rains in autumn caused the groundwater tables to rise above the, rather deeply
lying, zones with largest root activity {(see ITIB-3d-4). The profiles of the 0.90 m
groundwater plot are, depending on the meteorological conditions, both sen-
sible for desiccation as well as for water excess. This feature will be discussed in
section d of this Chapter.

Dwarf French beans. For this crop an average reduction factor (a,;) of 0.67 was
found for the combined objects (fig. 51B). This value is in agreement with the
previous reported literature data. This indicates that the environmental circum-
stances were fairly optimum, which was the more easily the case as it is known
for dwarf French beans that in the stages before flowering the soil in the root
zone can dry out to — 1.4 bar (pF 3.6) without the crop showing any reduction
in final yield. During the flowering and further growth stages of beans, a slight
desiccation of the soil strongly reduces vields (see FEDDES, 1969b). The desiccation
limit for these stages appears to be —0.2 bar (pF 2.3). Because of the frequent
rainfall occurring in 1968 during and after the flowering stage, the matric pres-
sure limit of —0.2 bar was not reached. Under these wet conditions it could be
expected that poor aeration would have damaged the crop and in this way have
reduced production. From measurements of O, and CO, concentrations at
depths of 0.125, 0.25 and 0.40 m on August 19, 1968 in the clay and sandy loam
of the 1.20 m groundwater plot, it appeared that the lowest O, concentration
measured on the sandy loam was 11.5% (CO; value 4.3%). This low O, con-
centration was caused by ponding after a sequence of heavy rains (see fig. 31).
This could have been the cause of the low «,, value of 0.52 found for the 1.20 m
sandy loam (fig. 51B). DasBerG and Bakker (1971), however, have shown in
pot experiments that reducing the O, concentrations at the soil surface from 21
to 11 9, had no significant reducing effect on bean growth. On the other hand the
authors pointed out that dry matter production was strongly affected by dry
bulk density. From density measurements of the top layers at the experimental
field it could be shown that the p, values of the 1.20 m sandy loam were higher
than those of the 0.70 m plot, which may explain the low ,, value found for the
1.20 m sandy loam.
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Celery. The results of the regression analysis for celery are presented in table 17
and fig. 51C. For the growing season as a whole for the combined objects a
mean o, of 0.52 was obtained. The standard deviation from regression S, ,
(0.1 kg.m~2) was about twice as high for the fields as for the lysimeters. This
was caused by the very irregular soil coverage on the field plots, which feature
was already discussed in section TIIB-3d-3.

TaBLE 17. Results of the regression analysis for celery grown on the three profiles of the 0.70
m and 1,20 m groundwater plots (1969). The figures in brackets are values valid after a re-
covery period of 1 to 2 weeks after the cut

Oy r Syux Sagn
6 lysimeters 0.51 0.99 0.654 0.009
6 field plots 0.53 0.94 1.049 0.020
12 pooled obijects 0.52 0.97 0.867 0.009
Ist cut lysimeters 0.54 0.91 0.473 0.0221
2nd cut lysimeters 0.53 (0.61) 0.86 (0.86)  0.263 (0.256)  0.0131 (0.0148)
3rd cut lysimeters 0.42 (0.48) 0.57 (0.85) 0.306 (0.199)  0.0159 (0.0119)

The low reduction factor «,, can be partly explained by considering the
decreasing a,, values of the separate cuttings (see table 17, Ist, 2nd and 3rd cut
lysimeters).

Just as red cabbage, the celery on the sandy leam abjects, contrary to celery
on the other profiles, showed nitrogen deficiency symptoms (vellowing of the
leaves) during the very wet seccond part of August 1969. Yellowing occurred as
well on the clay as on the clay on sandy loam high groundwater plots. In the
beginning of October, the leaves of celery on all profiles of all plots became
yeliow, resulting in a low «,, value of 0.42. The final effect was that the overall
o, value was low.

The yield calculations were performed for maximum production over the total
growing period. However, during the periods just after cutting, some time (about
1 to 2 weeks) is needed for the formation of new leaves and photosynthesis in
this period must be very low. If these periods are neglected in the calculations,
as is scientifically correct, the «,, of the second cut increases from 0.53 to 0.61,
and the e, of the third cut increases from 0.42 to 0.48 (table 17).

It must be emphasized that to obtain real production the calculations ought
to embrace the whole growing season,
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€. CALCULATION OF WATER USE EFFICIENCY

Under water limiting conditions it is important for a grower to know what is
the minimum amount of water needed to ensure a maximum production of a
certain crop, i.e. to know the efficiency of water use. As a measure of efficiency
the amount of water used per unit of dry matter produced (kg.kg~1), called the
‘transpiration ratio’ (E/P), generally is taken. This ratio will give within a cer-
tain climatic region a reasonable idea of the water requirement of a crop.
Application of the ratio obtained for this crop to other climatic regions gives
poor results, however. DE WiT (1958) has pointed out that the differences in
radiation (which determines both evaporation and photosynthesis) between
different climatic regions must be taken into account. In first instance he con-
cluded that in arid regions, where shortwave solar radiation flux is high and not
restricting evaporation, EfP would be more or less proportional to the mean
evaporation flux of open water E, (m.day~!) over the growing season. How-
ever, as the scatter in the data remained large De Wit showed that, based on a
proper statistical evaluation of the data, not E/P should be plotted against E,,
but P should be plotted against E/E, (m.m~'.day). For low radiation fluxes as
occurring in temperate climates, he found that E{P remains about constant with
radiation and that for these regions the length of the growing season should be
included by plotting P against total amount of evaporated water during that
period E (m), De Wit also showed that these (linear) 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 photo-
synthesis in the same way.

A review of the relationships between nutrition, production and water use
efficiency has been given by VIETs (1962). Improvement of the E/P ratio by
reducing E through application of antitranspirants has been reviewed by GGALE
and HaGan (1966).

BierHUIZEN and SLATYER (1965) have shown that evaporation from leaves is
finally determined by the mean vapour pressure deficit and that net photo-
synthesis is finally determined by the mean carbon dioxide concentration differ-
ence, In the field, where more or less constant CO, concentrations prevail (see
BrowN and ROSENBERG, 1970), the observed variation in E/P between different
climatic regions then will be mainly due to differences in mean vapour pressure
deficit (e} — e,), rather than to radiation differences as mentioned by De Wit.

In the present study the procedure of Bierhuizen and Slatyer was applied to
red cabbage, dwarf French beans and celery, but instead of plotting E/P against
(e* — e,), production P was plotted against Ef(e} — ¢,). Because interception
of precipitation reduces evaporation of the crop this effect was accounted for
by the approximation (see RUTEMA and ENDRODI, 1970):
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where £ is the evaporation flux of a non-wetted crop surface. The results of the
calculations are shown in fig. 52. The scatter of the data for red cabbage is
mainly caused by the periodical harvests of only one plant per week. It is seen
from fig. 52A that the ceasing of growth on the sandy loam is not a result of
water deficiency, but of another factor (e.g. nitrogen deficicncy) which limits
growth. For the cabbage grown on sandy loam production is limited at
about 103. 10* mm H,O.bar~!. On the other profiles production was not
yet limited. The same was true for dwarf French beans and celery. The slopes
of the lines in fig. 52 give the water use efficiency expressed in kg.bar.mm
H,0~!. Tt follows that of the three crops the water use efficiency of dwarf
French beans is highest, followed by celery and then red cabbage.
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d. INFLUENCE OF GROUNDWATER TABLE DEPTH
[. Optimum amount of available water

Much is known about the influence of groundwater table depth on production
of different crops. The results of the investigations differ widely from each other,
however. This is partly due to differences in experimental procedures, but un-
doubtedly the main reason is the variation in eavironmental conditions, like
weather regime and soil type for instance. Extensive reviews on influence of
groundwater depth have been given by WESSELING and vaN Wik (1957), vaN
T WoubnT and HAGAN (1957), and van DEr Moren (1969).

Visser (1958) presents for seven soil types the average relative yields which are
obtained at average groundwater table depths occurring during the growing
season. Yield depressions at high water tables are due to lack of aeration, yield
depressions at deep water tables are due to lack of water. The optima of the
curves shift to higher water tables in dry years and to deeper water tables in wet
years. The effects of high water tables on aeration have been discussed by Wes-
SELING (1957), while the effects on crop yield have been treated by SIEBEN (1964).
The harmful influence of Aoeding upon yield of grass has been dealt with by
BAKKER (1967).

In the Netherlands a number of groundwater level experimental fields have
been established to investigate the influence of comstant groundwater tables
upon yield of crops. For arable crops the reader is referred to HooGHouDT
(1952) and van HoorN (1959), for grass to MINDERHOUD (1960) as well as
HoocerkaMP and WOLDRING (1963), and for fruit trees to SEGEREN and VISSER
(1969).

Because of changes in weather conditions the relationship between vield and
groundwater level differs from year to year and it seems of little use to make this
comparison for years on end.

It was shown that for a certain production of dry matter a certain amount of
water has to be evaporated. If one knows the maximum amount of water that
has to be evaporated to ensure maximum production, one can consider if, under
the prevailing circumstances, this required amount of water is available, The
availability of water in any growing period is partly determined by the amount
of precipitation and partly by the amount of water that can be delivered by thesoil.

Now, as mentioned in section II1A-6 fresh yield of most horticultural crops
is already being reduced at water pressures lower than —0.4 bar (pF 2.6), which
means that the amount of soil water available for evaporation should be cal-
culated taking this limit into account. Doing this, the amounts of water available
in the soil at different groundwater table depths were calculated for different
lengths of growing period (table 5).
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The hydrological properties of the three profiles were determined on the
0.90 m plots. It appeared, however, that the composition of the sandy loam
layer in the clay on sandy loam plot did show a local aberration from the com-
position elsewhere on the field. Therefore the hydrological properties of the
‘normal’ sandy loam were used in the calculations for the other clay on sandy
loam profiles.

Adding to the amounis of water available in the soil the amounts of fallen
rain, the total amount of water available for evaporation during the growing
period is obtained.

For red cabbage the fresh yields measured on all profiles of all groundwater
plots were compared with the total amounts of water available at each object
(fig. 53). Fresh yields instead of dry matter yields were used as a measure for
production, because they are of most interest for the market gardener. It should
be remembered, however, that it is from a scientific point of view better to
compare dry matter production with the amount of available water, since at the
high groundwater table plots often a lower dry matter percentage was found
than at deeper water tables.

In this type of relationships the scatter of the data may be expected to be rather
large, because the distribution of rainfall over the period in question is not in-
cluded in the parameter of total amount of available water, So for instance in the
first half of the growing period of red cabbage (June 21 to August 29, 1967) total
rainfall was only 58 mm. A lesser amount falls in this period on the average only
once in 5 to 10 years. This means that this particular period can be considered to
have been very dry. In the second half of the period (August 30 to October 31)
total rainfall was 220 mm, which amount is in this period on the average ex-
ceeded only once in 10 years and this period can be considered to have been very
wet. From such amounts undoubtedly surplus rainfall will have been drained
away and will not have become available for evaporation.

Such features are reflected in the circled points of fig, 53, which all concern the
0.90 m groundwater plot. Slight changes in the 0.90 m groundwater table depth
induced either dry or wet symptoms; compare tabie 5 where it is seen that with
relatively small changes in the 0.90 m groundwater table depth the amounts of
available water change considerably.

From fig. 53A it can be seen that for a total amount of available water of
about 365 mm a maximum fresh yield production is obtained. Left of this
maximum, production is reduced by water shortage and to the right excess of
water reduces production. Fresh vield production in relation to mean ground-
water table depth is shown in fig. 54. The scatter in the data in this graph is
uncomfortably large, and from such graphs optimum groundwater table depths
can only be estimated very roughly.
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FI1G. 53, Dependence of fresh yield of red cabbage, potatoes and leitiuce, as measured on the three
prafiles of all groundwater plots, on total amount of available water,
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VAN DER VALK and Nicoral (1969} have published curves of vield versus
mean groundwater table depth for potatoes grown on the experimental field
in 1959 (Bintje) and in 1963 to 1965 (Eersteling). It appeared that in the extrem-
ely dry year of 1959 on the clay and the clay on sandy loam maximum yields
were obtained at a water table depth of about 0.35 to 0.40 m below surface, For
the sandy loam maximum yields were obtained at a water table depth of about
0.70 m below surface. For 1963 the maxima shifted to deeper water tables: for
the clay and clay on sandy loam to about 0.80 m and for the sandy loam to
about 1.05 m below surface. In fig. 53B fresh tuber yields of potatoes are plotted
against the total amounts of available water. The scatter in the data is partly
due to the few measured groundwater table depths on which the calculated
amounts of avatlable water are based. As has been done in fig. 53A the deviating
yields of the 0.90 m groundwater plot are circled. The previously mentioned
authors have commented that the regular increase of yields on the sandy loam
occurring during the consecutive years, may have been caused by a gradual im-
provement of the nutrient status of the profile.

The scatter in the data given in fig. 53B was not improved by plotting dry
matter production against the ratio of total available water to mean open water
evaporation. Nor was an improvement obtained by plotting relative production
(P(P,,) versus the total amount of available water.

As an estimate, it seems from fig. 53B that about 310 mm water is needed for
maximum potato production under the prevailing climatic conditions. This
agrees with the water use necessary to obtain maximum dry matter production
as found from seven years of experimental data (RuUTEMA and ENDRODI, 1970).
Van Duin and ScHoLTE UBiNG (1935) found from field experiments with pota-
toecs grown on sandy soil over the period 1940 to 1950, that no depression in
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yield occurred when total potential evaporation minus total available water over
the entire growing season lay between 0100 mm. This corresponds for the cli-
matic conditions in the Netherlands with a total available amount of water lying
between potential evaporation of the crop (£,) and 0.75 E,, where E, was cal-
culated according to PENMAN and ScHOFIELD (1951). It can be derived from
correlation of cumulative sunken pan evaporation at the experimental field,
with calculated cumulative open water evaporation at Den Helder, that the
average total sunken pan evaporation during the growing seasons of the years
1959 and 1963 to 1965 was about 407 mm. If potential evaporation over the
srowing period is taken to be equal to open water evaporation, then 0.75 E, =
305 mm which is rather close to the value of 310 mm derived from fig. 53B.

Finally the experimental data of vaAN DER VALK and NicoLa1(1969) concerning
lettuce grown in 1961 and 1962 (Meikoningin) and in 1963 (Blondine) were
analyzed, the results are shown in fig. 53C. Taking into account the remarks
made above on the scatter of the data, it is seen that maximum yields of lettuce
occur at about 200 mm of total available water.

2. Lowest admissible water table depth

Having obtained the optimum amounts of available water for the crops, the
maximum groundwater table depth over a period in which the critical value of
the total amount of rainfall is known, can be calculated for each crop and each
profile. This was done with the aid of the frequency distribution over 103 years
of the rainfall depth of k consecutive days at Den Helder (KNMI tables, 1958).
For the treatment of precipitation frequencies, see StoL (1965/66}.

For red cabbage the beginning of the growing season was taken at June 1 and
the growing period was assumed to be 130 days (k). For potatoes these data
were April 16 and &k 90 days and for lettuce April 1 and & 60 days respectively.
The total rainfall amount which in a period of k consecutive days is on the
average once in j years less than a critical value ¥, can be derived from the men-
tioned KINMI tables. Subtracting the critical value of rainfall amount from the
total optimum amount of available water, yields the amount of available soil
moisture required for maximum production. Then with the aid of table 5 the
lowest groundwater table depth to be admitted for maximum production can
be obtained by means of interpolation, The results are presented in table 18,

A striking feature of table 18 is that per profile, despite differencesin crops, in
lengths of growing periods and in frequency distributions of amount of rainfall,
the deepest admissable water table depths do not differ very much. The reason
for this is that the amounts of available water change considerably with slight
changes in groundwater table depths around 0.90 m below surface.
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TABLE 18. The lowest groundwater level to be admitted to ensure maximum production, when
the total rainfall amount in a period of & consecutive days is less than the critical value ¥
on the average once in j years

Total opt  Opt. amount

j  Risk amount of  of available [owest groundwater level m below soil

available  soil moisture surface
water
years % mm mm mm clay sandy loam clay on sandy loam

RED CABBAGE (& = 130, from June 1)

2 50 257 365 108 1,14 1.20 1.04

5 20 207 363 158 1.03 1.11 0.97

10 10 183 365 182 1.00 1.08 0.94

100 1 140 365 225 0.95 1.04 0.92
POTATOES (k¥ = 90, from April 16)

2 50 123 310 187 0.92 1.03 0.90

5 20 90 310 220 0.89 1.00 0.87

10 10 66 310 244 0.88 0.98 0.85

100 1 48 310 262 0.87 0.98 0.84

LETTUCE (k = 60, from April 1)

2 50 7 200 129 0.94 1.04 0.88

5 20 48 200 152 0.90 1.01 0.86

10 10 40 200 160 (.89 1.00 0.85

100 1 26 200 174 0.88 0.98 0.84

Generally speaking the sandy loam requires deeper groundwater levels than
the other two profiles, which agrees with practical knowledge.

3. Highest admissable water table depth

It is to be noted that also a highest admissable water table depth exists, de-
pending on the aeration requirements of the crop. VAN DER VALk and NICoLAL
(1969) mention an air content of 15 vol. %, as being the critical limit for yield
depressions of a number of vegetable crops. High water tables can moreover
have a destructive effect on soil structure, lesser nitrogen availability, limit
working possibilities, induce diseases and weed growth, etc.

After the treatment of the influence of high water tables on soil temperatures
(Chapter IV), the importance of the effect of soil temperature on germination
and emergence was shown {(Chapter V). GROBBELAAR (1963) and BIERHUIZEN
(1968) have found that low soil temperatures also might have an unfavourable
influence upen photosynthesis of a crop.

By making use of the mentioned frequency distributions of rainfall, and with
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a similar calculation method as explained in the preceding section, also a highest
admissable groundwater level to ensure maximum production can be calculated.
The results are presented in table 19. From this table it is seen that red cabbage
requires rather deep water tables on all profiles if a risk of 209 or less is taken.
For earlier crops like potatoes and lettuce, rather high groundwater tables can
be admitted, even when adopting a risk of 10%/, i.e. when a rainfall amount y
or more is expected to occur once in 10 years. The conclusion that in the Nether-

.lands late crops, as red cabbage, desire deeper water tables than early crops,
as potatoes and lettuce, is in agreement with statements made by vAN DER VALK
and Nicora1 (1969). This is a logical consequence of the fact that early crops are
in the Netherlands grown in periods with generally less rainfall than late crops
are.

TaBLE 19. The highest groundwater level to be admitted to ensure maximum production,
when the total rainfall amount in a period of & consecutive days is equal to or greater than the
critical value ¥ on the average in j years

Total opt. Opt. amount
amount of  of available

j Risk ) .
/ Y available waterinthe Highest groundwater level m below surface
water soil
years % mm mm mm clay sandyloam clay on sandy loam

RED CABBAGE (4 = 130, from June 1)

2 50 257 365 108 1.14 1.20 1.04
5 20 317 365 48 1.60 7 1.90 1.29
10 10 374 365
100 1 454 365
POTATOES (& = 90, from April 16)
2 50 123 310 187 0.92 1.03 0.90
5 20 154 310 156 0.96 1.06 0.92
1¢ 10 184 310 126 1.02 1.11 0.96
100 1 263 310 47 1.56 2,00 1.23
LETTUCE (k = 60, from April 1)
2 50 71 200 129 0.94 1.04 0.88
5 20 102 200 98 1.01 1.11 0.92
10 10 117 200 83 1.07 1.17 0.96
100 1 165 200 35 1.85 1.50

4, Optimum water table depth

Of special practical interest is not only a knowledge of the lowest and highest
admissable groundwater table depths, but also of the optimum depth for crop
growth. An approach to determine this depth would have been to estimate with
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the aid of available rainfall data, of the last hundred years say, the total amounts
of water which per profile were available to the crop in each year at each ground-
water table depth. Knowing these data and using fig. 53, estimates of the yiclds
which in theory would have been obtained in each year on each object can be
made. From these theoretical production data over the last 100 years, mean
values can be taken, and the optimum water table depth for a specific crop
grown on a specific profile could have been derived.

To avoid this time-consuming procedure, another line of attack was taken,
which can be shortly summarized as follows:

— The amount of soil water available for a crop in a certain profile at a certain
groundwater table depth during a fixed growing period is known from cal-
culations as mentioned in section ITIA-6 (see also table 5). From fig. 53 the
yield corresponding with this amount of water can be obtained, this being the
yield in a sitvation of zero rainfall.

— The interval on the ordinate of fig. 53 between this yield and maximum yield
is divided in (preferably) equal parts, giving a number of yield classes.

- For each of these yield classes, (one or two) corresponding classes of total
amounts of available water can be read from fig. 53. By subtracting the known
amount of available soil water from the lower and upper total amounts of
available water, the (one or two) classes of additional water to be supplied
by rain, are obtained.

— With the aid of the rainfall depth frequency distribution of £k consecutive days
the frequencies of occurrence of a rainfall amount within the specific classes
of additional water, can be obtained.

— These frequencies are the frequencies of occurrence of yields within the
corresponding yield classes.

— By adding the frequencies of the various yields within the specific yield
classes, the cumulative relative frequency curve of yield for each groundwater
table depth can be obtained.

- By application of horizoental sectioning of this family of curves, the relation
between yield and groundwater table depth can be given for specific frequen-
cies of exceedance.

— When, for similar environmental conditions, these curves are used for predic-
tion purposes the frequencies can be taken to be probabilities of exceedance.

Some of the results of this procedure are presented in fig. 55, where curves for
several probability levels of exceedance are drawn.

FiG. 55. Dependence of fresh yield of red cabbage, potatoes and lettuce grown on clay, sandy
loam and clay on sandy loam respectively, on groundwater table depth over the growing season at
Jfive probability levels of exceedance.
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It can for example be seen that for potatoes grown on clay on sandy loam at
a groundwater table depth of 1.20 m over a period of 90 days starting from
April 16, a yield of 3.1 kg.m~? (31 ton.ha—?!) or more can be expected with a
probability of 20 %, or once in 5 vears. It also appears that there is a probability
of 50%;, or once in 2 years, that at a groundwater table depth of 0.90 m the yield
will be 4.9 kg.m ™2 (49 ton.ha™!) or more. This depth is the optimum water
table depth for all probability levels for potatoes grown on the clay on sandy
loam profile. The curves of these probability levels are running almost horizon-
tally at groundwater table depths larger than 1.20 m, indicating that below
1.20 m marked differences in yields are not to be expected.

The other given results show that the optimum water table depth for red
cabbage on clay is about 1,00 to 1.10 m, on sandy loam 1,10 to 1.20 m and on
clay on sandy loam 0.90 to 1.00 m; for potatoes on clay (and clay on sandy loam)
0.90m and on sandy loam 1.00 m; for lettuce on clay 0.90 m, on sandy loam
1.00 m and on clay on sandy loam (.80 to (.90 m.

Looking for the same crop at for example the 509, probability curves, it is
clear that at deeper groundwater tables, the sandy loam profile carries less risk
in production than the clay profile. This last profile in its turn, carries less risk
(for red cabbage much less risk) than the clay on sandy loam profile.

From the slopes of the curves towards deeper groundwater table depths, it is
seen that the clay on sandy loam profile is more suscepiible for water table
drawdowns below the optimum Ievel than the clay and the sandy loam profile,

The sharper the top of the probability curves, the more difficult the choice of
the groundwater depth to be taken will be. In general, taking into account the
irregularities of rainfall distribution and the shape of the curves around their top,
it is to be advised to maintain groundwater Jevels at depths that are somewhat
lower than those corresponding with the top of the probability curves (see for
example the 509, probability curve of red cabbage on clay).

It is thought that with this approach there is a possibility to solve the problem
of determining the total amount of water required for maximum crop production
and, where relevant, to decide on the optimum groundwater table depth then
necessary.
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SUMMARY AND CONCLUSIONS

To a large extent the results of a farmer’s efforts to get higher crop yields will
be determined by the prevailing environmental conditions, i.e. by the existing
complex of physical, chemical and biological factors. The possibilities of an
efficient use of these factors are enlarged by our knowledge of their effects on
agricultural production. Such knowledge is in first instance mostly gained from
practical experience or field experiments often giving, however, only empirical
information of local value.

To apply local results with success to analogous problems in other regions a
fundamental treatment of research data is necessary, by which the occurring
phenomena and processes can be analyzed more objectively,

In this paper attention has mainly been paid to the effects of the physical en-
vironmental conditions on plant development. As local research object, part of
the economically important horticultural region of Geestmerambacht was taken,
situated in the Netherlands in the northern part of the province of North-Holland,

This area is partly covered with heavy sea clay soils under insufficient water
management, resulting in a one sided cropping pattern, This together with a
fragmented parcelling and a poor accessibility makes cultivation of profitable
intensively managed crops difficult.

To investigate, in connection with an integrated land consolidation program
for the region, the possibilities of improving the soif profile and the water manag-
ement a groundwater level experimental field was laid out (Chapter II). On the
experimental field ten different constant groundwater table depths were realized
in three soil profiles, namely the original heavy clay soil and two improved clay
soils: a sandy loam and a clay on sandy loam. Previous investigations on this
field had the purpose of finding relationships between vield of a number of
vegetable crops and mean optimum groundwater table depth during the growing
scason. Due to changes in weather conditions the results differed from year to
year. It was therefore decided to apply a more fundamental treatment to the en-
countered problems by considering by means of mass and energy balance
approaches what happens to the mass and energy fluxes in the soil-plant-
atmosphere system.

Because the experimental field did not lend itself to water balance studies, a
special type of non-weighable [ysimeter was developed in which the same water
table could be maintained as in the surrounding field, including the fluc-
tuations. Lysimeters were installed in the profiles of the 0.90 m and 1.20 m
groundwater plots (Chapter IT).
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Before dealing with the influence of physical conditions on crop growth,
attention was paid to the evaluation of the physical properties of the system by
which the transport processes are determined. Chapter III deals with the factor
water, Chapter IV with the factor heat.

In Chapter I1IA the transport of water in the unsaturated zone has been treat-
ed. To describe the state of water in the soil the energy concept has been used
and the various terms involved have been discussed. The soil moisture retention
curves were determined in the laboratory. Changes of soil moisture content with
depth and time in the field were followed mainly by the gamma transmission
method as well as by sampling with undisturbed soil cores. With the gamma
transmission method an accuracy in the range of 0.5 vol. % could be obtained
by expressing the mass densities of the soil components as an equivalent ‘elec-
tron’ density of water and by applying corrections for distance deviations and
non-parallelism of the gamma access tubes. Because of large variations in the
dry bulk density of the various lavers, a relationship between moisture content,
matric pressure and dry bulk density was developed, from which moisture re-
tention curves at various dry bulk densities could be derived. This provided a
method to be less dependent on the differences in dry bulk densities between the
individual samples, especially in the gravimetric sampling procedure.

Hydraulic conductivity data were determined both from laboratory experi-
ments as well as from measurements in the field in dry periods. The results
compared favourably well with each other. Having evaluated the hydrological
properties of the soil, relationships between flux, matric head and height above
the groundwater table could be given. Also the influence of surface evaporation
on drawdown of the groundwater table, assunting certain boundary conditions,
was theoretically evaluated. It appeared that the calculated groundwater depths
agreed reasonably well with groundwater depths found in similar soils in arid
zones. Moreover it could be shown that the evaporation flux decreased roughly
with the square root of time, as reported in literature for different boundary
conditions.

To obtain the amount of moisture available for evaporation over a certain
growing period, the various quantities of moisture available in and coming
available from below the root zone and from capillary rise from the ground-
water table were calculated. The calculations were performed taking into ac-
count the admissable pressure at which soil water begins to limit plant growth.
As appeared from literature studies by the present author, this value is for most
vegetable crops about —0.4 bar (pF 2.6).

In Chapter 11IB the transport of water to the atmosphere has been treated.
Evaporation was calculated by means of a combination method based on rather
easily measurable meieorological as well as soil and crop factors. The calcula-
tions were compared with data obtained from water balance studies. For the
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aerodynamic resistance of the crop, values were calculated for various crop
heights and wind velocities.

As net radiation is one of the most important terms determining evaporation
from a surface, and direct measurements of net radiation are often not available,
generally empirical formulae are used, Some of these formulae were used in this
study and the calculation results were compared by means of linear regression
techniques with measured net radiation data. It appeared that for calculated
shortwave radiation high correlations were obtained with various formulae.
For thermal radiation, however, calculations over short periods of a week gave
poor results, Therefore a few expressions based on the high correlationship
between net and shortwave radiation were derived for various lengths of time
and analyzed by linear regression. The relation obtained on a 24-hour basis
compared strikingly well with similarly computed relations found in Western-
Australia. Also equations computed on a daylight basis compared favourably
well with literature data. It further appeared that for calculations of evaporation
on a weekly basis, radiation data measured at relatively distant meteorological
stations can sometimes be used with sufficient accuracy.

Reflection coefficients of various surfaces were determined from continuous
measurements taken on all kind of days. A discussion was presented on the
various methods determining this coefficient. Results of reflection coefficients at
increasing fractions of soil covered for a number of vegetable crops were given.
Except for spinach, they showed all a more or less similar pattern within a small
band of data. It was shown that wetting the surface reduces it, both for bare soil
as well as for a cropped surface.

Evaporation from bare soils with different groundwater tables was studied on
a hourly basis by means of an energy balance approach on clear days in a rather
wet and a rather dry period. Differences in the energy balance components
between the various objects were established and calculated vapour pressures at
the surface were compared with data obtained from sampling of the surface
layer, giving a rather good agreement.

A discussion on the diffusion resistances encountered by evaporation from
cropped surfaces has been presented. It appeared that the soil must be covered
to about 70 to 809 before constant evaporation rates are obtained. If the soil is
rather wet, however, variation in the area of soil covered has not much effect.

Measurements of interception of red cabbage agreed with literature data con-
cerning interception of grass. It was shown that interception is important in
periods of reduced evaporation, as it then influences evaporation most.

An analysis of the transport resistance for liquid flow in the plant as weil as an
investigation on the geomeiry factor of the root system for red cabbage was
presented. The variation of these factors with depth could be shown, and root
extraction rates at different depths were calculated and compared with data
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obtained from water balance studies. The plant resistance data were in reason-
able agreement with literature data. Because of a non-homogeneous and poor
root development in the early stages of growth, the geometry data of the initial
growing stages differed a factor ten from data found in literature. After root
development increased with depth, geometry data decreased to values also
reported for other crops.

From comparison of evaporation calculated by the combination method and
evaporation obtained from water balance studies, satisfying results were ob-
tained. The problems encountered in the first growing stages with seedling
emergence and initial growth were emphasized. It appeared from the calculations
that except for a few periods during the first growing stages only a small reduction
in evaporation by water shortages under the prevailing circumstances was present.

Chapter IV deals with the flow of heat in soil. To evaluate the thermal proper-
ties of the soil, calculations were carried out on measurements taken in the
laboratory as well as in the field. The vartous determination methods as found
in literature were discussed, Thermal capacity was calculated by considering it
as a function of volume fractions and specific heat capacities of the various
components.

Calculations of thermal conductivity based on the assumption that soil par-
ticles can be considered as spheroids gave poor results, possibly because of a
wrong choice of the depolarization factor. Measurements of thermal conduc-
tivity in the laboratory with the transient needle method yielded good resulis for
sandy loam. For the shrinking and swelling clay, however, a large scatter in the
data occurred because of change in dry bulk density which could hardly be
corrected for, Therefore preference was given to measure thermal conductivity
in the soil in situ.

Thermal diffusivity of the sandy loam could be deduced from laboratory data.
Determination of thermal diffusivity in the field from the analysis of temperature
measurements at various depths, by considering the amplitude and phase rela-
tionships with depth, failed, indicating that the thermal properties did vary with
depth. To establish functional relationships of thermal diffusivity with depth,
an electric analog as well as a numerical approach, both based on the principle
that a discontinuous field can approach the continuous thermal field by ex-
panding the partial differential equation into a set of finite difference equations,
was used.

The scatter in the data obtained with the electric analog method was large
due to various reasons like for example recording and reading errors from the
temperature recorders, rclatively widely spaced temperature observations at the
larger depths and heterogeneity of the soils. With the numerical approach also
disappointing results were obtained. Improvement of recording and reading
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errors by replacing measured temperature data by reconstructed smoothed
temperatures computed from Fourier analysis, did not give better results. Im-
provement of the error inherent in discretizing the continuous temperature field
to a discontinuous field by application of interpolation by means of spline
functions, neither did. From extensive calculations on a possible disturbing
influence of water transport in the vapour phase as induced by thermal gradients,
it could be shown that this process could be neglected as a possible explanation
of the scatter in the thermal diffusivity data.

The best method to determine thermal diffusivity proved to be deriving ther-
mal capacity from soil sample data, measuring thermal conductivity with the
transient needle method in situ, and estimating thermal diffusivity at each depth
by considering the ratio of thermal conductivity and capacity. It was found that
at higher groundwater levels thermal diffusivity is generally lower, especially in
the top 0.10 to 0.15 m layer, indicating lower soil temperatures at higher ground-
water levels. From temperature measurements it appeared that the mean daily
temperatures of the plots with the higher groundwater tables were 1 to 2°C
lower than the temperature of the plots with the deeper groundwater tables.
With the same groundwater depth, clay proved to be warmer than sandy loam,
It could be concluded that on the investigated soils the difference in ground-
water level was playing a more important role than the difference in type of
profile. The maxima and minima in the top soil were higher and the amplitudes
decreased with depth faster in soils which had a deep groundwater table. The
decrease was more marked in the clay than in the sandy loam soil.

In Chapter V the combined effects of water and heat on seedling emergence
and crop production were treated. In the stage of germination and seedling
emergence, the soil moisture content and soil temperature are the most impor-
tant factors. In the stage from seedling emergence to maturity growth depends
also on air temperature, but mainly on leaf area and net radiation.

The known effects of soil temperature and soil moisture content on germi-
nation and seedling emergence were reviewed. To relate temperature and emer-
gence the heat sum concept was used. This approach is in practice frequently
applied to schedule plantings, to predict maturity, to select crop varieties ap-
propriate to different areas, etc. In such type of studies mostly the environmental
air temperature is used. In the case of emergence of seeds it is advisable, how-
ever, to register the temperature in the direct environment of the seed, c.q. to
measure soil temperature at sowing depth. The results of investigations on the
influence of soil moisture content on germination and emergence as reported
from laboratory experiments in literature, generally differ widely, mainly because
of differences in applied experimental conditions as for example the use of a
solution instead of soil as a germination medium.
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The combined effect of soil temperature and moisture content on seedling
emergence was studied with four different kinds of vegetable seeds in field ex-
periments in a clay and a sandy loam profile, both with a shallow and a deep
groundwater table. Various sowing dates were applied. It appeared that emer-
gence was highly correlated with rainfall, and that because of the favourable
hydrelogical properties of the soil seeds emerged earlier in sandy loam than in
clay. It was found that on all sowing dates the sandy loam plots with the shallow
groundwater table showed the highest emergence rate as well as the highest total
emergence percentage. The mean heat sums required for 50%, emergence were
lower on sandy loam than on clay, and the heat sums of the shallow ground-
water plots were lower than those of the deep groundwater plots.

The minimum temperatures for emergence of the various seeds were calculated
using only those treatments in which no limitation of water could be expected.
The effect of soil moisture on emergence could be evaluated by calculating the
heat sums of all treatments, taking into account the minimum temperature for
emergence. As indicator for the minimum moisture content required for emer-
gence, the first five days after sowing were used, for which the average soil mois-
ture content was calculated from sampling data and precipitation records.

It was found that the heat sum required for 509, emergence increased sharply
below a matric pressure of —0.49 bar {above pEF 2.7) of the soil. Laboratory
experiments with radish seed under controlled soil moisture and temperature
conditions confirmed the results obtained from the field experiments that —0.49
bar (pF 2.7) is the critical value for emergence as regards the dry side. From
laboratory experiments it could be shown that —0.098 bar (pF 2.0) is the critical
value for emergence as regards the wet side. The time needed for emergence in-
creases rapidly at matric pressure above —0.098 bar and below -—0.49 bar, Tt
appeared from these experiments that heat sums can give a relatively accurate
prediction for emergence, if soil moisture content is taken into account.

For a fast and adequate seedling emergence both a high temperature and a
sufficient moisture content are necessary. Under field conditions this combination
is seldom reached because higher soil temperatures are generally related with
lower moisture contents and deeper groundwater tables. To get out of this
dilemma one can maintain a relatively deep groundwater table, which gives a
relatively high temperature, and keep by means of sprinkler irrigation the sowing
bed at the desired moisture content. This offers the additional advantage of
keeping the temperature of the seed bed low in periods when soil temperature
would exceed the optimum temperature for germination and emergence. It is to
be noted that temperatures of 40°C and higher (which are far too high for ger-
mination and emergence of various seeds) in the top layer of clay soils in the
Netherlands in mid summer are no exception.

From literature it is known that yields of spring crops decrease when sowing
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dates are later and that owing to adequate drainage, soils can be cultivated and
sown approximately 5 to 14 days earlier. An additional advantage of drainage
is the shortening of the germination and emergence period as a result of the
higher soil temperatures. From calculations it was shown that due to drainage
sometimes a [0-day gain in emergence can be obtained as compared with a
shallowly drained soil. The effect of drainage (or any other measure) on seedling
emergence will be the largest when soil temperatures in the range close to the
minimum temperature for germination and emergence are increased.

If available water is limiting, plant production will be reduced, which espe-
cially holds true for vegetable crop production where production is more aimed
at quality and fresh weight than at an increase in dry matter. To weigh the in-
fluence of various measures, as for instance change in groundwater table depth
or soil profile, on the production of crops, potential (gross) production rates
which could have been obtained under the prevailing weather conditions with
an optimum water and nutrient supply were calculated for the crops red cabbage,
dwarf French beans and celery. Taking into account effects of soil cover and
diffusion resistances of the crop, maximum production rates for the prevailing
environmental conditions were computed, These rates were compared with the
dry matter production rates obtained from periodical harvests. The relation-
ships between real and calculated production rates were analyzed by linear re-
gression of measured on calculated production, from which reduction factors
(,4) were derived. From various data reported in literature it appears that losses
in dry matter production by respiratory processes is about 30 per cent, so that
maximum dry matter production is about 0.7 (= u,,) of the potential produc-
tion.

For dwarf French beans an average «,, of 0.67 was found for the various
objects, indicating that the environmental conditions were fairly optimum,.

For red cabbage rather low o, values were found: 0.51 to 0.56 for clay and
clay on sandy loam respectively and 0.40 for sandy loam. The main reason for
these low «,, values seemed to be nitrogen deficiency. This deficiency occurred
mainly in dry periods on the clay profiles and in wet periods (in autumn) on the
sandy loam profiles. Moreover air deficiency induced by heavy rains in the later
stages of growth may have been of importance.

For celery also a low average o, of 0.52 for the various objects was obtained,
again mainly because of nitrogen deficiency. Part of the discrepancy could be
explained by the applied calculation procedure.

A discussion on the various existing methods in determining the water use
efficiency of a crop was presented. By considering total dry matter production
and the ratio total evaporation over mean vapour pressure deficit of the three
crops mentioned, it could be shown that the water use efficiency of dwarf French

Meded. Landbouwhogeschool Wageningen 71-12 (1971) 155



beans is highest, followed by celery and then red cabbage. It was found that
under the prevailing environmental conditions other than water shortage, red
cabbage on sandy loam was rather soon limited in its production. On the other
profiles limitation of production did not set in.

The influence of groundwater table depth on production of crops has always
been widely investigated in the Netherlands, especiaily on groundwater level
experimental fields. Because of changes in weather conditions the relationship
between yield and groundwater level differs from year to vear and it seems of
little use to make this comparison for years on end.

Because for a certain dry matter production a certain amount of water has to
be evaporated, it is better to consider for a growing period the amount of water
available for evaporation, partly deterntined by the amount of precipitation and
partly by the amount of water that can be delivered by the soil. Taking into
account the admissable pressure —0.4 bar (pF 2.6) at which soil water begins to
limit growth of most vegetable crops, the amounts of water available in the soil
at different lengths of growing period were calculated.

Fresh yields measured on all profiles of all groundwater plots were plotted
against the total amounts of water available at each object for red cabbage,
potatoes and lettuce. It appeared that maximum fresh yield productions were ob-
tained at total amounts of available water of 365 mm for red cabbage, of 310 mm
for potatoes (which agrees rather well with data derived from literature) and of
200 mm for lettuce.

Having obtained the optimum amounts of available water for maximum pro-
duction of the crops, the maximum groundwater table depth, over a period in
which the critical value of the total amount of rainfall was known from fre-
quency distributions of rainfall depth, could be calculated for each crop and
each profile. Tt was shown that per profile despite differences in crops, in lengths
of growing periods and in frequency distributions of amount of rainfall, the
deepest admissable water table depths did not differ very much. The reason for
this is that the amounts of available water in the investigated profiles change
considerably with slight changes in groundwater table depths around 0.90 m
below surface. Generally speaking, the crops on the sandy loam admit deeper
groundwater levels than on the clay and on the clay on sandy loam profile.

In a similar way also highest admissable groundwater table depths to ensure
maximum production could be calculated. It was found that for early crops like
potatoes and lettuce rather high groundwater tables can be admitied. For late
crops like red cabbage deeper water tables are required. This is a logical conse-
quence of the fact that early crops are in the Netherlands grown in periods with
generally less rainfall than late crops are.

Finally optimum water table depths for maximum productions could be cal-
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culated, the procedure of which has been explained. The results showed that the
optimum water table depth for red cabbage on clay is about 1.00 to 1.10 m, on
sandy loam .10 to 1.20 m and on clay on sandy loam 0.90 to 1.00 m. For
potatoes the optimum groundwater table depths are 0.90¢ m, 1.00 m and 0.90 m
respectively; for lettuce 0.90 m, 1.00 m and 0.80 to 0.90 m respectively. It ap-
peared that at deeper groundwater tables, the sandy loam carries less risk in
production than the clay. This last profile in its turn carries less risk (for red
cabbage much less risk) than the clay on sandy loam profile. It was shown that
the latter is more susceptible for water table drawdowns below the optimum
level than the other two profiles.

In general it is to be advised to maintain groundwater levels at depths that are
somewhat lower than the optimum depth.

It is thought that with this approach there is a possibility to solve the problem
of determining the total amount of water required for maximum crop produc-
tion and, where relevant, to decide on the optimum groundwater table depth
then necessary.
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SAMENVATTING EN CONCLUSIES

WATER, WARMTE EN GEWASGROEI

De hoogte van gewasopbrengsten wordt voornamelijk bepaald door het
milieu, waartoe het gehele complex van fysische, chemische en biologische fac-
toren behoort. Een efficiént gebruik, en beter nog een regeling, van deze fac-
toren is mede afhankelijk van de kennis dic omtrent hun invloed op de produktie
aanwezig is. De enige mogelijkheid om deze kennis te verkrijgen bestaat uit het
opdoen van praktische ervaring of het nemen van veldproeven. Hierbij is het
echter een nadeel dat de zo verkregen kennis vaak slechts van plaatselijke be-
tekenis kan zijn,

Teneinde zulke plaatselijk verkregen resultaten ook buiten de oorspronkelijke
regio toe te kunnen passen, is het noodzakelijk een meer fundamenteel inzicht
in de zich afspelende processen te hebben. Het doel van deze publikatie is een
bijdrage te leveren tot de kennis omtrent de invlioed die water en warmte op de
groei en produktie van gewassen hebben.

Als uitgangspunt van het onderzoek diende de teeltproblematiek van het eco-
nomisch belangrijke tuinbouwgebied, het Geestmerambacht in Noord-Holland.
De vollegrondstuinbouw beslaat hier circa 709} van de cultuurgrond, met als
voornaamste gewassen vroege en late kool, vroege aardappels en ui, Dit een-
zijdige voornamelijk op de export afgestemde bouwplan, maakt het gebied
economisch zeer kwetsbaar.

Een van de oorzaken van een weinig gedifferentieerd gewassenpatroon is
gelegen in de eigenschappen van de pikkleigronden die een groot gedeelte van
dit gebied beslaan. Zo kan eerst relatief laat worden gezaaid en geplant, de groei
van de gewassen is traag en vaak kan maar ecn gewas per groeiseizoen worden
geteeld. Daarbij komt dat de ontsluiting in dit ‘rijk der duizend eilanden’ wit-
gesproken slecht is, de versnippering groot en de ontwatering onvoldoende,

Bij het besluit om de landinrichting, de ontwatering en de kwaliteit van de
grond via het instrument van ruilverkaveling te verbeteren, werd bepaald dat
ter voorbereiding van de uit te voeren werkzaamheden een proefveld zou worden
aangelegd waar de mogelijkheden tot verbetering van de ontwatering en het
bodemprofiel onderzocht zouden kunnen worden,

Een korte beschrijving van de problematiek van het gebied, van de eerder op
het procfveld vitgevoerde onderzoekingen en van het doel van het hier besproken
onderzoek is gegeven in hoofdstuk I.
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In zijn voltooide staat omvat dit proefveld een beregeningsobject en twaalf
vakken waarin tien verschillende constante grondwaterstanden kunnen worden
gehandhaafd. Deze tien grondwaterstanden liggen over drie bodemproficlen,
namelijk de originele pikklei, en twee verbeterde kieiprofielen: een zavel en een
klei op zavelprofiel.

In de eerste jaren van onderzoek werd getracht een relatie tussen de opbrengst
van verschillende tuinbouwgewassen en de gemiddelde grondwaterstandsdiepie
in het groeiseizoen te vinden. Alhoewel een aantal waardevolle resultaten werd
verkregen, trad, door de verschillen in weersgesteldheid van jaar tot jaar, een
aanzienlijke spreiding in de gezochte verbanden op. Daarom werd besloten te
trachten via energie- en waterbalansstudies een nadere fysische interpretatie te
geven van de invloed van het transport van water en warmte op kieming, groei
en gewasproduktie, tencinde daarna de eerder verkregen resultaten aan een her-
nieuwde analyse te onderwerpen,

Aangezien de voorzieningen van het proefveld zich niet leenden voor het
samenstellen van waterbalansen, werd een speciaal type lysimeter ontworpen,
waarin dezelfde waterstand als aanwezig in het omringende proefvak, met in-
begrip van de daarin optredende fluctuaties, kon worden gehandhaafd. Uit-
eindelijk werd een zestal lysimeters geinstalleerd in de drie profielen van de
vakken met een grondwaterstand van 0,90 m en 1,20 m beneden maaiveld.

Een beschrijving van het grondwaterstandenproefveld, het grondwaterstan-
denreguleringssysteem, de bodemkundige eigenschappen van de drie proficlen
en de lysimeters is gegeven in hoofdstuk II.

In deze publikatic wordt, alvorens de invloeden die fysische factoren op de
gewasgroei hebben te behandelen, eerst aandacht geschonken aan een aantal
bodemconstanten die het transport van water (hoofstuk III) en warmte (hoofd-
stuk IV) bepalen.

Hoofdstuk III is in twee gedeelten gesplitst: in het gedeelte IIIA wordt het
transport van water in de onverzadigde zone en in het gedeelte 11IB het water-
transport naar de atmosfeer behandeld. Teneinde de fysische toestand van het
water in de bodem te beschrijven, is gebruik gemaakt van de zogenaamde poten-
tiaal theorie. De benodigde vochtkarakteristicken van de drie op het proefveld
gelegen bodemtypen werden op het laboratorium bepaald. De veranderingen in
de hoeveelheid bodemvocht, zowel met de diepte als in de tijd, werden in het
veld gevolgd met de gamma transmissiemethode en via volumemonsters geno-
men met behulp van Kopecky ringen.

Door de dichtheden van de bodemcomponenten water, minerale bestand-
deien en organische stof uit te drukken in de electronendichtheid van water, en
door correcties aan te brengen voor afwijkingen in de stand van de meetbuizen,
kon met de gammamethode een nauwkeurigheid van 0,5 vol. %, wordenverkregen.
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Aangezien bij de bemonstering met Kopecky ringen een grote spreiding in de
droog volumegewichten werd gevonden en daardoor exacte verschillen in vocht-
gehalten in onvoldoende mate waren te bepalen, werd een betrekking tussen het
vochtgehalte, de druk tengevolge van matrixkrachten en het droog volume-
gewicht ontwikkeld, waarmee de vochtkarakteristiek behorende bij een bepaald
droog volumegewicht kon worden afgeleid. Op deze wijze konden de resultaten
van opeenvolgende bemonsteringen worden vereffend.

Het capillair geleidingsvermogen van de drie profielen werd zowel in het
laboratorium als, tijdens droge perioden, in het veld bepaald. De resultaten van
de twee bepalingswijzen bleken in verheugende mate met elkaar overeen te
stemmen.

Met de zo verkregen gegevens konden voor verschitlende stroomsnelheden
verbanden tussen de hoogte boven het freatisch vlak en de equivalenthoogte
tengevolge van de matrixkrachten worden gelegd.

Utiteraard heeft de verdamping aan het opperviak invloed op de hoogte van
de grondwaterspiegel. Onder aanname van bepaalde randvoorwaarden kon de
invloed van verdamping van kale grond op de zakking van de grondwater-
spiegel kwantitatief worden vastgesteld. Het bleek dat de berekende grond-
waterstandsdiepten redelijk overeenstemmen met die welke in gelijkwaardige
gronden in aride gebieden voorkomen. Bovendien kon worden aangetoond dat
de verdampingssnelheid bij een zakkende grondwaterspiegel ongeveer evenredig
met de wortel van de tijd afneemt, hetgeen ook voor bodemprofielen zonder
grondwaterspiegel, maar met een homogene aanvangsverdeling van het bodem-
vocht, in de literatuur wordt vermeld.

Teneinde de hoeveelheid water die in een bepaalde groeiperiode voor de ver-
damping beschikbaar is vast te kunnen stellen, werden de verschillende hoeveel-
heden beschikbaar bodemvocht aanwezig in de wortelzone, in de diepere lagen
onder de wortelzone, en via capillaire werking opstijgend uit het grondwater,
berekend. Bij de berekeningen werd uitgegaan van een voor de maximale pro-
duktie toclaatbare druk van het bodemvocht. Zoals uit een literatuuronderzoek
bleek, ligt de uitdrogingsgrens voor de meeste groentegewassen bij —0,4 bar
(pF 2,6).

De verdamping van de gewassen werd berekend met behulp van een combi-
natiemethode, die gebaseerd is op betrekkelijk eenvoudig te meten meteorolo-
gische, bodem- en gewasfactoren. De resultaten van de berekeningen werden
vergeleken met gegevens verkregen via waterbalansstudies. Voor de aerody-
namische weerstand van het gewas werden waarden voor verschillende gewas-
hoogten en windsnelheden berekend.

Daar de netto straling een van de belangrijkste grootheden is die de verdam-
ping vanaf een oppervlak bepalen, en rechtstreeckse metingen dikwijls niet ter
beschikking staan, worden in het algemeen empirische formules toegepast. Van

160 Meded, Landbouwhogeschool Wageningen 71-12 (1971)



enkele van deze formules werd gebruik gemaakt en de resultaten van de be-
rekeningen werden met behulp van lineaire regressietechnieken vergeleken met
de gemeten netto straling.

De berekening van de kortgolvige straling werd met verscheidene formules
uitgevoerd, waarbij hoge correlaticcoéfficiénten werden verkregen. De bereke-
ningen van de thermische straling over periodelengten van een week vertoonden
echter een grote spreiding. Teneinde hieraan te ontkomen werden met behulp
van lineaire regressie enige vergelijkingen, gebaseerd op de hoge correlatie
tussen netto en kortgolvige straling, voor verschillende periodelengten afge-
leid.

Het verband gevonden via berekeningen op 24-uur basis stemde bijzonder
goed overcen met pgelitksoortige in Ausirali€ berekende relaties, Qok de ver-
banden die op daglichtbasis werden bepaald kwamen goed overeen met in de
literatuur vermelde resultaten. Voor de verdampingsberekeningen op weekbasis
bleek dat vaak met voldoende nauwkeurigheid gebruik kan worden gemaakt
van stralingscijfers die gemeten zijn op relatief ver af gelegen weerstations.

Voor de diverse opperviakken werden reflecticcoéfficiénten bepaald door
middel van continue metingen op verschillende typen dagen. De verschillende
methoden om deze coéfficiénten te bepalen werden besproken. Ten aanzien van
de reflectiecoéfficiénten van een aantal groentegewassen bij toenemende bodem-
bedekking, bleek dat ze, met uitzondering van die voor spinazie, alle een min of
meer gelijk en vrij dicht aansluitend patroon vertoonden. Zowel bij kale als bij
een met een gewas bedekie grond gaven natte oppervlakken lagere reflectie-
coéfficiénten dan droge oppervlakken.

De verdamping van kale gronden werd voor verschillende grondwaterstands-
diepten met behulp van een energicbalansbenadering op heldere dagen en op
uurbasis berekend, Dit voor tamelijk natte en tamelijk droge perioden. Ver-
schillen in de componenten van de energiebalans van de verschillende objecten
werden aangetoond. Berekende dampspanningen aan het bodemoppervlak
werden vergeleken met waarden welke waren verkregen via bemonsteren van de
bovenlaag. De resuitaten van beide benaderingen stemden goed overeen.

Ten aanzien van de diffusieweerstanden die bij verdamping van begroeide
appervlakken optreden, bleek dat de bodem voor 70 & 80%, moet zijn bedekt
voordat de verdampingssnelheid copstant wordt. Bij natte gronden heeft een
verandering in het percentage bodembedekking relatief weinig invlioed.

Interceptiemetingen aan rode kool stemden, de aard van het gewas in aan-
merking genomen, goed overeen met in de literatuur vermelde interceptie-
metingen. Aangetoond werd dat de invloed van interceptie op de berekende
verdamping vooral van belang is na droge perioden en onder condities van hoge
potentiéle verdamping, '
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Voor het gewas rode kool werd de weerstand voor het watertransport in de
plant en de geometriefactor van het wortclsysteem geanalyseerd. De variaties
van deze factoren met de diepte werden bepaald en de wateronttrekkingssnel-
heden door de wortel werden berekend en vergeleken met resultaten uit water-
balansstudies. De gevonden transportweerstanden kwamen redelijk overeen met
in de literatuur vermelde resultaten. Wat betreft de geometriefactor in de begin-
stadia van de groei, werd een afwijking met een factor tien van in de literatuur
gegeven waarden gevonden. De oorzaak hiervan lag in de weinig homogene en
spaarzame wortelverdeling van de geteeide rode kool in deze stadia van ont-
wikkeling. Nadat de wortelontwikkeling was toegenomen, nam de geometrie-
factor af tot waarden zoals die voor andere gewassen worden opgegeven.

De met de combinatiemethode berekende verdampingen bleken bevredigend
overeen te komen met via de waterbalans bepaalde verdampingen. Uit de be-
rekeningen bleek dat, vitgezonderd in een paar perioden tijdens het begin van de
groei, weinig reduktie in verdamping tengevolge van watertekorten aanwezig
was.

In hoofdstuk III werd verder aandacht geschonken aan vochtproblemen die
optreden bij kieming, opkomst en aanslag van het gewas,

In hoofdstuk IV werd het transport van warmte in de grond behandeld. De
gegevens betreffende de warmtecigenschappen van de grond werden verkregen
vit veldmetingen, metingen in het laboratorium en berekeningen.

De warmtecapaciteit werd berekend door deze te beschouwen als een functie
van de volumefractie en de soortelijke warmte van de verschillende componen-
ten. Berekeningen van het warmtegeleidingsvermogen, gebaseerd op de aan-
name dat bodemdeeltjes beschouwd kunnen worden als omwentelingsellipso-
iden, gaven, misschien als gevolg van een verkeerde aanname van de depolari-
satiefactor, slechte resultaten. Voor de zavel gaven metingen van het warmte-
geleidingsvermogen met de niet-stationaire naaldmethode goede resultaten.
Voor de krimpende en zwellende klei werd een grote spreiding in de meetwaar-
den gevonden. Dit was voornamelijk het gevolg van veranderingen in het droog
volumegewicht, waarin moeilijk correcties zijn aan te brengen. De voorkeur
werd daarom gegeven aan het meten van het warmtegeleidingsvermogen van de
grond in situ.

Wat betreft de temperatuurvereffeningscoéfficiént, deze kan op verschillende
wijzen worden verkregen. Bepaling van deze coéfficiént in het veld via een analyse
van de temperatuurmetingen op de verschillende diepten, door de amplitude-
en faseveranderingen met de diepte t¢ beschouwen, faalden. Dit duidt er op dat
de met de diepte veranderende warmteeigenschappen van een proficl cen zodanige
procedure nict toelaten. Teneinde nu functionele verbanden van de coéfficiént
met de diepte vast te stelien, werd gebruik gemaakt van zowel een elektrisch
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analogon als van numericke oplossingsmethoden, Beide type benaderingen zijn
er op gebaseerd dat het continue temperatuursbeloop door een discontinu be-
loop kan worden benaderd door voor de partiéle differentiaalvergelijking een
serie differentievergelijkingen te schrijven.

De spreiding in de resultaten verkregen via het analogon was aanzienlijk. Dit
als gevolg van onder meer registratie- en afleesfouten, de relatief grote afstanden
tussen de temperatuurmetingen op de grotere diepten en de heterogeniteit van de
proficlen. Met de numericke oplossingsmethoden werden eveneens teleurstel-
lende resultaten verkregen. Correctie van de registratic- en afleesfouten door de
gemeten temperatuurwaarden te vervangen door verefiende temperaturen, zoals
berekend met behulp van een Fourier analyse, gaf geen betere resultaten. Een
poging tot vermindering van de fout inherent aan het discretiseren van het
continue temperatuursbeloop in een discontinu veld, door interpolatie met
behulp van ‘spline’ functies had ook geen resultaat,

Een mogelijke verklaring van de spreiding in de gevonden temperatuucver-
effeningscoéfficiénten had de invloed van door temperatuurgradiénten geindu-
ceerd watertransport in de dampfase kunnen zijn. Deze veronderstelling bleek
na uitvoerige berckeningen niet houdbaar.

Uiteindelijk bleek de beste methode ter bepaling van de temperatuurver-
effeningscoéfficiént te zijn, het afleiden van de warmtecapaciteit uit volume-
bemonsteringen, het warmtegeleidingsvermogen in situ te meten met de niet-
stationaire naaldmethode en dan het quotient te bepalen van warmtegeleidings-
vermogen en warmtecapaciteit. Uit de resultaten kwam naar voren dat de
temperatuurvereffeningscoéfficiént in het algemeen lager is bij hogere grond-
waterstanden, en wel in het bijzonder in de bovenste laag van 0,10-0,15 m.
Deze uvitkomsten werden bevestigd via temperatuurmetingen, waarbij bleek dat
de gemiddelde dagelijkse temperaturen in de vakken met de hogere grondwater-
standen 1 a 2°C lager waren dan in de vakken met de diepere grondwater-
standen. Bovendien bleek bij eenzelfde grondwaterstandsdiepte de klei warmer
te zijn dan de zavel.

Het temperatuursbeloop wordt tenminste voor de onderzochte profielen, meer
beinvioed door de verschillen in grondwaterstand dan in bodemprofiel. Bij een
diepe grondwaterstand liggen de maxima en minima in de bovenlaag hoger en
nemen de temperatuuramplituden sneller af met de diepte. Deze afname was
geprononceerder in de klei dan in de zavel.

Na op deze wijze een basis te hebben gelegd ten aanzien van de fysische pro-
cessen van het met de plantegroei samenhangende transport van water en
warmte, werd in hoofdstuk V gepoogd hun invloed op de opkomst en produktie
van een aantal tuinbouwgewassen te analyseren.

Ten aanzien van de groei van een gewas is een onderscheid te maken in het
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stadium van kieming tot opkomst en het stadium van opkomst tot afrijpen. In
het eerste stadium zijn bodemvocht en bodemtemperatuur de belangrijkste
milieufactoren voor de ontwikkeling. In het tweede stadium hangt de groei
tevens af van de luchttemperatuur, maar vooral van het bladoppervlak en de
netto straling.

Na een kort overzicht te hebben gegeven van uit de literatuur bekende effecten
van bodemtemperatuur en bodemvocht op kieming en opkomst, werd ingegaan
op het gebruik van warmtesommen, teneinde temperatuur en opkomst met
elkaar in verband te brengen. in de praktijk wordt veelvuldig gebruik gemaakt
van warmtesommen om bijvoorbeeld planttijdstippen vast te stellen, cogsttijd-
stippen te voorspellen en geschikte gewasselecties voor bepaalde gebieden te
vinden. Voor deze doeleinden wordt vaak uitgegaan van de luchttemperatuur.
Voor kieming en opkomst is het echter aan te raden de temperatuur in de nabij-
heid van het kiemende zaad als basis te nemen, met andere woorden de bodem-
temperatuur op zaaidiepte.

Wat betreft de invloed van bodemvocht op kieming en opkomst, verschillen
de in de literatuur vermelde gegevens aanzienlijk. Dit vloeit voort uit het feit dat
meestal is vitgegaan van laboratoriumproeven, waarbij de proefomstandigheden
vaak sterke verschillen vertoonden. Zo zijn bijvoorbeeld de resultaten van kie-
ming in grond en die op een voedingsoplossing niet vergelijkbaar.

In het hier behandelde onderzoek werd aan de hand van zaaiproeven in het
veld met zaden van vier verschillende groentegewassen op een klei- en een zavel-
profiel, zowel bij een hoge als een lage grondwaterstand, het gecombinegerde
effect van bodemtemperatuur en vochtgehalte op de kieming en opkomst be-
studeerd. Uiteraard bleek dat de opkomst sterk samenhing met de hoeveelheid
neerslag, maar door de gunstige hydrologische eigenschappen van de zavel
kwam op dat profiel een eerdere opkomst dan op de klei tot stand. Het zavel-
profiel met de hoogste grondwaterstand gaf steeds de snelste opkomst en het
hoogste opkomstpercentage te zien. De gemiddelde warmtesommen nodig voor
50%, opkomst waren op de zavel kleiner dan op de klei en op de proefvakken
met hoge grondwaterstand lager dan op de vakken met een diepe grondwater-
stand.

De voor opkomst benodigde minimum temperaturen werden berekend uit
de gegevens van die objecten waarin geen watertekorten konden zijn opgetreden.
Door nu, met inachtneming van deze minimum temperaturen, de warmtesom-
men voor alle objecten te berekenen, kon de invloed van het bodemvocht op de
opkomst worden gekwantificeerd. Als bodemvochtigehalte werd genomen het
gemiddelde vochtgehalte over de eerste vijf dagen na zaaien, berekend uit
volumebemonsteringen en neerslagcijfers.

Het bleek dat de warmtesom benodigd voor 509 opkomst sterk toenam bij
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vochtgehalten behorende bij drukken tengevolge van de matrixkrachten gelegen
beneden —0,49 bar (hetgeen overeenkomt met pF waarden boven 2,7). Ook nit
laboratoriumproeven bleek dat, wat betreft kieming en opkomst, deze waar-
den dc kritische waarden zijn. Ten aanzien van vochtoverschotten werd de
kritische waarde van —0,098 bar (pF 2,0) gevonden. Boven —0,098 bar en
beneden —0,49 bar neemt de tijd benodigd voor opkomst sterk toe.

Uit het onderzoek werd duidelijk dat men met behulp van warmtesommen
een vrij goede voorspelling van het tijdstip van opkomst van een gewas kan
geven, indien het vochtgehalte van de grond in aanmerking wordt genomen.

Yoor een snelle en goede kieming en opkomst zijn zowel een hoge bodem-
temperatuur als een voldoende vochtgehalte noodzakelijk. Onder veldomstan-
digheden wordt deze combinatie zelden bereikt, daar hoge bodemtemperaturen
in het algemeen samengaan met lage vochtgehalten en diepe grondwaterspiegels.
Teneinde uit dit dilemma te geraken, kan ecn relatief diepe grondwaterstand
worden gehandhaafd die voor een relatief hoge bodemtemperatuur zorgdraagt,
en kan door middel van beregening het zaaibed op het vereiste vochtgehalte
worden gehouden. Dit laatste biedt het bijkomende voordeel dat de temperatuur
van het zaaibed laag kan worden gehouden in perioden dat de bodemtempera-
tuur de optimum temperatuur voor kieming en opkomst zou overschrijden. In
dit verband moet worden opgemerkt dat zelfs in Nederland temperaturen van
40°C en hoger (veel te hoog voor kieming en opkomst) in de toplaag van klei-
gronden in midden zomer geen uitzondering zijn.

Uit de literatuur is bekend dat de opbrengsten afnemen wanneer de zaaidata
door onbewerkbaarheid van de grond later komen te liggen. Bij een goede
drainage van deze gronden kan ongeveer 5 tot 14 dagen eerder worden bewerkt
en ingezaaid. Een bijkomend voordeel van deze drainage is dat, als gevolg van
de hogere bodemtemperaturen, de periode die nodig is voor de kieming en op-
komst wordt verkort. Uit berekeningen kon worden aangetoond dat in verge-
lijking met een ondiep ontwaterde grond soms een winst van 10 dagen in de
opkomst verkregen kan worden. Het vervroegend effect van drainage (of een
andere binnen zekere grenzen temperatuurverhogende maatregel) is het grootst
wanneer de corspronkelijke bodemtemperaturen rondom de minimum tempe-
ratuur voor kieming en opkomst schommelen.

Teneinde de invloed van verschillende cultuurtechnische maatregelen, zoals
in dit geval een wijziging van grondwaterstandsdiepte en van bodemprofiel, op
de produktie van gewassen vast te kunnen stellen, werden potentiéle (bruto)
produkties berekend voor de gewassen rode kool, stamslabonen en selderij,
zoals die onder de heersende weersomstandigheden verkregen zouden kunnen
zijn met een optimale water- en voedingsstoffenvoorziening, Door rekening te
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houden met de effecten van bodembedekking en van diffusieweerstanden van het
gewas, werden maximale produkties berekend voor de heersende condities.
Deze produkties werden vergeleken met werkelijke droge stofprodukties ver-
kregen door middel van periodieke oogsten. De relaties tussen werkelijke en
berekende produkties werden vergeleken met behulp van lineaire regressie van
gemeten op berekende produktie, waaruit reduktiefactoren werden afgeleid.

Uit diverse literatuurgegevens blijken de verliezen in droge stofproduktie
tengevolge van ademhalingsprocessen ongeveer 30 % te zijn, zodat de maximum
produktie ongeveer 0,7 maal de potentiéle produktie is.

In het hier beschreven onderzoek werd voor stamsiabonen een gemiddelde
reductiefactor van 0,67 gevonden voor de verschillende objecten, wat er op
duidt dat het groeimilieu redelijk gunstig was. Voor rode kool werden lagere
reductiefactoren gevonden, namelijk 0,51 tot 0,56 respectievelijk op de klei en
op de klei op zavel, en 0,40 op de zavel. De voornaamste reden van deze lage
waarden bleek stikstofgebrek te zijn. Dit gebrek trad op de klei voornamelijk
in droge perioden op en op de zavelprofielen in natte perioden. Bovendien is
het mogelijk dat [uchtgebrek in de diepere lagen van de wortelzone na zware
regens in de latere groeistadia een van de oorzaken kan zijn geweest. Voor
selderij werd eveneens een lage gemiddelde reductiefactor gevonden {0,52), ook
weer grotendeels tengevolge van stikstofgebrek. Verder ligt een deel van de ver-
klaring in de toegepaste berekeningsprocedure voor dit gewas, dat in verschil-
lende sneden wordt geoogst.

Teneinde het nuttig effect van het waterverbruik bij de produktie van een
gewas te karakteriseren is een aantal methoden in gebruik. Aan de voor- en
nadelen van deze verschillende methoden werd een korte bespreking gewijd.

Door voor de drie genoemde gewassen de totale droge stofproduktie te ver-
gelijken met de verhouding van de totale verdamping tot het gemiddelde water-
dampverzadigingsdeficiet, kon worden aangetoond dat het nuttig effect van het
watergebruik bij stamslabonen het grootst is, gevolgd door respectievelijk selde-
rij en rode kool. Het bleek dat onder de heersende uitwendige omstandigheden
voor rode kool op zavel reeds spoedig een beperking in de produktie werd be-
reikt. Op de andere profielen werd voor de gewassen geen beperking in de pro-
duktie gevonden,

De invloed van de grondwaterstandsdiepte op de gewasproduktie is in Neder-
land reeds lang, en wel in het bijzonder op grondwaterstandenproefvelden, aan
vitvoerige onderzoekingen onderworpen geweest. Daar de weersomstandig-
heden in eik proefjaar uniek zijn, is het niet aan te bevelen een direct verband
te leggen tussen opbrengst en gemiddelde grondwaterstand gedurende het groei-
seizoen. Het lijkt juister, aangezien voor een zekere droge stofproduktie een
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bepaalde hoeveelheid water benodigd is, om de gedurende de groeiperiode be-
schikbare hoeveelhetd water te correleren met de produktie. Ecn beperking in
deze beschikbare hoeveelheid zal de gewasopbrengst reduceren en wel in het
bijzonder de geldelijjke opbrengst van tuinbouwgewassen die meer berust op
kwaliteit en vers gewicht dan op droge stof.

Met inachtname van de toelaatbare druk van —0,4 bar (pF 2,6) waarbij het
bodemvocht de groei van de meeste groentegewassen begint te beperken, werden
de hoeveelheden water die gedurende verschillende lengten van het groeiseizoen
in het profiel beschikbaar zijn, berekend. Verse opbrengsten van rode kool,
aardappels en sla werden gemeten op de drie profielen van alle grondwater-
standsvakken en uitgezet tegen de totale hoeveelheden water die beschikbaar
waren in ieder object. Het bleek dat rode kool een maximum vers gewichtop-
brengst bereikte bij een totale hoeveelheid beschikbaar water van circa 365 mm,
aardappels bij circa 310 mm (hetgeen goed overeenstemt met uit de literatuur af
te leiden gegevens) en sla bij circa 200 mm.

Nadat de optimale hoeveelheden beschikbaar water voor een maximale vers
gewichtproduktic van de drie gewassen waren bepaald, werd de maximaal toe-
laatbare grondwaterstandsdiepte over de groeiperiode waarin een bepaalde
kritische hoeveelheid neerslag viel, berekend voor elk gewas en eik profiel. Aan-
getoond kon worden dat per profiel, ondanks verschillen in gewas, lengte van
groeiperiode en in frequentieverdeling van de neerslagsommen, de maximaal
toelaatbare grondwaterstandsdiepten niet ver uit elkaar liepen. Dit vioeit voort
uit het feit dat in de onderzochte profielen de hoeveelheid beschikbaar water
sterk verandert bij kleine veranderingen in grondwaterstandsdiepte rond 0,90 m
beneden maaiveld. In het algemeen gesproken kunnen de gewassen op de zavel
een diepere grondwaterstand dan op de klei- en op het klei op zavelprofiel ver-
dragen.

Op cenzelfde wijze konden ook de hoogst toelaatbare grondwaterstands-
diepten voor een maximale produktie worden berekend. Het bleek dat vroege
gewassen, zoals aardappels en sla, relatief hoge grondwaterstanden verdragen.
Voaor late gewassen, zoals rode kool, zijn relatief diepe waterstanden vereist.
Dit is een logisch gevolg van het feit dat in Nederland vroege gewassen groeien
in perioden waarin in het algemeen minder regen valt, dan later in het seizoen.

Tenslotte konden optimale grondwaterstandsdiepten voor een maximale pro-
duktie worden berekend door middel van een in de tekst beschreven procedure.

De resultaten van de berekeningen licten zien dat voor rode kool de optimum
grondwaterstandsdiepte op klei ongeveer 1,004 1,10 m is, op zavel 1,104 1,20 m
en op klei op zavel 0,90 2 1,00 m. Voor aardappels zijn de optimale grond-
waterstandsdiepten respectievelijk 0,90 m, 1,00 m en 0,90 m; voor sla respec-
tievelijk 0,90 m, 1,00 m en 0,80 a 0,90 m.
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Uit de met de bovenvermelde procedure verkregen waarschijnlijkheidsdia-
grammen van vers gewichtopbrengst tegen grondwaterstandsdiepte, waarbij
rekening werd gehouden met de in Den Helder voorkomende neerslagverdeling
over 103 jaar, bleek dat de zavel bij diepe grondwaterstanden minder risico-
gevoelig is dan de kiei. Dit laatste profiel is, op zijn beurt, weer minder risico-
dragend dan het klei op zavelprofiel. Bovendien werd aangetoond dat de vers
gewichtopbrengsten op het klei op zavelprofiel gevoeliger zijn voor een ver-
laging van de grondwaterstand beneden het optimum dan de vers gewichtop-
brengsten op de twee andere profielen.

In verband met de moeilijkheid om in de praktijk de nadelige invioed op de
produktie van plotselinge neerslagoverschoiten op te vangen, is het in de prak-
tijk raadzaam de grondwaterstand gedurende het groeiseizoen iets beneden de
optimale diepte te fixeren. Eventuele daaruit tijdelijk voortvloeiende vocht-
tekorten zijn immers gemakkelifk door additionele watergiften te verhelpen.

Uiteindelijk werd de hoop uitgesproken dat het met behulp van de hierboven
beschreven benadering mogelijk zal zijn ook voor andere profielen en gewassen
de voor een maximale produktie benodigde totale hoeveelheid water vast te
kunnen stellen en, waar dit van toepassing is, de hiervoor benodigde optimale
grondwaterstandsdiepte te bepalen.
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LIST OF USED SYMBOLS

The letters a, b, ¢, d, m, n, p, q, M, 1, are also used for any given constant. Some of the
symbols used in a few consecutive equations falling outside the main line of argument are
defined in the text only. Given are SI units, for conversion sec table 20. Values of physical
properiies apply to conditions of 293 X and/or 1.013 bar. For units of water potential and
their equivalents see also table 21.

SYMROL INTERPRETATION UNITS DIMENSION

A Area m? |

Ao, A Amplitude of the temperature wave at K T
the surface resp. at depth z

a Thermal diffusivity (@ = 1/pc) m2s ! | S

b Root system factor defined by eq. (46) m L

C, Ceo, Concentration of water vapour resp. kg.m~? M.L-3
carbon dioxide concentration

Co, Co* Unsaturated resp. saturated water va- kg. m~3 M. L3
pour congentration at height (zp 4+ 4}
and temperature 7p

C., C* Unsaturated resp. saturated water va- kg. m™3 M. L-*
pour concentration in the air at height
=z and temperature T

¢ Specific heat per unit mass Jkg tK-! L2t-2T- !

Ca Cpy €y Coy Specific heat per unit mass of air, the Jkg~!K-1! L2t2T-!
same at constant pressure, per unit
mass of solid material, resp. per unit
mass of water (c, = 1004)

D Damping depth (D = 1/24/pcw) m L

Dios Diso Molecular diffusion coefficient of car- m2s—! L2t-?
bon dioxide in air (Deo, = 14 X 107%)
resp. of water vapour in air (Dy,e =
26 % 10-9)

d Zero plane displacement m L

E Actual evaporation flux; mass flux kem~2s51 M.L-2t!

volume flux m?.m-2s™! Lt?

E Actual evaporation flux of intercepted kg.m~2.s™? M.L-2t-?
precipitation; mass (volume) (m.s~1) (Lt

E, Potential evaporation flux; mass kgm-2s-1! M.L- 2t
{volume) (ms—1) (Lt~

E* Evaporation flux of a wet surface; mass kg.m—%s7! ML.-%t"!
(volume) (ms~Y (Lt~

e Base of natural logarithms (¢ = 1 -
2.71828..)

e Water vapour pressure bar M.L-1i2

€0, Co* Unsaturated resp. saturated water va- bar ML-1t-2
pour pressure at height (z, + &) and
temperature T,
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SYMBOL INTERPRETATION UNITS DIMENSION
£, € Unsaturated resp. saturated water va- bar M.L-1t"2
pour pressure in the air at height z and
temperature T,
F Heat sum Ks Tt
f Function - -
G Heat flux into the soil W.m™2 Mit—3
g Acceleration due to gravity (g = 9.813) m.s~? L.t-?
H Heat flux into the air W.m~—? M.t—*
Peotal Total energy of water expressed per m L
unit weight, thus equivalent with head
(hiorar = Viorarlg = B + hg =l + hp +
+ ks + hy)
h, Ry fim, hp, B Equivalents of hydraulic head, gravi- m L
tational head, matric head, pressure
head resp. solute head
ha Equivalent of matric head at air entry m L
point
Nieaps Aroor sy, EqQuivalents of water head at the eva- m L
Bsanr porating suwrfaces within the leaves, at
the root surfaces resp. in the soil
K Yon Karman’s constant (K = 0.428) 1 -
K. X, Eddy transfer coefficients for heat resp. m2.s™ L2t !
water vapour
k, ko Unsaturated resp. saturated hydraulic m.s~?! Lt
conductivity expressed per unit weight
k*, kot Unsaturated resp, saturated hydraulic m3skg™1! M-1L3t
conductivity expressed per unit volume
L Latent heat of vaporization of water per  J.kg=—! | I
unit mass {L = 2.4518 x 10°)
i Length of roots per unit volume of soil m.m~—3 L2
M Amount of water extracted in unit time m L
per unit of horizontal area from the
soil above the groundwater table
12 z ;,)6
M=- f —dz ds
1 0t
N, n Maximum possible resp. actual dura- s t
tion of sunshine per day
P, Ppot’ Actual resp. potential photosynthetic kg.m 2.s~* M.L-2t"¢t
P. P, flux; photosynthetic flux on clear days
resp. on overcast days
Pa Atmospheric pressure (p, = 1.013) bar M.L-1t"2
q Volume flux of water passing througha m3m-2s7?! Lt~
unit horizontal area per unit tirme
Gas Oy Downward resp. upward flux of water m.s ! Lt ?
through a phreatic surface at constant
depth
Grs s Flux of water through the roots resp. m.s~! L.t~!
the soil
ar Rate of water uptake per unit length of m®.m~'s~* L2t-?
Toot
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SYMBOL INTERPRETATION UNITS DIMENSION

qy Water vapour flux through the soil; kgm~%s-! M. L-2¢-?
mass (volume) (m.s™ ") (Lt

G Vertical heat flux through the soil W.m~? M.t—3

R, R, R, Net, shortwave resp. thermal radiation W.m~?2 M.t~3
flux

R Shortwave radiation flux under clear W.m™?2 M.t~ 3
sky conditions

tor Extra-terrestrial shortwave radiation W.m™2 M.t3

flux at the top of the atmospherc

R* Shortwave radiation flux reflected at the W.m—2 M.t—3
surface

R.R. R Solar radiation flux involved in photo- W.m™2 M.t—3
synthesis (0.4 to 0.7 um) on actual
days, clear days resp. overcast days

ra Diffusion resistance to water vapour of s.m™? tL-t
the air iayer surrounding the leaves

Fs Diffusion resistance to water vapour of sm~™* t.L-!
both crop and soil surface {r; = +
+ 7o+ ) :

Foo s I Diffusion resistances to water vapour s.m™* tL-!
dependent on fraction of soil covered,
on water head equivalent in the leaf
tissues resp. on radiation flux

ot Fsott Resistances to liquid flow in the plant s t
resp. the soil

ra Diffusion resistance to carbon dioxide s.n—! tL-!
of the air layer surrounding the leaves

Fm Diffusion resistance to carbon dioxide s.n~! tL-!
of mesophyll cells

Fs Diffusion resistance to carbon dioxide ~ s.m~? t.L-1!
of both crop and soeil surface

Se Fraction of soil covered 1 -

T Temperature (293.15 K = 20°C) K T

To, T Temperature at the surface resp. at ver- K T
tical distance z from reference level

4 Time s t

u Horizonial wind velocity ms~! L.t-!

Uy Friction velocity ms~} L.t-!

vV Volume m? L3

Xay X5y Xsms Yolume fractions of air, solid material, 1 -

Xyos Xow minerals, organic matter resp. water in
the soil

z Yertical distance from reference level, m L
as indicated in text :

™ Depth below the surface (section IIIB- m L
3d-4)

Zo Roughness length m L

z Rooting depth m L

o Reflection coefficient of surface 1 -

Xph Reduction factor for dry matter pro- 1 -

duction by a crop

Meded. Landbouwhogeschool Wageningen 71-12 (1971)

181



SYMBOL INTERPRETATION UNITS DIMENSION

B Bowen's ratio {§ = H/LE); Factor ac- 1 -
counting for pore geometry (eq. 91)

¥y Psychrometric constant (y = c,p,/Lt = barK™! M.L- ¢ 2T !
0.67 x 10-%)

d Slope of the saturation vapour pressure bar K~! M.L-tt-2T"!
curve (§ = de/dT)

€ Ratio molecular weight of water vapour 1 -
and dry air (z = 0.622)

eq Long wave emissivity of the earth 1 -

&y Volume of gas-filled pores per unit vol- m*.m~3 -
ume of soil in bulk

{ Ratio of average temperature gradient 1 -

in gas-filled pores and the overall tem-
perature gradient

g, 0 Volume of water per unit volume of m*.m~? -
soil in bulk

8 p, Weight of water per unit weight of dry keg.kg~?! -
soil

A Fraction of time the sky is overcast 1 -

A Thermal conductivity of soil W.m-1K-! M.Lt-37-!

vy, P2 Radii m L
Factor arising from vapour flux en- 1 -
hancemen¢ mechanisms

p Density kgm—? M.L.7?

p* Equivalent ‘electron’ density of water  kg.m 3 M.L-3

Pa ‘ Density of moist air (g, = 1.2047) kgm™3 M.L-?

Pas Pos Pro Bulk density of dry mineral soil, or- kg.m—3 M.L-3
ganic matter resp. water (g, — 998.23)

Ps Specific mass of soil kg.m~3 M.L-3

pe Heat capacity per unit volume Im3K-! M.L-1t-2T"!

Y, Water uptake by roots (Y, = dg,/dz) s~ t-?

o Phase shift or angle rad -

Lo X Flux of precipitation resp. intercepted kg.n-2s~*! M.L-2t-1
precipitation; mass (volume) (m.s~") (Lt~

L Total water potential expressed as ener- J.kg™? L2t~2

gy per unit mass (Ve = ¥ + ¥, +
+Wm+¥’p+¥‘;+l]lﬂ)

¥, ¥, ¥ ¥, Hydraulic, gravitational, matric, pres- Jkg~' L3t-2
¥, sure resp. solute potential
Viotal Total energy of water expressed per unit  bar M.L-t.t-2

volume thus equivalent with pressure
(W!oral = pytowl =y Y, =
=W Y, s W)
¥, Wo W W5, W« Equivalent of hydraulic pressure, equiv-  bar M.L-Lt"2
alent of gravitational pressure, equiv-
alent of matric pressure, pressare,
resp. equivalent of solute pressure
w Radial frequency st t-!
v Gradient (¢ = d/dz or v — d/dz, as m™! L-!
defined in the text)
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TasLE 21. Units of water potential and their equivalents at 293 K and ¢ = 9.813 m.s~?
(after TavLOR, 1968; modified)

Energy units

Equivalent units if density of water is 10°kg.m ™3

per unit mass (potential ¥) per unit volume (pressure p%) per unit weight
(head ¥.g~1)
crg. g7t joule. kg~ bar atm m water
1 10-+ 10-° 9,872 x 107 1.01% % 103
104 1 10-2 9.872 x 1073 1.019 x 10!
108 102 1 9872 x 10~ 1.019 x 10*
103 10-1 10-3 9,872 x 107% 1.019 x 102
1.013 x 10° 1.013 x 102 1.013 1 1.032 x 10!
9.813 x 10* 9.813 9.813 x 10-2 9,687 x 10~2 1
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