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STELLINGEN

De modelproeven van TING en LoOMIS mogen niet worden gebruikt voor de be-
rekening van het effect van de gedeeltelijke sluiting van de huidmondjes op de reductie
van de verdamping, wegens de grote variatie in de diffusieweerstand voor het damp-
transport tussen het verdampend oppervlak en de geperforeerde plaat in de opeen-
volgende proeven.

Ting, I P. and W. E. Loomis, 1963, Diffusion through stomates. Am. J. Bot. 50: 866-872,

II

De invioed van het randeffect op de verdamping uit lysimeters wordt door MAKKINK
overschat, omdat bij de berckening van de extra ontvangen straling het gewas niet
als een volkomen gesloten voor licht ondoorlatend oppervlak mag worden beschouwd.

MaKkmK, G. F., 1957, Testing the Penman formula by means of Iysimeters. J. fnst.
Water Eng. 11: 27T7-288.

ITI

D¢ betekenis van de capillaire opstijging in zandgrond in verband met de vocht-
voorziening van gewassen wordt vaak onderschat,

Wmp, G. P. and A, P. Hmpmg, 1961. The soil physical basis of the improvement of
clay cover soils. Neth, J. Agric. Sci. 9: 281-292,

v

De juistheid van de door DE WIT gegeven relaties tussen verdamping en opbrengst
moet ernstig in twijfel worden getrokken.
Wwir, C. T. pE, 1958, Transpiration and crop yields. Vers!. Landbouwk. Onderz. 64.6.

v

De door GaasTrA gevolgde berekeningswijze voor te bepaling van de diffusie-
weerstand voor CO,-transport in het blad leidt tot te hoge waarden van deze weer-
stand.

GAASTRA, P., 1959 Photosynthesis of crop plants as influenced by light, carbon dioxide,
temperature and stomatal diffusion resistance. Med. Landbouwhogeschool 59.13.



V1

Het door vaN DUIN en door WESSELING op grond van literatuurgegevens aangenomen
lineaire verband tussen de diffusiecoéfficiént voor gas en het met lucht gevulde
poriénvolume in de grond is aanvechtbaar.

DuiN, R. H. A. vaNn, 1956, Over de invioed van grondbewerking op het transport van
warmte, lucht en water in de grond. Versi. Landbouwk. Onderz, 62.7.

WESSELING, J., 1962. Some solutions of the steady state diffusion of carbon dioxide
through soils. Neth. J. Agric. Sci. 10: 109-117,

VII

De door HOFFMAN en SCHwWAB voorgesielde methode voor het bepalen van de
drainafstand uit de gemeten drainafvoeren met behulp van drie drains in een overigens
niet gedraineerd gebied is voor de praktijk niet toepasbaar,

Horrman, G. J. and G. O, Scawas, 1964, Tile spacing prediction based on drain outfiow.
Trans. Am. Soc. Agric. Eng. 7: 444447,

Vil

Ten onrechte wordt bij het ontwerpen van waterlopen uitgegaan van de veronder-
stelling dat de formule van MANNING onder alle omstandigheden mag worden
toegepast.

WERKGROEP WATERLOPEN, 1958. Richtlijnen voor het ontwerpen van open waterlopen
en van sommige bijbchorende kunstwerken.

ENGELUND, F., 1964. Flow resistance and hydraulic radius. Acta Polyrechn. Scandinavia
series 24.

IX

De opbrengstdepressie tengevolge van vochttekorten wordt onder de Nederlandse
klimatologische omstandigheden in droge jaren, bij vergelijking met de opbrengst
in ,,normale” jaren, onderschat.

Verslag over de landbouw in Nederland over 1959, Versl. en Meded. Min. L.V, 1961 na. 1
Berg, C. vaN DEN, 1962. Enige landbouwkundige aspecten van de droogte in 1959.
Versl. en Meded. Comm. Hydr. Onderz. T.N.O. 7: 107-126.

X

De opbrengstdepressie van grasland tengevolge van optredende vochttekorten
moet naast de sluiting van de huidmondjes in belangrijke mate worden toegeschreven
aan de vertraging in de lengtegroei van het gewas.



X1

Het is onjuist bij de berekening van de verdamping van een vrij wateroppervlak
en van gewassen met behulp van een gecombineerde methode gebruik te maken van de
gemiddelde overdag-waarden van temperatuur en luchtvochtigheid.

XII

Als standaard verdampingspan moet aan de ondiepe ingegraven pan de voorkeur
worden gegeven boven de U.S. Weather Bureau Class A pan.

XIII

Voor degenen, die geboren zijn tussen 1 oktober en 31 december en die een akade-
mische studie gaan volgen, is de thans geldende regeling voor uitstel van eerste
oefening in militaire dienst veel ongunstiger dan voor hen, die geboten zijn tussen
[ januari en 30 september. De in deze regeling gestelde tijdgrenzen dienen, ter ver-
mijding van onbillijkheid, in overeenstemming te worden gebracht met de geldende
tijdgrens voor de leerplicht van het lager onderwijs.

Proefschrift P. E. RUTEMA
Wageningen, 30 juni 1965,



Yoorwoord

Bij het afsluiten van dit proefschrift neem ik gaarne de gelegenheid te baat mijn
dank uit te spreken aan allen die tot de voltooiing hiervan hebben bijgedragen.

Hooggeleerde HELLINGA, hooggeachte promotor, U in het bijzonder ben ik dank
verschuldigd, Uw belangstelling voor dit onderzoek is een grote stimulans geweest.
Uw kricische opmerkingen hebben mede de vorm en de inhoud van dit proefschrift
bepaald.

Hooggeleerde Van WoK, U dank ik voor de waardevolle discussie die ik tijdens
de voltooiing van dit proefschrift met U mocht hebben.

Hooggeleerde VAN DEN BERG, weledelgestrenge Visser, ik dank U, dat U als
directeur en als adjunct-directeur van het Instituut voor Cultuurtechniek en Water-
huishouding mij in de pelegenheid hebt gesteld dit onderzoek met een grote mate van
vrijheid te verrichten.

Waarde PANKOW, waarde RYHINER en waarde SCHWARZ, onder degenen die aan
het verzamelen en uitwerken van de gegevens hebben medegewerkt, mogen Uw namen
niet onvermeld blijven. Ik ben U zeer veel dank verschuldigd voor Uw enthousiaste
medewerking en Uw waardevolle steun bij de uitvoering van de metingen en de
berekeningen.

Waarde BIERHUIZEN, waarde WESSELING, jullie kritische opmerkingen en waarde-
volle adviezen zijn voor mij een grote steun geweest bij de voltooiing van dit proef-
schrift.

Waarde VAN T LEVEN, ik ben je zeer erkentelijk voor het beschikbaar stellen van
gegevens uit Tunesié.

Waarde SCHIERBEEK, ik ben je zeer veel dank verschuldigd voor de wijze waarop
je de Engelse tekst hebt willen corrigeren. Je waardevolle hulp bij de redactie van het
manuscript en de figuren heeft in belangrijke mate een stempel gezet op de uitvoering
van dit proefschrift,

Zeer geachte heer KLAASSEN, zeer geachte heer KUHN, zeer geachte heer ARIESE,
gaarne wil ik mijn dank uitspreken voor de voortreffelijke uitvoering van de figuren.

De leden van de Werkgroep Lysimeters T.N.O. en van de Werkcommissi¢ voor
Verdampingsonderzoek dank ik voor de prettige samenwerking, dic ik met hen in de
afgelopen jaren mocht hebben. Ik hoop dat dit proefschrift cen bijdrage mag zijn tot
ons gezamenlijk onderzoek.

Weledelgestrenge MALTHA, U, als directeur van het Centrum voor Landbouw-
publicaties en Landbouwdocumentatie, dank ik voor het opnemen van mijn proef-
schrift in de Verslagen van Landbouwkundige Onderzoekingen.

De Heer M. J. M. OssE van dit Centrum ben ik erkentelijk voor zijn typografische
adviezen,



This thesis is also published as Agricultural Research Reports 659



Contents

I. INTRODUCTION

IT. INSTRUMENTS AND OBSERVATIONS

I

Iv.

1.
. Precipitation

. Pan evaporation

. Meterological observations
. Crop height

. Moisture content

. Soil temperature

. Interception

00 ~1 O\ LB W

Lysimeters

Summary

METEOROLOGICAL ASPECTS OF EVAPOTRANSPIRATION

1.
2.

4.

S

Turbulent vapour transport
Energy balance

2.1. Shortwave radiation

2.2. Reflection coefficient
2.3 Net longwave radiation
2.4. Sharing of net radiation

. Combined aerodynamic and energy balance methods

3.1. Method of Penman
3.2, Method of Mcllroy
3.3, Discussion of the combined methods

Comparison of caleulated evaporation from a free water surface

with measured pan evaporation
Influence of advection on evapotranspiration

Summary

PLANT PHYSIOLOGICAL ASPECTS OF EVAPOTRANSPIRATION

1.

2.

Water transport in plants

1.1, Resistance in the leaf tissue

1.2, Resistance in the root cells

Effect of stomatal opening on evapotranspiration
2.1. Effect of light intensity

2.2, Effect of leaf temperature

NOOND GO =l =1~ b

10
15
15
16
17
18

23
24

25
27
29

31
3
32
32
33
34
35



3. Reduction factor of Penman 35
4, Effect of interception on evapotranspiration 39
Summary 42
V. SOIL PHYSICAL ASPECTS OF EVAPOTRANSPIRATION 44
1. Capillary conductivity of soils 44
2. Extraction of water from the profile 51
2.1, Effect of suction and capillary conductivity on the extraction by uniform

root systems 52

2.2. Effect of suction and capillary conductivity on the extraction by non-
uniform root systems 54
3. Moisture extraction from the soil by grass 55
3.1. Moisture extraction from the root zone 56
3.2. Moisture extraction from below the root zone 59
4. Effect of soil factors on the apparent diffusion resistance of crops 65
Summary 69
VI. ANALYSIS OF EVAPOTRANSFIRATION DATA !
1. Procedure of the analysis 71

2. Determination of the unknown factors under conditions of optimum
water supply 75
2.1. Reflection coefficient 16
2.2. Roughness function 76
2.3. Apparent diffusion resistance of grass with optimum water supply 78
3. Influence of local advection on evapotranspiration 79
4. Effect of the water supply in the effective root zone on evapotranspiration 80
5. Calculation of crop factors in relation to evaporation 86
Summary 90
SUMMARY 92
SAMENVATTING 94
LisT OF SYMBOLS 99

REFERENCES

102



L3

I. Introduction

Evapotranspiration is the loss of water in vapour state from a cropped soil to the
atmosphere. This water loss includes the vaporization from the upper soil layers
(evaporation) and the vaporization of water taken from the soil by plants (transpira-
tion). For the vaporization of intercepted precipitation (or sprinkling water) and dew
from plant surfaces the term evaporation is also applied, just as for the vaporization
of water from free water surfaces.

The evaporation from free water surfaces is dependent only on meteorological
factors as radiation, temperature, relative humidity and wind velocity. The evapo-
transpiration, from a cropped soil is not only dependent on these meteorological
factors but also on factors related to the crop and to the available amount of moisture
in the soil. For this reason the concept of potential evapotranspiration has been intro-
duced; it is defined as the rate of evapotranspiration dependent on weather conditions,
from an extensive surface of a short green crop of uniform height, completely shading
the soil and actively growing under conditions of optimum water supply (PENMAN,
1948; 1956). In order to calculate the evapotranspiration from a certain crop with
other specifics, the potential value must be multiplied by a crop factor (MAKKINK,
1960; MAKKINK and VAN HEeMST, 1962).

A number of methods have been evolved to calculate the potential evapotranspira-
tion. Some of these methods are based on an empirical correlation with the mean
monthly air temperature (THORNTHWAITE, 1948; BLANEY and CRIDDLE, 1950). Max-
KINK (1955) has shown that the curve of the monthly values over the year based on the
formula of Thornthwaite, only agrees under the conditions prevailing in the Nether-
lands with the observed potential evapotranspiration if a correction for a time lag
and for the wind velocity is applied. No method based on monthly temperature alone,
can be expected to give reliable results for climatologically different regions (VAN
WuK a.o., 1953).

It can also be expected that empirical formulae, as for example presented by Turc
(1954; 1955), not related to the physical processes determining evapotranspiration,
give unreliable results under conditions different from the ones they are based on.
PENMAN (1948) evolved a method based on an approximation of the energy balance.
Generally speaking this method gives better results than methods based on a cor-
relation with mean monthly temperature.

Due to the development of the crop and to a possible lack of water, the evapo-
transpiration has under many conditions no direct relation with the evaporation
from a free water surface. It is therefore necessary to take all the factors governing the
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real evapotranspiration into account. The most important factors determining the
rate of evapotranspiration are:

a. the transport of water vapour from the air layers close to the evaporating surface
to higher layers;

b. the amount of energy available for the vaporization of water;

c. the aperture of the stomata in connection with the diffusion of water vapour
through them;

d. the rate of the supply of water to the evaporating surface,

The factors given under a and b are dependent on the meteorological conditions
also governing the foss of water from a free water surface, although they differ for a
crop since there is a difference in roughness and reflection of the evaporating surface.
The factors ¢ and d are plant physiclogical and soil physical ones.

Each of the mentioned factors may act as a limiting factor for the evapotranspira-
tion. These factors are taken into account and related to each other in the present
study, resulting in formulae for the calculation of actual evapotranspiration under
the conditions prevailing.

In Chapter {I a review will be given of the instruments and the observations used
in the present study,

The climatological aspects of evapotranspiration are discussed in Chapter III.
This Chapter also deals with the meaning of measured pan evaporation and the
influence of local advection on evaporation.

In Chapter IV some plant physiological aspects will be treated. Aside from a
discussion on the reduction factor of PENMAN (1948; 1956) attention will be given
to the influence of light intensity on the stomatal opening in connection with tran-
spiration. Also the effect of the interception of precipitation on evapotranspiration is
dealt with.

Some soil physical aspects are discussed in Chapter V. Data on capillary conduc-
tivity are examined and a calculation model concerning the transport resistances in the
root zone and in the plant is presented. Data on the capillary rise from a ground-
water table are also given.

Finally, in Chapter VI the results of the analysis of the evapotranspiration data
of lysimeters are presented in relation to the considerations given in the preceding
chapters. Attention will also be given to the significance of crop factors in relation
to the evaporation from a free water surface. The possibility to calculate these factors
for different climatological conditions is discussed.



The main instrument used, is an installation of lysimeters situated near Wagenin-
gen. The investigations with lysimeters in the Netherlands are coordinated in the
Working Party on Lysimeters of the Committee on Hydrological Research T.N.O..
Part of the results of these investigations and a description of the lysimeters used in the
Netherlands was given by WIND (1958; 1960). The observations with the instaliation,
used in the present study, were started in 1952 by MAKKINK (see for example 1962)
of the former Central Institute for Agricultural Research. Since the reorganization
in 1957 of agricultural research in the Netherlands, the present author became
responsible for this installation. Although for this reason the data obtained from these
lysimeters will be used in particular, the present study can be regarded as a contribu-
tion to the activities of the Working Party on Lysimeters.



II. Instruments and Qbservations

1. Lysimeters

The evapotranspiration of grass was determined under various conditions of
water management from water balances of 32 lysimeters in the neighbourhood of
Wageningen, the Netherlands. The instailation is situated in an extensive grass area,
in general well supplied with water. A full description of the construction and the
equipment of these lysimeters was given by MAKKINK (1953; 1962).

The lysimeters contain undisturbed soil profiles, coming from areas with a heavy
clay soil (12 lysimeters), respectively a peat soil (12 lysimeters) and a loamy sand
(8 lysimeters). The soils can be regarded as representative for the grassland areas in
the Netherlands. The soil moisture characteristics of the different layers in the profiles
are presented in figure 1.

Each lysimeter has an overflow (MARIOTTE-system) to ensure a constant water
table as target-level. The real depth of the groundwater table varied within narrow
limits around the target-level. The target-levels of the different lysimeters are given
in table 1. The figures in brackets give the number of lysimeters with the same level.

Table I. Target-fevels of the groundwater table in the lysimeters in ¢m below surface

Sand Peat Clay
S0 50 (2) 50 (2)
60 (2) 60 (2) 70 (2)
100 (1) 70 (2) 90 (2)
125 (1) 9¢ (2) 100 (2)

100 (2) 125 (2)

125 (2) 145 (2)

Daily readings were made of the amount of drainage from each lysimeter. During
dry periods water was supplied automatically from calibrated bottles to the lysimeters.
All data were taken between 8.00 and 9.00 a.m. The change in soil moisture was
measured by periodically weighing the lysimeters. From April 1 to October 1 the
lysimeters were weighed two times a week and during the winter half-year once a
week, The weighings were performed directly afier taking the other data, of which
more below.
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2. Precipitation

Fig. 1. The soil moisture characteristics at various
depths for the soils used in the present study.
a. sticky clay; b. peat; c. loamy sand

The precipitation in the preceding 24 hours was measured every day between
8.00 and 9.00 a.m. Four rain gauges were installed at the lysimeter station. Two of
them were exposed at 40 cm above soil surface (standard height in the Netherlands),
while the others were placed with their rim at surface height. The measured amounts
of precipitation did show systematic differences dependent on the height of exposure
and on wind velocity. The ratio Po/P,, in relation to wind velocity is presented in
figure 2. The data concern amounts of precipitation exceeding 3 mm - day~'. The
diagram shows that with increasing wind velocity, the amounts of precipitation
measured at the 40 cm level are smaller than the measured amounts at surface height.
Similar results were reported by DE ZEEUW (1963) in a study concerning the measure-
ment of precipitation. For this reason the amounts of rain measured at surface
height were used when calculating evapotranspiration from water balances. In summer
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periods, under conditions of heavy rain and high wind velocity, the water balance
of the lysimeters yielded negative values of evapotranspiration, even when the
amounts of precipitation measured at surface height were used in the calculation.
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Fig. 2. Relation between the ratio P[P, and the wind ~ Fig. 3. Relation between evaporation meas-
velocity at 2 m height. The amounts of precipitation wred from two sunken pans during 45 suc-
exceed 3 mm - day! cessive days in 1959. Pan 1 exposed in the

field and pan 2 between the rails
This seems to indicate that, under these conditions, even the measured amounts at
surface height may be too low.
3. Pan evaporation

The evaporation from a free water surface was measured with two sunken pans
(diameter 50 cm, depth 25 cm). The water surface was kept 2.5 cm below the rim of

Table 2. Monthly evaporation in mm measured with two sunken pans during the summer half-year.
Pan 1 exposed in the field, pan 2 exposed between the rails

Total

Year Pan Aprii May June July  August  Sept. pan 1 pan 2
1959 1 49.8 109.1 141.8 149.5 98.4 88.2 636.8

2 49.0 105.2 1409 1465 99.5 92,9 634.0
1960 1 66.8 103.0 1206 785 709 46.9 486.7

2 63.9 106.0 119.7 80.6 70.8 45.7 491.7
1961 1 38.8 78.5 91.0 73.1 72.5 39.0 3929

2 40,5 78.4 93.1 734 751 40.7 401.2
1962 1 52.9 64.9 98.7 87.6 870 62.4 453.5

2 50.2 64.1 97.7 878 875 61.9 4492
1963 1 54.8 61.1 1056 83.6 699 56.9 436.9

2 55.1 598 1040 87.6 718 51.9 430.2
1964 1 489 87.3 1159 1222 891 65.0 528.5

2 49.8 838 1140 1214 89.7 60.5 519.1
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the pan, the rim being at the same level as the soil surface. The pans were surrounded
by grass cut short. One of the pans was exposed in the field and the other between the
rails of the weighing-machine, close to the roof of the observation cellar, Despite the
difference in direct environment the agreement between the measured data, presented
in figure 3, was satisfactory. MAKKINK (1957) did mention a similar result with the
same outfit. Data of measured monthly pan evaporation during the summer half-
year are given in table 2.

4, Meteorological observations

Temperature and relative humidity were recorded with a thermohygrograph in a
screen at two meters at the lysimeterstation. The instrument was checked daily by
comparison with a ventilated psychrometer. Maximum and minimum temperatures
were also measured.

The mean wind velocity was measured at a height of two meters with two totalizing
cup-anemometers connected with mechanical counters.

In calculating evapotranspiration, data concerning solar radiation and the dura-
tion of bright sunshine were used that were measured by the Department of Physics
and Meteorology of the Agricultural University at Wageningen. The metcorological
observation field is situated at approximately 3 km from the lysimeter station.

5. Crop height

The height of the grass on the lysimeters was measured on the days that the con-
tainers were weighed. On each lysimeter, this height was measured at 12 spots. As
crop height during the water balance period, the mean was taken of the measurements
at the beginning and at the end of the period. Balance periods in which the grass was
cut, were not taken into consideration, because of the discontinuity in height. The
grass was cut once in five weeks.

6. Moisture content

During three years, the variation in moisture content was next to weighing of the
lysimeters measured with nylon units at various depths. The results of the measure-
ments with nylon units after rewetting of a dry profile were very poor, due to hysteresis
effects. It was therefore impossible to measure the moisture distribution during the
complete growing season. For a number of periods without precipitation, the loss
of moisture from the profile measured with nylon units was practically equal to the
loss determined by weighing. The variation in soil moisture determined by both
methods during the summer of 1957 in a peat soil is presented in figure 4. During the
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first dry period both methods gave comparable results. Large discrepancies existed
after rewetting of the soil. The data earlier presented by MAKKINK (1962) gave a

moisture extraction mm
+20

-20

40

60~

precipitation mm . day"’

30
20 -
10
o]
Aprit May June July August
Fig, 4. Variation of total soil moisture in a pear soil measured with nylon units (.- - — =) and by weighing
of the lysimeter () in 1957

similar picture. In spite of the difficulties with the nylon units it was possible, how-
ever, to draw important conclusions on the moisture distribution in the profile.
Also, a number of measurements were used for the calculation of capillary conduc-
tivity of the soils.

7. Soil temperature

The temperature of the soil in the lysimeters was measured with calibrated thermis-
tors. The data were used to correct for temperature the measurements of the nylon
units, Part of the data was used in calculating the heat storage in the soil over the
year.



8. Interception

Measurements of the amount of water remaining on the leaf surface of the crop
after precipitation, were performed using small containers (30 x 30 x 10 cm) covered
with grass. The observations were carried out in the cellar of the lysimeter station
in order to prevent evaporation losses as much as possible. After saturating the
coarse sand in the containers, they were placed upon a quick-weighing balance.
The crop was then given various amounts of water with a small sprinkler. The total
amount of water applied was determined by measuring the amount of surface dis-
charge from the soil and by measuring the increase in weight of the container. Under
these circumstances, the amount of water intercepted by the crop equals the gaia in
weight of the container. The results of these experiments are given in Chapter IV,

Summary

A description is given of the instruments and observation methods used in the
present study.

It appeared that the measurements of precipitation at surface level give more
reliable data, than those measured at 40 cm above the surface, due to the turbulence
effect of the wind. For this reason the data measured at surface height will be used
in the calculation of evapotranspiration from the lysimeters.

In spite of the differences in exposure of the two sunken pans used, a satisfactory
agreement between the measured evaporation data was found, indicating that the
effect of the rails and the roof of the observation cellar of the lysimeters on evapora-
tion was under the prevailing conditions of minor importance.

Measurements of soil moisture content, when using nylon units, gave, in compari-
son to weighing of the lysimeters only satisfactory results when no hysteresis effects
were present.



HI. Meteorological aspects of evapotranspiration

1. Turbulent vapour transport

In air without movement or under conditions of laminar flow, the vertical trans-
port of water vapour is determined by molecular diffusion. The layer of laminar
flow is in the open under normal conditions very thin. The thickness of this layer is
determined by the wind velocity and the roughness of the evaporating surface. Above
this boundary layer the vapour transport does not only take place by molecular
diffusion but is mainly governed by the irregular turbulent flow of air.

Temperature gradients existing in the air cause a transfer of sensible heat. In the
turbulent moving air this transfer is mainly determined by the turbulent flow ex-
change of warm and colder air.

The turbulent flow of air is under field conditions characterized by a horizontal
bulk movement with a mean direction of flow that tends to remain constant over
periods longer than those that are to be considered. The velocity in this mean direc-
tion is usually symbolized by i, and over a long period the mean side component o
and the mean vertical component w will be zero. At any given time and place, how-
ever, the turbulence of the moving air can be expressed through the eddy-velocities
¥, v and w', representing instantancous departures from the mentioned means,
The vertical eddy-velocities are particularly important for their effect on the vertical
transfer of momentum, resulting in the establishment of a vertical profile of horizontal
velocities with a zero value at the surface, a rapid increase with height (z) over a
short height range and then a more gradual increase.

Analogous to molecular- and other well known transfer processes, the basic
equations of mean vertical transfer of momentum, heat and vapour can be written
as follows:

momentum: T = pK, ou 1)
oz
sensible heat: K= —pc,Ky ‘;—T (2)
z
oq
water vapour: E = —pK, o (3)
z

where p is the air density in g-cm ™3, ¢, the specific heat of dry air at constant pressure
(0.242 cal-g~*- (°C)™ "), T the temperature in °C, and g the specific humidity in gram
of water vapour per gram of moist air. Kj;, Ky and K}, are the eddy-transfer factors in
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em?-sec™! of momentum, heat and water vapour respectively. The subscripts to the
K-factors are written in these equations in recognition of the fact that the eddy-
transfer processes, although very similar, are not necessarily identical for each of the
properties concerned.

Evapotranspiration can be calculated according to THORNTHWAITE and HOLZMAN
(1939; 1942) by assuming the following propositions:
a. the transfer factor for momentum is identical with that for water vapour;
b. the shearing stress is constant with height:

T To Ju
—= == K, — 4
p P M oz @)
¢. the wind velocity u, at the height z(z = 4) may be expressed as:
+ —
u, = 1 (T_O) n (ﬂ_d) (5)
k\p . Zg

where k(~ 0.4) is a turbulence constant originally introduced by Von KaRMAN,
Zg a constant for each surface, known as the roughness length, and d the dis-
placement of the zero plane of wind velocity in relation to the earth surface.

The propositions mentioned before lead to the following equation for evapotranspira-
tion:

E = sz(“z—"J(%_qzz) (6)
In (22 +ZO —'d)]
(z;+2o—4d)

The identity of the eddy-transfer factors of momentum and water vapour was the
subject of experimental investigation by PASQUILL (1949a), RIDER and ROBINSON
{1951), RIDER (1954a), SHEPPARD (1958) and DEACON and SWINBANK {1958) and the
evidence for this appears to be fairly conclusive.

The constancy of shearing stress with height was first proved on a theoretical
base by ERTEL (1933) and has been confirmed by CALDER (1939). According to this
theory the deviation of shearing stress at a height of 25 meter should be smaller than
6% of the corresponding value at a height of 1.5 meter.

Experimental results reported by PASQUILL (1950a) did show a greater variation
in shearing stress, due to effects of buildings, trees and irregularities in the field at
greater distance. The variation in shearing stress at 25 meter height appears, from
experimental investigations reported by DEACON (1954), to be greater than at 1.5
meter height. A systematic deviation between the shearing stresses at both heights
could, however, not be proved, due to the natural variation of the turbulent flow
in the field

DeAcoN (1949), PasQuiLL (1949b, 1950b) and RIDER (1954a, 1957) have demon-
strated that the logarithmic wind function holds for wind flowing over natural
surfaces in the open and near the ground, when the atmosphere is necutrally stratified.

DEACON (1949) proposed a power function for the wind profile under non-neutral
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conditions with the general equation:

a_u =qz?
0z

(M

where f§ is a constant depending upon the stability of the atmosphere. DEACON
presents for grass the following vatues of #: 0.75 to 1.0, 1.0 and 1.0 to 1.2 under
respectively stable, neutral and unstable conditions of the atmosphere. This general
equation for the wind profile leads to the following equation for the wind velocity:

4= k(ll—b’) (%)*[(L:_—G)H"I] ®)

Expanding equation (8) in a Taylor series makes the relation to the logarithmic
wind function clear:

u, =3 (f_o)*ln (H_Zo—_d){H (12—!13) n (z+zo—d) .

k\p Zy Zy

4 0By (z”“""d) + } (82)

3! Zg

Values of § are difficult to be exactly determined from measured data of wind velocity.
RIDER {1954bj did show that small errors, in the order of 19, of the measured wind
velocity have an enormous influence on the value of f. His data also make clear the
necessity to know the experimentally determined values of d and zg with an accuracy
of a few mm, before § can be determined with any confidence.
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Fig. 5. Relation between the roughness length (z,) and the wind velocity at 2 m height for tall grass
(60 to 70 cm) with a zero-plane displacement (d) of 25 em (DeacoN, 1949)

Fig. 6. Variation in crop height of oats during the growing season (- ——-) and values of (d—z;) (
Jor various wind velocities at 2 m height according to RinEr (1954b)
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Both the value of the zero plane displacement 4 and the value of the roughness
length z, are dependent on the wind velocity, because of the bending of the crop.
The relation between the roughness length of tall grass and wind velocity, from
experimental data given by DEACON (1949), is presented in figure 5, showing a decrease
in roughness with increasing wind velocity. Data of (d—z4) concerning oats under
neutral conditions of the atmosphere as reported by RIDER (1954b), also show an
influence of wind velocity (figure 6).

Formally, equation (6) only holds under neutral conditions of the atmosphere.
Under other conditions a correction will have to be applied. Use of equation (8)
yields the following equation for evapotranspiration:

B pk2(1— Y250 " Pu, —u g, —q,)
E = [(zz+20__d)1—ﬂ_(zl+zo__d)l —ﬂ]2 (9)

The deviation between the evapotranspiration, as calculated by both methods,
becomes smaller when the measurements are performed closer to the evaporating
surface, In that case, however, both zero level difficulties and sampling variations
are introduced. PasQuiLL (1949b) found when measuring during clear spring weather
at 50 cm height above a surface of grass cut short, a systematic deviation of approx-
imately 1094 in the form of an underestimation of evapotranspiration under unstable
conditions and of an overestimation under stable conditions. Data of RIDER (1954b)
in experiments with oats, show an error of the same magnitude. Data of evapo-
transpiration in the Rottegatspolder (WERKCOMMISSIE VOOR VERDAMPINGSONDER-

avapoiranspiration
mm/ balance pericd
110

I— E(eq-9)

100 -

80

BO

70H-

60

50

’Q

401 . Fig. 7. The relation between the evapotran-

30} 2 spiration calenlated with equation {6) and

20l with eguation (9) for periods of approx-
imately 30 days in the Rortegatspolder

10~ E{eq.6} (WERKCOMMISSIE VOOR VERDAMPINGSONDER-

S P Cots ZOEK, {958-1960)
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evopotranspiration o summer wheat (1958); + flax (1959);

mm/ bolonce period o grass (1960)

ZOEK, 1958-1960), presented in figure 7, calculated through with both formulae over
periods of about a month, show a maximum deviation of 15%. These data taken
from literature show, that when calculating evapotranspiration with equation (6)
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the values have generally a deviation smaller than 15%;,. Equation (9) offers possibili-
ties for a more accurate calculation of evapotranspiration. Practical application is
difficult, however, due to the uncertainties arising in exactly determining the value of
B. A calculated first estimate of the roughness function based on equation (6) will
therefore be used in the analysis of the evapotranspiration data measured with the
lysimeters.

Neglecting the zero plane displacement when calculating the evaporation from a
free water surface and the evapotranspiration from a surface covered with grass,
assuming an air pressure of 76 cm Hg and an air temperature of 20° C, subject to the
boundary conditions:

Zz=200 Uy = u €y = €,
Z, = 0 Uy = 0 €y = €&
transforms equation (6) into:

E=— 28 e-e) (10)

2
(ln 200+zo)

Za

where u is the wind velocity measured at 2 meter height in m - sec.™%, ¢, and e, the
vapour pressure in mm Hg respectively at the surface and at 2 m height.

Data published by SutToN (1953) of the roughness length of meadow grass at a
wind velocity of 5 m-sec™ at 2 m height are given in table 3. The corresponding
values of the calculated roughness function in equation (10) are also given.

Table 3. The roughness length and roughness function of meadow grass according to data of SUTTON
(1953)

Crop height Roughness length Roughness function
(cm) (cm) { (mmH,0) day—'m! sec (mmHg)~?)
1 0.1 0.236
10 2.3 0.679
50 9 1.38

Equation (10} is very similar to the empirical DALTON equation: This equation
utilizes a relationship which considers the overall transfer process from surface to
bulk air, and relates the corresponding transfer factor only to the prevailing wind
velocity, The equation can be written as follows:

E = f(i)(e,—€a) (10a)

where f(ii) is an empirically derived function of wind velocity, commonly given in the
form:

f@) = a(l +bid) (10b)
or:

J@) = ci (10c)
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where i is the time averaged wind velocity measured at standard height and @, b and ¢
are constants to be determined experimentally.

The Dalton equation is particularly applied to calculate the evaporation from
free water surfaces. Measurements of the water temperature at 1 or 2 cm below the
surface are sufficiently accurate to determine the saturated vapour pressure at the
surface, This method is in principle, with a modification of the constants, also appli-
cable for other evaporating surfaces. Difficulties arise, however, in the determination
of the vapour pressure at the evaporating surface of cropped soils. For this reason the
Dalton equation has not been applied to cropped surfaces.

2. Energy balance

Evaporation is a change in state, demanding a supply of energy as latent heat
of vaporization. The problem in the energy balance approach is to measure all other
sources and sinks for energy, leaving evaporation as the only unknown. Neglecting
the amount of energy used for photosynthesis and for the moment not considering
the supply of advective energy, the energy balance can be written as follows:

(1-r)Hy—"H, = LE+K+8+G (11)

where H,, is the global shortwave radiation, ™H,, the net longwave radiation, LE
the latent heat flux density of evaporation, K the sensible heat flux density to the
atmosphere, S the sensible heat flux density in the soil, G the storage of heat in the
crop, r the reflection coefficient of the surface and L the heat of vaporization.

2.1. Shortwave radiation

The shortwave radiation can be measured with reasonable ease and accuracy using
solarimeters. The number of places at which it is measured, however, is rather small.
For practical purposes it is necessary therefore to fall back on an empirical relation
of the form: .

H, = (a+bn/N)H, (12)

‘A
where H, is the theoretical maximum incoming radiation if there was no atmosphere,
the ratio /N the actual duration of bright sunshine as a fx;actlon of the maximum
possible duration for a cloudless sky, while # and &5 afé empirically determined

constants depending on the place on earth. . -
This relation can according to DE VRiEs (1955) be changed under conditions

prevailing in the Netherlands into:
Hy = {a+(1—0)n/N}™Hg, (12a)

where ™*H_, is the maximum amount of shortwave radiation reaching the earth
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surface on clear days. The constant a varies from 0.25 to 0.34 depending on the time
of the year. De Vries proposed to give o for practical use a mean value of 0.29. The
accuracy reached in calculating incoming shortwave radiation during short periods
from this empirical relation in comparison to the measured data is not high, as ap-
pears from data given by RuTEMA (1959) and presented in figure 8. The variation in
the data indicates that equation (12a) is not to be used for the calculation of shortwave
radiation over short periods. DEACON a.o. (1958) comparing measured and calculated
data of shortwave radiation, give a variation of 15%. This variation can be partly
explained by instrumental errors of the sunshine recorder. The recorder is not reg-
istrating when thin clouds are present, nor in conditions of low radiation intensity on
clear days just after suntrise and before sunset. The amount of shortwave radiation
reaching the earth surface is strongly dependent on the type of clouds and the time
of the day that clondiness is present. It is well known that on days with a partly clouded
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cal-cm 2 day ~? in 1957 at Wageningen (RUTEMA, 1959)

sky, when the sun is visible through a gap between the clouds, reflection from their
sides can in effect add to the intensity and can increase the solar radiation that is
received.

It is therefore preferable, if possible, to use measured data of shortwave radiation
instead of calculated ones. In this study measured data have been used.

2.2. Reflection coefficient

Because the reflection coefficient depends on the angle of incidence, which in
particular for the direct radiation varies with latitude, with season and time of day,
as well as with the type of surface (AsHBURN and WELDON, 1956), the amount of
total incident radiation that is reflected by a given surface is by no means constant.
Mainly, only daily mean values of the reflection coefficients of various land surfaces
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are known. Reflection coefficients, concerning a grass crop, as reviewed from liter-
ature by ScHoLTE UBING (1959) cover a range from 0.16 to 0.33, depending also on
crop height and wetness of the surface. Measurements concerning the mean reflection
from grass, with a crop height from 8 to 30 cm performed at Wageningen (SCHOLTE
UBiNG, 1959) gave a value from 0.19 to 0.21 for the coefficient. MONTEITH (1959),
measuring the mean reflection from various crops, short grass included, with a full
cover of the soil, presents data varying from 0.24 to 0.26.

WARTENA and BoRGHORST (1961), measuring the reflection coefficient in shallow
evaporation pans, present a mean value of 0.08, also due to the reflection from the
bottom of the pan. The pan used by these authors was filled with clear water and had
a depth of 17.5 cm. The 25 cm deep pans used in the present study were filled with
groundwater taken from a shallow well. The water was not entirely clear, so the bottom
of the pans was hardly visible. The influence of the bottom on the reflection coefficient
is under these conditions very small. For this reason the, for the mean reflection
coefficient of a free water surface, generally accepted value of 0.05 will be used in the
calculations of evaporation.

In the analysis of the evapotranspiration data from the lysimeters the mean
reflection, coefficient of a crop is taken into account as an unknown constant because
of the variation in the data presented in literature and in regard to the importance of

this factor in the energy balance approach.

2.3. Net longwave radiation

The magnitude of the net longwave radiation depends on surface temperature,
air temperature, atmospheric water vapour and cloudiness. Both the height of the
effective radiating surface of a crop and the radiating surface temperature are gener-
ally difficult to determine. Equality of surface temperature and air temperature at
2 m height is usually assumed when calculating net longwave radiation for periods
of more than one day. This proposition is not allowed when calculating short term net
longwave radiation, because then important differences in surface and air temperature
can exist (ROBINSON, 1950; MoNTeITH and SzEICZ, 1962). The highest surface temper-
atures occur generally in a short, open crop, which decreases strongly the movement
of air near the surface (BROADBENT 1950). Data reported by MONTEITH and SzEicz
(1962), given in table 4, indicate that the mean temperature during 24 hours, of
various cropped surfaces and air temperature measured in the screen do not differ
Yery much.

A full discussion, concerning the existing empirical relations used in the calcula-
tion of net longwave radiation, was given by SCHOLTE UBING (1959). The suitability
of the different relations depends strongly on the atmospheric conditions. Some of
these relations gave the best results under conditions of heavy cloudiness, while
others gave the best fit under conditions of a clear sky. The relation originating from
PENMAN (1948) was used in calculating net longwave radiation in this study, with the
aid of tables published by WESSELING (1960).
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Table 4. Maximum, minimum and mean temperature in °C of air and of various surfaces on clear days,
according to MONTEITH and Szricz (1962)

2-3 June 1960 29-30 June 1961 29-30 August 1961

max. min. mean max. min. mean max. min. mean
Air (screen) 23.4 81 156 254 120 191 29.7 13.7 21.8
Short grass 30.5 40 167 35.9 66 208 n.7 10.2 19.8
Tall grass 251 4.7 14.5 324 10.2 20.0
Wheat 22.1 57 147
Barley 25.1 9.4 187
Beans 26.1 84 182
M.O. tank 244 148 193 28,2 15.8 20.8
Class A pan 23.7 14.9 21.0
Bare soil 38.9 5.1 21.2 9.0 11.7 23.4

Net longwave radiation is calculated, assuming equality of air- and surface temper-
ature, with the following equation:

™H, = a(273+ T,)%(0.56 —0.092,/¢,)(0.104-0.90n/N) (13)

Where ¢ is the constant of Boltzman (118 - 10™ % cal - em™2 - day™! - °K™*), T, the air
temperature in °C, ¢, the vapour pressure in mm Hg and n/N the relative duration
of bright sunshine.

A deviation of 109, between calculated and measured net longwave radiation can
exist under clear sky conditions due to atmospheric irregularities (ROBINSON, 1550;
Goss and BROOKS, 1956). The deviation can increase considerably due to cloudiness.
Net longwave radiation depends strongly on the type of clouds. Moreover a good
correlation between cloudiness during the night and the relative duration of bright
sunshine during daytime hours is necessary. Using equation (13), considerable
differences may be expected over short periods between calculated and real net long-
wave radiation (SCHOLTE UBING, 1959; ABDEL-AZIZ a.0., 1964).

2.4. Sharing of net radiation

Net radiation on a horizontal plane surface can be calculated from the following
expression:

H, = (-r)H,—"H, (14)

The main problem in the approach of the energy balance is the division of H,,
between the other terms expending energy. The height and the density of the crop
and the water supply to the crop have influence on the distribution of energy used for
evapotranspiration, for sensible heat transfer to the air and for the transfer of heat
to the soil. The storage of heat in the crop is generally small and may be neglected
over periods longer than one day.

The amount of heat transfer to or from the soil is only a small component of the
balance and is therefore often neglected. During short periods, however, this short
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term transfer may become more important. MONTEITH (1958), measuring the storage
of heat in the soil beneath various crops (wheat, potatoes and grass) concludes that
the neglect of this term in balance periods of some days, does not lead to serious
errors. This storage term amourts to 109, of the net radiation during some periods
of clear weather. TANNER and PELTON (1960) report a storage of heat in the soil
beneath just moved alfalfa of 99 of the net radiation. The absolute mean ratio
|S/H,,| was 0.05 during the period from July to September, while the arithmic mean
amounts to —0.03.
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Fig. 9. The course of H,, ( }, §(——~) as well as S|H,, in 1938 calculated for loamy sand in
a Iysimeter with the groundwater table at 125 cm below the surface

The storage of heat in the lysimeters was calculated from changes in the temperature
profile of the soil, combined with estimates of the heat capacity of the soil, using a
simple formula, varying mainly with soil moisture content. The additivity of specific
heat leads to an additivity in volumetric heat capacity in those cases when volume
changes due to moisture changes can be ignored. Under these conditions the volumet-
ric heat capacity of the soil can be calculated with the following expression (see
also DE VriEs, 1953):

C, = 0.46x,+0.60x,+x,, (15)
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Where C, is the volumetric heat capacity of the soil in cal - cm~™* - (°C)~! and x,,,
x, and x,, are the volume fractions of mineral and organic material, and water re-
spectively. The soil moisture content of the various layers was measured with the aid
of nylon units.

The distribution of H,, and § in a lysimeter filled with loamy sand during the
growing season of 1958 is presented in figure 9, as well as the ratio S/H,,. The heat
storage in spring and in autumn seems to be somewhat larger than should appear
from the data to be found in literature. This is mainly due to the open connection
of the walls of the lysimeters used in the present study, via the observation cellar,
with the outside air, which causes an additional flux of heat into and out of the deep
layers of the soil. Soil temperatures measured at a depth of 1 m in the loamy sand
are presented in figure 10. Data of soil temperatures, published by the DEPARTMENT
of PHysics and METEORULOGY of the AGRICULTURAL UNIVERSITY (1958), measured
in the field at a depth of 1 m are also given in this figure. The data measured in the
lysimeter show more variation than those measured in the field. The general trend of
the heat storage is, however, of the same order of magnitude as that of the data given
in literature.
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Fig. 10. The variation in soil temperature at 100 cm below the surface in 1958

o———0 loamy sand in a [ysimeter
. o sand in natural conditions (DEPARTMENT OF PHYSICS AND METEOROLOGY, 1958)

The errors resulting from the neglect of heat storage in the soil when calculating
potential evapotranspiration, depend on the existing wind velocity and humidity of
the air. MonNTEITH (1958) reports, under conditions of clear summer weather in
England that a neglect of a storage in the soil of 109, of the net radiation gives an
error in the order of 79 in the calculated potential evapotranspiration.

The net heat flux density into the soil reaches its smallest value during the summer
months, when the soil temperature comes near its maximum value. The largest
errors in the calculated evapotranspiration arise, neglecting heat storage in the soil,
in spring with increasing soil temperature and in autumn when a rather rapid cooling
occurs.

Mostly, the storage of heat in the soil is neglected, when calculating potential
evapotranspiration for periods of 10 days or longer. Net radiation has to be divided
in that case only between evapotranspiration and sensible heat transfer to the
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atmosphere. Both terms can be separated using the Bowen ratio, which requires
the time averaged measurements of the vertical temperature and vapour pressure
gradients. The Bowen ratio can be written as follows:

- B

KV ey— €,

where y is the psychrometer constant (0.485 mm Hg - (°C™') to keep consistent
units, T, and T, are respectively the surface and air temperature, e, and ¢, the vapour
pressure respectively at the surface and in the air and Kj; and K, the turbulent transfer
factors of heat and water vapour.

On the identity of the turbulent transfer factors K, and K, some discussion exists
in literature. The identity of both factors can, according to PASQUILL (1949a), only be
shown under stable and neutral atmospheric conditions. It appears from these data
that Ky may exceed K, considerably in an unstable atmosphere. SWINBANK (1955)
has shown that the ratio Ky/K, increases with increasing atmospheric instability.
The scatter in these data is very large, however.

TAYLOR (1960}, presenting a further analysis of the data given by SwINBANK (1955)
and Riper (1954a), concludes that both factors are identical. According to this
author, some uncertainty only remains under very unstable atmospheric conditions.
RIDER and RominsoN (1951) and Suomi and TANNER (1958), when measuring the
energy balance could not show a variation in the ratio X,/K}, under unstable atmos-
pheric conditions. The method used by these authors is, however, generally not very
sensitive to a variation in this ratio. Investigations under various conditions of
atmospheric stability reported by CRAWFORD (1965) also show strong indications
concerning the identity of both factors.

Identity of both transfer factors has been assumed, based on the considerations
given before, in the analysis of the lysimeter data.

Combining the following equations:

LE+K=H,-S (11a)

and
K= SLE (16a)

gives the expression for the energy used for evapotranspiration:

H,—S
LE = T (17)

As long as f is not less (more negative) than —0.5, an error in E is significantly less

than an error in 8. The fact that the equation becomes indeterminate when f ap-

proaches —1 seems at a first glance to be a serious failing. However, § approaches

—1 only during relatively unimportant periods when the heat exchange is low, for
i example at sunrise, sunset and occasionally during the night.
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3. Combined aerodynamic and energy balance methods

The success of the energy balance estimate depends on the measurements of the
surface temperature, In the acrodynamic equation the surface vapour pressure is
needed. Both the vapour pressure and temperature at the surface of free water can
be determined with reasonable accuracy measuring the temperature close below the
surface. It is difficult, however, to measure these data at the evaporating surface of a
crop.

PenmaN (1948} and Mcliroy (StaTYER and McILroy, 1961) evolved equations
consisting of a combination of the energy balance and the empirical Dalton equation.
These combination methods have the advantage that the calculated evapotranspira-
tion becomes less sensitive to errors in the experimentally derived wind function in the
Dalton equation.

3.1. Method of Penman S
7y
Penman (1948, 1956) assuming identity of heat and vapour transfer factors,
neglecting storage of heat below the evaporating surface, combined the two simul-
taneous equations:
LE = Lf(u)(e,—¢€,) {10d)
and
H, = LE+K (11b)

in order to evolve an equation for the calculation of evaporation from a free water
surface.

Substituting (10d) in the Bowen ratio (16) yiclds the following equation for the
sensible heat flux to the atmosphere:

K = Lyf(u)T,—To) (18)

Equation (18), introducing a new variable A = e[0T, the slope of the temperature-
vapour pressure curve and assuming a saturated vapour pressure at the surface, can
be transformed into:

= %”f(u)(a'.*en) (18a)

where g, and g, are respectively the saturated vapour pressure at the surface and in the
, air at temperature 7,. The value of 4 can be approximated by the slope of the vapour
! pressure curve at air temperature, if the differences between the mean values of air
‘Aand surface temperature are not too large.

Rearranging equation (18a) gives the following expression:

—Ly u —E€, —H uje,—¢,
= TS @)e—e)— = fu)e—e) (18b)



Substituting equation (10d) gives:

Ly . L
k=""g_ 2, (18¢)
4 4

where E, in the equation (PENMAN, 1956) is given by:
0.35(0.50""0.54“200)(5“" a) (IOC)

Combination of (11b) and (18c) shows the well-known equation presented by
Penman for the calculation of evaporation from a free water surface:

_ 4H,/L+yE,

19
A+y J9)

In order to calculate the potential evapotranspiration from a crop Penman intro-
duced a reduction factor by which the calculated evaporation from a free water
surface is to be multiplied. A full discussion on the reduction factor presented by
Penman is given in Chapter LV,

3.2, Method of Mcllroy

Mecllroy (SLATYER and MCILROY, 1961) evolving a combination method, used the
following basic equations:

K = WT,-T) (20)

and

LE = g(e,-ez) (21)

where 4 is a wind velocity dependent overall transfer factor between zero level and

height z of the Dalton type.
Using the psychrometric equation for fully ventilated thermometers:

e =¢r,—WT—T,) = er,—1D (22)

where &, is the saturated vapour pressure at wet bulb temperature T, and D is
the wet bulb depression (T—7,,), the vapour pressure difference can be given by the
€Xpresssion:

e,—e, = (er,,—¢r,,)—7(Ds—D;) (23)

Introducing the slope s of the vapour pressure curve at the mean wet bulb temperature:

[
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where T,, is (T, +T,.)/2 yields the following equation:
e,—e, = S(T,;s— T,..)—y(D;—D,) (23a)
With equation (234} the expression (21} for evapotranspiration becomes:

LE = M (1,,~T,)~KD,~D,) (21a)
¥

Expressing equation (20) in the same terms gives:
K= h(Tws_ Twz)+h(Ds_Dz) (203)
Substituting (20a) and (21a) in equation (11a) yields:

H,—S = K+LE = W(T,,—T,.) (1+ i) (1tc)
Y

In this expression #(T,,~T,,) can be eliminated with equation (21a) giving the
equation for evapotranspiration developed by Mcllroy:

o R B

3.3, Discussion of the combined methods

It is mainiy the neglect of the heat storage below the evaporating surface, as well
as the neglect of the vapour pressure deficit at nonsaturated evaporating surfaces,
which gives the equation proposed by Penman a limited applicability in calculating
the evapotranspiration from a crop. Moreover fixed constants have been assumed in
the function of wind velocity, irrespective of the type of surface and of the surface
roughness. Further an empirically determined reduction factor has to be applied in
order to compute evapotranspiration from the calculated evaporation from a free
water surface. The difference in reflection of a crop and a free water surface is not
taken into account in this type of calculations.

When using the equation presented by Mcllroy in particular all uncertainties in A
and D, have to be solved. The determination of £ and s, the latter being principally
not similar to the corresponding factor 4 in the Penman equation, requires an
iterative procedure with the aid of equation (11¢). The necessity of this procedure,
offers particularly in the case of crops with a highly varying surface roughness during
the growing season, a predominant objection.

In the analysis of the evapotranspiration data from the lysimeters in this study a
combined method is used, originating from the basic principles presented by Penman,
taking into account the reflection, the roughness and the saturation deficit of the
evaporating surface. A full discussion concerning the vapour pressure deficit at the
surface is given in Chapter IV.
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4. Comparison of calculated evaporation from a free water surface
with measured pan evaporation

Because of the simplicity of construction and operation, standardized evaporation
pans have become widely used for the measurements of the evaporation. In reality
they measure nothing more than a strictly local value of the evaporation from a pan
of special size, shape and colour in a special type of surroundings. The measured
evaporation data depend considerably on the construction and the exposure of the
pan. A critical review concerning the suitability of pan data in the calculation of
short period evapotranspiration, was given by VAN WUK and DE WILDE (1962).
These authors conclude that it is not possible to use fixed pan coefficients for crops
under different conditions of climate and exposure.

The data are generally higher for above ground pans than for sunken ones (RAMDAS
1957). KoOHLER a.0. (1955) and in particular WARTENA (1959) have made a full study
concerning the energy balance of the U.S. Weather Bureau Class A pan, exposed
above the ground. Wartena concludes concerning this type of exposure, that an
evaporation pan can be used only as a simple indicator for the determination of the
amount of water that has to be supplied into an irrigation area. He concludes that
it is not possible to give panfactors for evaporating crops, which satisfy under all
conditions.

Due to the absorption of radiation through the pan wall, as well as to a transfer of
sensible heat between the air and the pan wall, the above ground pan receives an
extra amount of energy, which results in a higher value of evaporation, than is
calculated with the Penman method. Data, given by RYHINER and RUTEMA (1963),
showing the relation between measured and calculated evaporation are presented in
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figure 11. Hounam (1958) comparing measured and calculated e¢vaporation data,
indicates that the pan coefficient varies both with season and climate,

At a first glance it seems that more realistic data of evaporation are measured with
sunken pans, because of the fact that the wall and the bottom of the pan are not
influenced by radiation and heat transfer from the air. A number of other factors,
however, affect the measured evaporation from sunken pans. The surface roughness
of the immediate surroundings has a predominant effect, influencing the flow of air
above a small pan. Investigations reported by BONYTHON (1950} show that a drop of
5 ¢m in the height of the water level reduces measured evaporation with, 15%,. More-
over an existing temperature gradient between pan wall and swrrounding soil can
affect measured evaporation due to heat transfer between soil and pan. This fact
results in a possible influence of preceding weather on the evaporation data. The
direct surroundings of the pan must have a good water supply to ensure a potential
evapotranspiration from the environment in order to prevent effects of local advec-
tion. Investigations, reported by RaMDAS (1957) seem to indicate that local advection
has no influence when the surroundings have a good water supply to a distance of
6 m.

The following requirements to the exposure of sunken pans, can now be given:

a. the absorption of radiation by the walls will have to be reduced to a minimum
value,

b. the exchange of heat between pan and soil must be limited,

c. the surface roughness of the direct environment must be kept as small and con-
stant as possible,

b. the surroundings of the pan must have a good water supply to ensure potential
evapotranspiration from the direct environment,

e. the water in the pan has to be kept at a constant level,

f. the storage of heat in the pan will have to be small, which limits the depth of the
pan,

g. the wind direction must not affect evaporation, which requires circularly shaped
pans.

A good agreement exists between measured evaporation from sunken pans and the
data calculated from climatological observations, when the proposed requirements
are fulfilled as good as possible (BoNYTHON, 1950; STANHILL, 1958; RUTEMA, 1959;
FLEMING, 1964; McILroy and ANGUS, 1964). The evaporation calculated with the
equation presented by Penman is generally somewhat higher than the data measured
with sunken pans. This was also shown by MAKKINK (1957), calculating evaporation
on a daily base. The main source causing the systematic deviation seems to be the
wind function that is used in the Penman equation. The constants in this function
were determined from a combination of Penman’s own experiments and the results
of the Lake Heffner study (sce PENMAN 1956). Because of both the size and exposure
of the pan used in the present study, as well as the influence of the surroundings, the
effect of the wind velocity may have been smaller than in the conditions under which
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the experiments reported by Penman were performed. A back solution was applied
with the observed evaporation data in 1957 and 1958 averaged over 10 days periods, in
order to obtain a correction for the effect of wind velocity on pan evaporation, using
the expression:

_AHL __yule—e,)
4+y A+y

pan (25)
It appeared from this back solution that a value of ¢ equal to 0.182 gave the best fit,
A comparison between the measured pan evaporation and the calculated evaporation
from a free water surface, using the modified wind function, is presented in figure 12.
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The data give mean values for periods of 10 days, measured from April 1 to No-
vember 1 during the years 1960, 1961 and 1962. The remaining variation has to be
accepted, because of the uncertainties in the calculated data, as well as in the measured
ones, particularly when heavy rains were present.

5. Influence of advection on evapotranspiration

Relatively little is known about the effect ot local advection on evapotranspiration.
A supply of advective energy will generally be small over an extensive homogeneous
surface. A large influence of advection exists under conditions of strong variation
in water supply, when for example air flows from a dry area into an irrigated one
(oasis effect). The advective term in the energy balance equation is neglected under
many practical conditions because of the small values of the horizontal gradients.
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The neglect of advection may cause a considerable error when using lysimeters or
small fields in evapotranspiration studies.

Two processes have to be taken into account in relation to local advection. When,
besides vertical vapour pressure gradients, horizontal gradients exist, there is also
a horizontal transport of vapour, which increases the evapotranspiration. Moreover,
a supply of warm air above the evaporating surface increases by means of sensible
heat transfer the energy available for evapotranspiration (TANNER and LEMON, 1961;
RIDER a.0. 1963). DE VRIES (1962) proposed some theoretical considerations in order
to calculate evapotranspiration in an irrigated area. HALSTEAD and Covey (1957)
give also indications for the calculation of the oasis cffect. The possibilities for
caiculation are highly depending on the size of the oasis. For small surfaces as lysi-
meters, the required measurements of the horizontal gradients in temperature and
vapour pressure cannot be made.

Comparisons, performed at Davis (U.5.A.) and Aspendale (Australia) (SLATYER
and Mcliroy, 1961; Mcliroy and ANGUS, 1964) between evapotranspiration
calculated with combined methods, and measured data from lysimeters show good
agreement even on days with strong advection, if the direct surroundings were well
supplied with water. The combined methods seem to satisfy under conditions of
large-scale advection. The effects of small-scale advection, however, are more
difficult to estimate. These effects seem to be eliminated over short distances, as was
indicated by RaMpAS (195T), using evaporation pans. Data concerning the effect of
local advection on the evapotranspiration rate from Ladino Clover, measured with
small lysimeters at different distances downwind from a dry area, given by MILLAR
(1964), are presented in table 5. These data also indicate that the effect of small-scale

Table 5. Distance downwind and evapotranspiration rate from Ladine Clover, according to MILLAR
(1964)

Distance (meters) 0.14 1.67 4.72 13.87

Evapotranspiration 8.4 74.0 70.2 70.3
(10 mm hour-1)

advection is eliminated over a short distance. Similar results were obtained by
MCcILRrOY and ANGUS (1964). The possible effects of local advection have to be taken
into account when comparing calculated evapotranspiration and measured data
from lysimeter investigations, if the surroundings have a shortness of water. Experi-
ments with Blue Grass, reported by DRINKWATER and JANES (1957) show a decrease
of 23.27/ in evapotranspiration from frequently irrigated lysimeters when the direct
surroundings were as well supplied with water. LEMON a.0. (1957) showed that the
short term evapotranspiration from cotton can exceed available net radiation by a
factor 2.5, due to the oasis effect. According to TANNER (1960) it is not possible
using the energy balance to calculate evapotranspiration from alfalfa succesfully,
when the local advection highly affects the measured data.
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The influence of local advection was not considered in the comparison between
calculated evaporation from a free water surface and measured pan evaporation.
An eventual occurrence of short periods with lack of water in the environment could
not be proved with any confidence during the majority of the years of observation.
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An exception must be made only for the dry summer of 1959, when during periods
in which the surroundings had a shortness of water, the measured pan evaporation
exceeded considerably the calculated evaporation from a free water surface. The
results of this comparison are presented in figure 13. The evapotranspiration from
lysimeters, with a water supply deviating from the surroundings is increased in these
periods due to the effect of local advection. A correction has to be applied under
these conditions, in order to take this term into account. An approach to this effect
in the data used in this study is discussed in Chapter VL.

Summary

A general discussion on the meteorological aspects determining the evapotranspira-
tion from crops is presented.

The transport of water vapour from the evaporating surface to bulk air is mainly
determined by the vapour pressure gradient, the turbulence of the moving air and the
roughness of the evaporating surface. The vertical distribution of wind velocity under
neutral atmospheric conditions can be given by a logarithmic function of the height
above surface. In other atmospheric stratifications a power function of height gives
better results. Difficulties arise, however, in determining with any confidence the
exponent in the function. The error introduced, measuring close to the surface and
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using the logarithmic function, in the calculated evapotranspiration is in the order of
10 to 159%,. Tt appears that the roughness of the evaporating surface depends on the
development of the crop, as well as on wind velocity.

Evapotranspiration can also be calculated from the energy balance, The accuracy
reached, when using empirical relations in the calculation of net radiation, is not high
over short periods. An error of 10 to 209 in net radiation will have 1o be expected
over periods of a few days,

The storage of heat in the soil during periods of some days under field conditions
amounts to a maximum value of 109 of net radiation. The heat transfer into the
soil in the lysimeters appears to be somewhat higher in spring and in autumn, due
to the exposure of the containers.

Dividing of the available energy between evapotranspiration and sensible heat
transfer to the atmosphere is performed, with the use of the Bowen ratio, which
requires the time averaged measurements of the vertical gradients of temperature and
vapour pressure. In order to prevent the measurements of these gradients, combined
methods have been introduced. It is necessary to take into account the properties
of the evaporating surface when using such a method for the calculation of evapo-
transpiration from crops.

Comparison of measured pan evaporation and calculated evaporation from a free
water surface did show a good agreement when sunken pans were used. The above
ground pans give, related to their exposure, systematically too high values of evapora-
tion. A number of requirements for the exposure of sunken pans was given.

There is some evidence from data reported in literature, that the combined methods
also satisfy under conditions of strong large-scale advection. Small-scale local advec-
tion can highly affect evapotranspiration, when using lysimeters in a study on this
subject. These small-scale effects are difficult to estimate. Some indications are present
in literature that these effects are eliminated over short distances. A systematic in-
fluence of small-scale advection during the experiments reported in this study, could
only be proved during the very dry summer of 1959,
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IV. Plant physiological aspects of evapotranspiration

1. Water transport in plants

Absorption of water by plants is controlled primarily by transpiration. It is usually

considered as a result of vaporization of water from the mesophyll cells in the leaves,
tending to cause a decrease in turgor pressure and therefore a fall in cell water poten-
tial. The thus established potential gradient from the mesophyll cells to the leaf
Xylem traces, is implicitly transmitted through the intact water columns of the plant
xylem across the root cortex to the soil. Water then moves from the soil surrounding
the roots through the plant to the atmosphere, due to the potential gradient.
" The uptake and flow of water through the plant is determined by a number of
physical and physiological processes. The physical processes concern diffusion and
possibly mass-flow through the root cells, mass-flow through the xylem vessels,
diffusion and mass-flow through the leaf tissue and diffusion of water vapour from the
intercellular cavities to the air outside. The physiological processes concern the
variation in permeability of the root cells, the possible existence of a complex ab-
sorption mechanism and the control of siomatal aperture.

Root pressure determines the rate of moisture uptake under conditions of optimum
water supply and a very low transpiration rate, because water is in that case taken
up by means of osmeotic diffusion from the soil due to the osmotic pressure in the xylem
vessels (ARISZ a.o0., 1951). A complex absorption mechanism in relation with water
uptake has, according to KrRaMER (1941), no predominant position because of the
rapid reversibility of the direction of flow. It appears from a review of literature,
presented by KRAMER (1945), that the root pressure of different crops is in the order
of 0.5 to 2 atmosphere. An uptake of water is not possible by root systems of detopped
plants when the soil moisture suction exceeds the root pressure. Complete plants,
however, can still withdraw water from the soil when the soil suction amounts from 10
to 15 atmosphere, The amount of liquid secreted by detopped plants due to root
Pressure, is less than 59 of the amount of water used by the complete plants under
conditions of high transpiration (KRAMER, 1939; WARNE, 1942). It appeared that
under conditions of high transpiration a suction was present in the xylem vessels.

Water flow in plants through the various tissues, is determined by the existing
potential gradients and transport resistances in the flow path. The total resistance for
liquid flow in the plant is mainly determined by the largest resistance in the various
parts of the transport path, when such a resistance considerably exceeds the other
ones. Various investigations (BREWIG, 1937; KRAMER, 1938; WARNE, 1942; BROUWER,
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1954) show fairly conclusive that the flow resistance in the xylem vessels is relatively
small. The main resistances in the plant are present when the transport of water
goes from cell to cell, so in the leaf tissue and in the root cells,

1.1, Resistance in the leaf tissue

Two flow paths are possible when the water is transported from cell to cell. The
flow can go through the cells, in which case the cell wall and the protoplasm act as
media of resistance, as well as through the micropores in the cell wall. Generally
both types of flow are present at the same time. The main transport, however, is
along the flow path with the smallest resistance when a large difference in resistance
exists. LEVITT (1956) concludes on theoretical considerations that the flow in the leaf
tissue cannot be explained by osmotic diffusion from cell to cell, but that a flow through
the micropores has to be accepted as the main flow path. Investigations by CArr and
GAFF (1961) show that the water in the cell walls of the leaf tissue is the main fraction
of the total moisture present in the leaf. Experiments reported by WEATHERLY (1963)
show that the resistance for osmotic diffusion through the cells is approximately 50
to 60 times the resistance for mass-flow through the micropores in the cell wall.
LeviTT (1956) also concludes that the transport resistance in the cefl walls is relatively
small, The rapid restoration of wilted leaves by immersion in water (KRAMER 1938)
also gives an indication of low transport resistances there.

1.2. Resistance in the root cells

Since the transport of water in the leaf cells is mainly located in the cell walls,
such a flow path can generally be expected to exist in other parenchymatic tissues,
and in particular in the root cells. The major resistance, however, seems to be present
in the endodermis (ARISZ a.o., 1951). The flow of water through the cell walls of the
endodermis is prevented by the Casparian strips, which locate the transport at this
place through the living cells. MEES and WEATHERLY (1957) show that about 75%
of the flow is through the cells and only 25%, of the transport occurs as mass-flow
through the cell walls. The root is the only location where the transport of water is
determined by the living cells, which means that at this place the resistance depends
on metabolism. BROUWER (1954) and VAADIA a.o. (1961) also conclude that, when
the root surface is abundantly supplied with water the major resistance to water
uptake by the plants is in the root cells. Since the water transport in the root is mainly
determined by the living cells, factors as soil temperature and aeration may affect the
flow resistance.

Soil temperature affects the uptake of water by the roots in several ways. The
viscosity of water increases with decreasing temperature. The viscosity of the proto-
plasm is also affected by temperature, causing a reduction in permeability of the living
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cells with decreasing soil temperature. Moreover, respiration is dependent on temper-
ature, which also may affect the permeability of the root cells at low temperatures.
When a constant potential gradient between root surface and xylem vessels is present,
areduction in flow will have to be expected with decreasing temperature. A reduction
in transpiration, due to low soil temperatures has been observed by ABD EL RAHMAN
a.0. (1959), TEw a.o. (1963) and ExrLER {1963). The effects of low soil temperature
on evapotranspiration vary widely for different crops, however, (KRAMER, 1956;
Kuieer, 1964).

A poor aeration causes a reduction in the metabolic activity of the root cells and
may reduce the permeability. The decrease in permeability can be related to lack of
oxygen (MEES and WEATHERLY, 1957; LETEY, a.0., 1961), as well as to high concentra-
tions of carbon dioxyde (BROUWER, 1954). Both factors are present at the same time
under field conditions with poor aeration. Reduction in evapotranspiration, due to
poor aeration, has been observed by KuipER and BrerHUIZEN (1958) and LETEY a.o.
(1961

The transport of water in the liquid phase in the plant, based on the considerations
given above, may be described as a physical phenomenon, in which the highest flow
resistance is present in the root cells. Low soil temperature and poor aeration affect
the transport of water, but give in fact a similar reaction in reducing evapotranspira-
tion as does a lack of water in the soil around the roots. In the first case, however,
the reducing factor is located in the limiting permeability of the root cells. An
approach to the evaluation of the total resistance for liquid flow in the plaat is given
in Chapter V.

2. Effect of stomatal opening on evapotranspiration

The significance of resistance to water movement in the root as compared with the
Iest of the plant has been evaluated by VAN DEN HONERT (1948) in his consideration
of water transport as a catenary process. Applicated to the water movement from
root medium to atmosphere, this consideration leads to the conclusion that the
greatest source of resistance is in the vapour phase, from the sub-stomatal cavities
to the free air. The vapour phase is the logical place for regulation of plant water
loss, since control exercised elsewhere would result in dehydration of the plant
between the leaf surface and the regulating resistance at an other place in the plant or
even at the root surface. This implies that the flow rate through the stomata governs
the total flow so the effects of other increased resistances on total flow act indirectly
through their effect on the resistance in the vapour phase, instead of directly at their
point of incidence.

The resistance in the vapour phase depends on stomatal opening, which in turn
is related to light intensity, suction in the leaf tissue and possibly to leaf temperature.
The effect of suction in the leaf tissue on stomatal resistance is discussed in
Chapter V.
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2.1. Effect of light intensity

The aperture of the stomata is under conditions of optimum water supply deter-
mined by light intensity (STALFELT, 1956; KUIPER, 1961). This light sensitive reaction
seems to be related essentially to photosynthesis. Reduction in stomatal opening
when a shortness of water is present should be an osmotic reaction.

The increase in transpiration of tomatoes by raising of the light intensity has to be
explained, according to ABD EL RAHMAN a.o. (1959), by a widening of the stomatal
opening. Experiments reported by KUIPER and BIERHUIZEN (1958), performed under
similar conditions show that the increase in transpiration due to the raising of leaf
temperature amounts to only 149/ of the transpiration in the dark. A linear relation
between diffusion resistance and light intensity is present in the range of low light
intensities used by these authors.

Data presented by KuIpEr (1961), show that the maximum stomatal opening of
bean leaves is teached at a light intensity of 7 x 10%erg - sec™! - cm ™2, which is equiv-
alent to a value of 0.1 cal- min™' - cm™2. The relation between light intensity and
stomatal opening of bean leaves as given by Kuiper is presented in figure 14. Kuiper
confirms moreover data reported elsewhere in literature that stomatal opening is not
affected by radiation outside the range of visible light. The data of light intensity,
presented by Kuiper, only refer to the visible light. The shortwave solar radiation,
reaching the earth surface, contains only 40 % radiation in the visible range. From this
follows that bean leaves exposed to solar radiation have a maximum stomatal opening
at a light intensity of 0.25 cal-min~!-cm™2 The relation between light intensity
and diffusion resistance as derived from the data given by Kuiper, is presented in
figure 15. This figure shows that the resistance decreases to a minimum value with
increasing light intensity.
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Fig. 14. Relation between stomatal opening and
light intensity for a bean leaf according to K.UIPER
1961
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Under field conditions, when using balance periods of some days, the mean light
intensity during the period concerned can be introduced as a measure for the factor
controlling the stomatal opening. The daily course in radiation is important because
even on clear days the light intensity is during a part of the day, near sunrise and sun-
set below the value giving a maximum stomatal opening. During these periods on
clear days, however, transpiration is low in comparison to the transpiration rate near
noon. Low light intensities, especially in periods with much cloudiness during day-
time, can cause a reduction in evapotranspiration due to a partial closure of the
stomata. It will have to be expected, using the mean light intensity during a balance
period, that this reduction is already present at higher values than 0.25 cal - min™" -
rem” 2,

2.2. Effect of leaf temperature

The results obtained in investigations concerning the effect of temperature on
stomatal opening differ widely as appears from a review on this subject presented by
STALFELT (1956). The results seem to depend on both the type of crop used and the
range in temperature applied. Kuiper (1961) concludes that stomatal opening under
conditions of optimum water supply is independent of temperature. The stomata of
beans and “tomatoes in his experiments remained closed, however, irrespective of
the light intensity applied, when the temperature was below 10°C. Above 10°C
ho temperature reaction on stomatal opening was observed. It may be expected that
for each crop 2 minimum temperature exists below which the stomata are closed.
Under field conditions this situation can be present in spring and in autumn during
part of the day. It is not possible, however, to separate in the present study eventual
effects of soil temperature and leat temperature.

3. Reduction facter of Penman

PENMAN (1948, 1936) introduced an empirical reduction factor f in order to
determine from the calculated data of evaporation from a free water surface, the
potential evapotranspiration from grass cut very short. The value of this reduction
factor varies during the course of the year. Penman has presented the following
values of f

from November to February 0.6
March, April, September, October 0.7
from May to August 0.8

PenMaN and ScHOFIELD (1951) have tried to give an equation for this reduction
factor f based on plant physiological and physical arguments. The authors proceed
from the following propositions:
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a. The effective diffusion path for water vapour transport from the evaporating
surface to bulk air L, is the same for both open water and a continuous crop cover,
in spite of the difference in the nature of the surfaces.

b. The stomata are fully open from half an hour before sunrise to half an hour
after sunset, so if the maximum possible duration of bright sunshine is N hours
then the day-length is (¥+1) hours.

¢. The crop surface is regarded as a small part of an extremely large flat leaf. This is,
according to Penman and Schofield, physically reasonable, since transpiration
rates are mainly determined by the incoming energy supply per unit of horizontal
surface area.

d. The saturation vapour pressure g, of the water inside the leaf varies sinussoidally

during the day with a midday maximum and a midnight minimum.

The vapour pressure of the air at a standard height remains constant during the day

f. The wind velocity remains constant during the day.

@

Penman and Schofield give, based on these propositions, the following equation
for the ratio of the potential transpiration (E;) from a cropped surface to the evapora-
tion from a free water surface (E,):

ﬁ": Er—e, L, |:N+1 + 2 Gn (N+ln)]
E, ¢&,—e L,+L,

24 br (26)
where & is the mean saturated vapour pressure of water in the leaves, &, is the
corresponding value for the open water surface, ¢, is the actual vapour pressure at
standard height, L, is the effective path for diffusion from the evaporating surface
to bulk air, L, is the corresponding value for diffusion through the stomata, N is the
maximum possible duration of bright sunshine in hours, a is the amplitude of the
daily variation in ¢, and b is &r—e,.

This ratio contains three factors. The first one is dependent on vapour pressure,
generally exceeding unity. The introduction of this term is necessary because the
daily temperature cycle of a crop differs from that of an open water surface under
equal meteorological conditions. The second term is necessary due to the exira
diffusion path through the stomata and the number of stomata per unit area of the
surface. This second term is less than unity. The third term is depending on day-
length, taking into account both the stomatal closure during the night and the effect
of the variation in saturated vapour pressure. This third term is always less than unity.

Penman and Schofield have calculated values of this ratio that are of the same
order as the experimentally determined values of the reduction factor f. Based on these
calculations PENMAN (1956) concludes that the reduction factor f is mainly determined
by the day-length factor.

The propositions, on which the theory given by Penman and Schofield is founded,
are disputable at a number of points. Some of the considerations require a further
discussion.

The length of the effective diffusion path L, in the laminar and turbulent air
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layers of the external atmosphere has been calculated from the function of wind veloc-
ity holding for a free water surface. Both the type of air movement and the laminar
diffusion path within the crop may differ considerably from the corresponding
factors above a free water surface.

The major part of the energy used for vaporization is available during day-time.
The introduction of a day-length factor, based on stomatal closure during the night,
as a predominant term in the reduction factor is very doubtful. Measurements of
pan evaporation performed at the lysimeterstation between sunset and sunrise give
very low values in comparison to the data over 24 hours. The ratio E,_nign/Eo 24 nours
amounted from 0.05 to 0.07 in a number of nights with a mean relative humidity
of 80%;. This ratio, however, was considerably less in the majority of the observations
when the relative humidity was at the normal value of 96 %;. Small values of evapo-
transpiration from grass during night-time were observed by PasQuILL (1949),
RIDER (1954), MONTEITH (1956) and McILroy and ANGUs (1964). TANNER and
PELTON (1960) observed with alfalfa a mean value of the ratio E,;,,/E24 pouws of 0.02
during the period from July to September. ENGLAND (1963) determined in lysimeter
experiments a mean ratio of 0.05 for grass and clover and from 0.08 to 0.09 for corn,
cats and alfalfa. Because of the very small amount of energy available for vaporiza-
tion during the night under the climatological conditions in the Netherlands, the
closure of the stomata during that period has only little influence on evapotranspira-
tion.

Penman and Schofield considered the crop surface as a part of an extremely large
horizontal flat leaf. Using this proposition, a deviation has been introduced to the
real geometry of the diffusion process depending both on crop type and the selection
of the height of the projection surface. For practical arguments it is advisable to have
a coincidence of the projection surface and the apparent zero-plane of wind velocity
somewhere in the crop. It is necessary, due to the modification in geometry, to in-
troduce an apparent diffusion resistance R, of the crop. This factor is dependent on
both stomatal opening and number of stomata, as well as on the type of ¢crop and on
the soil cover. There is some indication, however, presented by MARLATT (1961),
that row crops covering more than 50%, of the soil act as a full cover crop in relation

 to evapotranspiration, this being due to the interactions of the micro-climate within
. the rows. The evaluation of this apparent diffusion resistance has to be performed

experimentally. An equation for evapotranspiration, taking into account the introduc-
tion of the apparent diffusion resistance, can be derived when starting from a hypo-
thetical plane below the evaporating surface where always a saturated vapour
pressure is present holding for the temperature at the evaporating surface. The equa-
tion for evapotranspiration can be expressed as:

e,— ¢ By — &, E.. —¢
E= Z ,due,—e, - 3 a _ 7 s _ Cint 7's 27)
f( ° ) ( ) Rll Rc R¢+RC (

where R, is the diffusion resistance for transport from the evaporating surface to bulk
air, R, is the corresponding value for vapour transport from the hypothetical plane
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to the evaporating surface, e, is the apparent vapour pressure at the evaporating
surface, &, is the saturated vapour pressure at the hypothetical plane at temperature
T, and e, is the vapour pressure of the atmosphere at standard height.

From equation (27) the following expression for evapotranspiration can be written:

— M {g‘.m—ea} (273)
1 +f(ZO ’ d)“Rc
Analogous to the procedure presented by PENMAN (1948), a combined equation for
gvapoltranspiration can be derived from the equations (11b), (18) and (27a). Equation
(18) is written as:

K = Laf zo, (T, = T) = = f(z0, dufe =5, (28)
From which follows:
K = f(ao, duoi—e = =120, dufe,—e) (282)
Combination of this expression with (27a) gives:
= %{1-&-}’(20, duRJE— -"j‘f E, (28b)

Substitution of this equation in (}1b} expresses evapotranspiration as:

__AHL+yF, 9)

T A47{L+1(zo. AR}

where H,, has to be calculated using the reflection coefficient of the crop considered.

In order to explain the experimentally determined reduction factors presented
by PENMAN, it is necessary to give attention to the influence of the difference in reflec-
tion between a short grass surface and an open water surface, on evapotranspiration.
The very short grass cover used in the experiments performed by Penman, has a
surface roughness which is nearly equal to the corresponding value of a free water
surface, so the same wind function can be used for both surfaces. In order to get
an impression of the significance of the difference in reflection, the ratio E,/E, was
computed for monthly values using the Penman equation (19) for the calculation of
evaporation from a free water surface, as well as for the calculation of the corre-
sponding value from a freely evaporating surface (£,) with a reflection coefficient
equal to the value for short grass (r = 0.20). The ratio E/E, in relation to E, is
presented in figure 16. Assuming that under the climatological conditions in the
Netherlands the mean values of E, are from November to February from 0to0.8 mm -
-day ™!, during the months March, April, September and October from 0.8 to 2.0 mm-
-day™! and from May to August more than 2.0 mm - day ™', leads to the conclusion
that the empirically determined reduction factor f is mainly determined by the differ-
ence in reflection of the two surfaces. Possibly this difference in reflection also
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explains to some extent the variation in the reduction factor determined for short
periods during the summer, as presented by ScHOLTE UBING (1959).

Moreover, it follows from figure 16 that the factor day-length has little influence
on the value of the reduction factor, which agrees with the small amount of energy
available for vaporization during the night.
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Fig. 16. Relation between the ratio E,[E,
; L and the calculared evaporation from a free
Eo mm -day™* water surface (£,)

0

This calculation further indicates that the apparent diffusion resistance approaches
to zero under conditions of optimum water supply, agreeing with the vatue (.92
determined by BUSINGER (1956) for the term (14f(zo, d)uR,). Lysimeter experi-
ments with grass under conditions of high light intensity and optimum water supply,
performed by BURGY and PoMEROY (1958), in which the crop surface of one of the
lysimeters was wetted continuously, do not show a systematic deviation in evapo-
transpiration from the data obtained from a lysimeter with a dry leaf surface. These
results also indicate that the apparent diffusion resistance under these conditions
has little effect on evapotranspiration. VAN BAVEL a.0. (1963) measuring evapo-
transpiration from Sudan Grass conclude that the evapotranspiration is an externally
controlled process in which the stomatal resistance has no influence.

4. Effect of interception on evapotranspiration

A part of the precipitation remains on the leaf surface and does not reach the soil.
Particularly under conditions when, due to both low light intensity and shortness of
available moisture in the root zone, a strong reduction in evapotranspiration is
present, the interception increases evapotranspiration in comparison with a dry crop
under the same conditions. The amount of water remaining at the leaf surface highly
depends on the amount of precipitation. The relation between interception and pre-
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cipitation, determined in the interception experiments described in Chapter ILR, is
presented in figure 17. Data, reported by CLARK (1940), BurGy and POMEROY (1958)
and BEARD (1962) are also presented in this figure. The generally higher values given
by CLARK concern field experiments with prairy grasses. Possibly the type of the
grasses, as well as the experimental conditions may have affected the data obtained
in these experiments. In the analysis of the lysimeter data, the curve given in figure 17
is used for the calculation of the interception. No corrections are applied for effects
of crop height and crop density in relation to interception.
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It can be expected, under all conditions of evapotranspiration, that the transpira-
tion from wet leaves is smaller than the corresponding value from dry leaves. The
energy available for vaporization is partly used for evaporation of the intercepted
precipitation which causes a reduction in the amount of energy available for transpira-
tion from wet leaves this in contrast to the amount available for transpiration from
dry leaves under the same conditions. Moreover, transpiration from wet leaves is
reduced by the increased water vapour content in the micro-climate of the crop causing
a reduction in the vapour pressure gradient between the sub-stomatal cavities and the
leaf surface.

It is necessary in an analysis of the effects of environmental conditions on evapo-
transpiration to separate transpiration and evaporation. In separating both terms
it will be assumed that under conditions of a good soil cover the evaporation

- coming directly from the soil surface can be ignored. This proposition is generally
* not correct for a very short crop in combination with wet conditions of the topseil,
, Under these conditions the assumed evaporation is too low.

The effect of the intercepted precipitation on evapotranspiration can be calculated

starting from the following equations:
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E=E+E =%"%

&

(30)
and

Eiy—@,
E = int 5 31
= G1)

where £, is the evaporation of the intercepted precipitation and Ey is the transpira-
tion from the crop. Combining both equations gives:

R, e
T+ a EI =€¢m \Z) (32)

‘ R.+R. R,+R,
Combination of (28a) and (32) gives:

L
K = 2 E{1+/ (o iR+ 25~ 2 (33)

Substituting (33) in (11b) gives the following expression for transpiration:

- A{H,/L—E}+y{E,—E}}

(34)
A+y{1+f(zo, dJuR.}
The equation for evapotranspiration can be written as:
AH /L +y{E] ,duR E
E = EI+ET = '"/ +?{ “+f(z° d)u < f} (35)

A+7{1+f(z, d)uR.}

It appears from equation (35) that the effect of interception on the increase of evapo-
transpiration depends on the roughness of the surface, on wind velocity and on the
apparent diffusion resistance of the crop. The influence of interception grows when
the reduction in transpiration due to other factors increases.

From experiments presented by BURGY and Pomeroy (1958) and MCMILLAN
and BUrGY (1962) it appears that evapotranspiration from wet grass equals the evapo-
transpiration from a dry grass surface. These experiments were performed at high
light intensities and with optimum water supply. These results only agree with equa-
tion (35) when the apparent diffusion resistance is zero.

RYHINER and RUTEMA (1963) show in the analysis of data obtained from the
lysimeters at Castricum that interception gives a considerable increase in evapo-
transpiration from pines. It appeared that the apparent diffusion resistance of this
crop is not equal to zero, even under conditions of high light intensity and optimum
water supply.

The distribution of the rain-showers has to be taken into account in the calculation
of the mean interception during a balance period. Since only daily values of precipita-
tion were measured the mean interception is calculated from these data.

Van Wk and DE Vries (1954) proposed to calculate the evapotranspiration from
a crop as a product of two factors given by the equation:

E=4-B (36)
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In this equation B represents the evaporation from a wet surface of similar shape and
dimensions as the crop considered. This theoretical wet surface receives the same
amount of energy as the crop. The factor A is a reduction factor depending amongst
other things on plant physiological properties and on the suction in the root zone.
The authors do not present a further formulation of this factor. Based on the consider-
ations given before, this factor A can be expressed for periods without precipitation
as:

A+y

A+y{1+f(zo, dJuR}
Evapotranspiration from a crop increases due to interception when the apparent

diffusion resistance is not equal to zero. The expression proposed by Van Wijk and
De Vries has to be enlarged as follows under conditions of precipitation:

(37)

E=A-B+C (38)
The factor C in this expression can be calculated from:
= ‘Vf(zl) > d)uRcEY (39)
4 +')’{l +f(20 ’ d)Lch}

The evaporation term E; is difficult to determine exactly, particularly in periods
with much precipitation, when the crop does not become dry between the successive
showers, The estimated amount of interception is too high in that case, Since the
factor B is valid for the evaporation from a wet surface with the same properties as
the crop considered, the evapotranspiration calculated with equation (38) may not
exceed the factor B. This requirement can be expressed as:

A-B+CS B (40)

Summary

The uptake of water by the plant is initiated and primarily controlled by transpira-
tion. The flow of water can be described as a physical phenomenon mainly located
in the xylem vessels and in the cetl walls of the leaf tissue. Water has to flow through
the living cells in the endodermis. Only in the roots the transport of water in the
plant is depending on metabolic activity of the living cells. Both low root temperature
and poor aeration can affect the water transport in the roots. These factors give in
fact a similar reaction in reducing evapotranspiration as a lack of water in the soil
around the roots does.

Considering water transport from the soil to the atmosphere as a catenary process
leads to the conclusion that the greatest source of resistance exists in the vapour
phase from the sub-stomatal cavities to the free air. The resistance in the vapour
phase depends on stomatal opening, which in turn is related to light intensity, leaf
temperature and suction in the leaf tissue.
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Light intensity is the main factor in regulating stomatal opening under conditions
of optimum water supply. The mean light intensity during a balance period is intro-
duced as a measure for the factor controlling stomatal opening under field conditions.

The results obtained in investigations concerning the effect of temperature on
stomatal opening differ widely. There are indications, however, of existing minimum
temperatures, depending on the type of crop, below which the stomata are closed.

The plant physiological and physical arguments presented by PENMAN and ScHO-
FIELD (1951), do not explain the values of the experimentally determined reduction
factor f for short grass. The stomatal closure during the night has little effect on
transpiration since the amount of energy available for vaporization is very small
during this period. This argument leads to the conclusion that the factor day-length
has little influence on the value of the reduction factor. It is shown that this factor
is mainly determined by the difference in reflection between a short grass surface
and an open water surface.

The apparent diffusion resistance of a crop is introduced in relation to the geometry
of the evaporating surface as well as to the stomatal resistance. A combined equation
for the calculation of evapotranspiration is derived taking this factor into account.
Some indications are present that the apparent diffusion resistance for grass equals
zero under conditions of high light intensity and optimum water supply.

Evaporation of intercepted precipitation has an increasing effect on evapotranspira-
tion when the apparent diffusion resistance is not equal to zero. An approach to
formulate this effect is presented assuming that evaporation from the soil surface
beneath a full cover crop can be ignored. An equation is derived for the calculation
of this effect on evapotranspiration.
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V. Soil physical aspects of evapotranspiration

The soil moisture content is changing during the course of the year under influence
of precipitation, evapotranspiration and drainage. The amount of precipitation
during the growing season is generally not sufficient to cover the water requirements
of crops under the climatological conditions in the Netherlands. For this reason
the water supply of crops depends for a major part on the availability of scil moisture,
which in turn is related to the depth and intensity of the root system, the hydrological
properties of the soil, particularly the flow velocity to the roots and the depth of the
groundwater table. Moreover, this availability depends on the transpiration rate
which causes the deying up of the root zone. Due to this uptake of water by the crop
a potential gradient is established below the root zone causing a rise of water from
the groundwater table to the root zone, which results in an additional supply of water.

1. Capillary conductivity of soils

GARDNER a.0. (1922) introduced the concept of moisture potential for the sum
of all forces by which the water is held in the soil. The moisture potential is defined
as the energy required to bring a unit volume of water from a level of zero potential
to the place of which the potential is wanted. At a height of A cm above the level of
zero potential the moisture potential is A cm under equilibrium conditions. This
means that in a state of equilibrium, when no flow of water is present in the soil, the
suction of the soil moisture equals at each height above the groundwater table the
potential due to gravity.

According to RICHARDS (1931) the flow of water in unsaturated as well as saturated
soils may be described by Darcy’s law, which is written as:

- -2 (41)

where v is the volumetric flow velocity, ¢ is the potential, z is the direction of flow and
k is the capillary conductivity. The flow velocity is positive in the positive direction
of z.
The hydraulic conductivity & is in saturated media a constant depending on the
type of soil. The capillary conductivity in uasaturated soils, however, strongly
\dcpends on soil moisture content, which in turn is related by the soil moisture
\characteristic to the suction.
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One of the methods for the determination of capillary conductivity is based on the
measurements of suction or soil moisture at various heights in the profile when the
flow velocity is known. This method is developed by MoORE (1939} and it has been
also applied by RICHARDS and WEEks (1953) in laboratory experiments. WIND
(1955) and TALSMA (1963) have applied this method under field conditions, using
respectively nylon units and tensiometers for the measurements of the suction.

The data of soil moisture content, determined periodically with nylon units at

various heights above the groundwater table are used in the present study for the
determination of the capillary conductivity of the soils in the lysimeters. In the
calculations only those periods are used of which the total withdrawal of moisture
from the profile according to the measurements of the nylon units, was equal to the
loss of water determined by weighing of the lysimeters. Moreover, periods in which
Precipitation was present were not taken into consideration. In this way it was possible
to select periods of 3 and 4 days in which no hysteresis effects were present.
The suction at the various heights in the profile was determined from the data of
soil moisture content using the soil moisture characteristics presented in figure 1.
In the calculations performed the flow velocity is not the same for all depths, but is
the sum of the capillary rise (¢) from the groundwater and the amount of moisture
(m) extracted in unit time from below the depth concerned. For steady-state conditions
and upward vertical flow equation (41) can be modified as follows:

v=c+m=k(ﬂ—) (41a)
dz
Using during short periods the mean moisture content and the suction corresponding
with it does generally not lead to a serious error.

WIND {1955) and WESSELING (1957) give as the approximate relation between
capillary conductivity and suction the empirical equation:

k=ap™" (42)

where a is a constant, that is according to Visser (1959) related to the conductivity
of nearly saturated soil. The exponent # has a value from 1.5 to 2 in clay soils and has
higher values in sandy soils. Equation (42), however, has the property that, when
¥ equals zero, the saturated conductivity becomes infinite. For this reason GARDNER
(1958) proposed a somewhat modified equation expressing the relation between
both factors as:

k=2
"+ b

According to this equation the saturated conductivity equals a/b at zero suction.
The relation proposed by GARDNER requires, in order to be fuifilled, a small suction
range near saturation in which the capillary conductivity does not alter considerably.
TaLsMa (1963) presenting a full discussion on equation (43) concludes that this
relation holds only for a part of the data given. For other data it is shown that the

(43)
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conductivity decreases rapidly at low suctions and relationships intermediate between
those given in the equations (42) and (43) are found.

In connection with the data of capillary conductivity available from literature
as well as with those calculated in the present study a further examination of these
data is necessary.

The data reported in literature concern in many cases measurements in samples
or columns filled with artificially packed soils. The measurements mostly cover a
limited range from saturation to a suction of 100 to 200 cm (RICHARDS and WILSON,
1936; WILSON and RICHARDS, 1938; CHRISTENSEN, 1944; RICHARDS and MOORE, 1952;
NIELSEN a.o0. 1960; Butnon, 1961; TALSMA, 1963; RUBIN a.0., 1964). It appears from
the data presented by these authors that the relation between capillary conductivity
and suction in this range can be expressed for many soils as:

k = kue—“ (44)

The data given by TaLsMa (1963) are presented in figure 18. He did show that the
capillary conductivity decreases very rapidly in a number of soils in the range of very
low suctions. The conductivity k, at saturation, obtained by extrapolation of the
relationship given in (44}, is not in all soils equal to the hydraulic conductivity &,
determined under saturated conditions. The extent to which k, exceeds the value of
ko depends on the existence of an apparent non-capillary pore space, such as rootholes
and cracks losing water imunediately when a very small suction is present. The system-
atic deviation between both factors present at very low suctions has little influence
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on the considerations concerning capillary rise, so the extrapolated values can be
used in calculations on this subject.

Data concerning capillary conductivity, reported by RiCHARDS and MOORE (1952)
and NIELSEN a.0. (1960), in the unsaturated range to a suction of 100 cm are presented
in figure 19 on dimensionless reduced scales. The curve given in this figure is calculated
with the expression

log kfko = —0,00434 ¢ (44a)

Figure 19 shows that the relation, between capillary conductivity and suction, given
in equation (44}, holds well in the covered suction range.

It sometimes appears that the value of capillary conductivity in sandy soils and in
artificially packed soil columns remains constant in a small suction range from
saturation to a certain value of . Above this suction the conductivity values decrease
very rapidly with increasing suctions. VISSEr (1963) introduced this point as the air-
entry value, defined as the suction at which air enters a sample of undisturbed soil
and water is withdrawn from it. For soils in which this phenomenon is present
equation (44) has to be replaced by the following expressions:

k=k0 'ﬁé‘l’a

45)
k= koe—c(ﬁ—*u) #, - ‘lla (

where y, is the suction at the air-entry point,

Data on capillary conductivity in Rehovot sand, published by RUBIN a.o. (1964)
are presented in figure 20, The relations given in (45) satisfy to a suction of 80 cm.
The data on capillary conductivity and suction in sandy loam and dune sand given
by BUuTUN (1961) can also be described with (45).

Only a few data are available from literature concerning the relation between
capillary conductivity and suction in the range from field capacity to wilting point.
The relation between capillary conductivity and suction of two soils given by GARD-
NER and FIREMAN (1958) is presented in figure 21. In the low suction range these
relations also agree with (45). The data deviate from this relationship, however,
in the range of high suctions. In this range the relation can be described by equation
(42). The data concerning river basin clay and medium coarse sand, reported by
respectively WIND (1955) and Wine and HipDING (1961), can also be described by
(42) in the high suction range. No data are given by these authors at very low suctions,
s0 a testing of the relations given in (44) and (45) cannot be performed with these
data. However, the relation between capillary conductivity and suction in the suction
range from 30 to 100 cm deviates, particularly in the medium coarse sand, from the
corresponding relation in the range of high suctions,

The calculated values of capillary conductivity of the soils used in this study are
presented in figure 22, showing the relation between capillary conductivity and suc-
tion. It is necessary to make a distinction between the humous topsoil and the dense
subsoil of the loamy sand. The data concerning the saturated conductivity were
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determined in laboratory experiments, using undisturbed samples. It is not possible
to derive the value of the air-entry point from these data because of the unavailability
of data at very low suctions and of the scatter in the data of the saturated conductivity.
In the low suction range the relation between both factors is described by equation
(44). The constants in this relation for the different soils are presented in table 6.
This table gives also the maximum value of the suction ¥,,,, to which equation (44)
holds.

The suction range in which equation (44) holds in the different types of soils
varies strongly. This suction range depends possibly on the distribution and size
of the soil particles. It appears from the available data that ¢, increases with de-
creasing coarseness of the soil. The value of .., is possibly again at a lower level in
soils with a compound structure.

The relation between capillary conductivity and suction can in the high suction
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Table 6. Values of kg, & and (.., for the relation between capillary conductivity and suction according

10 equation (44)

Soil type ky(cm - day™) alcm—?) YonoelCM)
Humous loamy sand (topsoil) 1.0 0.0269 165
Loamy sand (subsoil) 0.36 0.0378 1307
Peat 53 0.1045 50
Sticky clay (knipklei) 0.22 0.0380 30

k cm.day-!
1 - ~
—'-\._‘I @ ® s ®
" 0 o
S - NS
% Y %
: +6 N,
10 -2 '\: . I~ '.?;a - ‘.'g\"
1073 — - R "
N
1074 = - N\
1073 L -
1 1 1 ) 1 1 I L 1 1 J
1 1 S L |+ L 's A | 10' 02 0P 10 1 1 o
Y cm
k cm.day!
102

10!

10

102

1073

1074 Fig 22. Relation between capillary conductivity and suction

Jor the soils used in the present study

10 ¢. sticky clay

d. peat

a. humous loamy sand (topsoil)
b. loamy sand (subsoil, > 50 cm)




tange be expressed by equation (42). The values of log & determined according to this
relation are presented in table 7 for suctions of 102 cm and 10* cm. As far as the
values of log k at r is 100 cm, are below the range in which (42) holds, the data
are piven between brackets. The wvalues of the exponent n are also given in this
table,

Table 7. Values of log k42, log kiea and the exponent n for different sail types

Experimental

Soil type log kg2 log kg4 n conditions Author

River basin clay —1.68 —4.38 1.35 field experiment Wind (1955)
(komklei}

Sticky clay —-2.10 —4.30 1.35 field experiment Rijtema
(knipklei} (present study)

Chino silty clay (—1.85) —4.73 1.44 disturbed sample Gardner and
loam Fireman {1958)

Pachappa fine (—2.18) —5.10 1.46 disturbed sample Gardner and
sandy loam Fireman (1958)

Humous loamy (—1.56) —4.35 1.40 field experiment Rijtema
sand {present study)

Medium coarse sand —3.00 —5.85 142 undisturbed Wind and
(plaatzand) soil column Hidding (1961}

Peat —1.84 —4.60 1.38 field experiment Rijterna

(present study)

The most striking result in table 7 is the fact that the exponent n for the different
soil types as well as under the different experimental conditions has a nearly constant
value of 1.4. This possibly indicates that the capillary conductivity in this range of
high suctions is mainly determined by a film-flow on the surface of the soil particles,
whereas the flow through capillaries predominates in the low suction range. STAPLE
and LEHANE (1954) presenting data in the suction range from 200 cm to wilting point
show that the capillary conductivity at constant soil moisture content increases
with increasing density of the soil. This result seems also to indicate that the conductiv-
ity depends on the surface area of the soil particles per unit volume of soil.

2. Extraction of water from the profile

The extraction rate of moisture from the soil is often used in estimating the root
distribution in the soil, Field observations show that water is withdrawn under
conditions of a uniform moisture content with depth more rapidly from the shallow
than from the deeper layers. VAZQUEZ and TavLOR {1958) imitating root distribution
with absorbers in laboratory experiments, show that the rate of uptake in the various
layers depends on both the suction in the layer concerned, and the number of absorbers
present. TAYLOR and HApDoOCK (1957) conclude that under conditions of a uniform
suction in the soil, the rate of moisture extraction by the roots is proportional to the
root activity at the depth concerned.
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Exact values of root activity are, however, hardly to determine, since this factor
varies in a complex way both in time and depth. Van LiesHouTt (1957) concludes
from experiments that root weight and root length are not determining the root
activity, but that generally a strong root activity coincides with a high root density.

2.1. Effect of suction and capillary conductivity on the extraction by uniform
root systems

Physical considerations concerning the moisture extraction by a plant root are
presented by PHiLIP (1957), GARDNER (1960), CovEy and BLoODWORTH (1962) and
Visser {1964). The extraction of water by the plant root is expressed by the following
equation:

a4 12 " oy

— = — —y

- 46
ot ¥y or or (46)

where # is the moisture content, ¢ is the time, r is the radial distance from the root,
k is the capillary conductivity and ¢ is the suction in the soil.

Assuming a uniform distribution of moisture in the soil at time ¢ is zero the solution
of equation (46) is subject to the following initial conditions:

B=Bo,|ll=¢0 r>r1 t=0 (47)

At the root surface the flow rate per unit of area is constant, so the following
boundary condition has to be fulfilled:
0 —E

anlki=—~—r l"=r1 t>0 (48)
ar az

where Ep is the transpiration rate, @ is the root density in cm™2 (¢m root length

per cm? soil), z is the rooting depth in cm and r, is the radius of the root in cm.

At the outer boundary of the sphere of root influence no flow of water is present,
giving the following boundary condition:

— = r=r, >0 (49)

Covey and BLoobpwoRTH (1962) propose a numerical approach of equation (46)
starting from the relation:

AL (50)
o6
Both GARDNER (1960) and Visser (1964) proceed from the proposition of steady-

state flow, in which holds:

80

Z=0 i
o (51)
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In the considerations presented by Gardner, the solution of steady-state flow in a
hollow cylinder has been introduced, in which the water participating in the flow
comes from the outer boundary of the sphere of influence of each root. Moreover,
it has been assumed that the capillary conductivity is a constant related to the mean
suction in the root zone. Based on these propositions Gardner presents the following
solution of equation (46):

2

(=) = —L1n (2} (52)
4dnkaz ¥,

Visser proceeds in his considerations from an extraction of moisture distributed

proportionally over the content of the cylinder, while as relation between capillary

conductivity and suction the function given in equation (42} is used. The arguments

presented by VISSER lead to the following expression for the solution of equation (46):

oty = 22 () ) &)

r 2
draz \r;—r] r

In the selection of the physical model nsed in this study, the following arguments
are of importance:

a. The transpiration rate is considered as a constant during the balance periods,
so neither the daily cycle in transpiration nor the redistribution of moisture in the
root zone during night-time are taken into account.

b. The exact geometry of the root system as well as the distribution of the root
activity with depth is unknown.

¢. In measuring soil moisture contents or suctions in the root zone a certain average
value of these factors is determined.

Based on these considerations it is pointless to use in the analysis of the lysimeter
data the numerical approach presented by Covey and Bloodworth. With regard to
the equation proposed by Visser it seems useful to introduce a weighted mean value
of the capillary conductivity related to the suction measured in the root zone.
Following GARDNER and EHLIG (1962) a factor b, depending on the geometry of the
root system, the root activity and the rooting depth, can be introduced in the equa-
tion given by Gardner as well as in the solution presented by Visser. Both (52) and
(53) lead to the following expression:

= '&___‘j’ (54)

LY

where \f is the suction measured in the root zone, ¥, is the mean suction at the root
surface and k is the capillary conductivity of the soil at suction .
The liquid transport in the plant can be expressed as:

— w!—Wr
B =t (55)

53



where ¥, is the suction in the leaf tissue and R, the total plant resistance for liquid
flow from the root surface to the sub-stomatal cavities.

Combination of the equations (54) and (55) gives the relation presented by GARD-
NER and EHLIG (1962) for transpiration from crops in pot experiments. This relation
is written as:

=¥ 56)
Ru+blk

E; =

2.2, Effect of suction and capillary conductivity on the extraction by non-
uniform root systems

The analysis of the effects of capillary conductivity and suction on the moisture
extraction from the soil by non-uniform root systems is much more difficult than the
corresponding analysis of these effects on the extraction by uniform root systems
in pot experiments. Both the suction and the rate of moisture uptake by the roots are
not uniformly distributed throughout the root zone. After wetting of the soil the
crop generally extracts the major part of the water required for transpiration from the
top layers of the root zone, resulting in a more rapid drying up of these layers than
of the deeper layers of the root zone.

Analysis of these effects is only possible if the root zone is divided in a number of
layers (GARDNER, 1964; Lipps and Fox, 1964; VISSER, 1964). However, this type of
study requires a detailed knowledge concerning the distribution of root density and
root activity. A vertical suction gradient in the root zone arises from the moisture
extraction. The vertical flow caused by the suction gradient is, however, too small
to result in a uniform distribution of soil moisture in the root zone. This is due to the
relatively low values of the capillary conductivity at high suctions. Particularly
this vertical water transport through the soil in the root zone, highly complicates the
description of moisture extraction by the plant.

GarpNER and EHLIG (1962} propose when approaching the process of water
extraction by the plant to divide the root zone into two layers. The top layer contains
a high concentration of roots, resulting in a more or less uniform drying up of this
layer. The second layer of the root zone contains a smaller number of roots and the
withdrawal of water is apparently less until the top layer becomes dry. In this second
layer two path-ways are present for water transport, namely uptake and vertical
transport by the roots and capillary rise through the soil to the top layers. The moisture
extraction from the top layer can be described by equation (56), whereas the transport
in the second layer can be considered as a flow through a porous medium with con-
stant diffusivity when regarding the system of roots and soil as a compound porous
medium. However, the suitability of this approach is strongly limited under field
conditions since the thickness of the top layer varies during the growing season.
This variation depends on the root development, on the change in the activity distribu-
tion as well as on the moisture content, suction and capillary conductivity in the root
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zone and on the periodical rewetting of this zone. Moreover, the moisture extraction
from below the root zone has to be taken into account, in particular if the capillary
rise from the groundwater table gives a non-negligeable term in the water supply.
The water supply from the layers below the root zone can in principal be calculated
using the steady-state solutions for capillary rise, in which the suction at the under-
side of the root zone affects the moisture transport.

Since the crop reaction depends on the water supply in the root zone it seems to be
a better approach to introduce the mean suction in the main part of the root zone
and the capillary conductivity related to it as the factors describing the availability
of moisture to the plant. This main part of the root zone can be considered as the
effective rooting depth, since the few roots present at greater depth do not contribute
very much to the water uptake by the crop.

3. Moisture extraction from the soil by grass

The process of moisture extraction can be studied using the data of moisture
content and suction derived from the measurements with nylon units. 'The relation
between suction and height above the groundwater table is presented in figure 23.

1 10 102 103 104 {em
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<m below surface

Fig. 23, Distribution of the suction in the profile of loamy sand with the groundwater table at a depth
of 125 cm

o 315 to 3/6, 1957 o 4/7 to 97, 1957

x 276 to 1{7, 1957 + 9/7 to 117, 1957

The curves give the mean suction during a few balance periods measured at various
depths in the loamy sand when the profile is progressively drying up. The discussion
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on the moisture extraction from the soil is divided into the processes in the rooi zone
and the processes below the root zone.

3.1. Moisture extraction from the root zone

The distribution of moisture flow, averaged over the balance periods, at different
heights in the profile is presented in figure 24. The curve for total flow is calculated
from the change in moisture content, measured with the nylon units in the successive
layers. The change in moisture storage in layers of § cm thickness was added to the
total flow from below the depth concerned. From the suction profiles and the relation
of capillary conductivity and suction, the vertical flow of water through the soil was
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Fig. 24. Distribution of the flow velocity in the profile. a. loamy sand {water table at 125 cm); b. sticky
clay (water table at 50 cm); c. pear (water table at 60 cm)

o total flow; =
. through the plant roots

x vertical flow through the soil in the root zome; o——o vertical flow

determined. The difference between the total flow and the calculated capillary rise
gives the participation of the plant roots in the vertical transport as a function of
depth. The slope of this function gives the radial flow through the soil to the roots as a
function of depth below surface. The share of the grass roots in vertical transport
seems to be limited to a depth of 25 cm in both the loamy sand and the peat soil.
In the clay soil the roots affect the vertical transport to a depth of 30 cm. These
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tooting depths have to be considered as the effective rooting depth, whereas roots
present below this depth do apparently not contribute to the transport of water due to
the low root intensity and a small root activity existing there. It appeared from the
calculations that the capillary transport occurs in the whole root zone when low
suctions are present, whereas at high suctions no capillary flow is present in the upper
15 cm.

Equation (56) was presented for the calculation of transpiration from a crop with
a uniform root system. Due to the variation in thickness of the layer without capillary
rise, the mean suction in the effective root zone and the capillary conductivity related
to it are introduced in the calculations performed with this equation. A rough es-
timate of the unknown terms ¢;, R,; and 5 can be obtained by using the data presented
in the figures 23 and 24, dividing the root zone into a number of layers with a thick-
ness of 5 cm and starting from the following propositions:

a. The suction , in the ieaf tissue is constant during a balance period.
b. The amount of water extracted from each layer by means of radial flow to the
roots is transported to the leaf tissue by flow-paths that are mutually unconnected.

Based on these propositions, the transport from each layer can be expressed as:

‘pl. 1™ 'I’n,l (57)

It bk

where g, , is the radial flow to the roots of layer # of 5 cm thickness at balance period
2,y . is the mean suction in the leaf tissue during period 1, ¥, , is the mean suction
in layer n during period ¢, r, , is the apparent resistance in the plant for liquid flow
from layer n, b, the factor related to the geometry and activity of the roots in layer »
and k, , the capillary conductivity at suction ¥, ,. A combination of 3 periods, cover-
ing the suction range from field capacity to wilting point, is necessary to estimate
the unknown terms assuming that the values of r, , and b, for the grass cover are
independent of time. An example of the basic data and the results obtained from the
calculation is given in table 8 for a peat soil.
R, can be calculated using the following expression:

1 z": 1

Rpg n=1T

Moreover, R, and & can be calculated with equation (56), using the mean values

of the suction in the effective root zone and the capillary conductivity k related to it,
combined with the estimated values of y,.

The data of r,, , and &, given in table 8 do not give much information concerning
the distribution of both the root system and root activity in the successive layers of the
root zone. It is possible that the calculations result in negative values of r, , or b,
in the top layers, particularly when high suctions are present. This is due to the fact
that the mean suction , has a lower value than the suction in the top layers of the
soil. The main reason that this situation can be present is the daily cycle in the value

(58)
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of the suction ¥,, causing under these conditions only an uptake from these layers
during the time that ¥, exceeds the suction in the soil, whereas no redistribution of
moisture is present due to the very small values of capillary conductivity during con-
ditions that ¢, is smaller than . Moreover, the curves fo1 capillary flow as presented
in figure 24, suggest an apparent accuracy due to the low transport values in the top
layers. Further the curves are very flat in the deeper layers of the root zone. The errors
in the calculated capillary rise in the lower part of the root zone may in particular
cause the negative value of b, calculated for the layer at a depth from 20 to 25 cm
in the peat soil.

With regard to these considerations, the values of R, and b calculated with equation
(56) are used in the analysis of the evapotranspiration data. The calculated values
of R, and b for the three soil types are given in table 9.

Table 9. Values of R, and b calculated with equation (56)

Loamy sand Sticky clay Peat Mean
Ry, (em - day - mm—1) 1044 1063 1018 1042
b {cm) 0.44 0.37 0.59 0.47

A comparison of the data given in table 9 with the data of R, and & for Birdsfoot
Trefoil, respectively 11 bar - day-cm™" and 4:107° bar, given by GARDNER and
EHLIG (1963), show that the data of R, agree reasonably well. The values of b differ
a factor 10 from each other. The main reason for this difference is, besides possible
effects of the crops, due to the different experimental conditions. The calculations
performed by Gardner and Ehlig concern data from pot experiments with a uniform
distribution of the roots through the soil, whereas the data given in table 9 are calcu-
lated for a non-uniform root distribution in the root zone, using the mean suction
and capillary conductivity.

3.2. Moisture extraction from below the root zone

The amount of moisture available for the crop in the layer between the underside
of the effective root zone and the groundwater table can be calculated from the steady-
state solutions of the capillary flow equation (41a). The integration of (41a) has to be
performed in three steps when calculating the relation between suction and height
above groundwater z, depending on the relation between suction and capillary
conductivity, The following expression holds in the suction range in which & remains
constant:

koW

otk =9 F (59)

ZzZ =

The suction range in which the exponential function (45) holds, gives the following
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equation:

z = 1faln vtk

v+ koe-ﬂ("—*a)

Ve ¥ = Vnax

(60)

The relation between z and ¥ in the suction range above ¥,,,. has to be calculated

by numerical integration.
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Fig. 25, The relation between the height above the water table and the suction for various values of
capillary rise. a. humous lpamy sand (topsoil); b. loamy sand (subsoil, > 50 cm); c. sticky clay, d. pear
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The relations beiween suction and height above groundwater calculated for various
flow rates are presented in figure 25. The curves of both the topsoil and the subsoil have
to be combined in calculations of capillary rise in the loamy sand. The relation between
flow velocity and the suction at the underside of the effective root zone for various values
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Fig. 26. The relation between capillary rise and
suction at the underside of the effective root
zone for various depths of the water table in cm
below the effective root zone. a. loamy sand,;
b. peat; c. sticky clay

of the depth of the groundwater table expressed in cm below the root zone, is shown in
figure 26. The flow rate increases already strongly, particularly when high groundwater
tables are present, at low suctions at the underside of the effective root zone, so the
capillary supply from the groundwater can be considerable even at low suctions in
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the root zone. The capillary rise from the groundwater table depends to a great
extent on transpiration when the moisture extraction between groundwater table and
root zone at various flow rates is small. The transpiration rale partly determines the
moisture uptake from the successive layers in the root zone. In considerations ofl
capillary rise, it determines in particular the extraction from that layer, in which
the capillary transport changes into a transport through the roots, which in turn
determines the suction in the soil present in this layer. The amount of moisture
extracted from below the root zone during daytime can be supplied again during
the night when a relatively high capillary flow rate is present in this layer. The value
of capillary rise from the groundwater is hardly affected by the drying up of the top
layers of the root zone under these conditions. The relation between observed
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Fig. 27, Relation between capillary rise and total moisture extraction for loamy sand. Mean depth of
the water table at 70 cm. Mean values for 3 and 4 days

® B A without precipitation; O [0 A with precipitation
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capillary rise from the groundwater table averaged over periods of 3 to 4 days and
the moisture conditions of the profile, expressed as a moisture deficit in relation to
field capacity in loamy sand with a mean groundwater table of 70 cm below surface,
is presented in figure 27, It appears from these data that the capillary rise reaches
nearly the observed maximum value, even when at high transpiration rates only a
small deficit is present in the soil. Small values of capillary rise have been observed
under conditions of a dry root zone and low values of potential transpiration. The
relation between capillary rise and potential transpiration is shown in figure 28,
The variation in the data is mainly caused by the non-steady-state character of
moisture extraction from the subsoil, because periods with high and low values of
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potential transpiration are alternating with each other. Further some periods with
much precipitation show a strong deviation. The figures 27 and 28 agree with the cal-
culated relation between capillary rise and suction at the underside of the root zone
as presented in figure 26, showing that the capillary rise in the loamy sand is not
highly dependent on this suction value. The underside of the effective root zone is
for the data presented in the figures 27 and 28 at 45 to 50 cm above the groundwater
table when the latter is at a mean depth of 70 cm below the surface.
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Fig. 28, Relaiion between capillary rise and potential transpiration for loamy sand. Mean depih of
the water 1able at 70 cm. Mean values for 3 and 4 days
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It is necessary, however, in investigations concerning the influence of the ground-
water table on transpiration, to determine, besides capillary rise from the ground-
water table, the amount of moisture which can be extracted from the soil below the
effective root zone. The calculations of the amount of moisture available from this

v mm. day"!
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layer are based on the steady-state solution of the capillary flow equation (41a),
assuming a maximum suction of 16:10* cm at the underside of the effective root zone.
The relation between the maximum values of capillary rise and the depth of the ground-
water table is given in figure 29. The depth of the groundwater table is in this figure
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expressed in cm below the effective root zone. The maximum amount of moisture
which can be extracted from below the effective root zone is shown in figure 30 in
relation to the depth of the groundwater table. The speed with which the moisture,
extracted from this layer, is available for transpiration, depends on the transpiration
rate itself, which partly determines the suction gradients present below the root zone,
The effect of the groundwater table on transpiration is for this reason also affected by
the transpiration rate in preceding periods. In order to eliminate this effect in the
calculations it seems to be useful to describe the crop reaction on water supply with
the conditions present in the effective root zone, because the mean suction in this
layer is also partly determined by the depth of the groundwater table and by the
capillary conductivity in the layers below the root zone.
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The figures 26, 29 and 30 offer a possibility to characterize the drought sensitivity
in relation to the depth of the groundwater table. The maximum amount of water
that can be extracted by the grass within a certain number of days is calculated from
these figures to which the amount of moisture available in the root zone is added.
The calculations are starting from equilibrium conditions at the beginning of the
period while the following propositions have been made:

a. The extraction rate of moisture present in the effective root zone is not restricted
in the range between field capacity and wilting point,

b. The mean extraction rate of the moisture from below the root zone is, to a maxi-
mum amount of extraction as given in figure 30, two times the maximum flow
rate presented in figure 29,

c. The flow rate for capillary supply from the groundwater table is derived from
figure 26 assuming a mean suction of 1000 cm at the underside of the effective root
Zone.
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d. The sum of moisture extraction from below the root zone and the capillary supply
from the groundwater table at a certain depth of the groundwater table, has to
be smaller than the corresponding value at higher groundwater tables. When
the latter is not the case, the value can be obtained by graphical extrapolation.

The maximum amounts of moisture that can be extracted in relation to the depth
of the groundwater table are calculated for periods of 30, 60, 90 and 120 days. The
results of these calculations are given in table 10.

Table 10. Maximum amounts of moisture (rmm) available for transpiration in periods of 30, 60, 90 and
120 days in relation to the depth of the groundwater table

Period length Depth of groundwater table
Soil (days) (cm -surface)

50 33 60 75 100 125 150

Sticky clay 30 144 - 128 120 107 102 95
60 201 - 167 150 124 120 111
S0 258 - 206 176 136 127 125
120 315 - 245 203 151 137 132

Peat 30 - 241 204 152 135 121 110
60 - 388 315 212 170 161 152

2% 535 417 260 197 190 183
120 682 528 314 219 210 205
Loamy sand 30 355 250 192 148 m 85

20 765 600 330 221 173 135

60 - 510 448 261 195 150 110
120 - 1020 752 399 250 201 160

It appears from this table that the sticky clay is the most drought sensitive soil in
comparison with the other soils used in this study, due to both the low values of
capillary rise from the groundwater table and the small amount of moisture available
from below the effective root zone. The amount of water and the extraction rate from
the layers below the root zone is a measure for drought sensitivity, particularly when
the groundwater table is at a great depth.

4, Effect of soil factors on the apparent diffusion resistance of crops

The apparent diffusion resistance R, of the crop has been introduced in Chapter
IV.3 in order to calculate the actual transpiration. It is necessary to determine,
besides the influence of light intensity, the relation between R, and the physical
properties of the soil when soil moisture becomes a limiting factor. In relation to the
interpretation of the data, the significance of R, has to be considered, namely that
this resistance is mainly either a stomatal diffusion resistance for water vapour
diffusion or a factor related to the transport resistance for liquid flow in soil and plant.

It has been assumed in the discussion presented in IV.3, that a saturated vapour
pressure is present in the sub-stomatal cavities. However, the vapour pressure in the
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cavities is in equilibrium with the suction present in the leaf tissue. The following
calculations are based on the considerations of a crop model with a single leaf layer,
taking into account a non-saturated vapour pressure in the sub-stomatal cavities.
Combination of the equations (27) and (36) expresses the transpiration as:

ET = €y €, - Cine— €y = ll’l_ll’ = Epme— €, (61)
R, R, R,+bjk R,

where e, is the actual vapour pressure in the sub-stomatal cavities and R, is the
stomatal diffusion resistance.
The suction in the leaf tissue is related to the vapour pressure in the sub-stomatal
cavities by the equation:
RT', ¢

¥y =~ In 2 (62)

where R is the gas constant, T' is the temperature in degrees Kelvin and ¥V is the
volume,

The logarithmic term in this expression can be eliminated using the series expansion
of the ratio g/e, which can be written as:

efe = 1+(—1)! Iu (efe) +(— 1)2111 ("""’) u+(—1)“'—“%f@ (63)

The neglect of all higher power terms of this series, leaving the first power term,
results in a maximum deviation of 2% in the calculated value of the suction when
e/ has a value between 1.0 and 0.96, so under these conditions expression (63) can
be approximated as:

In St — Sim = Eime (63a)
Cint Eim

Substitution of the equations (62) and {63a) in expression (61) gives:

Eim = Cine— Y — Eim
Ep = e=;ea - ‘*WR‘ & . I;T - GWR‘ & (612)
a ! R +blk)—¢ ¢
( pl / )RT, int
From equation (61a) follows:
Em'_e "‘ll’ _; int
Ep = RT _ Em—C (61b)

R.+R
R,+R,+(R,,,+b/k)ﬁ Eime ot Re

The relation between R, and the other resistances follows from this expression and
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can be written as:

vV B —€ J—L’ Fime
R, = [R,+(R,,,+b/k) Ay w1 4R, RT (64)
RT 4 |4
Eimt —€a— W RT Eimt Ep—€a— W R Eimt

The effect of the various resistances on the value R, can be calculated, assuming
that temporary wilting is present during the midday hours when the mean suction
in the effective root zone is 16 atmospheres. Moreover, it is assumed that during this
period the leaf temperature exceeds air temperature with 10°C, while the relative
humidity of the air is 80%. In clear summer weather the relative humidity is during
the midday hours generally lower than the assumed value used in the calculations,
the assumed difference in temperature can be present, however. Based on these
propositions it is possible to calculate a number of factors in equation (64). These
data are given in table 11. The values in the last two columns of this table can vary
somewhat, depending on the assumed propositions but they remain during midday
conditions of the same order of magnitude. Equation (64) can be approximated by
the following expression:

R, ~ 1.02R,+29.107 (R, + b/k)+0.02R, (64a)

It appears from experimental investigations by GaasTrA (1959), Kurrer (1961)
and SLATYER and BiERHUIZEN (1964), that the external resistance R, is about two
times the stomatal resistance R, at maximum stomatal opening when a laminar
flow is present in the external air. SLATYER and BIERHUIZEN conclude from calcula-
tions that the value of R, becomes considerably smaller than the corresponding value
of R, when a turbulent flow is present in the external air, so under these conditions
the stomatal resistance determines the transpiration rate. It can be concluded from
these considerations that the resistance R, in equation (64a) is not to a considerable
extent affecting the value of R_.

The value of R, is, based on the data given in table 9, assumed to be 1.04 atm-
-day - mm ™!, while the factor & a value of 4.7 10™* atmospheres is given. The resist-
ance term (R, +b/k) has a value of 5.74 atm-day - mm ™", assuming that the value
of the capilfary conductivity is 107° cm - day™" at a soil suction of 16 atmospheres.
The effect of this resistance term on the value of R, equals under these conditions
20.107?.574 = 0.167 mm Hg * day * mm ™!,

The data presented by GAASTRA (1959), Kuiper (1961) and SLATYER and BIER-
HUIZEN (1964) show that the stomatal resistance of various crops is in the order of
1 to 3 sec* cm™ ! when the stomata are fully open whereas this value increases to
about 30 sec - cm™! when the stomata are closed.

The value of R, expressed in mm Hg - day - mm ™! can be converted into sec - cm ™.
A transpiration rate of 1 mm - day~' has to be divided by 10 x 24 x 3600 to express
this value in g - em ™% sec™ ! and the vapour pressure term in mm Hg can be converted
into g* cm™? by multiplying by 0.623 p/p, where p has avalue 0f1.19-1073g - cm™3
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at a temperature of 20° C and the atmospheric air pressure p is 760 mm Hg. From
these conversion factors follows:
1 _ 10x 24 x 3600 x 0,623 x 1.19 s

1 mm Hg - day -mm™! = R c-cm”™! = 0.94sec-cm™?
760 % 10

This conversion shows that the effect of the stomatal diffusion resistance in equation
{64a) is already 6 to 18 times as large as the effect of the resistance for liquid flow
when the stomata are fully open. This stomatal resistance increases considerably
by stomatal closure.

It is concluded from these calculations that the value of R, is mainly determined
by the stomatal resistance for water vapour diffusion. Although the apparent diffusion
resistance R, of the crop is related to stomatal reaction this does not mean that both
the suction in the root zone and the transport resistance for liquid flow in soil and
plant are not important in controlling the value of R,.. The reaction of stomatal
closure caused by a shortness of water, is related to the increase in the suction in the
leaf tissue which in turn is determined by the transpiration rate, the resistances for
liquid flow and the suction in the effective root zone.

The relation between R, and the suction in the leaf tissue can be given by the general
equation:

R. = f(y) (65)
Substitution of equation (56) in (65) gives:
R.=f {Er;(Rpl + b/k) + 'I’} (653)

where EF is the actual transpiration, ¥ and k are respectively the mean values of
suction and capillary conductivity in the effective root zone, while the values of Ry,
and b can be obtained from the data given in table 9.

Summary

An examination of both literature data and values calculated in the present study
shows that the relation between capillary conductivity and suction can be expressed
by an exponential function in the low suction range, taking into account the suction
value of the air-entry point. The appearence of an apparent non-capillary pore space
in some soils losing water immediately when a very small suction is present, hardly
affects the considerations concerning capillary rise, The suction range in which this
relation holds for the different soils varies strongly, depending possibly on the
distribution and size of the soil particles, It appears from the available data that this
range increases with decreasing coarseness of the soil whereas this range becomes
possibly smaller again in soils with a compound structure.

The relation between capillary conductivity and suction in the range of high
suctions can be expressed by a power function of the type originally proposed by
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WiND (1955). It appeared from the available data that the exponent » in this equation
seems to be constant, with a value of 1.4, for various soil types. This result possibly
indicates that the water transport in this range is mainly determined by a film-flow
on the surface of the soil particles, whereas the flow through capillaries predominates
in the low suction range.

The uptake of water from the soil by the plant roots has been described by an
equation originating from GARDNER and EHLIG (1962). A calculation model has been
introduced in order to calculate an estimated value for both the geometry factor
of the root system and the resistance for liquid flow through the piant.

The extraction of moisture from below the effective root zone has been calculated
using the steady-state solution of the flow equation. The capillary rise from the ground-
water table is not highly dependent on the total moisture loss from the effective
root zone when the groundwater table is relatively high, but it is affected by the exist-
ing transpiration rate.

The extraction rate of moisture from the soil below the effective root zone, partic-
ularly when the groundwater table is at great depth, is affected by the transpiration
rate in preceding periods. The effect of the depth of the groundwater table on transpi-
ration also depends on the preceding weather. For this reason the effect of soil moisture
on transpiration is described by the conditions present in the effective root zone.

The relation between the maximum amount of moisture available for transpiration
and the depth of the groundwater table has been calculated for different period-
lengths. It appears from these data that the sticky clay soil is the most drought
sensitive one of the soils used in the present study.

It is shown that the apparent diffusion resistance R, introduced in Chapter IV.3
is mainly determined by the stomatal diffusion resistance. The effect of soil conditions
on the value of R, is described as a function of the suction in the leaf tissue, which in
turn is related to the actual transpiration and to both suction and capillary conductiv-
ity in the effective root zone.
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VI. Analysis of evapotranspiration data

1. Procedure of the analysis

A number of factors which affect evapotranspiration have been discussed in the
Chapters I1T, TV and V. In a detailed determination of the effect of these factors it is
necessary to measure evapotranspiration from a crop over short periods. Evapo-
transpiration is calculated from the water balance for periods of 3 and 4 days using
weighable lysimeters covered with grass. The determination of the effect of the differ-
ent factors on evapotranspiration proceeds from equation (34):

_ A(Hu/L—E}+¥(E;— E))
A+y{1+f(zy, d)uR,}

The value of E in this expression is known from the water balance, while the value
of E; can be determined from the data of precipitation using figure 17. The value of
4 is the slope of the temperature-vapour pressure curve at air temperature at 2 m
height and L is the heat of vaporization. The term F,, can be calculated from equation
(14):

ET = E_E! (34)

Hnt = (l_r)Hsh_MHlu (14)

The value of H,, is determined from measured data of solar radiation, r is the reflec-
tion coefficient of the evaporatingsurface, whereas ™ H , can be calculated from temper-
ature, vapour pressure and relative duration of bright sunshine using the tables
presented by WEsSELING (1960). The term E, is calculated from the expression:

E; = f(zo, dJule,—e,) = { 2(}(1)3—'6z5 d}z u(ea—ea) (66)
In utbefiiied

29

where v is the wind velocity measured at 2 meter height, while z, and 4 depend on
crop height. R, is the apparent diffusion resistance of the crop and y is the psychro-
meter constant.

Applying these formulae in the calculation of evapotranspiration over short
periods, the following remarks have to be made, based on the considerations presented
in Chapter III.

a.l. When using the empirical relation (13) in the calculation of *H,, for short
periods of 3 and 4 days, the accuracy reached is very small, since this expression only
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holds for long periods. Connected with this argument it appears that the calculated
value of H,, can deviate considerably from the real value (MILTHORPE, 1960; TANNER
and PELTON, 1960).

b.l. The neglect of the storage of heat in the soil, as is done for example in the
equation proposed by Penman, can give a deviation 109 in the calculated value of
H,, during periods of 3 and 4 days (MoNTEITH, 1958).

c.l. If during long continued periods of drought the surroundings of the lysimeters
have a shortness of water, resulting in a strongly reduced evapotranspiration from
this area, an effect of local advection on evapotranspiration from lysimeters with a
good water supply has to be taken inte account, A systematic influence of local
advection on evaporation from sunken pans was present in 1959, so it must be ex-
pected that the evapotranspiration from the lysimeters is affected in a similar way.

The following procedure is introduced in order to eliminate as well as possible
the effects discussed in a.1, b.1 and c.1. It follows from the discussion presented in
Chapter [11.4 that, when using the equation proposed by Penman, the evaporation
from sunken pans is very closely related to the calculated value E,. Applying now,
the combined method, discussed in IIL3.1, without ignoring the storage of heat
below the evaporating surface and including a term for local advection, the following
expression results:

m A8

(4+7)E, = (1—-r,) 4y _ 4 (i) — ¥ 4+ 0.182yu(e,—e )+ A, (67)
L L/, L

where A, is the term giving the influence of local advection on evaporation from

sunken pans. A similar relation as given in equation (35) holds for the transpiration

from a crop, when both terms are taken into account. This expression can be written

as:

[4+9{1+f(z0, duR}IEr =

AHsh mH!o _ é___sc z ule — —
_(l_rC) L -4 (T)c L +'}'f( O’d) (a ea) (A+?)EI+A¢: (68)

Combination of the equations (67) and (68) gives:
[A +?{1 +f(20 > d)uR,,}]ET =

= (A +9)E,~(ro=r) 212 -4 {("H w)e ;("H*" o a3

+ ?{f(zo L] d) - 0182} u(sn - ea) _(A + ?) EI+ (Ac_' Aw) (69)

Considering equation (69) as the basic equation in the analysis of the data obtained
from the lysimeters a further discussion concerning some terms is necessary. In con-
nection with the arguments given in a.1, b.1 and c.1 the following remarks can be
made.
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a.2. When equation (13) is applied, the same meteorological data are used in the
calculation of ™ H,, from a free water surface and from a cropped surface. Diffzrences
in net longwave radiation due to differences in surface temperature are generally
small during the periods of 3 and 4 days. Moreover, in the calculations of ™H,,
from equation (13) equality of surface temperature and air temperature is assumed.
This means that in the basic equation (69) the term (™ H,,), — (" H,,),, can be considered
as being equal to zero.

b.2. The absorption of solar radiation in free water is related to the depth in depend-
ence of the cleanliness of the water. For this reason and due to the relatively high
value of the heat capacity the storage of heat in water is in general greater than the
corresponding value in a soil below a grass cover, However, it is unlikely that
the storage of heat in shallow sunken evaporation pans considerably exceeds the
corresponding value below a surface covered with grass. This means that the value
of the term (S, —8,) in equation (69) is much smaller than the value of S.. Since S,
has already a relatively small influence on evapotranspiration when using periods
of 3 and 4 days, the term (S,— §,,) will be neglected.

c.2. The influence of local advection is among other things dependent on the dimen-
sions and the roughness of the evaporating surface. The significance of this advective
term increases when the dimensions of the evaporating surface decrease and the
surface roughness increases. The surface area of the evaporation pan is approximately
20%; of the corresponding area of the lysimeters, but the surface roughness of the
latter is higher than the corresponding value of the pan. Although the influence of
local advection is not the same for both surfaces, the effect of (4,—A4,) on evapo-
transpiration is considerably smaller than the corresponding influence of A_. It is
assumed that the effect of the term (4.— A4,,} on evapotranspiration can be ignored
in the calculations performed. A further discussion on this proposition is given in
Chapter VL3.

The relation used in the analysis of the evapotranspiration data obtained from the
lysimeters does not contain the factors discussed, so equation (69} can be written as:

[4+y{1+(z0, DRI ]Er =
= (A +?)Eo—(rc“rw)AHxh/L+?{f(20 ’ d)——O.lSZ}u(ea—e‘,)—(ﬁ +?)EI (693‘)

In this equation is E; the transpiration from the crop, calculated from the water
balance equation and from the interception based on the arguments given in Chapter
IV.4, while E, is the evaporation from a free water surface, measured with sunken
pans.

The unknown factors in equation (69a) are:

1. The mean reflection coefficient r, of the crop. In (r.—r,) for the mean value of
the reflection coefficient r,, of a free water surface, the generally accepted value of
0.05 is taken.
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2. The surface roughness z, and the zero-plane displacement d of the crop. From the
discussion given in Chapter IIL.1 follows that both factors depend on the height
of the crop as well as on the wind velocity. In the term f{(z,,, d) the effect of the surface
roughness and of the zero-plane displacement is taken into account. A separation of
both terms is not possible since no measurements of the vertical profile of wind
velocities are available. Moreover, no conclusions can be given concerning the
validity of the logarithmic wind function under unstable atmospheric conditions.
3. The apparent diffusion resistance R, of the crop. It appeared from the discussion
given in Chapter IV.3 that this factor, under conditions of optimum water supply
only depends on the type of the crop, on light intensity and possibly on temperature
and aeration, while it was shown in the discussion given in Chapter V.4 that this
factor must also be related to the suction in the leaf tissue, which in turn depends on
the suction in the root zone, on capillary conductivity and on the transport resistance
in the plant, when a shortness of moisture is present in the soil.

The determination of these factors in relation to the variables mentioned, is performed
by a reiterative operation of the data. A first estimate of the values of two of the
unknown factors in relation to the given variables is made in this operation. Using
equation (69a) the values of the third unknown factor can be calculated and are then
analysed in their relation to the variables on which the factor depends. In this way
a first estimate of this third factor is obtained. Next, from the first estimates of the
first and third factor, the values of the second factor can be calculated using again
equation (69a). These values are further analysed in relation to the variables on which
this factor depends, resulting in a second estimate of this factor. The operation
with equation (69a) is continued as long as the curves giving the relations concerned,
are changing.

When calculating the mean reflection coefficient r, of the crop, equation (6%9a)
is written as:

(re—0.05)AH /L = (A +y){E,— (Er+E;)} —¥f(zo, duR.Ex —0.182yule,—e,) +
+f (2o, dJule,—e) = F (69b)

When the values of AH /L are plotted against the calculated values of F, a linear
relationship will have to be found, in which the line is passing through the points as
well as through the origin. The slope of this line gives the mean value of (r.—0.05).
As afirst estimate of the mean reflection coefficient of grass, a value of 0.20 is intro-
duced, based on the investigations reported by SCHOLTE UBING (1959).

In determining f{z,, d) equation (692) is expressed as:

(A4+yHEr+E;—E,}+(r,—0.05)4H,,/L+0.182yu(z,—~¢,) (69)
‘P{(E‘— ea)"" Rc ET}“

The values of f(z,, d) calculated from (69c) are analysed in their relation to crop
height and wind velocity. Only those data have been used in which the denominator
of the right term of the equation exceeds 0.75. The influence of errors in the basic

f(zosd) =
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data on the calculated values of f{z,, d) increases considerably when the value of the
denominator becomes smaller. Only a few data concerning values of zg and 4 are
available from literature. As a first estimate of f{z,, d) the data given in table 3 are
used, assuming that the zero-plane displacement equals zero, while for other grass
lengths the values have been interpolated between the values given.

When calculating the values of the apparent diffusion resistance R,, equation (69a)
is written as follows:

R, = AHDEr+Ey— B+ (00 AH L+ 0.1827u(6, —e) = (20, dofea=e.)
—')’f(zo ’ d)uET

(69d)

Since in this equation the influence of errors in the basic data becomes also pre-
dominant when the denominator of the right hand term of this equation is too small,
data with a denominator smaller than 0.75 are not taken into consideration in the
analysis. Based on the arguments given in Chapter 1V.3 a first estimate of R, under
conditions of optimum water supply and high light intensity can be given a value
equal to zera. A first estimate of R, is not possible for other conditions,

Since only a few periods were present in which both low light intensity and a
shortness of water are determining the value of R, a study concerning the inter-
relationship of both factors in their effect on &_, is not possible in the present study.
For this reason it is assumed that under these conditions the effect of both factors
can be expressed as:

R, =R.+R¥ (70)

where R. is the factor depending on light intensity and RY the factor giving the effect
of the suction in the leaf tissue on the value of R_.

The procedure started with the determination of R, from equation (69d) using
first estimates of r, and f(z,, d).

2. Determination of the unknown factors under conditions of optimum
water supply

The factors r,, f(z,, d) and the relation of R, to light intensity and to temperature
are determined under conditions of optimum water supply. In this analysis, data
are used from lysimeters in which the capillary rise from the groundwater table
was about 80 to 909, of the evapotranspiration and in which the total extraction of
moisture from the profile did not exceed 20 mm. The effect of the suction in the effec-
tive root zone, of the capillary conductivity and of the transport resistance in the plant
on the value of RY, is determined afterwards with equation (69d), taking the other
factors into account as known quantities.

When determining the values of the apparent diffusion resistance R!, the mean
reflection coefficient r, and the roughness function f(z,, d) in this analysis, balance
periods with one of the following properties are not taken into consideration:
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a. Periods in which the presence of local advection could be shown by comparing
calculated evaporation from a free water surface and measured evaporation from
sunken pans.

b. Periods in which the grass on the lysimeters was cut resulting in a discontinuity
of crop height. '

c. Periods in which the daily values of precipitation exceeded 15 mm giving in a num-
ber of periods unaccountable values of both pan evaporation and evapotranspiration
from the lysimeters.

d. Periods in which the calculated amount of interception exceeded evapotranspira-
tion, or in which during the last day of the period much precipitation was present,
resulting in a calculated amount of interception that was nearly equal to the value
of evapotranspiration and it was unlikely that this amount of interception also
evaporated during that last day.

In the discussion on the results obtained from this analysis only those figures are
given that result from the last operation performed in the reiterative procedure.
2.1. Reflection coefficient

The relation of AH,/L and the calculated values of F, the right hand term of
equation (69b), is presented in figure 31. The value of the slope is 0.18, so with an

F mm HpO.mm Hg. ¢t
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assumed value of r,, of 0.05 the mean reflection coeflicient of the grass cover is 0.23.
The value of the reflection coefficient determined in this analysis, agrees better with
the data given by MONTEITH (1959) as discussed in Chapter 111.2.2, than with the
values given by ScuoLte UBING (1959).

2.2. Roughness function

The effect of wind on the roughness function f(z,, d) gives an increase in roughness
at low wind velocities due to the flutter of the grass leaves. At high wind velocities,
however, the leaves adapt positions parallel to the direction of flow which results
in a streamlining effect making the surface aerodynamically more smooth, The in-
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fluence of the wind velocity is likely to be higher for tall than for short grass. More-
over, under conditions of strong incoming radiation and low wind velocities, atmos-
pheric instability affects the roughness function too. It is not possible, because of the
remaining variation in the data, to give in the present study an analysis of the effect
of wind velocity in its interrelationship with crop height, so it is assumed that the
combined effect of both factors can be expressed as:

J(zo,d) = g() - h(u) (M)

where g(/) is a function of crop height with the same dimensions as f(z,, @) and k()
is a dimensionless factor which depends on wind velocity. In equation (71) the
absolute values of g(/) and A(v) depend on each other. It is assumed that #(x) equals
unity at a mean wind velocity of 1.75 m - sec™! at 2 meter height.

g @) mm Ha0 - day™ ! mL sec.mm Hg!
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The values of f(z,, d) are calculated with equation (69¢) and are related to crop
height, which results in a curve giving the relation of g(f) to grass length. The ratio
of the calculated values of f(z,, d) and g(/} is related to wind velocity, giving the
relationship between f(u) and w.

The relation between grass length and g(/) is presented in figure 32, for data
reduced to a mean wind velocity of 1.75 m-sec™' at a height of 2 meter. The
calculated values of h(u) are presented in figure 33a in relation to the mean wind

h(u)
> . 6] 16~ ®
. 14l ® Deacon (1949}

» \. * Monteith (1563)
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Fig. 33. The relation between h(x) and wind velocity at 2m heighi. a. data obtained from the analysis;
b. caleulated from data given by DEACON (1949) and by MONTEITH (1963). The curve originates from
fig. 33a
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velocity at 2 meter height. From data published by Deacon (1949) concerning grass
with a height from 60 to 70 cm with a zero-plane displacement of 25 em and from
data given by MONTEITH (1963) of grass with a crop height of 75 cm and a displace-
ment of the zero-plane of 45 cm values of A(w) are calculated for different wind
velocities. The results of these calculations are presented in figure 33b, in which
the curve drawn Is taken from figure 33a. In spite of the difference in the height of the
grass, the adaptation of the curve to the calculated values agrees reasonably well,
The value of g(/} at a grass height of 75 cm calculated from these data, is equal to 1.43.

2.3. Apparent diffusion resistance of grass with optimum water supply
The relation between the apparent diffusion resistance R! and light intensity is
presented in figure 34. The resistance reaches its minimum value, equal to zero, at

a mean light intensity of 0.38 cal -cm ™% min~?, This minimum value agrees with
the discussion on this subject given in Chapter IV.3. With decreasing light intensities
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o o1 0z 03 04 o5 o8 07 diffusion resistance of grass (Ri) and mean
light intensity cal-cm "% min=1 light intensity

an increase in resistance is present in a similar way as is shown in the discussion on
the physiological investigations given in Chapter IV.2.1. The results of this analysis
show that the mean light intensity during periods of 3 and 4 days can be considered
as a measure for the factor controlling stomatal opening.

No relation could be found in the analysis between the apparent diffusion resist-
ance and temperature. In general an influence of low temperatures on stomatal
opening coincides with low values of light intensity during that part of the day, so it
is not possible to give a decision, based on the present data, on the existence of a
relation between stomatal opening and temperature.

An effect of aeration on the value of the apparent diffusion resistance could not
be shown, mainly because of the fact that the highest groundwater tables present in
these experiments are at 50 cm below the surface resulting in a sufficient aeration
for the shallow root zone of the grass.
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3. Influence of local advection on evapotranspiration

Balance periods in which the presence of local advection was shown were left
out of consideration in the analysis given in VI.2 so the relations determined are not
affected by dry conditions in the surroundings of the lysimeters. Particularly during
the dry summer of 1959 extreme conditions concerning the effect of the water supply
on evapotranspiration prevailed. This regards the high values of potential evapo-
transpiration in summer as well as the low ones under dry conditions of the soil in
autumn. In order to determine the effect of a restricted supply of water on evapo-
transpiration under these conditions, it is necessary to calculate a value of potential
evapotranspiration governed by the micro-climate present at the lysimeters.

It has been assumed in Chapter VL1 that the difference in the effects of local
advection on respectively evaporation from the pans and evapotranspiration from
the lysimeters can be ignored. However, before applying this proposition in the analy-
sis, a further testing is necessary. The course of the measured pan evaporation and

Eg{calculated) B & - '—— E (water balance)

—==mEq({pan} ==—==E {eq.72)
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Fig. 35. a. The course of measured and calcu-
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of the calculated evaporation during the summer half year of 1959 is presented in
figure 35a (see also figure 13). In May and during the first twenty days of June the
differences between both values are very small because of the fact that no limiting
conditions were present in the water supply of the surroundings. The difference
between calculated and measured evaporation is also small during periods in which
much precipitation was present just before or during the time considered (figure 35b).
For the other periods the measured data of evaporation are systematically higher
than the calculated ones, in particular during the long continued period of drought
in the latter part of the summer and in early autumn. The systematic deviation is
related to the restricted water supply in the direct surroundings of the lysimeters,
resulting in a strongly reduced evapotranspiration from this area.
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In order to test the proposition assumed, the potential evapotranspiration from
grass under optimum conditions of water supply is calculated for weekly periods
using the following expression:

E- (4+y)E,—0.184H /L +y{f (2o, d) ~0.182}u(e,~e,) + ¥ (2o , d)uRLE, (72)
A+7{1+f(z0, duR(}

In these calculations the values of f(zq, d) and R! obtained from the relations given
in VL2 are used, while as value of £, the measured value of the sunken pans is taken.
The values of evapotranspiration calculated from equation (72) are compared with
the corresponding values determined from the water balance of lysimeters with a good
water supply, in which the extraction of soil moisture from the profile did not exceed
20 mm except during one period in June. The data obtained from both methods
are presented in figure 35c. The difference between both values is very small and a
systematic deviation cannot be proved. The difference between both values added
over the scason is equal to 11 mm. Based on these results it cannot be proved that
the proposition assumed in relation to local advection Is incorrect under the given
conditions of the experiments, so this argument can be used in the present study in
the analysis of the data.

4, Effect of the water supply in the effective root zone on evapo-
transpiration

The presence of a too small water supply to the roots in comparison to the potential
transpiration of the crop results in an increase of the apparent diffusion resistance
R? that is related to the increase in suction in the leaf tissue. In the discussion given
in Chapter V.4 on the relation between the suction in the leaf tissue and the apparent
diffusion resistance, the following expression was derived:

RY = f{ET(Ry+blk)+¥} (65a)

Where EF is the real transpiration from the crop, R, and b are dependent on the
type of the crop and represent respectively the resistance for water transport in the
plant and the geometry of the root system, while ¥ and & give the mean suction in
the effective root zone and the capillary conductivity related to it.

In the analysis of the data obtained from the lysimeters the right hand term of this
equation can be calculated, since £7° is known from the water balance minus the amount
of interception calculated from figure 17 for the period considered, values of Ry
and & can be obtained from table 9, while the mean suction in the effective root zone
is derived from the data obtained from the measurements with nylon units and values
of & can be taken from figure 22 in relation to the mean suction.

However, in many hydrological investigations the value of EF is often unknown,
50 it appears to be useful to relate for practical purposes R, to an other parameter
also depending on both climatological and soil physical factors. For this reason the
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concept of the potential suction in the leaf tissue is introduced; it is defined as the
theoretical suction necessary in the leaf tissue to ensure potential transpiration
at the soil physical conditions prevailing in the effective root zone of the crop.
This theoretical suction value can be calculated, analogous to equation (56} given
in Chapter V.2.1, from the following expression:

Y™ = EF'(Ry+bll)+y (73)

where EP” is the potential transpiration calculated with equation (34), taking into
account the values of R! as presented in figure 34, while the other factors have the
same meaning as is given for equation (65a).
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Fig. 36. The relation between the calculated values of the real (y}") and the potential (y{™) suction in
the leaf tissue. The data are calculated for grass on loamy sand (»), sticky cluy (o) and peat (x)}

A comparison between the values of ¢ and %, calculated with the given equa-
tions is presented in figure 36. The scatter of the data around the curve is particularly
at low suctions small due to the fact that both equations only differ in the transpira-
tion term. Moreover, the curve shows that the real suction in the leaf tissue reaches
as mean value for periods of some days its maximum at a value from 48 to 50 atmos-
phere. The maximum values of the soil suction measured in the upper part of the
effective root zone were approximately 57 atmosphere, SLATYER (1957) reported
maximum values of the suction in the Ieaf tissue of tomato, privet and cotton equal
to 41, 70 and 77 atmosphere respectively. These data concern measurements performed
at sunrise. The values of the suction in the soil of the root zone measured at the same
day are 45, 110 and 107 atmosphere respectively. The data of the maximurm suction
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in the leaf tissue of grass, obtained from the calculations performed, appear to be
acceptable.

The relationship between t/}° and ?* as presented in fig. 36, shows that the rela-
tion given in equation (65a) can be changed into:

RY = g(yf™) = g{EF(Ri+bfk)+} (74)

The relation between RY {eq. 69d) and P (eq. 73), presented in figure 37, is calcu-
lated from data obtained from the three soils used in the present study.

Ri" mm Hg-day- mm~!

Tr ) o o
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Fig. 37. The relation between R¥ and the potential suction in the leaf tissue (tp’,"’*). The data are calcu-
lated for grass on loamy sand (), sticky clay (0) and peat (x)

The relation between real transpiration and potential transpiration can be derived
from equation (34) and is written as:
e = 4+ ?{1 +f(7-'0 » d)uRi'} EM
4+y{1+f (20, d)u(R. +R:}

(75)
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It appears from this expression that the influence of the suction on the reduction
of transpiration, at a given value of both potential transpiration and suction in the
root zone, also depends on temperature, on wind velocity, on light intensity and on
the roughness function of the crop. The reduction in transpiration due to a shortness
of water increases with increasing surface roughness and increasing wind velocity,
whereas it decreases with increasing temperature.

relative transpiration

10 o
0.8+
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Fig. 38. The relation between the relative
oer transpiration and the real suction in the leaf
tissue
0 . ; . . | o———o Birdsfoot trefoil (ExLiG and GARrD-
10 20 30 40 50 NER, 1964)
$LE atm Grass

The relation between the relative transpiration from grass and the calculated value
of i® is presented in figure 38 for a temperature of 20°C and assumed values of
f(zo, dyu and R equal to respectively unity and zero. This figure also presents data
concerning Birdsfoot Trefoil given by EHLIG and GARDNER (1964). A strong devia-
tion exists between both curves, which can be explained, aside from a possible in-
fluence due to the differences in the crops used, by the following arguments:

a. The measurements taken by Ehlig and Gardner concern a crop with a uniform
root distribution in shatlow containers, whereas the calculations performed in the
present study are related to the mean suction in the effective root zone of a crop with
a non-uniform root distribution in relation to depth, which can result in a high suc-
tion in the leaf tissue when low suctions are still present in the soil of the lower part
of the effective root zone, giving an increased extraction from this layer,

b. The measurements of the suction in the leaf tissue in the experiments reported by
Ehlig and Gardner were petformed between 8.00 and 9.00 a,m. The mean value of the
suction in the leaf tissue, however, exceeds considerably their measured values, since
this suction is more or less in phase with the daily cycle of transpiration. The values in
the leaf tissue calculated for the grass are mean values for periods of some days.
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¢. A strong deviation can exist between the value of f(z,, dJu taken in the present
calculations and the corresponding value under the experimental conditions of Ehlig
and Gardner.

In order to get an expression of a similar type as those presented by Visser (1963,
1964) equation (75), assuming that R\ equals zero, is rewritten as:

(B3 — B F{EE(R 4+ BI)+0}] ™" = —2— {f (20, du}ETE (752)
A+y

The relation of the effect of the availability of soil moisture on actual evapo-
transpiration, as proposed by Visser, can be expressed either in terms of the suction
in the soil or in terms of the soil moisture content. For a comparison of the relation
derived in the present study with the expressions given by Visser, the relation ex-
pressed in the suction of the soil moisture is used. This relation of Visser is given by
the following equation:

(gEo,—EYy~! (JCT‘ —E) =D (76)

where g is an empirically determined crop constant, n is the exponent originating
from the relation between capillary conductivity and suction, € and D are also
constants to be determined by experiment. Visser assumes that the value of # is equal
to 2 for the majority of soils.

A comparison of both equations shows that (75a) has a more complicated structure
than the relation given by Visser. The main differences in both relfations can be
explained by the following arguments:

a. Visser assumes in his approach that the transport resistance in the plant from the
root surface to the atmosphere is a constant, whereas it has been shown in Chapter
V.4 that stomatal closure is the main factor reducing transpiration. Moreover, it
was shown that the stomatal resistance varies from fully open to closed by a factor
exceeding 10.

b. Visser does not consider the effects of crop development and stomatal resistance in
relation to the distribution of net energy over sensible heat transfer and ¢vapo-
transpiration.

It are mainly these factors which prevent the relations proposed by Visser from being
of general application in the calculation of actual evapotranspiration during periods
of a few days under widely different climatological conditions.

The relation between real transpiration, potential transpiration and the mean
suction in the effective root zone is presented in figure 39 for the three soils used in the
present study. These relations are calculated for an air temperature of 20°C, while
f(zo, d)u and R. have assumed values of respectively unity and zero. This figure
shows that the reduction in transpiration at a given value of both potential transpira-
tion and mean suction, highly depends on the capillary conductivity of the soils used.
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5. Calculation of crop factors in relation to evaporation

Calculated values of potential evapotranspiration are compared with data deter-
mined from the water balance of lysimeters with an optimum water supply. The relation
between calculated evapotranspiration, according to E = f+ E,, and measured data
is presented in figure 40. In these calculations it is assumed that £ has a value of 0.8.
The deviation between calculated and measured potential evapotranspiration becomes
larger with increasing values of evapotranspiration. Moreover, the scatter of the
points increases due to the difference in crop height between the various periods.

0B Eg mm - day™! €(eq-69a) mm-day™!

B 8
7+ 7
B — 5
5 5 - .l-
o:'. -
4 + 4 - ._/
Ol
3 k] ‘:, .
= - ./g
W
2 2 - "é‘
At

1+~ 1 s
oW 1 oy oWl 1t 3 v 14

1 2 3 4 5 5} 7 8 1 2 3 4 5 6 7 B8
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Fig. 40. The relation between measured poten-
tial evatranspiration from grass and the reduced
values of evaporation from a free water surface

Fig. 41. The relation between measured poten=
tial evatranspiration from grass and the values
calculated with equation (69a)

Potential evapotranspiration is calculated with equation (69a) taking into account
the values of R derived from figure 34. The results of these calculations, presented in
figure 41, show a good agreement with the data obtained from the lysimeters. The
balance periods used in this figure do not coincide with the balance periods used in
the reiterative procedure.

Often, data of evaporation from a free water surface are used in the calculation
of potential evapotranspiration from crops. These data are then multiplied by an
experimentally determined factor for a certain crop in order to calculate the evapo-
transpiration. A reasonable relation appears to exist between pan evaporation and
potential evapotranspiration from crops when this relation is determined for mean
monthly values (STANHILL, 1961; TaLsma, 1963). Difficulties arise, however, when
transfering these relations from one area to an other climatologically widely different
one.

The development of a general applicable method for the calculation of the relation
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between the evaporation from a free water surface, either calculated with the Penman
equation or measured from sunken pans, and the potential evapotranspiration from
a crop is of value, since it offers possibilities to calculate the crop factors for widely
different climates.

In calculating the relation between evaporation from a free water surface and
potential evapotranspiration from a crop, it is assumed that R} is equal to zero,
while the considerations start from the following equations:

E=f-E (78)

A Hsh ?
E=E—~018 — —= + - {f(z,,d)—0.182}u(e,—e, 79
et o Vo d-0182ue—e) (79)
It appears from a comparison of the equations that the value of the crop factor
depends on the correlation between E, and both A(H,/L)Y(A+7)"" and yu(e,—e,)
- (4+7) !, while this factor also depends on the roughness of the evaporating surface.
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Fig. 42. a. The relation between 0.18(AN{(A+y)Ha/L and E, for climatological conditions in the

Netherlands; b. The relation between (y{(A+y)ule,—e,) and E, for climatological conditions in the
Netherlands

The mean values of f{z,, d) for crops like grass and alfalfa, are for monthly periods
more or less constant due to the frequency of mowing. Moreover, the correlation
between E, and the meteorological factors mentioned, is rather high for the mean
monthly values as is shown by MAKKINK (1960) for the climatological conditions
prevailing in the Netherlands. The relation between E, and respectively 0.184(H,/L) -
-(A+y)"! and yu(e,—e,)(4+9)"! for mean monthly values in the Netherlands
are presented in figure 42. The rclations can be given by the expressions:
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A Hsh

0.18 — = 0,20E,40.09 (80)
4+y L
and
¥
——ule,—e,) = 048E,+1.08 81
7o ueame @)

Substitution of these expressions in equation (79) gives:
E ={0.7140.48f(z,, )} E,+ {1.08f(zq, &)~ 0.29} (79a)

If the mean values of f{z,, d) remain constant during the course of the year, a linear
relationship exists between evaporation and evapotranspiration. The relation between
evapotranspiration and evaporation is composed of a number of linear relationships
when f(z4, d) varies over the year,

These considerations are also applied in the determination of the relation between
cvapotranspiration from alfalfa and evaporation from a free water surface (calculated
with the Penman equation in which the modified wind function for a sunken pan is
used) based on data from experiments performed by VAN 'T LEVEN and HADDAD
(1963, 1964a, 1964b) in the Medjerda Valley in Tunesia.

The height of the crop varied during the summer period from § to 50 cm with a
frequency of mowing of once in 4 weeks. The growth was considerably less during
the winter season, so the crop was cut once in 8 to 10 weeks, giving a considerably
smaller yield than during the summer months. For this reason it is assumed in the
present calculations that the mean crop height was equal to 25 cm over the summer
season, whereas a mean height of 15 cm was taken for the winter season. Moreover,
it was assumed that f{z,, d) for alfalfa can also be calculated from the relations
given in VIL.2.2.

The relation between the calculated values of E, and respectively 0.18 A(H /L)
“(d+7)"" and yu(e,—e,)(A+y)"* are presented in figure 43 for the mean monthly
values in Tunesia. The relations can be given by the expressions:

4 Hy

0.18 — = (.193E,+0.15 (82)
A4y L
and
?
—— ule,—e,) = 0.80E,+1.15 83
14y (ea—¢a) (83)

Substitution of both relations in equation (79) gives:

E = {0.66+0.80 f(zq, D)} E, +{1.15 f (2o, d) —0.36} (79b)

The mean wind velocity during the two years of observation was 2.9 m -sec™!,

$0 f(z,, d) derived from the figures 32 and 33, has respectively for mean crop heights
of 25 and 15 cm a value of 0.92 and 0.76. These values are used in equation (79b),
giving the following expressions for the relation between the evapotranspiration
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from alfalfa and calculated evaporation from a free water surface in Tunesia:
Summer season (May to September): £ = 1.40 E,+0.70 (84)
Winter season (October to April): E = 1.27 E,+0.51 (85)

The mean values of E, in the summer and winter period are respectively 5.63 and
2.04 mm - day~!. With the relations (84) and (85) the mean values of potential evapo-
transpiration in both seasons are calculated, giving values of respectively 8.57 and
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Fig. 43. a. The relation between 0.18(A](A+ v H /L and E, for the climatological conditions in Tunesia
b. The relation between (p/(A+yDu(e,—e,) and E, for the climatological conditions in Tunesia

3.10 mm - day " !. The calculated mean values are connected by a linear relationship
given by the following equation:

E = 1.52 E,+0.02 (86)

This expression gives the apparent relation between the potential evapotranspira-
tion from alfalfa and evaporation from a free water surface for the conditions pre-
vailing in Tunesia. A comparison of the calculated relation with the observed data is
presented in figure 44. The remaining variation between the calculated line and the
observations is mainly caused by the scatter of the points presented in figure 43 as
well as by the uncertainties in the estimates of f(z4, &). A comparison of the potential
evapotranspiration from alfalfa, calculated directly with equation (79) without
using the linear relationships given in figure 43, with the values determined from the
water balance of the lysimeters is presented in figure 45. This figure shows a better
agreement between calculated and measured evapotranspiration than the relation
given in figure 44, since the monthly deviation from the linear relationships presented
in figure 43 is taken into account.
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However, for many crops the value of the roughness function is unknown, whereas
the apparent relation between potential evapotranspiration and evaporation is known
for various crops under different climatological conditions. The considerations given
in the preceding discussion can also be used in the determination of a rough estimate
of f(z,, d) by back solution for different crops from the apparent relation between
evapotranspiration and evaporation, provided that the relations as presented in the
figures 42 and 43 are known. These rough estimates can be used in their turn in the
calculation of the relation between evapotranspiration and evaporation for regions
with other climatological conditions. This procedure might be of particular value
for the calculation of potential evapotranspiration from crops when designing irriga-
tion projects under any given climatological condition.
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Fig, 44. The relation between the measured Fig. 45. The relation between the measured po-
potential evapotranspiration from alfalfa and tential evapotranspiration from alfalfa arnd the
the calculated evaporation from a free water values calculated with eguation (79) for the cli-
surface for the climatological conditions matclogical conditions in Tunesia
prevailing in Tunesia. The line is calculated a 1962; & 1963

with equation (86)
o I962; e 1963; + mean values for summer
and winter season

Summary

A description is given of the procedure used in the analysis of data obtained from
lysimeters concerning the evapotranspiration from grass. The relations holding for
evapotranspiration from grass and for evaporation from sunken pans are combined
in order to eliminate the uncertainties arising from the errors in the calculated values
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of net longwave radiation over short periods, from the neglect of the storage of heat
in the soil and from the effect of local advection.

The mean reflection coefficient of the grass cover and the influence of light intensity
on the apparent diffusion resistance of the crop, as well as the relation between the
roughness of the evaporating surface and both the crop height and the wind velocity
are determined under conditions of optimum water supply for periods in which no
local advection was present.

It is shown that a difference in the influence of local advection on potential evapo-
transpiration and on pan evaporation cannot be proved under the conditions pre-
vailing in the experiments performed.

The influence of water supply on the value of the apparent diffusion resistance is
described in relation to potential transpiration, to the suction and capillary conduc-
tivity in the effective root zone, to the geometry of the root system and to the resistance
for transport of water through the plant.

It is shown that the reduction in transpiration, besides on the value of the apparent
diffusion resistance of the crop also depends on temperature, on wind velocity and on
the roughness of the evaporating surface. The reduction in transpiration increases,
at a given value of the apparent diffusion resistance in relation to a shortness of water,
with increasing surface roughness and increasing wind velocity, whereas the reduction
decreases with increasing temperatures.

1t appeared to be possible to calculate the relation between potential evapotran-
spiration and evaporation from a free water surface, the latter either calculated with
the Penman equation or measured from sunken pans. These calculations are performed
for the determination of the apparent relation between potential evapotranspiration
from alfalfa and calculated evaporation under the climatological conditions prevailing
in Tunesia. This procedure may be of particular value for the calculation of potential
evapotranspiration from various crops when designing irrigation projects under any
given climatological condition.
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Summary

This study gives an analysis of the main factors determining the actual evapo-
transpiration from crops in their interrelationships with each other. Actual evapo-
transpiration can be calculated from a combined aerodynamic and energy balance
approach, taking into account the following factors:

a. The reflection coefficient of the crop.

b. The surface roughness of the crop in relation to crop height and to wind velocity.
c. The physiological properties of the crop with special reference to the resistance
for liquid through the plant and to the stomatal diffusion resistance.

d. The suction in the effective root zone and the capillary conductivity of the soil in
relation to this suction.

The introduction of an apparent diffusion resistance of the crop was necessary
due to the geometry of the evaporating surface. The relation of this factor to light
intensity and to the suction in the leaf tissue has been determined for grass.

It is shown that the amount of precipitation intercepted by the crop increases
evapotranspiration when the apparent diffusion resistance of the crop is not equal to
zero. A separation between transpiration and evaporation of intercepted precipita-
tion is introduced in order to determine the effects of other factors on transpiration,

A full discussion is presented on the relation between capillary conductivity and
suction from both data obtained from literature and those calculated in this study.
Some indications are present that this relation in the range of low suctions is governed
by flow through filled capillaries, whereas in the range of high suctions it is mainly
determined by film-flow on the surface of the soil particles.

An estimate of the resistance for liquid flow through the plant as well as a value
for the geometry and the activity of the root system are calculated from a flow model.
These estimates offered the possibility to calculate the effect of the suction and the
capillary conductivity in the effective root zone on the suction in the leaf tissue, which
in turn affects the value of the apparent diffusion resistance of the crop.

An equation has been derived in which the effects of the factors determining the
evapotranspiration are taken into account. It is shown that the reduction in transpira-
tion due to a shortness of water, also depends, at given soil physical conditions in the
effective root zone, on temperature, wind velocity and the roughness of the evapo-
rating surface.

A discussion is given on the possibility to calculate the relation between potential
evapotranspiration from crops and evaporation from a free water surface. The method
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has been applied to the calculation of the relation between potential evapotranspira-
tion from alfalfa and calculated values of the evaporation from a free water surface
under the climatological conditions prevailing in Tunesia.

The transfer of this type of relations from one area to an other climatologically
different one is discussed. This procedure may be of value for the calculation of
potential evapotranspiration from various crops when irrigation projects have to be
designed under any given climatological condition.
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Samenvatting

Deze studie geeft een analyse van de voornaamste factoren, die de werkelijke
evapotranspiratic van gewassen bepalen, Deze belangrijkste factoren kunnen als
volgt worden weergegeven:

a. de afvoer van waterdamp uit de luchtlagen dicht bijj het verdampend opperviak
naar Je hoger gelegen lagen;

b. de hoeveelheid energie beschikbaar voor de verdamping van water;

c. de opening van de huidmondjes en de diffusie van waterdamp van de intercellulaire
holten naar de externe atmosfeer;

d. de aanvoersnelheid van water naar het verdampend opperviak.

Elk van deze factoren kan als beperkende factor voor de verdamping optreden,
zodat alle genoemde factoren in het onderzoek zijn betrokken. Op grond van dit
onderzoek is een formulering gegeven voor de berekening van de werkelijke evapo-
transpiratie onder verschillende klimatologische omstandigheden.

In hoofdstuk II wordt een overzicht gegeven van de apparatuur en van de waar-
nemingsmethoden die bij dit onderzoek zijn gebruikt.

Voor de neerslaggegevens werd gebruik gemaakt van de op maaiveldhoogte
gemeten hoeveelheden. Dit in verband met de systematische afwijking, die onder
invloed van de windsnelheid optreedt, van de waarden die op 40 cm standaardhoogte
werden gemeten.

De gemeten waarden van de evaporatie uit twee ingegraven verdampingspannen
vertoonden geen systematische afwijkingen ondanks de verschillen in opstelling.
Dit geeft een aanwijzing dat de rails van de weegwagen en het dak van de waarnemings-
kelder van de lysimeters geen overwegende invloed hebben op de verdamping uit deze
pannen.

De Iysimeters bevatten ongestoorde bodemprofielen. De bij dit onderzoek gebruikte
gronden zijn knipklei (12 lysimeters) uit de omgeving van Sneek, veen (12 lysimeters)
uit de omgeving van Kamerik (Utrecht) en leemhoudend zand (8 lysimeters) uit de
omgeving van Wageningen.

De verandering van vochtinhoud van het profiel in de lysimeters werd naast de
periodiek uitgevoerde wegingen ook bepaald met behulp van nylon elementen.
Beide methoden gaven alleen vergelijkbare resultaten indien geen hysteresiseffecten
aanwezig waren,
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In Hoofdstuk TII zijn de meteorologische factoren besproken die de evapotranspira-
tie van een gewas bepalen.

Het waterdamptransport van het verdampend oppervlak naar hoger gelegen
luchtlagen wordt beheerst door de dampspanningsgradiént, de turbulentic van de
luchtstroom en de ruwheid van het verdampend oppervak.

De verticale verdeling van de windsnelheid kan onder neutrale omstandigheden
van de atmosfeer met een logaritmische functie van de hoogte worden beschreven.
Bij andere atmosferische omstandigheden geeft een machtsfunctie van de hoogte een
beter resultaat. Het geeft echter grote moeilijkheden om de exponent van deze functie
met enige nauwkeurigheid uit experimentele gegevens te bepalen. De fout die door het
gebruik van de logaritmische functie onder niet neutrale omstandigheden wordt
geintroduceerd, is in de orde van grooite van 10 tot 15% wanneer dicht bij het
verdampend opperviak wordt gemeten. De ruwheid van het verdampend oppervlak
is afhankelijk van de gewashoogte en van de windsnelheid.

De evapotranspiratie kan ook worden berekend uit de energiebalans. De nauw-
keurigheid van de berekende netto straling is niet groot, wanneer gebruik wordt
gemaakt van empirische relaties. Een fout van 10 tot 20 % in de berckende waarde
van de netto straling moet worden verwacht bij een periodelengte van enkele dagen.

De warmteberging in de grond is voor perioden van enkele dagen ongeveer 109
van de netto straling. De warmteoverdracht naar de grond in de lysimeters blijkt,
tengevolge van de opstelling van de bakken, groter te zijn dan de overdracht onder
normale veldomstandigheden.

De verdeling van de netto energie tussen verdamping en warmtetransport naar
de atmosfeer kan tot stand worden gebracht door middel van de Bowen-verhouding,
waarvoor de over de tijd gemiddelde waarden van de temperatuur- en dampspannings-
gradiénten noodzakelijk zijn. Ten einde de metingen van deze gradiénten te vermijden
zijn methoden ontwikkeld die een combinatie van de aecrodynamische en de energie
balans methoden zijn. Het biijkt bij deze gecombineerde methoden echter noodzake-
lijk te zijn om de eigenschappen van het verdampend oppervlak in rekening te
brengen.

De gemeten panverdamping en de berekende verdamping van een vrij water-
oppervlak vertonen goede overeenstemming indien ingegraven pannen worden
gebruikt. De boven de grond opgestelde verdampingspannen geven, tengevolge van
deze opstelling, systematisch te hoge verdampingswaarden.

In de literatuur zijn aanwijzingen aanwezig, dat de gecombineerde methoden
ook onder omstandigheden met advectie op grote schaal bevredigende resultaten
geven. De lokale advectie op kleine schaal kan de evapotranspiratie uit lysimeters
sterk beinvloeden. Het is echter bijzonder moeilijk om een schatting te maken van de
invloed van de lokale advectic op de evapotranspiratie. Er zijn enige aanwijzingen
in de literatuur, dat deze lokale effecten reeds over een zeer korte afstand worden
geélimineerd. Een systematische invloed van de lokale advectie kon onder de gegeven
proefomstandigheden alleen in de zeer droge zomer van 1959 worden aangetoond.
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In Hoofdstuk IV wordt de inviced van enige plantenfysiologische aspecten behan-
deld.

De vochtopname door de plant wordt veroorzaakt door de transpiratie. De vocht-
stroom in de plant kan als een fysisch verschijnsel worden beschreven, waarbij het
transport in de plant voornamelijk plaats vindt in de xyleemvaten en de celwanden
van het bladweefsel. Alleen in de endodermis wordt het water door de levende cellen
getransporteerd, waarbij het vochttransport mede afhankeljjk is van de stofwisseling
in deze cellen. Zowel lage bodemtemperaturen als slechte aeratie kunn en daardoor het
vochttransport in de wortels beinvloeden. Deze factoren geven echter ten aanzien van
de reductie in de transpiratie eenzelfde reactie als een vochttekort in de wortelzone.

De grootste weerstand in de plant treedt op in de dampfase bij de diffusie van
waterdamp van de intercellulaire holien naar de externe atmosfeer. Deze weerstand
is afhankelijk van de opening van de huidmondjes, die weer in verband staat met de
lichtintensiteit, de bladtemperatuur en de zuigspanning in het bladweefsel.

De lichtintensiteit is bij optimale vochtvoorziening de voornaamste factor die de
huidmondjes-opening regelt. In dit onderzoek is de gemiddelde lichtintensiteit ge-
durende de balansperiode als maatstaf gebruikt om dit effect te beschrijven.

De plantenfysiologische en fysische beschouwingen die door PENMAN en SCOFIELD
(1951) zijn ontwikkeld, geven geen verklaring voor de, voor kort gras, experimenteel
bepaalde waarden van de reductiefactor f. De sluiting van de huidmondjes gedurende
de nacht heeft weinig invloed op de waarde van de transpiratie, aangezien de voor de
verdamping beschikbare energie gedurende deze periode zeer klein is. Hieruit volgt,
dat de factor daglengte van weinig betekenis is voor de bepaling van de waarde van de
reductiefactor. Bovendien wordt in deze studie aangetoond, dat de waarde van de
reductiefactor in hoofdzaak wordt bepaald door het verschil in waarde van de re-
flectiecoéfficiénten van het gewas en van cen vrij wateroppervlak.

De schijnbare diffusieweerstand van het gewas is in de berekzningen ingevoerd in
verband met de geometrie van het verdampend opperviak en de diffusieweerstand in
de huidmondjes. Een gecombineerde vergelijking van de evapotranspiratic werd
afgeleid, waarbij deze factor in rekening is gebracht.

Er zijn aanwijzingen dat de waarde van de schijnbare diffusicweerstand van gras
bij hoge lichtintensiteit en optimale vochtvoorziening gelijk is aan nul.

Evaporatie van de interceptie van neersiag heeft een verhogend effect op de evapo-
transpiratie indien de schijnbare diffusieweerstand niet gelijk is aan nul. Een benade-
ring voor de berekening van dit effect is gegeven, waarbij is aangenomen dat de
evaporatie uit de grond onder een gewas met volledige bodembedekking kan worden
verwaarloosd.

In Hoofdstuk V wordt de invloed van bodemfysische factoren op de evapotranspi-
ratie besproken.

Een onderzoek van zowel literatuurgegevens als van de waarden die in deze studie
zijn berekend toont aan, dat het verband tussen het capillair geleidingsvermogen en
de zuigspanning in het traject van verzadiging tot een zuigspanning van 100 3 300 cm
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door een exponentiéle functie kan worden weergegeven, waarin tevens de zuig-
spanning van het luchtindringingspunt in rekening wordt gebracht. De aanwezigheid
van een schijnbaar niet-capillair poriénvolume in een aantal gronden, heeft weinig
invloed op de beschouwingen over capillaire opstijging. Het zuigspanningstraject
waarin deze exponentiéle relatie geldig is varieert sterk voor uiteenlopende gronden,
in afhankelijkheid van de verdeling en de grootte van de bodemdeeltjes. Uit de be-
schikbare gegevens blijkt dat het zuigspanningstraject toeneemt met afnemende
grofheid van de grond. Dit traject is mogelijk weer kleiner bij gronden met ¢en samen-
gestelde structuur.

Het verband tussen het capillair geleidingsvermogen en de zuigspanning in het
traject van hoge zuigspanningen kan worden weergegeven door een machtsfunctie,
zoals door WIND (1955) werd voorgesteld. Uit de beschikbare gegevens bleek, dat de
exponent in deze vergelijking voor sterk uiteenlopende gronden een vrijwel constante
waarde heeft van 1,4.

De gevonden resultaten geven mogelijk een aanwijzing, dat het capillair geleidings-
vermogen in het lage zuigspanningstraject wordt bepaald door stroming door gevulde
capillairen, terwijl in het hoge zuigspanningstraject het transport in hoofdzaak wordt
bepaald door de weerstand in de oppervlakte-film over de bodemdeeltjes.

De vochtopname door de wortels is beschreven met een vergelijking die door
GARDNER en EHLIG (1962} is ontwikkeld. Een berekeningsmodel werd opgesteld om
geschatte waarden van de transportweerstand in de plant en van de geometriefactor
van het wortelstelsel te berekenen.

De vochtonttrekking onder de effectieve wortelzone is berekend door gebruik te
maken van de stationaire oplossingen van de stromingsvergelijking. De capillaire
opstijging vanaf het freatisch vlak is niet sterk afhankelijk van de vochtonttrekking
in de effectieve wortelzone, indien de waterstand relatief hoog is, maar wordt dan
voornamelijk bepaald door de potentile transpiratie van het gewas. De onttrekkings-
snelheid van het vocht beneden de effectieve wortelzone wordt, vooral bij diepe
grondwaterstanden, mede bepaald door de transpiratie in voorafgaande perioden.
De invloed van de grondwaterstand op de transpiratie is afhankelijk van de vooraf-
gaande weersomstandigheden. Om deze reden is het effect van het bodemvocht op de
transpiratic beschreven door de vochttoestand in de effectieve wortelzone.

Het verband tussen de maximale hoeveelheid vocht beschikbaar voor transpiratie
en de diepte van de grondwaterstand is berekend voor verschillende periode-lengten.
Uit deze berekeningen volgt dat de knipklei relatief de meest droogtegevoelige grond
is van de bij dit onderzoek betrokken gronden.

Door berekening is aangetoond, dat de schijnbare diffusieweerstand van het gewas
voornamelijk wordt bepaald door de weerstand in de huidmondjes. Het effect van de
vochttoestand op de waarde van de schijnbare diffusieweerstand is beschreven als
een functie van de zuigspanning in het bladweefsel, die weer afhankelijk is van de
werkelijke transpiratie, van de zuigspanning en het capillair geleidingsvermogen in
de effectieve wortelzone, van de geometric van het wortelstelsel en van de transport-
weerstand in de plant.
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In Hoofdstuk VI is een beschrijving gegeven van de opzet van de analyse die is
gebruikt bij de bestudering van de lysimetergegevens.

De vergelijkingen die geldig zijn voor de berekening van de evapotranspiratie van
gras en de evaporatie uit ingegraven verdampingspannen, zijn gecombineerd om de
onzekerheden die ontstaan uit fouten in de berekende netto langgolvige uitstraling
over korte perioden, uit de verwaarlozing van de warmteberging in de grond en uit de
invloed van de lokale advectie, in de berekende evapotranspiratie wit te schakelen.

De gemiddelde reflectiecoéfficiént van het gras, de invloed van de lichtintensiteit
op de schijnbare diffusieweerstand van het gewas en het verband van de ruwheid
van het verdampend oppervlak met de gewashoogte als wel met de windsnelheid zijn
bepaald onder omstandigheden van optimale vochtvoorziening, voor balansperioden,
waarin geen invloed van lokale advectie kon worden aangetoond.

Onder de gegeven proefomstandigheden kon geen verschil tussen de invloed van de
lokale advectie op de potentiéle evapotranspiratie van gras en op de evaporatie uit
ingegraven verdampingspannen worden bewezen.

De invloed van de vochtvoorziening op de waarde van de schijnbare diffusie-
weerstand van gras is weergegeven als een functie van de potentiele transpiratie,
van de zuigspanning en het capillair geleidingsvermogen in de effectieve wortelzone,
van de geometrie van het wortelstelsel en van de transportweerstand in de plant.

Er is aangetoond dat de reductie in transpiratie, behalve van de waarde van de
schijnbare diffusieweerstand van het gewas ook afhankelijk is van de temperatuur,
de windsnelheid en de ruwheid van het verdampend oppervlak. De reductie neemt
voor een optredend vochttekort toe, bij een gegeven waarde van de schijnbare
diffusieweerstand, bij toename van de oppervlakte ruwheid en van de windsnelheid,
terwijl de reductie kleiner wordt bij een toename van de temperatuur,

Het is mogelijk om het verband te berekenen tussen de potentiéle evapotranspiratie
en de, volgens de vergelijking van Penman berekende of met ingegraven verdampings-
pannen gemeten, evaporatic van cen vrij water oppervlak. Deze berekening is uit-
gevoerd voor de bepaling van het schijnbare verband tussen de potentiéle evapo-
transpiratic van lucerne en de berekende evaporatie van een vrij wateroppervlak
onder de klimatologische omstandigheden in Tunesié.

Deze methode kan vooral van belang zijn voor het bepalen van de potentiéle
waterbehoefte van verschillende gewassen bij het ontwerpen van irrigatieprojecten
onder uiteenlopende klimatologische omstandigheden.
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List of symbols

Definitions of symbols used in one paragraph only, mainly in the discussion on
relations presented in literature, are given in the paragraph concerned and not in this
list. The letters a, b, ¢, « and § are used for any given constant. In some cases two
dimensions are given, separated by a semicolon.

A,  factor for the effect of local advection on mm H;O - mm Hg-°C™! - day™~!
evapotranspiration

A,  factor for the effect of local advection on  mm H,Omm Hg-°C™"' - day~!
evaporation from sunken pans

b geometry- and activity-factor of the root cm; atm
system
d zero-plane displacement in relation to cm

carth surface

E evapotranspiration mm - day”';g-sec”t-em™?
E, 0.182 ulg,~e,) mm - day~*
E, f(zq, du(e,—e,) mm - day ™!
E; evaporation of intercepted precipitation  mm - day ™!
E, evaporation from a free water surface mm * day ™!
E, evaporation from a wet surface with the mm - day™!
same aerodynamic and reflective properties
as short grass
E,  transpiration mm - day ™!
EF  real transpiration mm - day™!
EPF"  potential transpiration mm - day~!
e, actual vapour pressure at 2 m height mm Hg
e,  actual vapour pressure in the sub-stomatal mm Hg
cavities
€, actual vapow pressure at the evaporating mm Hg
surface
f reduction factor of Penman
G storage of heat in the crop cal - day™!-cm™?
H, theoretical maximum shortwave radiation cal-day~'-cm™?
received if no atmosphere is present (Angot
value).
H,, net radiation cal - day~'-cm™?
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"H, net longwave radiation
global shortwave radiation
maximum shortwave radiation received on

Hy,
mast"

ot Y
-E_h

~
£

NRNNe

LI~ 4
L]

N
<&

clear days

sensible heat flux density to the atmosphere
eddy transfer factor for heat

eddy transfer factor for momentum
eddy transfer factor for water vapour
capillary conductivity

capillary conductivity at ¢ = 0

(extrapolated)

hydraulic conductivity
latent heat of vaporization
maximum possible duration of bright sun-

shine

actual duration of bright sunshine

precipitation

atmospheric air pressure

specific humidity

diffusion resistance in the external

atmosphere

apparent diffusion resistance of the crop
apparent diffusion resistance of the crop
in relation to light intensity

apparent diffusion resistance of the crop
in relation to the suction in the leaf tissue
stomatal diffusion resistance

resistance for liquid flow through the plant
reflection coefficient

reflection coefficient of a crop

reflection coefficient of water

sensible heat flux density to the soil

temperature

air temperature at 2 m height
temperature at the evaporating surface
absolute temperature

wind velocity at 2 m height

wind velocity at height z

flow velocity of water in the soil

height above zero level

(earth surface, groundwater table)
roughness length of the evaporating

surface

100

cal - day~!-cm
cal -day™!-cm
cal-day~*-c¢cm

cal - day~!-cm~

cm? - sec™!
cm? + sec™!
cm? - sec”
cm - day”
cm - day”

1
1
1

cm - day ™!

107 -cal-cm
hours

-3

hours

mm - day”?!

mm Hg

Bu.o ° ga_:rl

mm Hg * day - mm™?1; sec- em™
mm Hg + day * mm™!; sec - cm™
mm Hg - day  mm™!; sec-cm™
mm Hg-day -mm™!; sec:cm™
mm Hg - day - mm™'; sec- cm”
cm-day-mm™*; atm-day- mm~
cal - day™!-em™?

°C

°C

°C

K

m - sec™!

cm-sec™!;m - sec”!

cm - day~'; mm - day~?

cm

cm

1

1
1

1

1
1



pot
i

wmax
¥r

constant of wet and dry bulb hygrometer
equation (psychrometer constant)

slope of the temperature-vapour pressure
curve at temperature T,

saturated vapour pressure at temperature
TB

saturated vapour pressure below the zero-
plane at temperature T,

saturated vapour pressure at the evapo-
rating surface at temperature T,

air density

momentum

suction of soil moisture

suction at the air entry point

suction in the leaf tissue

real suction in the leaf tissue

potential suction in the leaf tissue
maximum suction to which equations (44)
and (45) hold

suction at the root surface

mm Hg - °C™!
mm Hg-°C™!
mm Hg
mm Hg
mm Hg

grem™?

cem - sec” ) - sec”
g

cm; atm
cm
¢m; atm
cm; aim
cm; atm
£m

cm; atm

i,
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