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TO MY PARENTS




jHallo!' said Piglet, 'what are you doing?'
'"Hunting', said Pooh.

'"Hunting what?'

‘That's just what I ask myself. I ask myself, what?'
'What do you think you'1l answer?'

‘I shall have to wait until I catch up with it', said
Winnie-the-Pooh.

A.A., Milne.

'To write simply is as difficult as to be good'

W. Somerset Maughn.
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INTRODUCT-ION

In South Africa water supply may be considered the major factor limiting
agricultural production. It is thus imperative to determine the water
requirements of agricultural crops. This will ensure minimal water
application at the appropriate time and hence optima] response to
irrigation and will resuTt in improved usaée of the Timited water
resources.

The aim of the work here described will be to investigate the influence
of weather on plant water relations and the consequent flow of water
“through the wheat crop. Quantitative analyses will be adopted to
develop reliable mathematical simulations of responses to plant
moisture status and weather control of plant water status. .These
deterministic models will be structured so as to improve decision making
for scheduling irrigation. In pursuance of these goals the instrumenta=
tion used in the study of plant water relations will be investigated

and an attempt made to improve on existing experimental techniques. A11
experimentation was carried out in the field in order to eliminate
confounding unrepresentative conditions induced in growthbchambers and
glass houses.

Basically, the physical dynamics of the soil-plant-atmosphere conti=
nuum. will be investigated. Essentially, a mathematical description
with control of crop transpiration by atmospheric evaporative demand
is sought. The concept of crop hydraulic conductivity (¢) is intro=
duced to account for the contribution of plant physiology to the
process. The parameter ¢ is evaluated from measurements of leaf water
potential (wz), soil moisture potential (ws) and crop evaporation (E).
The control of leaf water potential upon photosynthesis, and hence
wheat crop growth rate, is reflected in the relationship between Teaf
diffusive resistance and leaf water potential. This relationship and
the hydraulic conductivity were determined during the late vegetative
and early reproductive growth stages. '

Leaf water potential <w£) was measured using the Wescor leaf psychrometer,




J14 press and Scholander pressure chamber. A modified technique using

a strip chart recorder facilitated accurate measurements with the leaf .
psychrometer. The J14 press is a relatively new instrument on the

market. It was calibrated against the SchoTandef pressure chamber and

the results obtained appear most encouraging.

Leaf stomatal resistance (rs) was measured using the LI-65 Autoporometer.
Calibration of this instrument was carried out in a growth chamber over
a wide range of temperatures. This permitted a more accurate analysis
of field data than the recommended practice of converting readings

at other temperatures to the 25 °C 'standard'. Both abaxial and

adaxial surface resistances were measured and used in determining re

The leaf water potential - leaf diffusive resistance relationship was
investigated in an attempt to determine the critical value of Yo
below which decrease in effective photosynthesis is induced. Two
empirical models were obtained, both with high coefficients of

determination.

In order to determine the soil water status (ws), soil moisture
characteristic curves were obtained for both the soil types used in
the study. The standard pressure plate assembly was used for this
purpose. '

A new technique using micrometeorological measurements was developed
‘to estimate crop evaporation rate (E). This technique makes use of a
reiterative method to find that canopy surface temperature (To) which
“balances the surface energy budget equation. Measured and calculated
T0 were used to validate the technique. This method resulted in E
values of accuracy acceptable for agricultural purposes and further=
more utilises robust, simple, inexpensive equipment.




SECTION A

METHODS AND MATERIALS

"CHAPTER 1

THE EXPERIMENTAL. SITE

1.1 The Field Site

The meteorological station at the University of the Orange Free State
was chosen as the site to carry out these field trials. This station’
occupies a total area of + 2 ha. All the standard meteorological
instruments are installed above a short grass surface and data collected
on a routine basis. The station is situated 1 414 m above sea level at
latitude 29° 07' S and longitude 26° 11' E. The site and surrounding
area is essentially flat and buildings of the UOFS bound both the-
north-eastern and eastern limits of the station. The northern hectare
of the station was used for the cultivation of the wheat crop (see

Fig. 1) while the standard instrument site made up the southern section
(see Fig. 2 and Fig. 3). The entire 2 ha is enclosed by a 3 m security
fence.

Situated in the southern third of the experimental plot were four large
bins in which soil moisture conditions could be controlled. They are
embedded with their rims flush with the ground surface so that wheat
growing therein may be considered part of a uniform crop. \

The instrumentation used in this study was situated in the region
immediately surrounding the bins. The predominent winds are north-
westerly and by siting the instruments as indicated the largest fetch
possible was utilised.




Fig. 1 : The wheat crop. Buildings of the Faculty of Agriculture
(U.0.F.S.) appear in the background.

Fig. 2 : The standard instrument site at the U.0.F.S.
meteorological station. ;
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1.2 General Description of the Soils

1.2.1 . The experimental plot

The soil of the experimenté] site belongs to the Skildekrans series of
the Valsrivier form (Macvicar, De Villiers, Loxtdn, Versfer, Lambrechts,
Merryweather, Le Roux,' van Rooyen & von M Harmse, 197)). The

general description thereof is given in Table 1.

TABLE 1 : General Description of the Soil of the Experimental Site.
Horizon Depth (m) Description
At 0 - 0,30 Weak sub-angular blocky structure, moist,

gradual transition

B2t .| 0,30 - 0,65 | Strong angular blocky structure, gradual
transition

C 0,65 + Weathering shale

S0i1 characteristics are by no means uniform over the .extent of the land
and this was reflected in the crop development. A dense layer of clay
occurs at an avefage depth of 0,4 - 0,5 m throughout the land. In some
areas- this clay layer was so shallow, that apart from impeding root
development, waterlogging became a problem.

1.2.2 The soil in the bins

The bins were filled with soil belonging to the Bainsvlei series of
the Bainsvlei form (Macvicar et al, 1977). Its general description
is outlined in Table 2.




TABLE 2 Genera]lDescription of the Soil used in the Bins.

Horizon | . Depth (m) _ Description
A1 0 - 0,25 5 Yr 4/3, Reddish brown, moist, massive

apedal structure, clear transition

B21 0,25

0,50 5 Yr 3/4, Dark reddish brown, moist, massive
apedal structure, gradual transition

B22 0,50 - 0,85 5 Yr 4/6, Yellowish red, moist, massive
apedal structure, clear transition

1,00 7 -5 Yr 5/6, Strong brown, moist, freduent
yellow, grey, black mottles, frequent hard

B23 0,85

and soft-concretions

This soil was obtained from the farm Bainsvlei in the Bloemfontein

" district. A1l vegetation was removed from the surface and. topsoil
excavated to a depth of approximately 0,15 m. The soil was then sieved.
and mixed to ensure- an essentially uniform profile in each bin.

In the remainder of this disseftation the two soil types will be referred
to as simply the site and bin soil.

1.3 The Bins

The bin dimensions are 1,82 m x 1,82 m x 1 m. _

A perforated plastic pipe (20 mm diameter) was laid along the base of
each bin and covered with a piece of asbestos sheeting. A 0,1 m layer
of 12 mm gravel was then placed in the bin before it was filled with

soil. The soil was backed to a density of + 1 650 kg m3. The bins

were then saturated with water and the soil allowed to settle in an

attempt to obtain a profile of uniform density. A plastic tube was




~

connected to the perforated base pipe so as to extend up and out of
the bin. Excess water could be removed via this pipe by means of a
suction pump, thus preventing the occurrence of waterjogging.

The effective soil depth in the bins was + 0,85 m.

1.4 Agronomic Aspects

Turpin 4 wheat cultivar was planted in both the 1978 and 1979 seasons.
The dates of cultivation, planting, emergence and application of
fertilisers, weed killers and insecticides are given in Tab]é 3. In
1978 the crop was planted by means of a 0,3 m planter in east-west
rows. An attempt was made to produce a denser stand in 1979 than in
1978. One-third of the seed was sown in a criss cross fashion (east-
west and north-south rows) by means of the 0,3 m planter. The rest of
the seed was then sown by hand with the aid of an oats sower. Although
the uniformly dense stand hoped for did not materialise, no distinct
rows resulted from this method of planting. B

No serious problems were encountered in the 1978 season and a healthy
uniform stand of wheat resulted. This, however, was not the case in
~the 1979 season. Severe cold experienced immediately after planting
retarded the emergence of the crop and imposed severe stress on the
young plants. Immedﬁate]y following the apparent recovery of the crop
from the cold, repeated attacks by Russian wheat lice (diuraphiéinoxia)

resulted in further setbacks. The crop partially recovered and apart
from being patchy in appearance, on average, managed to reach two- '
thirds of the height attained in the 1978 season. The problems en=
countered during the 1979 season prevented the collection of data from
the wheat in the bins. Fortunately, the areas in the immediate vicinity
of the instrumentation were not the worst affected and enab]edtthe
experiment to proceed. '




TABLE 3 The Dates of Cu1t1vat1on, Planting, Emergence and Application
of Fertiliser, Weed Killers and Insect1c1des for both the
1978 and 1979.Season. S
1978 - Season.
Julian Day Operation
186 Entire experimental plot ripped to a depth of +0,4m
191 Land rotavated - preparation of seed bed
194 Land planted and fertilised - seeding rate 90 kg/ha
Fertiliser application 600 kg 2:3:2/ha
199 Bins planted and fertilised - seeding rate 30 g/bin
Fertiliser application 250 g 2:3:2/bin
208 First signs of emergence of the wheat crop
1979 Season
Julian Day Operation
143 Weeds cut - land rotavated
163 Cultivation of the land by means of a five tooth ripper
164 Land rotavated - preparation of seed bed
165 Land planted and fertilised - seeding rate 100 kg/ha
Fertiliser application 550 kg 2:3:0/ha and
100 kg K.A.N./ha
173 Bins planted and fertilised - seeding rate 30 g/bin
Fertiliser application 50 g K.A.N./bin and
200 g 2:3:2/bin
183 First signs of emergence of the wheat crop
197 Additional planting carried out in the bins
222 Insecticide application - metasystax
232 Insecticide app1icatioh - metasystax
234 Additional planting done in.the bins
248 Weed killer application - 2-4-D Ester
250 Fertiliser application - 250 kg K.A.N./ha
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1.5 The Irrigation System -

Irrigation of the wheat crop was carried out by means of an overhead

sprinkler system. The measured rate of application capability was
found to be 6,5 mm per hour which is considerably less than the 14 mm
per‘hourbclaimed by the manufacturer. Since only one-sixth of the
experimental site could be irrigated at any one time, it took at

least two days to irrigate the whole land effectively. During the
early stages of crop growth, irrigation was applied regularly to ensure
healthy plant development. Thereafter irrigation was only applied as
required to prevent crop death or to provide non-stressed plants for
experimental purposes.

1.6 Soil Moisture Determinations

~

Soil sampling by the standard gravimetric method was carried out on
all experimental days and produced accurate estimates of soil
moisture content. The soil moisture characteristic curves for the
site and bin soils (see Section 7.3) were used to determine the water
status of the respective soils on all experimental days.

4




CHAPTER 2

METEOROLOGICAL INSTRUMENTATION

Elements of the microclimate relevant to the study were continuously
measured in the plant community. Apart from explaining the diurnal
wafiatjon in the plant parameters measured, these observations were
used to develop a technique whereby eyapotranspiration could be
estimated on an hourly basis. The elements measured included net
radiation (Rn), soil heat flux (G), wet- and dry-bulb temperatures
(T' and T) and wind speed (u).

A1l recorders used for assembling the field data were housed in the.

recording hut situated in the south-western corner of the experimental
plot (see Fig. 3). Fig. 4 illustrates some of the instrumentation
installed in the }ecording hut. Two terminal boxes situated in the

land: (Fig. 3) were connected to the recording hut via underground cable
and facilitated coupling of the instruments in the field to the record=
ing equipment.

2.1 Net Radiation

Net radiation above the canopy was measured by means of a Beckman and
Whitely (Model N 188)" net radiometer (see Fig. 5). The horizontal
sensing element contains a ventilated thermopile whose output is pro=
portional to the difference between the radiation incident upon the .
upper surface and that incident upon the lower surface. The net radio=
meter was mounted at a height of 1,5 m above ground level with its
sensing element parallel to the soil surface. The output was recorded

1The mention of proprietary products anywhere in this thesis is for the
convenience of the reader and does not constitute endorsement or pre=
ference by the author or the University of the Orange Free State.
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(A) - 1979 season

(B) - 1978 season

Fig. 4 : Some of the instrumentation installed in the recording
hut. (A) illustrates the improved conditions during the
1979 season as compared to those during the 1978 season

(B).
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Fig. 5 : The Beckman and Whitely (Model N 188) net
radiometer.




continuously for the duration of the growing season on a Leeds and
Northup Strip Chart Recorder (Model 5 Speedomax Type G). Calibration

was carried out on a routine basis prior to its installation in the

crop.

2.1.1 Calibration

The Linke Feusner actinometer, which is a substandard instrument and
measures the direct component of incoming radiation, was used as the
calibration standard. Calibration was carried out on cloudless days
during which readings were taken every half hour. By shading the net
radiometer for one minute in each half hour period, it is possible to
determine the chart value equivalent to the vertical component of
incoming direct radiation. This value is compared to the product of
the direct radiation recorded by the Linke Feusner and the sine of the
solar declination. The latter was calculated using the standard eqha=
tion and accurate time. The Linke Feusner reading was corrected
according to the temperature of the instrument. The calibration
factor so determined was found to be 18,35 Wm 2 div .

2.2 Soil Heat Flux

Soil heat flux in the bins and land were measured by means of soil

heat flux disks (Thornwaite Model 610). These disks were buried
approximately 5 mm below the soil surface. The output from the disk

in the bin was recorded on a Thornwaite Portable microvoltmeter
recorder and that from the land on a Mosely Autograf (Model1 680 M)
recorder. Laboratory calibration was carried out prior to installation
in the field.
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2.2.1 Calibration

The normal calorimetric technique was utilised. The soil heat flux
disk is p]aced in direct contact with a copper calorimeter filled with
distilled water which is cooled to below room temperature. The
deflection on the chart recorder is recorded while the temperature of
the water returns to room temperature. The total heat flow through

the -sensor is equal to the product of water mass,'specific heat of
water, and rise in water temperature. This heat flow divided by the
relevant time period is compared to the average voltage recorded during
this time period. The results obtained are given in Table 4.

TABLE 4 . : Calibration Factors for the Soil Heat Flux Disks used
in this Study..

Measured Calibration Factor
Recorder Wm-z mv'4
Thornwaite Recorder (Bins) 188
Mosely Recorder (Land) 168

2.3 Wet- and Dry-Bulb Temperatures

For the measurement of wet- and dry-bulb temperatures three ventilated
psychrometers were constructed. During the 1978 season resistance type
thermometers were used and the temperatures recorded 6ontinuous1y on a
Hartmann & Braun twelve channel dotted line Polycomp Recorder. Dif=
ferent input resistances were used on each channel so that each thermo=
meter record was offset by + 2 divisions from its immediate neighbour.
Calibration was effected against a mercury-in-glass thermometer and

the regression equations used when analysing the data are given in
Table 5.




)

TABLE 5 : The Regression Equations used when Analysing Temperature
Data stored on the Polycomp Recorder. T = temperature in
°C;. R = reading recorded on Hartmann & Braun recorder
in divisions.

repersre | pogession cquntions Coretation
1 T = -39,09 + 1,03 R 0,9992
2 T = -41,38 + 0,98 R 0,9993
3 T = -53,35 + 1,03 R 0,9990
4 T = -52,35 + 0,99 R 0,9993
5 T = -54,20 + 1,00 R 0,9997
6 T = -55,95 + 0,99 R - 0,9996

During the 1979 season a temperature sensing system using integrated.
circuits (LN 335Z) was constructed at the UOFS Electronic Workshop.
The circuit diagram of the sensors is shown in Fig. 6. The potential
divider was adjusted so that at 0 °C the output from the system was
0 mV. Since sensitivity of the integrated circuit thermometer is
10 mVK’1, temperature could be recorded directly on the $145 Digital
-Recorder (manufactured by Diel, SA) with a resolution of 0,1 °C when
the latter was set on the 0 - 50 mV scale. Initially a + 0,5 °C

- fluctuation or 'noise' was observed. This appeared to stem from the
mains frequency and was reduced to + 0,1 °C by placing 100 pF
condensors across the data logger inputs.

These sensors were calibrated against a mercury-in-glass thermometer
with the aid of a constant temperature bath. Fig. 7 shows a typical

~calibration curve. Table 6 gfves the regression equations used when
analysing the data recorded on the data logger.

Inadequate wetting of the wet-bulb thermometers was the major problem
- encountered in the field. Care had to be taken to change the wicks
frequently in order to keep ‘them clean and‘serviceable. '
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Fig. 6 : The integrated circuit temperature sensor

circuit diagram (LN 335 Z).
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Typical calibration curve obtained for the LN 355 7
integrated circuit temperature sensor. The dotted
line indicates the 1:1 relation.
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TABLE 6 : The Regression Equations used when Analysing Temperature
data stored on the Data Logger. T = corrected temperature
in °C; R = observed reading on the data logger,

e ConFel oot
1 T = (R/1,0261 - 0,1984)/10 0,9997
2 T = (R/1,0405 - 0,6713)/10 0,9999
3 T = (R/1,0595 - 1,1685)/10 1,0000
4 T = (R/1,0735 - 1,1685)/10 0,9999
5 T = (R/1,0388 - 0,7736)/10 0,9999
6 T = (R/1,0357 - 0,3470)/10 0,9998

The ventilated psychrometers were installed at heights (d + zo)m, where
d is the zero displacement level and z, the roughness parameter
(Monteith, 1973), at (d + z, + 0,5)m and at 2 m. The heights of the
psychrometers at the two lower levels were adjusted as the crop
developed. Over the experimental periods crop height varied between
0,5mand 0,9 m.

2.4 Wind Speed

|

Wind run during the 1978 season was recorded using a Wolffe mechanical
wind recorder situated with the anemometer cups 2 m above the short
grass surface of the standard instrument site.

Dhring the 1979 season, three Gill 3 Cup Anemometers (Model 12102)
were installed above the wheat crop (see Fig. 8). These instruments
exhibit a stopping distance of approximately 2,4 m and a threshold

of 0,35 - O,45~ms'1. The open circuit voltage output of the
generator is 2 000 mV + % % at 1 500 rpm. The cup wheel results in

a 0,3 ms'1 zero offset which is taken into account when analysing the
recorded data. The output of the three Gi1l 3 Cup anemometers was
coupled directly to the S145 Digital Recorder. To smooth the voltage




A
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Fig. 8 : The: three Gill 3 Cup Anemometers used to record
wind speed during the 1979 season. They were
installed at heights (d + zy + 0,5)m; 2 mand
3 m above the wheat crop.
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ripple produced, 470 uF condensors were placed across the logger inputs.
Wind speed was recorded at the heights (d + z, + 0,5)m, 2 mand 3 m.

2.5 Analysis and Storage of Field Data

The Hewlett Packard 9845 A Desktop system (see Fig. 9) was .used
extensively in the analysis and manipulation of field data.

Data recorded on §trip chart recorders was digitised and stored
directly on magnetic tapes. The programs necessary to plot and
'‘clean' the data were written as required. An example of a general
digitising program is given in Appendix 1. The various calibration
factors and regression equations were applied directly in the digi=
‘tising programs so that only absolute data was stored on tape. In
most cases the hourly mean values were used to trace the diurnal
variation in the variables measured in the study. A plot program
developed to assist in the display and interpretation of the results
is given in Appendix 2.

+ A1l data stored on the Diel data logger was transformed and trans=
ferred to the HP 9845 A magnetic tapes for ease of manipulation.



o

Fig. 9 : The Hewlett Packard 9845 A Desktop system used for the
analysis and manipulation of field data.




CHAPTER 3

MEASUREMENT OF LEAF WATER. POTENTIAL

3.1 Water Potential

. The term water potential was first proposed by R.K. Schofield in 1949

(Owen, 1952) in an attempt to introduce a meaningful term with which

to measure the water in any system. Water movement through the

soil-plant-atmosphere continuum occurs along energy gradients since
the free energy decreases from the soil, through the plant and out

' into the atmosphere.. Thus, it is the energy status of the water

and not necessarily the quantity qf water which is truely signifi=

cant in explaining water movement in the natural environment

(van Haveren & Brown, 1972). The concept of water potential provides

a thermodynamically based measure of the energy status of water in

the given system.

Volumetric water potential is defined in terms of the chemical
potential (partial molar Gibbs free energy) of water as

lp - U‘N-uwo (1)

W —V;J— ®e0e s e e e : .......
where

w - the volumetric water potential (am~3 or Pa),

M, = the chemical potential of water (J mo]e-1),

WO = “the chemical potential of water in the reference state
| (3 mole™"),  and -
V., = the partial molar volume of water (m3 mo]e'1).
(Slatyer, 1967)

This represents the potential energy needed to move a unit volume of

water from the system under consideration to the reference position.
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The choice of.the reference state is arbitrary and is usually assumed
to be an infinitésma]]y shallow pool of pure free water at atmosbheric
pressure and at some chosen elevation. Due to this choice of reference
state the water potentials in the soil-plant-atmosphere continuum are
usually negative. Although the Pascal is the standard SI unit, the -
bar is an accepted practical unit given to water potential (Baughh,
1974) and is used throughout this study.

Other authors (Salisbury & Ross, 1969) define water
potential as

ww = uw - UWO ........ ‘eeesee s oo (2)

and in this case the units are J kg'q.

This water potential is termed
the specific water potential and is defined as the potential energy
needed to move a unit mass of water from the system under consideration

to the reference position.

Water potential is the sum of a number of component forces acting on
water in a given system. The total water potential, byy» S applied
to the soil-plant-atmosphere continuum is given as

Yy = wp tUp o fuL o+ wg ............. (3)
where

wp = the pressure component,

b= " the osmotic component,

wT = the matric component, and

Y

= the gravitational component. (Hillel, 1971)

L]

An interaction term (wi) can also be 1nc1udéd to emphasise that the
terms in Eqn. 3 are not independent of each other, and so are not
strictly additive quantities (Brown, 1972). Within iiving tissue,
the total water potential and its components change continuously.
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Thus in most cases estimates of water potential are based on the
measurements of an integrated value of one or more of the indivi=
dual components. It is total soil and plant water potential which
relates the water status to photosynthesis and not water content. ~
Hence, it is of utmost importance to be able to determine this
quantity accurately (Jameson, 1972).

. The psychrometer, Scholander pressure chamber and J14 press were used
during this study to obtain leaf water potential measurements and
are discussed in Chapters 3 (Section 3.2 - 3.9) and 4. The psychro=
" meter measures total leaf water potential and the Scholander pressure
chamber and J14- press measure hydrostatic potential or wp + wT.

3.2 Leaf Psychrometers

A psychrometer is a device that consists essentially of a wet- and
dry-bulb thermometer and measures relative humidity. There are
basically two types that are used to measure the water potential in
soil and plant samples. These are the Spanner psychrometer and the
Richards psychrometer. Both these psychrometers consist of a thermo=
couple junction in a small sealed chamber wherein the vapour is in
equilibrium with the water in the leaf tissue.

The wet junction of the Richards psychrometer (Richards & Ogata,

1958) consists of a short silver cylinder. It is wetted by manually
applying a water drop. The wet-bulb temperature at the steady state
reached during evaporation of the manually introduced drop is measured.
Rawlins (1966) develops and explains the steady state@theory for the
Richards technique. In contrast, the Spanner psychrometer induces

a drop of water to form upon the wet thermocouple junction by a short
period of cooling of the thermojunction by means of the.PeJtﬁer effect.
The junction temperature is measured during evaporation of this water
after the cooling current is discontinued. The fluxes of heat and
water vapour between the enclosed air sample and the wet junction
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determine the wet junction temperature and its rate of change (Peck,
1968). The measurement of the wet-bulb depression relative to the -
dry-bulb temperature gives the relative humidity from which the
water potential may be calculated. The dry-bulb thermojunction is
embedded in the sensor block. Heat flows to the wet junction by
radiation from the sahp]e material and chamber walls, by conduction
through the thermocouple wires supporting the wet junction and by con=
duction and convection to and from the air in the chamber. These
factors play an important role in the design and construction of
thermocouple psychrometers. The design and construction is dis=
cussed by Rawlins (1966) and Mohsin & Ghildyal (1972). Sample
properties which affect the psychrometer output and cause errors in
water potential determinations are discussed by Campbell, Campbell

& Barlow (1973), Campbell & Campbell (1974), Peck (1969), Barrs &
Cramer (1969), Barrs (1965) and Rawlins (1964).

Neumann & Thurtell (1972) designed a dewpoint hygrometer and used it
to carry out in situ measurements. The fundamental principle of the

dewpoint method is based upon the natural phenomenon that:

If held at the dewpoint temperature, a wet thermocouple
Jjunction will neither 1Jose water through evaporation
nor gain water through condensation.

(Campbel1l et al, 1974)

In this system the Peltier current is electronically controlled to
balance all heat transfer and thus the temperature of the wet junction
is forced to éonverge on the dewpoint temperature. This method is
extremely sensitive to temperature change and abrupt changes in the
external environment produce large errors by disturbing the thermal
equilibrium. Equilibrium time for this method ranges from 20 minutes
at low water potential to several hours at higher water potential
(Neumann et al, 1972) and is one reason why this method is not readily .
used in field applications. However, once equilibrium is attained
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and if thermal equilibrium can be maintained, this method will closely

follow the water potential and is probably more accurate than the

psychrometric

In this study

method.

the commercially available Wescor L51 leaf ps.ychrometer1

and the Wescor HR-33 T microvoltmeter were used for the determination

of leaf water

potential under field conditions. A modified form of

the psychrometric method was used for all determinations.

3.3 The Psychrometric Method

The psychrometric method of water potential determination makes use

of a thermocouple to measure relative humidity in a small chamber
placed over the leaf and carefully sealed (Meidner & Sheriff, 1976).
Physically, this involves the measurement of the output voltage

produced by the instruments fine-wire thermocouple. The vapour

enclosed within the minute cavity is in equilibrium with the water

within the enclosed leaf tissue and the wet-bulb temperature of

this ensealed
a function of
as stipulated

AV

where

s >» 4 0 o
"

air is measured. In actuality, the output voltage is
water potential in the chamber and chamber temperature
by the following equation given by the manufacturer:

2 v
ai}l\T [1 - exp ('R‘Tw')] .......... (4)

~the psychrometric electromotive force (u volts),
the thermoelectric power of the thermocouple (u volts oc7y,.
the universal gas constant (J mole™ ! oc71),
the chamber temperature (°C), ,
the latent heat of vapourisation of water (J‘kg'1),' and
the water potential (J kg'1).

1wescor Inc.,

459 South Main Street, Logan, Utah 84321, USA.



For water potentials between 0 and -40 bar, and a temperature of

25 °C, the output Vo1tage increases essentially linearly with wet-
bulb depression. It is normal practice to cofrect readings obtained
at other temperatures to their equivalent at the adopted arbitrary
standard of 25 °C. This obviates having to calibrate the instrument
at various temperatures under controlled thermal conditions. The
temperature correction is affected by dividing the recorded measure=
ment by the factor (M + N T) where M and N are empirically determined
constants and T is the temperature in °C. The manufacturers qdote

M and N as 0,325 and 0,027 respectively.

3.4 Operating Principle of the Leaf Psychrometer

Once equilibrium is reached between the liquid and vapour phases in
the sample chamber, a cooling current (Peltier effect) is passed
through the thermocouple. As the temperature of the junction falls _
below the dewpoint temperature, condensation of water takes place
on the junction. When the cooling current is now switched off, the
water droplet that has formed commences heating by conduction and
‘convection from the enclosed air. Hence, there is a difference in
temperature between the thermojunction in the water droplet and.its
mate embedded in the aluminium block of the sensor. This tempera=
ture difference produces a measurable uV output. The temperature of
the droplet gradually increases tending towards the temperature of
the chamber. When, however, the wet-bulb temperature is reached,
this warming rate decreases, and even for a while entirely ceases
because of the latent heat Tiberated. Since this wet-bulb depres=
sion is directly proportional to both the potential difference
across the thermocouple and to the water potential of the leaf 'sap
leaf water botentiaT may be determined using a suitable microvolt=
meter and Eqn. 4. The major difficulties experienced with this
technique arise from determining when the reduced rate of movement
in the microvoltmeter needle commences. This point indicates the
wet-bulb depression.




3.5 Modified Technique

In the modified procedure \adopted in this study, .the output of the
microvoltmeter is connected to a strip chart recorder. Now during the
cooling of the junction, the deflection of the recorder pointer, and
hence the: trace, increases. Once the cooling current ceases, heat=
ing commences and the trace decreases towards zero. When evaporation
of the water droplet starts, the temperature of the junction tends

to remain approximately constant with time; and a levelling off or
plateau is observed in the output trace. When the droplet has com=
pletely evaporated, heating of the junction resumes and the output
trace returns to zero as the junction approaches chamber temperature
(see Fig. 10). This rate of heating of the water droplet is a
function of drop size and hence cooling time. Thus, the accurate
determination of the wet-bulb depression is a compromise between
cooling time and chart speed. When the needle was allowed to de=
flect to full scale on the 10 microvolt range of the measuring
instrument, a cooling time of approximately 5 s had elapsed. The
chart speed that provided the most acceptable trace was found to be
20 scm . A typical trace of the microvoltmeter output recorded
during a typical determination on a strip chart recorder (CR 100

by JJ Lloyd Instruments, U.K.) is given in Fig. 10.

To extract the true reading a ruler is placed along heating trace I
(Fig. 10) which decreases from its maximum position towards zero.
The microvoltage corresponding to the wet-bulb depression is
defined as the point at which the trace first deflects appreciably
from the ruler. A deflection of 1 mm is deemed significant.

This point should be independent of the slope or duration of the
plateau and is thus independent.of cooling time. The zero offset
is defined as the number of divisions between the chart zero and
the value to.which the trace returns after the cooling/heating
cycle and is subtracted from the recorded reading before apply=
ing the temperature correction. Experience taught that inaccurate
readings result if the zero offset differs appreciably from the
instrument zero as this indicates thermal instability in the
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Fig. 10 : A typical actual trace recorded on the strip chart
recorder during the determination of leaf water potential.

~
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aluminium sensor block. The instrument zero reading is obtained
with the control switch in the Wescor microvoltmeter set at SHORT.-

It should be noted that it is not possible to measure block tems
perature (i.e. chamber temperature) and the thermocouple output
voltage simultaneously on the HR-33T microvoltmeter. Thus, the

~ temperature sensor leads were first attached to the microvoltmeter
and the temperature recorded. These leads were then removed and
the thermocouple leads attached. With the output of the microvolt=
meter connected to the strip chart recorder, the wet-bulb temperature
-reading was taken. Directly following this the temperature was
again recorded and if it varied by more than 0,3 °C from the
initial temperature, the reading was scrapped and a new measure=
ment made (see Meidner et al, 1976).

Apart from the maintenance of a constant temperature during measure=
ment, it is the determination of the decrease in heating rate that
causes most difficulty in field applications. It was found that

the duration of the plateau depends amongst other factors, upon
cooling time. Increased cooling time causes a large water droplet
to be formed on the junction and this results in an extended hori=
zontal plateau. The slope of this plateau relative to the zero line
of the chart is a function of cooling time. When measurements are
being carried out by eye using the instruments microvoltmeter,
utilisation of a constant cooling time should reduce the error in
measurement. However, with a strip chart recorder, the wet-bulb
temperature can be determined precisely as discussed above and is
independent of cooling time.

As. is seen from the above discussion, the effective use of the leaf
psychrometer for field observations was a result of adhering
strictly to the experimental procedure. The main features of the
method applied in this étudy include: ‘ \
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1) The use of a suitable strip chart recorder to accurately
determine wet-bulb depression according to the technique
described above. This had the added advéntage of providing
a permanent record of the water potential measurements;

/ :

2) exeréising‘care to ensure that the thermocouple juncfion

was cooled to below dewpoint;

3) defining the required reading on the chart as the point at
which the plateau first deflects 1 mm off-line from the
heating trace;

4) defining the thermocouple zero as the value to which the
output settles after passing through the plateau region.
This zero offset was subtracted from the réading before
cémrying out temperature corrections;

5) refusing to take observations when the zero offset differs
by more than 0,5 uV from the instrument zero;

1

- 6) the use of a chart speed of 20 scm™ ' for cooling times of

approximately 5 - 15 seconds.

The method of leaf water potential determination described above
‘was used in calibrating the L51 leaf psychrometer and in field
determinations during the 1978 season.

3.6 Calibration of the L51 Leaf Psychrometer
3.6.1 Calibration procedure

Standard sodium chloride solutions bf various molatities were
prepared using distilled water and reagent grade NaCl. The
table provided by the manufacturer makes it possible to convert

a given molality at a given temperature to water potential.
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Molality is defined as the concentration of a solution in moles of/
solute per kilogram of solution.. Thus, a one molal solution is
made up of 58,44 g of NaCl and 1 000 g of'H20.

Molal solutions of 0,0; 0,1; 0,2; 0,3; 0,4; 0,7; 1,0 and 1,2 were
used to calibrate the instrument on the 10 and 30 microvolt ranges.
These standard solutions provided water potentials in the psychro=
meter chamber ranging between 0,0 bar and -56,8 bar. The water
potential of distilled water equals zero.

For the calibration, a leaf simulator was constructed by enclosing
a filter paper disc in an aluminium foil envelope. The aluminium
envelope had a hole punched in one side where 3 or 4 drops of the
particular standard solution were administered to the filter paper.
This imitation leaf was. inserted into the leaf slit of the psychro=
meter and the aluminium cylinder pressed onto the envelope with the
thermocouple cavity directly above the filter paper. The aluminium
cyltinder-was then fixed in this position using the lock nut provided.
The edge of the sensor cylinder was coated with a thin film of
petroleum jelly to ensure an air tight seal.

As no constant temperature enclosure was available, ‘the psychrometer
was placed in a Targe box Tined with foam rubber to dampen tempera=
ture fluctuations. The sensor was allowed to reach thermal equili=
brium before a reading was taken. It was assumed that no tempera=
ture gradients existed in the sensor block when less than 0,5 uVv
deftection 1is registered when switching the microvoltmeter from
the SHORT to the READ setting. Under these circumstances the dry
thermojunction and the aluminium block are at the same temperature.
It is important to switch directly between READ and SHORT and to
avoid any heating or cooling of the psychrometer. Note that a
large: spike is often observed when switching from READ to SHORT.
This is caused by the switching action itself and has no effect

on the existing equilibrium conditions.
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After each measurement the thermocouple end of - the cylinder- was cleaned

with acetone and rinsed in distilled water.

The wet junction was then

blown dry with dichlorodifluoromethane to prevent a salt deposif fokming

on the thermocouple and thus influencing the calibration.

The psychrometer was calibrated three times for both the 10 and 30 micro=

volt range.
obtained using the HP97 calculator is given in Tables 7 and 8.

A summary of all raw data, together with linear regressions ,

Graphi=

cal representations of the calibration curves referred to a temperature

of 25 °C for both the 10 and 30 microvolt range are given in Fig. 11,

The graphs were drawn using the regression equations for the lumped data.

TABLE 7 Calibration Data for the 10 Microvolt Range.
X y Linear
Molality Ngt Recorder| Chamber Net Corrected ther. Regression
eflection |Temperature Deflection | Potential Analysis
(div.) (°C) (div.) (bar) y = a + bx

Run 1 9,1 35 21,0 39 - 4,5
0,2 64 21,1 71 - 9,0 rz = 0,9940
0,3 92 20,4 105 -13,4 = -0,2388 |
0,4 122 20,0 1441 -18,0 = -0,1217
0,5 156 19,4 184 -22,0

Run 2
0,1 38 26,5 37 - 4.6
0,2 73 28,5 67 - 9,3 r2 = 1,0000
0,3 104 28,0 97 -13,8 = 1,1415
0,4 136 28,3 125 -18,4 = -0.1557
0,5 172 28,9 156 -23,1

Run 3 v
0,1 43 26,0 42 - 4,6
0,2 80 27,3 75 - 9,2 rz = 0,9824
0,3 108 25,9 105 -13,7 = 0,5392
0,4 165 25,5 158 -18,3 = -0,1286
0,5 182 ' 26,5

S

175

-22,9

Linear regression analysis for all 10 microvolt data lTumped together:

rz2 = 0,9594;

a =20,

0390;

b =-0,1303

]
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TABL Calibration Data for the 30 Microvolt Range.
Net Recorder X y Linear
potatity | PSFISCHION | rempratire | Nef Gorrected | nter | Regressio
(div.) (°C) (div.) (bar) y =a + bx
Run 1
D;sgi]]ed 7 26,3 - 7 0
27 0,1 16 28,1 15 - 4,7 r2 = 0,9977
0,2 22 27,5 21 - 7,2 = 3,8824
0,3 33 26,8 31 -13,8 = -0,5540
0,4 43 27,2 41 -18,4
0,5 50 26,5 48 -22,9
Run 2
0,1 13 26,5 12 - 4,6
0,2 26 28,5 24 -9,3 rz = 0,9988
0,3 36 28,0 33 -13,8 = 0,9458
0,4 48 28,3 44 -18,4 = -0,4427
0,5 60 28,9 54 -23,1
Run' 3 ,
0,1 18 26,0 18 - 4,6 |
0,2 30 27,3 28 -9,2 r2 = 0,9990
0,3 41 25,9 40 -13,7 = 3,4163
0,4 53 25,5 52 -18,3 = -0,4297
0,5 64 26,5 62 -22,9 ‘
0,7 87 26,6 83 -32,3
1,0 128 27,8 119 -46,9
1,2 148 27,8 138 -56,8

Linear regression analysis for all 30 microvolt data Tumped together:

r2 = 0,9851;

a = 1,0246;

b

-0,4142

3.6.2 The effect of cooling time

Cooling time affects the shape and duration of the plateau, but when using

the above described experimental technique, cooling time was found to

have no effect on the water potential determinations.
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This is indicated in Table 9 where the effect of cooling time on the
microvoltmeter deflection corresponding to the water potential
measurementlof a 1 molal solution at a temperature of 28,5 + 0,2 °C
is given. When using the naked eye to read the meter needle
deflection directly, the use of a constant cooling time will improve

the accuracy of the results obtained. : -

TABLE 9 : The Effect of Cooling Time on the Microvoltmeter
Deflection corresponding to the Water Potential
Measurement of a One Molal Solution at a Temperature
of 28,5 + 0,2 °C.

Cooling Time Nesegggziggﬁd Water Potential
(s) _ (div) (bar)
10 30 -47.,0
15 30 -47,0
20 30 -47,0
25 . 30 : -47,0
30 30 -47,0
40 30 -47,0
50 30 ‘ -47,0
60 30 -47,0

- 3.6.3 Thermal equitibration time

Meidner et al (1976) claim that it is often necessary to allow

samples to equilibrate for several hours before taking water potential
measurements. This, hdweyer, is not practical for field work. The
effect of equilibration time was tested in the laboratory and the
results obtained are given in Tables 10 and 11.

The zero offset and instrument zero were found to ‘coincide with one
another within 60 s of the sample being sealed in the psychrometer
unit. This prdbab]y indicates that thermal equilibration of the
sensor block required less than 60 s and hence the uniformity of the




TABLE 10 : Effect of Equilibration Time on Water Potential
: Measurements of a 1,0 Molal Solution : 30 microvolt range.

DTSN | rumperature | MeTCorrected | iater
(minutes) (°C) _ (div) (bar)
0 29,5 87,4 -47,20
2 29,4 , , 87,6 -47,18
5 29,3 87,8 - -47,17
9 29,2 - 88,9 -47,15
13 29,0 92,1 -47 11
17 29,3 91,4 o -47,17
20 29,3 91,4 -47 ,17
25 29,1 91,8 -47,13
30 29,1 . 90,9 -47,13
40 28,9 87,8 -47,09
TABLE 11 : Effect of Equilibration Time on Water Potential
Measurements of a 0,2 Molal Solution : 10 microvolt range,
MWD | remperature | MR orected | ater,
(minutes) (°C) (div) - (bar)
0 29,4 67,0 - 9,28
3 29,3 66,3 - 9,28 |
5 29,2 | 65,6 - 9,28 f
8 29,0 65,9 .= 9,27
12 29,0 ‘ 65,0 - 9,27
15 29,0 64,1 - 9,27
33 28,6 61,1 - 9,26
37 28,6 _ 60,2 - 9,26

results quoted in Tables 10 and 11. In the field, however, reliable
results can only be obtained when zero offset equals instrument zero
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+ 0,5 pV, which could take some considerable time to be achieved.

This further emphasises the need for meticulous care when testing

the. zero of the instrument in the field. The lengthy time which may -
be required for thermal equilibrium to be achieved in the field

limits the effectiveness of the psychrometer when regular measurements

of leaf water potential are required.

3.7 Field Determination of Leaf Water Potential using the L51
Leaf Psychrometer
The previously described technique (Section 3.5) was used to obtain
leaf water potential measurements in the field during the 1978 season.
The. leaf psychrometer was attached to the leaf and allowed to equi=
librate before commencing with the readings. In some cases the
sensor was attached to the leaf in the evening and the experimental
run commenced the following morning. Extreme care was taken to
clean the thermojunction before it was positioned above the leaf.
The psychrometer remained attached to the same leaf for the dura=
tion of each experimental run. A thin film of petroleum jelly (or
a wax-petroleum jelly mixture) was used on the base of the thermo=
couple chamber to perfect the seal between the leaf and chamber.
Occasionally on hot days, this petroleum jelly would melt and cover
the section of leaf in the cavity making all further water potential
determinations meaningless. This condition was easily detected inl
the: meter needle movement of the microvoltmeter and necessitated
the termination of that particular experimental run.

The youngest mature leaf was used in all cases for the determination
of- leaf water potential. Measurements were made on an hourly or
ba1f hourly basis throughout each experimental run. The mean values
quoted are the arithmetic mean of three successive water potential
determinations.

In order to test the measuring technique, the values of water poten=
tial obtained using the initial temperature and the first water
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potential trace were compared to the water potentials obtained using
the mean values from three determinations. Though not presented
graphically, no significant difference was observed between these
| two procedures. It is thus concluded that several sensors could be
used and that only one cooling/heating cycle be carried out on each
sensor at any given time. The mean value so found would give a
measure of the leaf water potential which would cTose]y represent
the value for the crop as a whole.

3.8 The Scholander Pressure Chamber

During the 1979 season leaf water potential was measured in the field
by means of the pressure chamber technique (Scholander, Hammel,
Bradstreet & Hemmingsen, 1965; Waring & Cleary, 1967).

This method involves sealing the leaf in a pressure chamber with the
cut edge extending through an air tight seal. Air pressure is then
applied until cell sap just oozes out of the cut edge. The pressure
at which the sap is first observed at the cut edge is taken to re=
flect the endpoint reading. This balancing pressure, with a negative
sign, is considered equal to the hydrostatic pressure existing in
the-water of the leaf xylem vessels before excission (Scholander

et al, 1965). Slavik (1974) claims this reading gives a good
estimate of leaf water potential. Certain authors (Baughn, 1974;
Campbell et al, 1974) have compared leaf water potential measure=
ments obtained by the pressure chamber technique and in situ
hygrometer method and found that the pressure chamber technique

tends to underestimafe leaf water potential by approximately 1 bar.
These comparisons and their interpretation are difficult to make
because of the difficulty in measuring the temperature of pressurisa=
tion in the pressure chamber.

To obtain a value of leaf water potential in the field, a leaf was
selected and wrapped in a damp cheesecloth. The youngest mature




leaf was used for all determinations. It was cut approximately 10 mm

from the stem of the plant and placed in the pressure chamber in

the conventional manner. Cére was taken to cut the leaf only once ‘

"and not to trim the cut edge. The first cut causes the sap in the
xylem vessels to retract from the cut edge. This results in a rise
in turgor in the leaf and further cutting could thus upset the

 readTng.

Once the leaf was in the chamber, air pressure was increased at
- approximately 0,5 bar 5'1 and airflow stopped immediately the endpoint .
was reached. The pressure at which this occurred was taken to

reflect the suction with which the cell walls retain water. For
practical reasons the leaf water potential is expressed.ﬂn bars.

3.9 The J14 Press

In an attempt to obtain reliable field measurements of leaf water
potential, the J14»press1
conjunction with the Scholander pressure chamber during the 1979

(see Fig. 12) was used extensively in
season.

The J14 press, a new instrument on the market, offers certain advan=
tages over both the psychrometer and the Scholander pressure chamber,
These include mechanical and operational simplicity, ruggedness,
rapid measurements and Tow cost. The initial results obtained with
this instrument appear encouraging and it may prove to be the ideal
instrument for use in irrigation scheduling. A detailed description
of the use and accuracy of the J14 press and the results of initial
field work are given in Chapter 4.

1CampbeH Scientific Inc., 750 West 2nd North. P.0. Box 551, Logan;
Utah 84321, USA. ~
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Fig. 12 : The J14 press used to obtain measurements of leaf
water potential during the 1979 season.
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CHAPTER 4

CALIBRATION OF THE J14 -PRESS

4.1 Introduction

In order to use the J14 press effecti?e]y it is necessary to relate
it to leaf water potential measurements obtained by means of an
accepted standard instrument. For this study the Scholander pres=
sure chamber was adopted as the calibration standard. The relation=
ship between J14 press measurements and Scholander pressure chamber
measurements was established.  The results obtained appear encoura=
ging and the J14 may yet prove a useful instrument for leaf water
potential measurements.

4.2 Experimental Procedure

Hourly mean values of Teaf water potential were obtained using the
J14 press and Scholander pressure chamber on a series of days
during'both the vegetative and reproductive growth stages of the
wheat crop. On each day during which measurements were made, an
area approximately 3 m x 3 m was selected and all leaf samples
obtained within these confines. It was assumed that all plants
were subjected to equivalent environmental and soil moisture
conditions. Eight and sixteen readings per hour were obtained

with the Scholander pressure chamber and the J14 press respectively.
The method used to obtain leaf water potential measurements by means
'of the Scholander pressure chamber is discussed in Section 3.8.

For the J14 press determination, a leaf was selected and a 20 - 30 mm
portion removed from the end closest to the stem. This segment was
then placed in the press and the pressure increased mechanically by
means of the rubber diaphragm over its entire lTength. The pressure
reading when the sap first flowed freely from the cut edges was

taken as representative of leaf water potential. For the particular
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J14 press used in this study the measurements were expressed in
arbitrary units on a scale of 0 - 600. It is interesting to note
that the,manu?acturer'distinguishes three different end points. It
is the second of these, which the manufacturer claims correlates
well with Scholander chamber readings, that was used. It was found

in a series of preliminary experiments to be the most repeatable
measurement. The other two endpoints are exfreme]y difficult to
define .and the identification of these points was found to differ
from person to person. '

Hourly mean values of leaf water potential, standard deviations
and the coefficient of variation for the data obtained from both
instruments were determined and compared.

4,3 Results and Discussion

Figs. 13 and 14 show the diurna] variation of leaf water potential

for four days (28/9/79; 4/10/79; 11/10/79 and 15/10/79) as observed
by means of the Scholander pressure chamber and J14 press respectively.
The four days were characterised by different climatic and soil
moisture conditions. Soil water contents (expressed as percentage

on a mass basis) for the depths 0,1; 0,2; 0,3 and 0,4 m respectively
as well as. the mean values through the entire profile are presented

in Table 12. The daily mean value of leaf water potential (wz) as
‘measured by both instruments is also given in Table 12.

[t is interesting to note that although higher soil moisture contents
existed on day 2 as compared to day 1, the value of leaf water
potential for day 2 fell well below the minimum value experienced

on day 1. Day 1 was characterised by mild cloudy conditions while
the other three'days were characterised by sunny clear skies and
‘intermittent mild north westerly winds.
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TABLE 12 Soil Moisture Contents (%) and Mean Daily Leaf Water
Potential (we) for the Four Days.

Soil Moistursf?ontent at Depths Mean Mean ¥, Mean y,

' ST ' Water J14 Scholander

Day 0.1 m 0,2 m 0.3 m 0,4 m Content Press g;:;;g:e

() (%) (%) (%) (%) (div) | CPpmos
1(28/9/79) | 12,1 12,7 16,4 19,3 15,1 -108 -14,8
2(4/10/79) | 17,2 14,7 17,4 21,8 17,8 -127 -16,8
3(11/10/79) 8,3 10,2 13,1 15,7 11,8 -189 -24.,8
4(15/10/79) 5,1 6,9 9,4 10,9 8,1 -262 -30,3

Fig. 15 disp]aié the diurnal variation in hourly mean values of leaf
water potential on day 2 as measured by the Scholander pressure
chamber and J14 press. The coefficient of variation for the hourly
mean values as obtained by the two instruments are depicted
graphically in the lower half of the figure. It is apparent from
this figure that the Scholander pressure chamber is more sensitive

to variation in climatic conditions than the J14 press.

To test the ability of the two instruments to detect hourly and
daily differences in leaf water potential, a one way analysis of
variance (Steel & Torrie, 1960) was carried out with the aid

of a HP 97 calculator. Due to different prevailing climatic and
soil moisture conditions day 1 and 3 where chosen and analysed to
test for hourly differences. The F statistics obtained are given
in Table 13. From these results it is evident that most hourly
means ‘differed significantly from one another.
carried out at the 1 % level of significance.

A1l tests were

The test was also carried out for all four days to determine whether
there is a significant difference between daily mean values of leaf
water potential. The F statistics obtained are given in Table 13.
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Table 13 : .The F Statistics obtained when Testing the Ability of the
: J14 Press and Scholander Pressure -Chamber to detect Hourly

and Daily Variations in Leaf Water Potential.
The F-Distribution points are quoted for comparative

purposes. )
The F statistic obtained when The F stati=
testing for hourly differences | stic obtained
INSTRUMENT w?en tes%ing
. or daily
DAY 1 DAY 2 differences
J14 Press F11,156 = 16,54 F”’179 = 57,27 F3’44 = 31,30
Scholander _ _ _
Pressure Chamber | '11,76 - 19:15 | Fggq = 3,39 F3 39 = 25,66

The F-Distribution points for comparative purposes are:

2,3 Fgoo1,11,179 =23 Fgoy,3,48 =453

:2,8 =4,5

Fo,01,11,156 °

F = 2,6

0,01,11,76 F0.,01,8,61 Fo,01,3,38

From these tests one can conclude that both instruments will detect
differences in teaf water potential provided eight and sixteen measure=
ments are made with the Scholander pressure chamber and J14 press
respectively. This means that either instrument can be used with con=
+ fidence to follow hourly and daily variations in leaf water potential.

Fig. 16 shows the diurnal variation in the hourly mean coefficient of.
variation in observations made with the two instruments over six days

- during the vegetative growth stage. The same variation existed for
measurements carried out during the reproductive growth stage. For
the Scholander pressure chamber the highest coefficients of variation
were obtained in the early morning and late afternoon. No irregula= -
rities could be found in the measuring technique and the presence or
absence of dew in the morning had no effect on the results. Although
it was assumed that the plants were subjected to the same environ=
mental conditions, the occurrence of this large variation suggests

that the response of individual plants to the prevailing microclimate
is significant. This émphasizes the need to obtain as Targe a sample
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as is practically possible when attempting to obtain values represen=,
tative of the crop as a whole. The coefficients of variation from
the J14 press remain. more constant and do not exhibit the diurnal
variation found for the Scholander pressure chamber (see Fig. 16).

The relationship between the J14 press measurements and those obtained
by means of the Scholander pressure chamber for all the measurements
carried out during the season is presented graphically in Fig. 17.

An exponential relationship (y = 59,64 e0’049x) was found to give the
best fit to these data. The coefficient of determination is r2 =

0,81. The same relationship was found when the data for the vegétative
and reproductive growth stages were analysed separately, suggesting
that the stage of crop development has no effect on the relationship.

It is difficult to explain the non-linearity between the two techni=
ques. When using the J14 press to apply pressure to the leaf, the
structural unevenness of the leaf and the nylon gauze used must be
overcome before all parts of the leaf are subjected to the same
pressure. Thus during the initial stages the xylem veéssels may not
be responding to the pressure indicated by the pressure gauge. It is
only once the structural resistance due to the unevenness of the leaf
and gauze is overcome that the whole leaf, including the xylem ves= ;
sels, will respond directly to the measured pressure and a "true"
reading can be obtained.

On the application of air pressure, as in the case of the Scholander
pressure chamber, there is no structural resistance to overCome as

- all parts of the leaf in the chamber are subjected to uniform pressure.
This tends to suggest that a realistic reading will be obtained.
However, the effect of the rubber stopper used to seal the ]éaf
section into the pressure chamber is not known. At Tow pressures

the situation could arise where the.preséure exerted on the leaf by
the rubber stopper is greater than the internal applied air pressure,
In this case a higher pressure than that needed to cause the sap to
exude from the cut edge would have to be applied, resulting in an
overestimate. Depending on the elasticity of the stopper used,

H
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The relationship between the J14 Press and Scholander
Pressure Chamber for all the data Tumped together.

The exponential curve which gives the best fit is
plotted. It is divided into two regions to illustrate
apparent variability in sensitivity of one or both
instruments.
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mechanical damage to the xylem vessels could also influence the
reading obtained. At high pressures above 30 bar, the rubber stopper
was found to break or damage the leaf where it entered the stopper.
In this case, the xylem vessels obviously could not respond directly
to the applied pressure and few reliable results could be obtained.
Thus, it appears that at high external pressures greater than 30 bar,
the -xylem walls are damaged or deflated and the observations could
be a function of the pressure induced by the rubber stopper. Similar=
ly, the reliability of the J14 press at high pressures is questioned.
A thorough investigation should be made of the effect meéhanica]
pressure has on the leaf structure and the resulting flow of sap.

In Fig. 17 the exponential relation is divided into two regions to

illustrate the apparent changed\sensitivity of one or both instruments.

There appears to be increased sensitivity in the high pressure region
above 15 bar while Tow insensitivity is apparent in the low pressure
region. The Teast scatter in data is exhibited in the region from

15 to 25 bar. The important critical value of Teaf water potential
that separates stressed plants from non-stressed plants generally
falls within this region. Hence, the accuracy of the J14 technique

here suggests the instrument should be an efficient tool for irrigation

scheduling as well as in the many research projects currently being
conducted in the field of plant water relations. A linear curve

(y = -55,21 + 10,74x) was fitted to the data above 15 bar. It
yielded a coefficient of determination of rz = 0,84. This suggests
the J14 press will be reliable when used to measure low leaf water
potentials, i.e. stressed plants. '

The leaf samples prepared for theée two instruments differed. For
the Scholander pressure chamber, the sample had only one cut edge
whereas for the J14 press it had two cut edges. When the vessel
elements of the leaf are cut for the first time, the sap withdraws
from the cut edge and produces a rise in turgor in the leaf. When
the leaf is used in the Scholander pressure chamber a certain minimum
pressure,. equal in magnitude to the leaf water potential, is required
“to force the sap back to the cut edge (Scholander et al, 1965). For
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‘the Jt4 press, however, the leaf is cut at both ends and so sap re=
tracts from both cut edges as shown in Fig. 18. The effect this

has on the value obtained for leaf water'potentia1 is not known. 'Thg
effect of cutting either one or both edges of the leaf used in’the
J14 press deserves to be investigated. It will possibly be more
“accurate to use a segment of leaf taken from the leaf tip and having
only one cut edge rather than a segment taken from near the stem and
having two cut edges. From the above discussion it is-intuitively
felt that the combined effect of mechanical pressure and the two

cut edges are important factors resulting in the exponential rather
than a linear relationship between J14 press and Scholander pressure
. chamber readings.

Certain precautions must be observed when using either method to
determine leaf water potential. The loss of water due to evaporation
must be kept to a minimum. Thus, when preparing leaves for either
pressure chamber, care must be taken to ensure they'are covered with
a damp cloth. This is not easy when preparing a sample for the J14
press as the leaf is exposed to the atmosphere while placing it in
the press. It is important to 1imit this exposure to the absolute
minimum. Scholander et al (1965) state that trimming is not an
important consideration in monocotyledons. However, it is suggested
that only one clean cut be made to reduce any errors that may arise
from this source.

4.4 Conclusions

~ It is apparent from Fig. 14 and the analysis of variance test that
the J14 press is capable of following hourly variations in leaf
water potential provided sixteen leaves per sample are used.

The occurrence of high values of coefficients of vafiation in the
early morning and late afternoon emphasizes between - leaf variation
due to differing microclimate and individual plant conditions.

Thus, as Tlarge a sample as is practita11y possible is needed when




Fig.

18

Leaf samples prepared for the determination of leaf
water potential. The cut edges (1) and points to

which the sap recedes (2) are illustrated. The arrows
indicate the movement of sap on application of pressure
to the leaf as a whole.

(A) lustrates a sample as used in the Scholander
Pressure Chamber.

(B) Illustrates a sample as used in the J14 Press.
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plant parameters representative of the crop as a whole are required,
particularly when measurements are carried out in the early morning
or late afternoon.

Although the two instruments operate on the same principle of
increasing pressure on a leaf sample, the existence of an exponential
rather than a linear relationship between the two techniques suggests
' that the leaf responds differently to air and mechanical pressure.
Furthermore, the J14 appears to exhibit improved sensitivity to
change in leaf water potential at pressures in excess of 15 bar.

Due to its relatively low cost and simple operation, the J14 press
could be a useful aid to irrigation farmers. Given the critical leaf
water potential for a particular crop, the J14 press can be used
routinely to distinguish between stressed and non-stressed plants

and so assist irrigation decision making.

Furhter investigation into the peculiarities of the J14 press is
needed before it be permitted to compete with the Scholander pressure
chamber as an experimental tool in research projects.
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"CHAPTER -5

MEASUREMENT OF LEAF DIFFUSIVE - RESISTANCE

5.1 Operating Principle of the LI-65 Autoporometer

The LI-65 autoporometer is of the type originally designed by van
Bavel, Nakayama & Ehrler (1965) and later modified by Kanemasu,
Thurtell & Tanner (1969). ‘ ‘

When the sensor cup is placed on a leaf or calibration plate (see
Section 5.2), the electrical conductivity of the Tlithium chloride
sensor increases as water vapour diffuses into the cup. The
increasing conductivity causes the meter needle to move across the
scale at a rate which is directly proportional to diffusion rate.
This. diffusion rate is inversely proportional to the leaf diffusive
resistance to water vapour transfer. The time for the meter needle
to move between two preselected points is recorded automatically

" and displayed by means of a high output LED display with a 1/100
second resolution.

. After each reading the sensor is dehydrated with dry air. This is

~an automatic process which proceeds to the same degree of dehy=
dratton during each cycle. Ensuring this is important to obtain
reliable results (Morrow & Slatyer, 1971a). |

The diffusion process is temperature dependent and so leaf _temperature
" is measured by a thermistor bead able to read temperature accurate

to within + 0,5 °C. The sensors thermistor can be adjusted by a

screw action so that it is brought into contact with the Jeaf.

It is common practice to account for temperature by normalising all

resistance determinations to an arbitrary standard of 25 °C. This is

done by making use of the relevant correction factor curve supplied

by the manufacturer. This procedure obviates having to calibrate the

"LI-COR Ltd, 4421 Superior Street, Lincoln, Nebraska 68504, USA.
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instrument at a number of different temperatures, each under well
controlled thermal and humidity conditions. It was found that this
method is not as accurate as the method used by Morrow et al (1971a)
and adopted in this study.

Due to the fact that wheat has a narrow leaf a narrow aperture
sensor was used in this study.

5.2 Calibration Procedure

The LI-65 autoporometer was calibrated to the resistance plate
assembly supplied with the instrument. This assembly comprises an
acrylic base plate and an aluminium upper plate which is fastened

to the base plate during calibration, The upper plate contains a -
series of pores (drilled holes) to simulate leaf diffusive resistance.
The resistance of each bank of holes is calculated from the equation

r = 4A (Lo + gﬂ)/ onmd? ..., e, (5)
where
r = the diffusive resistance '(S cm'1),
= the aperture area  of the vapour cup (mm?),
Lo = the actual length of each hole (mm),
d = the diameter of the holes (mm),
o = the diffusivity of water vapour in the air at a

given temperature (cms '), and
n = the number of holes.

During calibration, filter paper is placed between the two plates.

It is kept saturated by filter paper wicks which are immersed in
beakers of distilled water. The saturated filter paper represents
substomatal conditions where the relative humidity is 100 % (Slatyer,
1967). Care must be taken to ensure that freé water does not rise
into the holes.
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Due to the fact that the diffusion process is highly sensitive to
temperature fluctuations calibration was carried out in a growth
chamber. Here the temperature and high humidity conditions could be
accurately éontro11ed. Five separate calibration runs were carried |
out at temperatures of 14,2; 19,5; 23,5; 28,0 and 36,1 °C. This
range was found to enclose the major portion of temperature conditions
experienced in the field. '

Calibration started with the lowest temperature and proceeded in
increasing temperature steps. Care was taken to ensure that the
calibration plate temperature did not fall below dewpoint temperature
(McCree & van Bavel, 1977), thus preventing condensation taking
place on the plate or in the pores. The occurrence of water conden=
sation in these areas will affect the results obtained. On changing
the temperature of the growth chamber a minimum of 18 hours was
allowed for thermal equilibrium to be reached before the next set of
readings was undertaken. V
. To carry out the calibration the sensor was placed above each bank of
pores and the time, At, recorded for the meter needle to move betwéen
two preselected points. The temperature during each measurement was
recorded. A minimum of 5 readings per bank of pores was obtained.
The mean values of At obtained at a constant temperature were plotted
against the appropriate r value calculated using Eqn. 5. Straight
lines were fitted to this data and the resultant calibration curves
for the five different temperatures are depicted in Fig. 19. The
regression data and x-intercept for these linear fits is given in
Table 14.

The value of At obtained reflects the total diffusive resistance en=
countered by the water vapour molecules. This tota1.resistance'(r)
comprises the calibration plate resistance (which is analogous to
leaf resistance, re say) and.the.resjstance in the sensor cup (ro).
o is a function of cup and sensor geometry and its value can be
obtained from the negative intercept on the resistance axis of the

calibration curve. Thus, when measurements are made on actual
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Table 14 : Linear Regression Data used to Plot the Diffusive
Resistance Calibration Curves. The x-intercept is’

also given, )
Calibration _Slope _Coefficient
temperature | Intercept - At x-intercept of determination
(°C) a Tr : 12
14,2 9,46 1,07 - 8,8 +0,9923
19,5 6,49 0,69 - 9,4 0,9969
23,5 4,80 0,47 -10,2 0,9955
28,0 3,49 0,36 - 9,7 0,9986
36,1 2,14 0,21 -10,2 0,9996
leaves, estimates of rp can be made from the fe1ationsh1p
- At
Y‘z = WF)- Y'o R R (6)
where
éE = the slope of the calibration curve, and
ro= rp+r..

(Morrow et al, 1971a)

" The slope of the calibration curve is temperature dependent and to
accommodate all temperatures encountered in the field the é% VS
T relationship was developed. This relationship is depicted

graphically in Fig. 20. A power curve éE = a Tb was fitted to
the data and the regression data obtained was:

a = 115,80
b = -1,75
r2 = 0,9927.

Combining this regression data with Eqn. 6 yielded the equation
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The éE vs T relationship developed for the LI-65
Autoporometer used in this study.
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This meant that the field data collected could be quickly and easily
converted to actual leaf diffusiye resistance. The mean s value
determined was 9,7 5'cm'1. Other authors. (McCree et al, 1977) prefer
to plot r against At since when ﬂ% is plotted at d¥?¥g;ént tempera=

tures, the curves are almost linear.

Although the diffusion process is temperature dependent, it is common
. practice to calibrate the porometer in the laboratory and to account
for temperature by normalising all resistance determinations to an

’ arbitrary standard of 25 °C. This is done by making use of the
relevant correction factor curve which is supplied with the instru=
ment. This obviates having to calibrate the instrument at a number
of different controlled temperatures. Once the standard curve is
obtained, field data may be corrected for temperature and the re=
quired resistance read off the standard curve. This method, developed

by Kanemasu. et al (1969), serves its purpose if no constant temperature
facilities are available, but is not as accurate as the method
described above and adopted in this study.

The correction factors supplied with the instrument were applied to
the calibration data obtained in this study and the "standard" curves
obtained are plotted in Fig. 21. At the temperatures 23,5; 28,0
and 36,1 °C the data yielded "standard" curves extremely close to one
another and are represented by one curve in Fig. 21. The two Tower
temperatures of 14,2 and 19,5 °C however, yielded "standard" curves
that differ markedly from one another and from the high temperature
“standard"™ curves.

These results emphasize the importance of calibrating the autoporo=
. meter in the range of temperatures 1ike1y to be encountered in the
field. From the present results it appears that the standard tempera=
ture approach may be valid when working in the high temperature
region from 25 - 35 °C.
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Fig. 21 : The different standard calibration curves obtained
depending on the temperature conditions prevailing
during calibration. '




In plotting the calibration.curve it is imperative to use the tem=

perature of the diffusion process. Some authors (Bower, 1978) use
the calibration beaker wate} temperature to obtain their standard
calibration curves. Fig. 22 shows data obtained from the present
study and the effect temperature has on the standard curve. (A)
shows the pliot obtained using the diffusion process temperature while
(B) shows the plot obtained using the temperature of the water in
the beakers. It is obvious that use of the incorrect temperature
will cause errors in the resistance value obtained.

5.3 Determination of Leaf Diffusive Resistance in the Field

| The youngest mature Teaf was used for all stomatal resistance
measurements. During the 1978 season only the adaxial surface
resistance was measured. Since wheat has an amphystomatous leaf
both the adaxial and abaxial surface resistances were measured
during‘the 1979 season. The total resistance was then determined
from the relationship:

% = = 1 + - 1 s« eeeseacns e e s e (8)
T adaxial abaxial

(Monteith, 1973)

Leaf diffusive resistance measurements were normally made on an
hourly basis. The instrument was subjected to several wet/dry cycles:
" before starting each set of resistance determinations, and again
whenever it was switched off while carrying out a set of measurements.
The arithmetic mean of between eight and twelve observations was

taken as the value representative of the hourly period under
observation. |

Only fully exposed sunlit leaves were used for diffusive measurements.
Oke (1978) states that despite transpirative and convective losses,

a sunlit leaf is commonly 5 - 10 °C warmer than the surrounding air.
Morrow & Slatyer (1971b) indicate' that shading of the leaf for

A
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Fig. 22 : The different standard calibration curves obtained

depending on whether the temperature of the diffusion
process or water temperature is used to normalise At.
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+ 30 s is necessary before carrying out diffusive resistance measure=
ments. This enables the leaf temperature to adjust to within + 1 °C

of ambient temperature and so increases the accuracy of the measurement,

The reaction rate of stomates to external stimuli range from a few
minutes to several hours (Bidwell, 1974) and often do not respond
fully to light and dark conditions because of the endogenous rhythms
(Meidner & Mansfield, 1968). Thus shading and the placing of the
sensor on the leaf for the short time required to make a measurement
should not affect the diffusion process and hence the reliability.of
the results.

In this study the direct method of shading was not adopted. The
manufacturer claims that the thermistor measures the diffusion process
. temperature and not the pre-measurement leaf temperature. This is

due to the heat sink capacity of the sensor which is higher than that
of the leaf segment involved. Temperature was, however, measured |
just prior to the removal of the sensor. This meant the leaf had

been shaded for the maximum length of time possible other than having
individual shading as part of the measuring technique.

ATthough no radiation shield (McCree et al, 1977) was consutrcted for
the“porométer sensor, Qreat care was taken at all times to keep

it shaded. Between each set of measurements the sensor was stored

in a dehydrated plastic case away from any direct radiation.




CHAPTER 6

ESTIMATION OF EVAPOTRANSPIRATION USING AN -ENERGY BUDGET METHOD

6.1 INTRODUCTION

Evapotranspiration is the composite loss of water to the air from all
sources (Oke, 1978). This includes evaporation from open water sur=
faces, the soil, and the transpiration of vegetation. When soil and
plant factors are non-Timiting, evapotranspiration is a purely energy
transforming process. It is then determined entirely by meteorological
factors such as radiation, wind, temperature and humidity. |

There are a number of different methods employed to estimate the water
~loss from crops through evapotranspiration. These include the water
balance or hydrological method, the energy budget technique, the

" aerodynamic. technique and the many empirical methods that have been
developed. These methods, together with a larger number of references,
are discussed by Du Pisani (1974).

The equipment required by present day techniques to estimate evapo=
transpiration is either extremely expensive (lysimeters), or intricate ,
and susceptible to breakage (aerodynamic sensors). One of the aims

of this study was to develop a technique which makes use of .equip=
ment that is durable, foolproof and which can be installed and main=
tained by unskilled labour. Such a technique would be of great value
to the Targe irrigation schemes provided measurements of evapo=
transpiration of accuracy acceptable for agricultural 4purposes could
be achieved. ' |

The theory for the new technique used in this study is derived from
the balance of radiative, momentum, mass and heat energy in plant
communities. This budget provides a complete accounting of how
solar energy is partitioned at a surface and hence makes possible-
an accurate analysis of the environment at the surface. It could be
.usefully employed in explaining the interaction between the physical
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_driving forces and the growth and béhaviour of the biological system.

The energy budget at any natural surface can be described by the
implicit energy balance equation of six terms, namely, net radiation
(RN), latent heat flux (AE), sensible heat flux (C), soil heat

flux (G), photosynthetic flux (P) and heat storage (J). The latter
two terms are omitted as they are usually negligibly small when com=
pared to the other terms (Monteith, 1973; Thom, 1975).

The energy budget can thus be expressed as

J
Fig. 23 shows the canopy surface of a plant community and the radiative
and soil heat flux directions for day and night time conditions.

The net radiation and soil heat flux terms in Egn. 9 can be measured
directly, or estimated using any of the widely accepted empirically
determined ratios. To estimate these two terms by the latter method,
standard macroclimatic observations and sunshine duration are re=
quired. These observations are easily obtained and the equipment re=
quired is inexpensive and durable, thus offering decided advantages
for agricultural research. In this, the development of the technique,
the soil heat flux and net radiation were measured directly. However,
it is felt that reliable empirical methods could be substituted when
this technique is applied in practice. '
The evaporative and convective térms of the energy budget equation are
solved by recording wet- and dry-bulb temperatures and wind speed at
the momentum exchange surface in the canopy and at some distance

above the canopy surface.

Use of the appropriate theory and the input data described above, en=
ables the energy budget equation to be evaluated by the reiterative
technique described by De Jager & Harrison (1979). The reiterative
technique is a self-correcting, repeated trial and error method of
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Fig. 23 : The plant community showing the canopy surface, the
various measuring positions and the adopted sign
convention,
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numerical solution that is used to find the canopy surface tempera=
ture which ensures that the energy budget equation (Egn. 9) balances

to within + 1 W2,

Hourly mean values of the weather elements were used to follow daily
variations in the driving forces. The closeness of agreement between
the measured and computed surface temperature was used as a test of
the accuracy of the technique. The basic principle of the technique
depends on several major assumptions, namely:

(1) the canopy surface is assumed to occur at the height at which
wind speed is theoretically zero. This height is given by
d + Z, where d is the zero displacement level and z, the
roughness parameter. (d = 0,63 h and z, = 0,13 h (see
Monteith, 1973) where h is the crop height),

(2) the relative humidity measured at this height is assumed to
indicate the magnitude of the source or sink of the vapour
from which exchange with the atmosphere is taking place,

(3) " the similarity hypothesis is valid in the case of the crop
under observation, and

(4) a "conglomerate mass" hypothesis is applied to the crop. By
this one assumes the crop to behave as a conglomerate mass
of uniform temperature and relative humidity.

6.2 General Theory

The energy budget equation may be written as

RN R O N S ¢ T (9)

where




-
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R, = the net radiation reaching the canopy surface (Wm'z),
C = the sensible heat flux (Wm'z),

A = the latent heat of vapourisation (J kg-1),
E

= the evaporation (kg m'25'1),
AE = the latent heat flux (wm'z), and
6 = the soil heat flux (Wm™2).

In this study RN
knowns. To solve this single equation for two unknowns a reiterative

and G are measured quantities and C and AE are un=

method (De Jager et al, 1979) is used to compute the canopy surface
temperature T0 which balances the equation. To express the latent

. heat flux, AE, and sensible heat flux, C, as functions of To, an aero=

dynamic treatment of momentum, mass and heat exchange is followed.
This theory is adapted from Thom (1975).

For conditions over vegetation, where AE and C are independent of
height, equations expressing aerodynamic resistance to the flow of
these entities in terms of the change of vapour pressure, e, and
temperature, T, at two levels only can be derived from the definition
of aerodynamic resistance (aerodynamic resistance =

concentration d1fference). These equations can be written as

fTux
o (e, -e)
- p 0 z
LY v TP rrereeeenees (10)
and (To - TZ)
N FaH = pCp S e I PRTEEPPRETRY (11)
where 4
' rav = the aerodynamic resistance to the transfer of water
vapour (s m'1),
PaH = the aerodynamic resistance to the transfer of heat
(s m™"),
o = the density of air (kg m ), \
C = the specific heat of air (J kg'' °C”1),




- 73 -

y = the psychrometric constant (mbar °C-1),

e, = the surface vapour pressure (mbar),

e, = the vapour pressure at the reference height Z (mbar),
T, = the surface temperature (°C), and

T, = the temperature at the reference height z (°C).

Use of  the similarity hypothesis for fully forced convection yields

-d
| )

ry = r = r T e L il (12)
aM k2u(z)

\

2

This relationship permits latent heat flux (AE) and sensible heat
flux (C) terms of the energy budget equation to be written as

oC_ k2 u(z) (e -e.)

A = P O L .. (13)
o]
z,
and
(T0 - TZ)
C = poC_ k2 u(z) —m/mmm— , Ceeeeeean (14)
L z-d
en(z—)
- %o
where
ram - the aerodynamic resistance to the transfer of momentum
| (sm),
k = von Karman's constant (= 0,41),
u(z) = the wind speed at height z (m 71,
z = the reference height at which measurements are made (m),
d = the zero plane displacement level (m), and
z, = the roughness parameter.

~

The mean value of. the vapour pressure at the effective surface, €ys

can be expressed as RH e (TO)/TOO where RH " is the mean value of

s
relative humidity and es(TO) is the saturation vapour pressure at
this surface. eS(TO) can be expressed as a function of T, via an
integrated form of the Classius-Claperyon equation, namely:
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_ 1 1 ‘
es(TO) = 6,11 exp [5347,61 (?-7-3—,1-6- - 2—7-:;‘,—2'6—_’_—7;):]
(mbar) . .... (15)
This means that if RH0 is measured using the wet- and dry-buld ther=
mometers, then AE can be expressed as a function of To.
It should be noted that both the evaporative and convective flux
terms given here apply to neutral conditions, in which the effect of
temperature gradients are ignored. To allow for the effects of
instability and stability on the basic neutral profiles, the flux
terms of AE and C for neutral conditions are corrected by multiplying
by the stability factor F, where

-n
1]

(1 - SRi)2 if R is positive,

)3/4

and ﬁ. (1 - 16R. if Ry is negative.

Ri is the prevailing Richardson number and is easily calculated from

the recorded temperature and wind data.
The energy budget equation,

RN = AME+C+G Creseesreeanaens (9)

can now be written in an expanded form as

(RH_ e (T )/100 - e_) u(z)(T_-T.)
= G + pC_ k% u(z) © S 0 . Z+QC k2 ____ 0z

P ‘ z-dy | 2 : P ‘ -d, |2
Y [zn(fo——)] : LG.(%)J

Ry

It is evident from this equation that should Ry, G, z, u(z), RH,,
e, and TZ be given, then the equation is solely a function of T0 and
unique physical constants and is therefore solvable for To-by

reiteration.
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To follow the daily variations in the atmospheric driving forces
hourly mean values of the weather elements are insérted into the
equation and an initial T0 value se]ected; Once fhe energy budget
equation balances, it is assumed that the resulting T0 is the
"effective" surface temperature and required values such as RN’ AE7
E, C and G may be computed.

In this study the sign convention adopted is negative for fluxes
reaching the surface and positive for those fluxes leaving the
surface (see Fig. 23).

6.3 Experimental Procedure

The instrumentation used for this study has been discussed in the
section on meteorological instrumentation (Chapter 2). Net radiation,
soil heat flux, wet- and dry-bulb temperatures and wind speed were
recorded continuously. One psychrometer was situated at the zero
momentum exchange surface, i.e. a height of d + z, = 0,76 h, ‘to
monitor conditions at the canopy surface. The other psychrometers -
monitored conditions at the reference levels above the canopy sur=
face at heights z = (d+z + 0,5) mand z = 2 m.

The hourly mean ya]ues which had been stored on magnetic tape

(HP 9845 A system) were used as inputs in the computer program (see
Appendix 3) which balanced the surface energy budget equation by a
reiterative method. For the results quoted in Section 6.4, the
wind data recorded by means of the Wolffe mechanical wind recorder
situated at a height of 2 m was used. Before these data were used
in the program, they were corrected to. their equivalent value at
the reference level by means of the logarithmic wind profile equa=
tion (Monteith, 1973). Since the experimental site suffered from
having too small a fetch the low reference level (z = (d+zo+0)5))
was adopted. Once the energy budget equation balanced to within

+ 1 Wm-z, the hourly evaporation was calculated.
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6.4 Results and Discussion

In order to test this technique experimentally, the results of a

six day period were selected and analysed in detail. Table 15 is

an example of the HP 9845 A printout which gives the hourly mean
values once the energy budget equation has been balanced by the
reiterative method. In Table 15 RN is the net radiation reaching
‘the canopy surface (Wmfz), G is the soil heat flux (Wm'z), C is the
sensible heat flux (Wm'z), Le is the latent heat flux (wm'z) computed
by the reiterative method, Leq is the equilibrium latent heat flux
(Wn~2)
the Penman type equation, F is the stability factor,-To is the

, Lep is the potential latent heat flux (Wn~2) calculated using

computed surface temperature (°C), TM is the measured surface tempera=
ture (°C), Tair is the air temperature at the reference level (°C),

B is the Bowen ratio (B ='%§) and E is the evapotranspiration (mm h'4).
The agreement between the measured and computed surface temperature
may be used to test the validity of the technique and Fig. 24 shows

a graphical representation of the hourly mean surface temperature
versus the temperaturé measured at the momentum exchange level over
the six days. The straight 1ine illustrates the 1:1 relation. These
data fit a linear relationship with a coefficient of determination of
0,92.

The computed and measured surface temperature for the six days were
subjected to the students t test for paired observations (Steel et al,
1960). The analysis yielded t = 0,44 for 63 df (p <0,05), implying
no significant difference between the computed and measured surface
temperature and an indication of the validity of the technique.

The computed daily evaporation (ET) was compared to the class A pan
evaporation (Ep) and FI ratios for the six days were found to be

P
0,76; 0,97; 0,72; 0,725 1,05.and 1,03 respectively.
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Fig. 24
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Computed hourly mean surface temperatures versus the
hourly mean temperature measured at the momentum ex=
change level for the six day period.




Table 15 : An example of the HP 9845 computer printout showing the
hourly mean values of the various terms used to estimate -
crop evaporation. See text for explanation of the symbols
used. :

CROP HEIGHT : 0,49 m

Time | Rn|{"G | C | Le|Lleq|Lep | F To | ™ | Tair] B E
1 09n00 | -335|012 | 53| 270| 193] 466 |1.12]12.7| 13.0 | 11.9| 0.2 0.40
10h00 | -587 | 018 | 170 | 398| 370 655 |1.18 | 19.4| 17.2 | 16.2| 0.4 0.58
11h00 | -717 | 062 | 239 | 425 453| 687 [1.38 | 23.3| 19.7 | 18.4] 0.6 0.62
12h00 | -782 | 018 | 228 | 536 537| 970 [1.20 | 23.1| 21.4 | 19.7| 0.4 0.79
13n00 | -782 ] 029 | 141 | 613| 534| 1207{1.09 | 22.3| 22.0 | 20.6| 0.2 0.90
14h00 | -713 | 040 | 141 | 531| 477| 1213|1.07 | 22.3| 22.0 | 20.7| 0.3} 0.78
15h00 | -587 | 073 | 130 | 383| 360 1179{1.04 | 21.9| 21.3 | 20.5| 0.3 0.56
16h00 | -433 [ 040 | 95| 299 269 1025[1.03 | 20.4| 19.8 | 19.3] 0.3 0.44
17h00 | -251| 054 | 16| 288| 198| 730|0.95|17.9| 17.1 | 17.6] 0.1 0.42
18h00 | -084 | 059 | 34| 108| 85| 460(0.79]15.3| 12.9 | 14.3] 0.3 0.16

COMPUTED DAILY EVAPORATION (mm) 5.65

MEASURED A-PAN EVAPORATION  (mm) 7.43

E/E, = 0.76

These ratios 1ie well within the range for wheat quoted by Streutker

(1978) and Meyer, Walker & Green (1979), providing further verification
of the method. It is interesting, and in agreement with Meyer et al

(1979), that for the prevalent stage of crop development, it is possib1e.

during times of high atmospheric demand for the crop to transfer more
water to the atmosphere than will evaporate from an open pan,

In addition to the latent heat flux (AE), the equilibrium (XEq) and the
potential latent heat flux (AEp) were computed and compared. The
equilibrium latent heat flux, or the latent heat flux from an infinitely
large, freely transpiring vegetated surface where the air is saturated,
and the potential latent heat flux were computed using the equations




o Ha , '
}\Ee"‘ K;—'Y— oooooooo R EEREEEE RN I (17)
and CHA G s /v |
AEp = T e eeees Ceeranaes (18)
In these equations
_ _ -2
H = Ry -G (Wm =),
A = the slope of the saturated vapour pressure curve at
the temperature of the system (mbar ¢y,
ra = the aerodynamic resistance (s cm'1), and
6o = the saturation deficit of the atmosphere at the

reference level (mbar).

Fig. 25 shows the temporal variation in the mean hourly values of the
computed equilibrium and potential Tatent heat flux for the six days.
The evaporation corresponding to the total heat fluxes represented
under the AE, AEe and AE_ curves are 7,3; 4,9 and 17,9 mm respectively.
The mean A-pan evaporation for the six days was 8,2 mm,

An exact evaluation of the new technique such as a comparison with
measurements made in a lysimeter is desirable. Unfortunately a
lysimeter with the required sensitivity was not available. However,
taking into account the close agreement between equilibrium and poten=

tial evapotranspiration reported by Meyer et al (1979), and the

correspondence between equilibrium evaporation and evaporation cal=
culated using the reiterative method; it seems that the latter offers
a reliable estimate of hourly evapotranspiration. Of interest is the |
high Penman evapotranspiration computed, which at this stage remains
unexplained. :

It is also felt that, apart from the advantages of the new technique
summarised in Section 6.5; the fact that a measurement is actually
made within the canopy itself and that all terms of the surface

energy budget are involved in the calculation of evapotranspiration,
tend to make this a reliable technique for estimating evapotranspi=
ration. Hence, this technique was adopted for the determination of
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Fig. 25 : Mean hourly values of computed latent heat flux (AE),
equilibrium latent heat flux (AE ) and potential Tatent
heat flux (AEp) for the six day ~period. '




- 81 -
hydraulic conductivity (see Chapter 11).

6.5 Conclusions

The main advantages of the new reiterative energy budget technique used
to estimate evapotranspiration inciude: '

(1) Large gradients are measured and thus less sensitive and
cheaper equipment is required. For experimental purposes
~ when small plots are used, the reference level (z) can be
relatively low to satisfy the fetch restrictions (Thom, ' 1975)
and yet large gradients of temperature and vapour pressure

will be obtained, thus reducing the required precision of
the measuring equipment.

(2) The technique provides measurements of crop evaporation of
accuracy acceptable for agricultural purposes.

(3) The equipment required is durable, foolproof and can be
installed and maintained by unskilled labour.

(4) The aerodynamic exchange coefficients may be calculated

using a single anemometer as the surface value is assumed
to be zero.
(5) A reasonably small calculator such as the HP 97 can be

used for all computations.

(6) The results obtained describe in detail the surface energy
budget, and thus the true micro-environment at the canopy
surface.




. from an extract of 10 g of soil with 100 ml of 0,1 N HC1.
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SECTION B

RESULTS - AND - DISCUSSION

CHAPTER 7

SOIL PROPERTIES

7.1 Chemical Analysis

The pH was measured in a 1:25 soil:distilled water suspension. The
basic cations were determined from an extract of 5 g of soil with
100 m1 of 1 N ammonium acetate. The Zn determination was carried out
The re=
maining cation contents of the samples were determined by atomic
absorption spectrophotometric methods. The phosphorous content of -
the samples were determined colorimetrically (Fogg & Wilkinson,
1958) in a 0,5 M sodium bicarbonate extract as described by Olsen,
Cole, Watanabe & Dean (1954). The results of the chemical analysis

are given in Table 16.

Table 16

Chemical Analysis of the two Soil Types.
Exchangeable Plus Water Elﬁgﬁ:ic
Soluble Cations tivit—

Horizon pH(H,0) 4
; 2 . n P
: Ca Mg K Na ( _1)

(ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) mS m

Skildekrans A1 | 6.6 | 1091 | 383 | 330 | 13,8 | 3,3 | 1,15 82
Series - B21 7,7 1923 445 290 5,9 3,7 4,02 164
Bainsviei :

Series | AU | 5,9 | 633 | 173 | 180 | 2,5 | 2,4 [17,58 61
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7.2 Particle Size Analysis

The particle size distribution of the site and bin soil was determined
by means of the hydrometer method as described by Loveday (1974).
The results are given in Table 17.

Table 17 : Particle Size Distribution of the Site and Bin Soil.
Skildekrans Series Bainsvlei Series
(Site) (Bin)
Class
A1 B21 Al
(%) (%) (%)
Coarse sand
(2 - 0,5 mm) 1,56 0,75 5,70
Medium sand .
(0,5 - 0,2 mm) 5,86 5,70 16,38
Fine sand 55 86 5279 65 46
(0,2 - 0,05 mm) > s ,
Coarse silt
(0,05 - 0,02 mm) 5,43 5,76 3,46
Fine silt
(0,02 - 0,002 mm) 5,00 4,00 2,00
Clay (< 0,002 mm) 26,29 31,00 10,00

7.3 Soil Moisture Characteristics

The functional relationship between soil moisture content and its
energy status is described by the soil-moisture characteristic curve.
This curve which is affected by hysteresis, expresses the influence
of structure, porosity, pore-size distribution (tortuosity) and
adsorption on the state of soil water. This state and how it varies
in profile, determines the direction and influences the rate of

soil moisture movement and uptake by plants (Hillel, 1971).

Soil moisture characteristic curves were prepared for both soil types
-used in this study. Duplicate undisturbed soil cores were taken
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from the topsoil of each soil type by means of a core sampler. The
samples were saturated and equilibrated at different pressures on a
pressure plate. The standard pressure plate apparatus and method
described by Richards (1954) was used. The dry mass of the samples
and the volume of the cylinders were used to calculate the bulk
densities. These are given in Table 18. ‘

‘Table 18 : Bulk Densities of the Site and Bin Soils.

Bulk Density
- Soil Type (kg m'3)
Site soil 1 340
Bin soil 1 580

The results of this experiment are given in Tables 19 and 20.. The
linear regression analysis of various combinations of water content
versus water potential is given. It was found that for both soil types'
a logarithmic/logarithmic relationship fitted the data best. The
regression analyses yielded the following equations for the bin and

site soil respectively:

in by = -8,7559 - 3,1367 &n Om ....... eeees (19)
and
eny, = -9,7986 - 4,9661 &n @, Cveeneen. (20)
where
Yo = soil moisture potential (bar), and
Oy = gravimetric water content (ratio).

The experimental soil moisture characteristics for both the bin and
site soils are presented in Fig. 26. A predicted curve (after
Bennie, 1979) is presented for the sand for compérative pufposes.

. It is obtained by using the bulk density and (sil1t(0,05 mm) + clay) %.
as inputs in a series of multiple linear regression equations. These
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equations have been developed for (silt (0,05 mm) + clay) % of less than
20 % and thus could not be used as a comparison for the site soil.

Egns. 19 and 20 were used to determine the water status of the bin

and site soils from the gravimetric samples obtained through the course
of the season. The water potential. values determined in this way

were used when determining the hydraulic conductivity of the wheat

crop (see Chapter 11).
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Table 19 : Matric potentia],(ws), gravimetric water content (em)

and linear regression data obtained for the bin soil:-
Bainsviei Series. o B '

ve | O 1o en v

m s |. Linear regression data :
(bar)| (ratio)

y =a + bx

0,10 0,122 -2,10 -2,30
0,33 0,093 -2,38 -1,11 A. &n 0 (y) vs Ve (x)
0,66 0,073 -2,62 -0,42

1,00 | 0,058 | -2,85 | 0,00 r2 = 0,8185
15,00 | 0,026 | -3,65 2,71 = -23,6296

b = -9,9438

B. © (y) vs 2&n Ve (x)

m
r2 = 0,943
- = 3,4881

b = -49,8932

C. &n 0 (y) vs &n Ve (x)

r2 = 0,9929
= -8,7559
= =3,1367
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Table 20 : Matric poteﬁtia] (ws), gravimetric water content (@m)
and linear regression data obtained for the site soil:
Skildekrans Series.

e @m £nem ans Linear regression data :

(bar) | (ratio) y = a + bx
A. &n Om(y) vs

(x)
0,10 | 0,217 | -1,53 | -2,30 S

0,33 ] 0,176 .| 1,78 | -1.11 r2 = 0,8488
0,66 | 0,151 | -1,89 | -0,42 a = -27,4155
1,00 | 0,142 | -1,95 | 0,00 b = -15,9925

15,00 0,080 -2,53 2571

B. © (y) vs &n Vg (x)

m
r2. = 00,9822
= 5,3924
= -36,6607
C. &n h (y) vs 2n Vg (x)
r2 = 0,9979
= -9,7986

= -4,9661
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©_ : SOIL MOISTURE CONTENT (ratio)
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Fig. 26 : Soil moisture characteristic curves for the site

and bin soil.




- 89 -

CHAPTER - 8

LEAF MORPHOLOGY

8.1 Introduction

Monteith (1973) states that the resistance of stomatal pores depends
on the geometry, size and spacing of the pores and on the associated
anatomical features. In an attempt to gain information on stomatal
characteristics of the Turpin 4 wheat leaf, a series of photographs
of both the adaxial and abaxial surface were obtained using scanning
electron microscopy. The ISI 100 scanning electron microScope was
used for this purpose. From the photographs obtained it was possible
to estimate stomatal density.

Stomata are formed before a leaf has completed most of its enlarge=
ment and since the number of stomata per leaf does not change sig=
nificantly during leaf expansion, they are closer together in a

young plant than in a mature plant (Sutcliffe, 1979), Thus, in order
to obtain representative stomatal density counts, the leaf samples
used in this study were Eo]]ected after flowering when plant develop=
~ ment was complete. Each sample consisted of a small leaf segment

a few square millimetres in size which was removed from the area
adjacent to the ]eaf'midrib. A total of twelve samples were prepared
from twelve different flag leaves selected in a random fashion
throughout the: experimental site..

Preparation of the samples (Hayat,'1978 and Glauert, 1974) involved
fixation in a 3 % Gluteraldehyde solution in a phosphate buffer of
pH 7. The samples were then dehydrated in an alcohol series (30 -
100 %) and dried according to the critical peint drying method using
COZ“ To complete the preparation procedure the samples were coated
with a 30 nm layer of gold by means of the sputter technique.




8.2

Results and Discussion

The results of tHe density counts are given in Table 2t. Wheat

stomatal densities determined by Teare, Peterson & Law (1971) and

Sutcliffe (1979) are presented for comparative purposes.

Sutcliffe

-(1979) states that stomatal density can vary according to the stress

conditions experienced.

Thus, differences in'the histories expe=:-

rienced by the crops could explain the difference in the stomatal

densities given in Table 21.

Table 21

the ISI 100 Scanning Electron Microscope.
quoted by Teare et al (1971) and Sutcliffe (1979) are
presented for comparative purposes.

Results of the Stomatal Counts carried out by means of

The results

Stomatal Count
(no/mm2 )

Adaxial surface

Abaxial surface

Abaxial frequéncy
Adaxial frequency

(ratio) "

Present study
Sutcliffe (1979)
Teare et al (1971)

39 + 3,5

33

29 + 4,17
14

0,74 + 0,14
0,42
0,75

Figures 27, 28 and 29 show photographs of the adaxial surface,

abaxial surface and a close up of a single stomate respectively. It

is interesting to note that trigomes are present on the adaxial

surface only.

8.3 Conclusion

The number of stomates on the abaxial and adaxial surface differ in

the ratio. abaxial to adaxial. of 0,74 + 0,14.

Hence, autoporometer

readings were recorded on both surfaces of the leaf during the 1979

season. ~ This was an attempt to improve on the results obtained

during the 1978 season when only adaxial surface diffusive resistance

measurements were made.
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Fig. 27 : Adaxial surface stomates of the Turpin 4 wheat
Teaf (300 x).

Fig. 28 : Abaxial surface stomates of the Turpin 4 wheat
leaf (310 x).
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Fig. 29 : Partially open stomate of Turpin 4 wheat -
abaxial surface (2100 x).




CHAPTER 9

DIURNAL VARIATION IN LEAF -WATER -POTENTIAL AND LEAF DIFFUSIVE
RESISTANCE | ,

9.1 Leaf Water Potential (wg)

In this study the Wescor psychrometer, Scholander pressure chamber and
J14 press were used to follow hourly variations in leaf water potential.
Results of the Scholander pressure chamber and J14 press are discussed

" in Chapter 4. The field results of the Wescor psychrometer are dis=

cussed in this section.

Fig. 30 depicts the diurnal variation in leaf water potential for three
days characterised/by different soil and climatic conditions. These
curves tend to follow the normal expected diurnal variation in at=
mospheric demand but flatten about midday. - Figs. 13 and 14 obtained
with the Scholander pressure chamber and J14 press reflect the same
tendency. It is evident that as evening approached, atmospheric

demand decreased and the plant water potential recovered tending to=
wards a steady night time value. This night time value of leaf water
potential reflects the soil water status as the whole soil-plant-
atmosphere continuum tends towards a state of moisture equi]ib#ium

(cf. Rawlins,, Gardner & Dalton, 1968) dictatedAby the soil condi=
tions. It is interesting to note that in most cases the steady

night value was reached relatively late at approximately 22h00. For
each experimental run depicted in Fig. 30, the second leaf water
potential reading is more positive than the initial reading. This
peculiarity was found to exist in 90 % of all experimental runs under= -
taken, irrespective of the time of commencement of the measurements

or the prevailing weather conditions. No explanation can be offered
for this behaviour. '

Fig. 31 depicts the variation in leaf water potential, psychrometer
chamber temperature and microclimate data obtained during a typical
experimental run. The daily variation in plant water status is closely
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related te radiative load (Klepper, 1968) and thus transpirafion rate
(Denmead & Shaw, 1962) as well as soil water potentiai (Thomas &
Weigand, 1970) and microclimate conditions (Reicosky, Campbell &
Doty, 1975). The curves presented in Fig.'31 support this statementQ

Reicosky et al (1975) found that leaf water potential of well watered
plants responded to energy changes within'5 to 15 minutes. The
relation between leaf water potential and wind, vapour pressure .
deficit and temperature is evident in the cases here reported (Fig.

31) and suggests that there is little lag between changed environmental
conditions and the change in Teaf water potential. - Waring et al B
(1967) found that microciimate conditions can cause the plant water
status to fluctuate by as much as 5 bar per hour.

Water potential did not follow chamber temperature precisely (Fig. 31)
and may be taken as an indication that the actual leaf water potential
was being monitored and not the effect of temperature upon the per=
formance of the instrument (see also Rawlins & Dalton, 1967).

9,2 Leaf Diffusive Resistance (rs)

The change in leaf diffusive resistance in response to the range of
environmental factors may be described by the generalised expression

r = f(Q’ 1%

S W

ve Tou, N, COp wll) el (21)
where .
Q, Yy 0 etc. represent specific functiqns relating r's to light

flux density, leaf water potential, humidity, temperature, wind

speed, mineral nutrition, carbon dioxide concentration, etc. (Burrows
& Milthorpe, 1976). These climatic elements are highly interactive
" under- field conditions and it is virtually impossible to analyse the
individual effect of each factor on the diurnal fluctuation in leaf

diffusive resistance.
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However, from the present field study it was apparent that stomatal

opening began soon after dawn as the light conditions.and radiant

flux density increased. This is illustrated in Fig. 32 where total,

adaxial surface and abaxial surface resistance is plotted for a single

day - 11 October 1979. Stomatal opening occurred at 08h00 and closed

at 18h00 when the net radiation flux density was 91 and 20 W2 re=

spectively. It is interesting to note that in most cases the first

observation where stomates could be considered fully open yielded

the lowest resistance value obtained for the day. Resistance appeared
. to increase gradually from this point until rapid stomatal closure

took place in the late afternoon. The time of day at which stomatal

closure occurred varied and is discussed below.

The abaxial surface with its significantly fewer stomates, experiences
highly variable resistance values and is generally more than double

the: value of the adaxial surface resistance. It is seldom that these
two resistances approach equality. The total resistance and its

trends are accurately reflected by the adaxial surface resistance and
it is suggested that the measurement of this adaxial surface resistance.
might be adequate to reflect stomatal diffusion trends in wheat field
data. '

Adaxial surface: diffusive resistance for one day typified by wet soil
conditions (Soil ww = -0,2 bar) and another by dry soil conditions
(Sed1 wwv=‘-7,0'bar) are plotted in Fig. 33. The points through which
these stomatal resistance curves pass are the mean values of several
measurements made  each hour. The scatter about these mean values is
iTlustrated for the case of the wet day by plotting the individual
diffusive resistance readings obtained. The between leaf variation
and response of each leaf to the prevailing plant microclimate is
emphasised by this scatter. These deviations stress the need to
find the mean of as Targe a number of readings as is practically
poessible when studying the response of the crop as a whole. Ex=
cessively high or low readings recorded in a given time period were
-ignored when calculating the mean values through which the curves
were drawn,




- 98 -
100
90
8o Abaxial r, —
T
S 7o0h
W 601 o
&) /
= . , .
= Adaxial re /
v 50 (- /
(L/‘,J)
o
w40 L x
>
B 30 |- 0 f
S 1
W ATy i-Total r,
E, 20 '\' /’ \ /'_:'
- )(\\ U 3 \\/
10 L ) . _ ,"/X‘x‘ Tk
0 \{:.x.T; »
] ] 1
0500 1000 1500 2000
TIME (h) .

Fig. 32 : Diurnal variation in total, adaxial surface and abaxial
surface diffusive resistance on the 11/10/79 '
(s0il moisture status v = -7,36 bar).




- 99 -

50

]

—Dry conditions

b = -7,0 bar

40L

301

— Wet conditions

ws = -0,2 bar

ADAXTAL SURFACE DIFFUSIVE RESISTANCE (s cm—1)

2000

Fig. 33 : Individual and hourly.mean values of adaxial surface
diffusive resistance obtained for one day typified
by wet soil conditions and another by dry soil
conditions.




Adaxial diffusive resistance values on the dry day were approximately
20 s cm'1 higher than on the wet day. Although the stomates could be
considered semi-closed throughout the course of the dry day, a rapid
increase in diffusive resistance did occur at 13h00. Closure occurred
at 16h00 on the wet day. These times differ markedly from the case
depicted in'Fig. 32 where closure occurred at 18h00. From these re=
sults it appears that the cummulative combined effect of soil water
status, leaf water potential, 1ight conditions and incoming rqgiant
flux energy will determine the time of day at which stomatal closure
occurs under field conditions.
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CHAPTER 10

THE LEAF WATER POTENTIAL - LEAF DIFFUSIVE RESISTANCE
RELATIONSHIP

The relationship between leaf diffusive'resistance and leaf water
potential was examined with a view to obtaining a mathematical ex=
pression reliable enough for incorporation in a simulation of crop
behaviour given weather input data. Such a model could be applied
to irrigation scheduling.

This relationship has been studied by many investigators in recent
years. It is generally accepted that leaf water potential together
with certain other factors controls stomatal closure. This process
is initiated when plant water deficits develop and the leaves lose
turgor. Stomatal pores act as the exchange pathway for CO2 and H20
between the atmosphere and the plant growth cells. Thus at stomatal
closure, transpiration and photosynthesis are detrimentally affected.
This results in a modification of the growth process and a general
Towering in yield. The relationship between diffusive resistance
and leaf water potential appears to be complex, with particularly
antecedent leaf moisture status conditions influencing the relation=
ship on a given day. Such dependence has been reported 1n'soyabeans
by Hammel & De Jager (1980). For modelling purposes, however, such
as for example determining the daily water budget, a fairly rough
approximation of the situation is adequate. This was the main
objective of the work here described. .

During the 1978 season a preliminary investigation was carried out.
The Wescor psychrometer was used to measure leaf water potential and
only adaxial diffusive resistance measurements were obtained by
means of the autoporometer. The crop in the bins was used as the
soil conditions could be easily monitored. By withholding irrigation
and allowing the bins to dry thrduéh evapotranspiration, stress
conditions were induced in the crop. Once visual signs of moisture
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stress were obvious, a series of dry day observations were undertaken.
On completion of these measurements the bins and surrounds were ir=
rigated. A series of measurements under moist conditions were then
made one day later after excess water had drained from the bins.

The hourly mean adaxial diffusive resistance versus hourly mean leaf
water potential for the two days on which measurements were made in
1978 are plotted in Fig. 34. Despite the scatter in points it is
apparent that when the leaf water potential dropped to between -12

and -14 baf, stomatal closure commenced with a concommittant reduction
in transpiration rate.

The rapid increase in stomatal resistance as leaf water potential
decreases below a certain critical value has been reported for snap
beans (Kanemasu & Tanner, 1969), maize and sorghum (Beadle,
Stevenson, Neumann, Thurtell & King, 1973), spring wheat (Frank,
Power & Willis, 1973), Italian ryegrass (Hansen, 1974a), grain
sorghum (McCree, 1974), potatoes (Rutherford & De Jager, 1975),
wheat (Denmead & Miller, 1976) and soyabeans (Hammel et al, 1980).
Hansen (1974a) states that the critical potential is species de=
pendent. Frank et al (1973) found that the critical potential
varied with both leaf position and age of the wheat crop but that
temperature had no effect. The latter study was undertaken in growth
chambers and care must be taken when extrapolating these results to
field conditions. Kanemasu et al (1969) observed a difference in
the relationship obtained for field grdwn plants and chamber grown
plants. The difference may result from exposure to different water
regime histories. The effect of temperature under field conditions
still needs to be investigated.

The leaf water potential - leaf diffusive resistance ré]ationship
was again investigated during the 1979 season. Leaf water potential
was measured by means of the Scholander pressure chamber (see
Section 3.8 for method). A1l measurements were obtained on the
experimental site during the course of the growing season. More




- 103 -

_‘|)

g
- 100

<z

. (8]
H90 2

—

. 2
480 &

=

470 =

oD

[V

=

160 o

(58]

(]

150 &

7z
Ja0 =

><

2

v 30 _
5,

=

<120 ;2

=

410 =

[B 0
=20 0
HOURLY MEAN LEAF WATER POTENTIAL (bar)
Fig. 34 : The relationship between hourly mean leaf water

potential and hourly mean adaxial surface diffusive
resistance (¥, was measured by means of the Wescor
psychrometer)?




- 104 -
-

than 1 000 individual observations of both leaf water potential and
leaf stomatal resistance were obtained. The readings were not made
on the same leaf therefore some form of graphing necessary to
obtain representative values was needed. The hourly mean values

of leaf water potential were plotted against the hourly mean total
diffusive resistance. The average resistance value over 2 bar
intervals was used to enable the manipulation of the large number
of data points. Due to the paucity of observations in the high
potential range as compared to the low potential range, the average
point of the 0 to -16 bar interval is plotted. This averaging of

- data points permits the achievement of a reasonably good fit but
could mark a drift in the critical leaf water potential (Hammel et al,
1980).

For modelling purposes it is necessary to describe this relationship
mathematically and an equation for this purpose has been proposed
by Hammel et al (1980). It has the form

re = i [ 1 + e‘a(wc-ww)} s (22)

where’

r_ . = the minimum stomatal resistance under non-stress
conditions (s cm™ 1),
Y, = the leaf water potential (bar),
Y. = the critical leaf water potential (bar), and
a = a dimensionless constant which governs the rap1d1ty
with which re approaches infinity.

The expression is based upon the definition of be which was def1ned
as that value at which stomatal resistance is tw1ce the normal
minimum value observed for non-stressed plants.

App1y1ng this approach to the data of the present study yielded
the relationship:

re = 3 [1 + e0’15(-20-ww)J, r2 =0,81. ... (23)
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This describes the curvilinear curve depicted in Fig. 35 and also
‘suggests that leaf water potential explains 80 % of the variation

in diffusive resistance. The be value of -20 bar obtained using

Eqn. 23 agrees well with the value of -19 bar obtained for wheat by
Millar & Denmead (1976). These authors also found that the top leaf,
which is the main supplier of photosynthate for the ear, had the
‘lowest critical water potential value. This implies that stomatal
closure occurs first in the lower leaves.

The method of grouping data within 2 bar intervals might be open to
criticism. It must, however, be stressed that the objective here has
been the determination of an overall mathematical description of
stomatal behaviour for the crop as a whole. Eqgn. 23 does appear to
reflect the general crop situation albeit with a wide scatter.

When mathematically simulating photosynthetic activity and water con=
sumption it is just this total crop action which is required.

Minor empirical improvements on the leaf water potential - leaf
diffusive resistance relationship are possible since the points in
Fig. 35 could be described by two straight lines as shown. The
empirical mathematical expression thereof takes the form:

(b, - ¥
r =‘r‘.+-o"W ¢ ¢ esseses . (24)

This relation in effect describes an on-off process. takes on
the defined min
value. After this point leaf water potential and r

value until water potential reaches its critical
g are linearly
related, o being the slope of the linear relation. The rate con=
stant B simply determines the rapidity with which proportionate
increase in re becomes effective. The present data is fitted by

the- relationship:

0,65(ww+12)
PRI O P R

r. = 3 - 220,90 . ... (25)

1+ e
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Fig. 35 The relationship between hourly mean Jeaf water

potential and hourly mean leaf diffusive resistance
averaged over 2 bar intervals (y, measured by means
of the Scholander Pressure Chambgr).

(s em=1)

HOURLY MEAN LEAF DIFFUSIVE RESISTANCE AVERAGED OVER
2 BAR INTERVALS
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This relationship is depicted graphically by the two straight lines
in Fig. 35. ‘

The value of'wC used in the two expressions differ widely, but it
‘must be stressed that they by definition represent two entirely difs=
ferent concepts. Because’Eqn. 23 reflects a more rapid initial
increase in rs with increased wz than Egn. 25, and thus would indi=
cate stress conditions earlier than Eqn. 25, it is suggested that
Eqn. 25 might be preferable for irrigation scheduling. In the

range of leaf water potentials -12 bar to -24 bar it seems to fit
the data here reported more accurately than the curvilinear expres=
sion. Emphasis must, however, be placed on the fact that both
equations are empirical approaches to the problem at hand.

This relationship was obtained for all the data collected during the
1979 season without considering stress histories or any other factors
which may be involved. Leaf water potential varied between -0.5

and -38 bar and stress periods greater than 14 days were experienced.
McCree (1974), Thomas, Brown & Jordan (1976) and Denmead et al (1976)
found that stomates of plants pre-conditioned to stress remained

open at water potential lower than those required to close the
stomates of well-watered plants. This conditioning effect was

found to be caused only as a result of stress induced by soil moisture
and. not when atmospheric conditions induced stress (McCree, 1974).

The present analysis could possibly be improved upon if antecedent
soil moisture were included in the investigation. Such a model would
adjust wc according to the intensity and duration of stress conditions
experienced previously. The present analysis with its high coef=
ficients of determination, however, should permit reliable irrigdtion
scheduling and'crop growth modelling.
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CHAPTER - 11

HYDRAULIC - CONDUCTIVITY OF THE WHEAT CROP

1.1 Introduction

The continuous movement of water from the roots to the leaves of a
plant is essential for its survival. In order to maintain a balance
between transpiration and absorption the water column in the conducting
system must be continuous. As atmospheric demand increases the
transpiration will increase and a decrease in water potential takes
place in the xylem sap. Water now flows from the high potential
areas of the soil and roots to the leaves which are low potential
areas.. Under excessive transpiration water becomes Timiting and the
flow may not be able to meet the evaporative demand. The plant en=
deavours to overcome this strain by closing stomates, thus reducing
transpiration. The plant is now under stress which is detrimental
to the plant and Towers its yield.

During recent years an Ohms Taw analogy between the flow of electricity
through a conductor and the flow of water through the soil-plant-
atmosphere continuum has been used to explain the water transfer
process (De Jager & Kaiser, 1977; Hansen, 1974a; Hansen, 1974b

and: Lawlor & Lake, 1976). This analogy requires water to move

along gradients of decreasing water potential. One complicating
factor in the biological system is the change in state of water from

" liquid to vapour. This takes place at evaporating surfaces such as
the: leaf and soil surface. For this reason water movement through

the soil-plant-atmosphere continuum is generally treated stage by
stage. In soils and plants the movement of water is in the liquid
phase, From the evaporating surfaces to the bulk air, water transfer
is in the form of vapour diffusion. The driving forces and re=
sistances to flow in the liquid and vapour phases are quite different.

Vapour diffusion can be expressed by Ficks Law, which in its inte=
grated form is: -
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P - P
Eo= (-C—) - (26)
v \
where

E = the water vapour flux density (kg m"2 st1),

Pys = the vapour density at the evaporating surface (kg m'3),
pya = the vapour density of the air (kg m™3), and

r, = the resistance to vapour diffusion (s m'1).

Here the driving force for evaporation is the difference between the
vapour density at the evaporating surface and that of the surrounding
air. The vapour diffusion resistance depends upon the structure of
the exchange surface and the air flow (Campbell, 1977).

The movement of 1iquid phase water can be expressed by a modified
form of Darcy's Law which describes one dimensional liquid flux.
This can be written in equation form as

A )
E = ¢ 45 eeeieeanas e eeeeeans (27) \
where
= the water flux density (kg m-2 5'1),
¢ = the hydraulic conductivity (kg2 m ! s J'1), and
¢ = the water potential (J kg'1).

(Campbell, 1977)

The driving force for water movement in the liquid phase is the

gradient of water potential (%%).-

It is obvious from the above discussion that 1iquid flow is directly
proportional to the gradient in water potential while vapour flow
s. proportional to the vapour density gradient. In the soil-plant-
atmoesphere continuum the interface where the liquid and vapour phase
meet is mainly in the leaf. It is possible to determine the water
potential at an evaporating surface from the relative humidity of
the air in equilibrium with the liquid phase. This can be done by
means of the equation derived from the first-Law of thermodynamics

P
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for an adiabatic system. The equation is:

RT En(e/eo) h , : (28)
U= v Ceeeere ettt

where
Y. = the water potential (J kg-1), _ |
R = the universal gas constant (J k™! mo1e'1),
T = the temperature of the system (K),
e = the vapour pressure of the air in equilibrium with
the liquid (Pa:),

e, = the saturation vapour pressure at the reference state
(Pa), and
M = the molecular weight of water (kg mo]e'1).

Care must be taken not to succumb to the pitfall of calculating an

"atmospheric water potential" using atmospheric relative humidity.

11.2 Hydraulic Conductivity
11.2.1  Objective

" The objective of this study has been

(1) to evaluate the hydraulic conductivity of a complete cover
of wheat crop, and

(2) to establish its relationship to Teaf water status, soil
water status and atmospheric conditions.

11.2.2  Method

|
In order to achieve the objective the following assumptions were made:

(1) The crop approximates a three-dimensional conduit with
water flowing in the bottom horizontal plane surface (roots)
and evaporating from the top horizontal plane surface (leaves).
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7

(2) The bottom surface of concern is situated 0,2 m below the

o soil surface. This is the level at which the roots were
predominantly concentrated. It shall hence forward be
referred to as the effective rooting depth.

(3) The length of the conduit is taken to be equal to the distance
between the momentum exchange surface and the effective rooting
depth.

(4) There is no lateral loss of vapour.

(5) A continuous mass flow of water exists from the soil through

the roots, stems, leaves and out into the atmosphere, i.e.
the liquid flow rate through the plant equals the rate of
evabotraﬁspiration at any given time.

(6) The crop is considered to be an inert conduit. The various
interfaces between soil and root and leaf and air are not
treated separately and all leaves effectively operate at the
top plane surface.

(7) Soil evaporation is considered negligible for a crop with
full canopy cover.

(8) The resistance to flow from soil to root is negligible.

Hence, for a complete vegetative surface, the mass flow equation
(Eqn. 27) can be expressed in ~integrated form as

(wz “PS) .
E = -0,28‘1?:@.—2—; ............. (29)
. : S .

~where, for the units used in this study,

‘E = the crop evaporation rate - (mm h1y,
¢ = the hydraulic conductivity (ns),

Yp = the leaf water potential (bar),

¥ = the soil water potential (bar),,
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the height of the momentum exchange surface (m), and
the height at which y. is measured (m).

Zp
z'S.

The constant 0,28 is used to normalise the system of units adopted in
this study. Care must be taken to express z, as a negative value as
bg is measured below the soil surface.

¢ was evaluated from Eqn. 29 under the numerous sets of soil and
atmospheric demand conditions occurring in the field on the days
11/10/79; 15/10/79; 22/10/79; 29/10/79; 1/11/79 and 5/11/79.

Water flux density measurements were obtained from the micrometeoro=
logically based reiterative estimate of crop evaporation described

in Chapter 6. Water flux density was set equal to evapotranspiration
rate.. Leaf water potential was determined by means of the Scholander
pressure chamber or J14 press observations converted in accordance
with Fig. 17. The measuring techniques have been described in
Chapters: 3 and 4. Soil water potential was determined at a depth of
0,2 m using the gravimetric technique and soil moisture characteristic
curves as described in Section 7.3. From these measurements ¢ could
be- calculated for 62 sets of different conditions within the soil-plant-
atmosphere .continuum.

11.2.3  Results and discussion S

The observations covered a full range of climatic conditions as indi=
cated in Table 22.

In Fig. 36 the relation between driving force, defined as %% » and

fTux density is shown. In the electrical case the relation between
potential difference and current is linear, the slope of the curve
being equal to resistance. Although there is a large scatter in
points in Fig. 36 it appears. that an approximately constant driving

force (%%) equal to rough}y-33 bar m'1 exists during the central

part of the day. Under conditions of zero transpiration rate, as is
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Table 22 : The soil moisture status (ws) and open pan evaporation
(Eo) conditions prevailing on the experimenta} days
during which data collection for the determination of ¢
took place.

Date. v, (bar) E, (mm)
11/10/79 - 7,36 9,6
15/10/79 -16,4 7,1
22/10/79 - 0,27 ' 7,0

29/10/79 - 2,80 12,4
1/11/79 - 2,16 10,5
5/11/79 - 2,08 13,1

often the case at night, soil and plant water potential tend toward

an equilibrium state. For this reason it is possible to extrapolate
the curve in Fig. 36 to the origin. Bearing in mind that these
results are influenced by inaccuracy of the reiterative method used
to estimate water flux density, and the fact that soil water potential
from one: depth only was used when determining driving force; the
scatter in Fig. 36 is not too severe.

The above hypothesis implies that hydraulic conductivity for early
morning. or late afternoon when evaporative demand is low, will in=
crease with increasing crop evaporation rate. The relationship

between hydraulic conductivity of the wheat crop and latent heat flux

is shown in Fig. 37. A directly linear relationship is found to
exist. This result implies that hydraulic conductivity is not a con=
stant but varies with atmospheric demand and hence the weather. A
Tinear equation ¢ = 0,0102 + 1,43x10'4.(AE) was found to give the
best fit. The coefficient of determination is 0,91. The present

" curve does not pass through the origin and if this parameter ¢ is-
included in simulation models it is suggested that the curve be

forced through the origin to give greater reliability in the region

of low atmospheric demand. Considering the uncertainties in the in=
put data mentioned above, the statistics reflect a remarkab]y constant
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value for 1/(%%). The inverse of the slope of the straight line

1 This s + 10 %

reflected in Fig. 36 because the inter=

in Fig. 37 is %% and is equiva]ent to 36,5 bar m
higher than the 33 bar m '

cept 0,0102 has not been taken into account.

Frem Fig. 37 it is apparent that the hydraulic conductivity of the
wheat crop will increase as the water flux demsity increases. This
impTies that the ease with which water flows through ‘the crbp improves .

. as the actual water flux increases. Results obtained by other authors
" (Stoker & Weatherly, 1971; Hansen, 1974a; Hansen, 1974b and Lawlor

et al, 1976) on plant resistances confirm this result. These authors
found that plant resistance diminishes as the flux increases. The
assumption of a negligible resistance to water flow from soil to root

Ts justified by the results quoted by Newman (1969) and Lawlor (1972),
who claim that root resistance is generq]]y small compared to plant
resistance.

De Jager et al (1977) stated that hydraulic conductivity is anaTogous

to electrical conductivity and that it determines the rapidity with
which stressed conditions are induced. Values of between 0,2 and 0,8 ns:
(De Jager et al, 1977 and Neumann, 1972) were considered appropr1ate
for the maize crop. The resuTts of the present study indicate that

the: hydraulic conductivity of a crop does not appear to be constant.
Evidently some feedback mechanism operates tending to improve conduc=
tivity as the evaporative demand and rate increase. From Egn. 27,
hydraulic conductivity can be expressed as —

¢ = (%%) E . Ceeeean e e, (30)

. This equation, and the constant slope to Fig. 37 suggests that the

feedback control requires (a—), or-in fact dy, to remain constant

for a given growth stage. The fundamental law now emerges predicting
that as evaporative demand increases in the early morning, dy will
increase to a value which it will hold for the rest of the day until
evaporative demand abates. The daily course of leaf water potential
reflected in Fig. 13 and Fig. 14 (Section 4.3), and Fig. 30 (Section
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. 9.1), support this conclusion.

Fig. 38 shows a typical trace of diurnal variation in hydraulic con=
ductivity of the wheat crop. The data was collected on 29 October
1979. The variation in water flux density and hydraulic conductivity
with time is apparent. The constancy in driving force with time from
09h00 clearly emerges.

11.3 Units, Hydraulic Conductivity and the Mass Flow Equation

Water potential as used in the literature can be expressed on a
volumetric, specific or weight basis. The three different definitions
can be related as follows:

Volumetric ww

Specific ww - pw ?

Volumetric ww _ o g and

Weight vy - W

W

Specific y

—.—,—Vi = g

Weight ww

where

P, = the density of water (kg m'3), and

g = the acceleration of gravity (m s72). (Savage, 1978)

Hence, the basic flow equation may be written in three different forms
and the units of hydraulic conductivity vary according to the definition
of Yy used. This is illustrated as follows:

For volumetric water potential (y

) .

wv

dz
¢ = -E T
wwv
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Fig. 38 : Typical trace of diurnal variation in hydraulic
conductivity, water flux density and driving force
(29/10/79).. The respective dependence and inde=
pendence of ¢ on water flux density and driving
force is apparent.
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where the units of ¢ are

(kg m2 5_1)(m)
(kg m s mm)

HE
w

For specific water. potential (wws),
dz.
¢ =-E T
Vs

where the units of ¢ are

(kg m s™y(m)
2 m kg-1)

= kg m3 s

(kgms

For weight water potential (www) R

dz
q_) = - E a__
WWW

where the units of ¢ are

(kg m™ s~y (m) |

- -2 _-1
) = kgm~s .

. ; J
~ To facilitate comparison between values of ¢ obtained by the different
methods, the 0,28 in Eqn. 29 must be replaced by appropriate dimension=
" lTess constants. These are given in Table 23.

The: Scholander pressure chamber is a widely used instrument for measur=

ing leaf water potential on a volumetric basis and hence this system has.

" been adopted here as in Egn. 29. Numerous other units are used in the
Titerature to express volumetric leaf water potential and the water
flow. : > |




The dimensionless constant C for various combinations of
units used in the generalised basic mass flow equation.

Table 23

A A el N

E ww dx C ¢
kg mfz s Pa m 1072 ns
gm? s Pa m 1076 ns
mm b’ Pa m 0,28 x 107° ns
kg_m_z s bar m 1074 ns
g m % s bar m 107! ns
mm h! bar m 0,28 ns
kg m 2 s m m 1 ns
k"El'm_2 57! J k'g'1 m 10" ns
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 SECTION C

SUMMARY

The object of the project has been the investigation of weather con=
trol of the plant water relations of wheat. A1l experimentation was
carried out under field conditions with the physics of the problem
receiving most emphasis. Of special interest was the determination
of the hydraulic conductivity (¢) of the wheat crop. Defined as

the rate of flow of water through the crop per unit vertical water
potential difference, its evaluation required the application of
special micrometeorological measuring techniques.

Leaf water potential (wz) was measured using the Wescor Teaf psy=
chrometer, J14 press and Scholander pressure chamber. Results from
the psychrometer appear encouraging. Here a modified technique using
a strip. chart recorder was applied, eliminating need for a fixed
cooling time and simultaneously providing a permanent record from
which an accurate determination of wz was possible. In practice,

the major source of error experienced with this technique was obtain=
ing thermal equilibrium throughout the sensor-leaf system.

The J14 press is an inexpensive effective instrument which yielded
promising results. It was calibrated against the Scholander pressure
chamber. This yielded an exponential relationship

" (J14) = 59,64»e0’049 wz(Scho1ander)
with a coefficient of determination r2 = 0,81. The J14 press
appeared to be most accurate at pressures in excess of 15 bar, i.e.
on stressed. leaves. Statistical analyses showed that the J14 press
and Scholander pressure chamber could be used to monitor hourly
variations in wk'. Scholander pressure chamber and adjusted J14 press
measurements of wz were used in the determination of ¢.

Leaf diffusive resistance (rs) was measured using the LI-65 Auto=
porometer. Calibration of this instrument is critical and difficult.
Instead of using the recommended approach of converting measurements

to the arbitra?y standard of 25 °C, calibration was carried out in a




/

growth chamber through a range of temperatures. The relationship

S At 1,75 ¢
re = TT5.80 - T s
was developed. Here At = the time interval measured by means of the
autoporometer, T = the diffusion process temperature and ro = the
sensor cup resistance. This relationship facilitated quick, accurate
analysis of field data.

Stomatal density counts were obtained from a series of scanning
electron microscope micrographs. The ratio of the number of stomates
on the abaxial to adaxial surface was found to be 0,74 + 0,14. Hence
diffusive resistance - of both surfaces were measured and the relation=
ship

1 1 1

= +
s Fabaxial Fadaxial

used to evaluate rs

Leaf diffusive resistance was found to increase significantly with
decreasing (more negative) yp for values of the Tatter below -20 bar.
This indicates the onset of moisture stress conditions. Two empirical
equations describing the leaf water potential - leaf diffusive
resistance relationship were found from over 1 000 field measurements.

These are:
~and
(6) 0,65 (w£+12)
B): r. =3 , rz =20,90
S. s e5(w2f12)

Values of rs exceeding 6 s cm"1 (at roughly -20 bar) indicate by
definition approximately half the normal photosypthetic activity and
the onset of moisture stress detrimental to growth. It is felt that
equation (B) should promote reliable irrigation decision making and
crop growth modelling.
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‘Two soil types, the Bainsvlei and‘Va1srivier form, were used in this
study. Standard pressure plate techniques were used to determine
the soil moisture characteristics of each. Fitted curves describing
soil water potential (ws) in termé of gravimetric soil water content
(@m) were found-to be:

| . :
£n y -8,7559 - 3,1367 £n Om for the Bainsvlei form,

S
and

n ¥ -9,7986 - 4,9661 £&n @m for the Valsrivier form.

s
A new technique that makes use of a reiterative method to balance

the surface energy budget equation was developed in order to obtain
~estimates of crop evaporation (E). The equipment used is durable,
foolproof and easy to install. In this method the source and sink
for water vapour and heat exchange between crop and atmosphere is
assumed to be at the momentum exchange surface (d + Zo)' The com=
parison between calculated momentum exchange surface temperature (Tb)
" and the temperature measured at this level was used to validate the
model. Accuracy acceptable for agricultural purposes resulted. This
technique needs further verification against a lysimeter. The values
of E obtained using this method were used in the determination of ¢.

Hydraulic conductivity was determined by substituting values of the
above described variables in Darcy's equation written in the form

E
Y T
where C = a constant used. to normalise the system of units and z =
the height at which water potential measurements are made. Contrary
to expectation, ¢ was found to be a function of weather conditions.
The: relationship, '
o

0,0102 + 1,43 x 107" (AE) , r2 =0,91

©
I

where -
the latent heat of vapourisation, was obtained. This

>
il
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implies that some feedback mechanism operates within the wheat crop
requiring (1/%%) to remain constant. Hence b, will decrease in the .
early morning to a certain value which it will maintain for the major
part of the day. In the late afternoon 1) will again increase
tending towards the value of ws as the soi]—p]gnt system reaches a
state of equilibrium under night conditions.

Relatively wide scatter in the plotted points describing the control
of water potential gradient (%%) by crop evaporation rate (E) was
found. This could have been due to 8 being measured at only one

depth (20 cm).
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APPENDIX 1

GENERAL DIGITISING PROGRAM
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LORG S5

MOYWE £1,37

LABEL UWSING "K' A¥$

MOVE 81,2

IF CzizedZ THEHM 458

CS5IZE Csize-1

LABEL USIHG "K' ;x§F

MOVE 2,58

DEG

LODIE 2@

LABEL U3
LDFHTE 1
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1

o G

YEOEBT, THISEI, Titlexlicq]
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SCHLE
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Y{udge
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CSIZE 2
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FOR I=Hmin TO Hmax STEF ABSCTic
MOYE I,Yint-%fudge

LABEL USING &40;1

IMAGE #,K
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! LABELLIHG GOF Y-REIS

!
FOR I=Ymin TO Ymax STEF RBS(Ticwl
RMOYE Hint-siadge, ] :
LABEL USIHNG 64831
HE®T 1
‘PRUSE
! .
| .
EAIT GRAFHICS
FRINTER I3 16 ‘
FRINT "Thiz program can plot functions asz well

plotting data that

FRIMT "If only the points ars to be plottesd without

PRINT "szcatter diagram, then twps in FPOINMT and
FRIMNT "If wou have a zimple functicn tao plot

FUMCTION

FRIMT "For manual data inputs where the indiwvidual

TRACE "
PRINT "and then press COWT 0°

JIHPUIT O "FUMCTION QR TRACE OR FOIMT QR EMD OF LATA IHPUT

IF FRE=UPCEHFC"FUNCTION"? THEH 284

IFF Frn¥=UPCEFC"TRACE"» THEHM 1488

" IF Fng=UPCHI"FOINT"Y THEH 1168

IF Fn$=UFCE{"EHND"» THEH 137&@

FRIMT LIHCS

PRINT "If a function is to be plotted then wou

wping!

O o
o

Ry

[}

X

FRIMT 3888 DEF FH A=
FRINT "where FOxI i3 wowr functi:
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=
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=

pv]
[3x]
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[ux]

FRIMT "anmd pressing STORE . After wou have done
FRUSE :

|

S FUMCTIOWNZ DEFIMED BY THE USER ARE FPLOTTED
!

1
Cr ma, amindsiHmax—10
1,

, Allr=Stvart+I#Ine

- YOTy=FHROCACT 200
HEST 1
GEARFHILCS
MOVE Holx,%oLo
FOR I=2 T Mmax
IRAM AaTax,vCIn
HEXAT I
LORG 1
LABEL USIHG "K"g o', Fg"s"
FRUSE
ExIT GRAFHICS
GOTO 244

. BATA POIMTS RARE FLOTTED

EXIT GRAFPHICS
IMFUT “"HUMEBER OF OATH FOINTS TO EE PLOTTED #",H

FOR I=1 TO H
DISF "Enter the coordinates for point # 313008, %, CONTOY;

DA O R Y B ]

THRUT o Rl W iIs
FRIMT USIHG Imagel;l,®ols,vwols
IF I=H THEM EEEF

HE=T 1
IMFUT “HMUST ANY CORRECTIOWS EE MADE TO DATA POINHTS

[ T S

RSO ORI DN LS SO (Rl

[LAR) B R EV I O

=
[\x )

function

g]
on ot the wariable
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Lol Oy O RN |
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LORG
FOR
MOYE

JOCRE PV FXTN DV R B OV ]

-
Doy

MEXT

EXIT

LS W Y I L) I A )

3
3
5
2
2
i
3
4

Dax ]

FAUSE

I=1 TO M
MOl

LABEL USIHG "K' "="

I

4
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IF Ans$=UPCEC"H"Y THEH 1394

IF Ans%=UPCF{"%¥"2 THEH GOSUE Corrsction
GOTD 12a24 ‘

GRAFPHICS

YT

GRAFHICS
GOTO 248

SHOW TREHDS I35 HOW EWTERED AMD PLOTTED OW THE ZHME AHE

QoD 00 Q

I DRTA TN

141 !

1426 EALT GRAFHICS

1439 Labsl$="uwo+x#F%0" .
1445 INPUT "HO. 0OF DATA SETS T BE PLOTTEDR OM THE SAME RHEES 7 MRH=E",Ho
1458 Dat a=1

14£4 FPRINTER IS 1€

1478 L¥=Labes1${Data,Datal :

1439 DISF "Erter the distinguiszhing title for plon #";Data;

1438 INPUT """, T$iDatad )

138/ DISP "Enter the no of data points for data zet #%7Datag

151 INRPUT """, H :

S2a H=IHT M

1539 . PRIMT "DATH SET #":;Data

1548 FRINT

155a FOR I=1 TO H- : »

15369 DISF "Enter the coordinates for point # "1 "oH, v, COMT"S

1578 IMFUT """, WelagWoIn

529 FRIMT USIMNG Imagel T, cIliy¥Cld

594 IF I=M THEHW BEEP

&9 HEWT 1

514 PRIMT LIMCL) .
E2A IMPUT "MUST AMY CORRECTIONS EBEE MADE To DATH FOINTS P 4%<H) ",Ansz$
g CE=UPCF AN

S48 IF C$="H" THEH 1&7A _

858 IF Cs="%" THEM GOSUB Correction .

Y=g} GOTO 1&24

s GRAFHICE

£28 LORG 3

538 MOVE Weld,wala

TR3 FOR I=2 TO H

718 DRAW #<Id,7els ‘
Taa HEST 1

T8 FOR I=1 TO H

744 MOVE S0I3,%CT2

Toa LABEL USIHG “"R":L#%

Ten MESXT 1 .

) IF Data=Ho THEHWH 248 .
758 7 Dats=Data+l

79a FRUJSE

209 “E®IT GRAPHICS

318 GOTO t14e4

528 ! :

2D Correction: ! . ,

249 FRINT "Make arny altesraticons to data points by twping in the coordi
natge with the correct”

259 PRIMNT "walue s.0. type WO23=2.5 and press EXECUTE , twps Yod4i=32.8
nd preszs EXECUTE"

2Ea PRIHT "MHhen all pointsz are corrected press COMTY

7o PRUSE

sea FOR I=1 TO H \

2834 FRIHT USIHG Imagel;l,s0la,%0In

389 IF I=H THEH EEEF

- i
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MEST 1
RETLRH

[ ~ : ;
Imagel: IMAGE “FOINT # “DDDD":",Sx, "H="K,SH, "vY="kK
! .-7 . : i ©
DUMF GRAFHICS
! . :
| ROUTIME TO. IDEWTIFY THE VARIOUS CURMES THAT ARE FLOTTED
!
FRINTER IZ
PRINT LIMCZ?
FRIWHT Title#
PRINT LIMCS)
FRIMT "IDEWTIFICATIOW OF THE CURWES “
FRINT
- FOR Data=1 TO Mo
FRIHT Lakbel$[Data,latal)"-—----- “ylLabel$[Dat s, Datal ; SPACIY TECDat al
NEXT Data ' C
EHD
DEF FHACHI=SIHOE
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APPENDIX 3

\

THE PROGRAM USED TO ESTIMATE EVAPOTRANSPIRATION - MAKES USE

OF A REITERATIVE TECHNIQUE TO BALANCE THE ENERGY BUDGET EQUATION
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\

K.L.BRISTOM

FROGRAM THAT USES B REITERATIVE METHOD TO-ESTIMATE SEMSIELE hND LATENT

]
!
' HERT FLIKES OF THE SURFACE EMERGY EBUDGET.
b HET RADIATION AWD -30IL HEAT FLUX WERE RECORDED DIRECTLY EY MERMZ OF
-1 S0IL HERT FLWR PLATES AMD A HET RADIOMETER RESFECTIVELY.
‘I THE EYAFORATIYE AMD COMYECTIYE TERMS RRE ESTIMATED FROM WIMD SPEED
! AMD WET— AND DRY-BULB TEMFERATURES.

I HOTE: CARE MUST EBE TREEM TO UZE THE CDFFEIT FORMAT WHEH RECALLIMG

! DATA FREOM MAGHETIC THPE.

!

i

I THE PROGRAM IS CALLED “"EVYAP-3"
| ;

“OPTIOH BASE i

DIM R¥LZB]I,B$FI301,C$[30],0%030],E$[2R]

DIM AZ$0381, B‘f[“n],:;$[oul bz :[:a] E2$030]

DIM A3$L[Z26]1,B2%(328]

SHORT Rn.hi,_4-_uah1,24) :

SHORT T1C(242,T2(240,T3(240,T40243,TS(240, TEL242
SHORT U1CZ45,U20240,U3(24>

SHORT R1C24),RE(242,51¢247, 520245, U240, Fn2 (24, G204, 00240, Led24,Leqiad)

(240
SHORT Ec243,E1(24),E2¢ 30242 ,E4C24 ,ERC343,EQ10240,EQ2024 7, Rho(24),
Ri(24),F{242,Delrac2 4

Lo

! ROUTIME TO READ MET RRDIATIOHM DATR STORED OM THFE

.

IMPUT "FILE MAME <HET RADIATIONY ?",Rn%
"IHPUT "LAST DAY ON FILE 7 fe.g. 313",Last
ASSIGH #1 T Fns
READ #1,1
READ #1;FA%,B$,C%,D$,E4
FOR D=1 TO Last
FOR H=1 TO 24
RERD #1;RniD, H)
RniD,H)=Rn<D,H1#15. 35 ! CALTERATION FACTOR USED IM THIS STUDY IS
NEXT H
NEXT D
| .
! ROUTINE .TO READ S0IL HEAT FLUX DATA STORED GOH TAFE
1
INFUT "FILE HAME {Z0OIL HEAT FLUX» 79, 3hf$
ASSIGH #2 TO Shis :
READ #2,1
RERD #2;A2%,B2%,C2%,02%,E2%
READ #2:D
FOR H=6 TO 29
READ #23GCD,H?
MEXT . H
CIF T¥P2)=3 THEN 518
"IF D=3t THEH Si@

90 GOTO 439

(a0 (N O T L IR I N T e
OO (R v LY R w O B S N ) I N (N ]
DA QOOODoOO0OeO®

!
'"ROUTINME T2 REARD TEMPERATURE AWD WIWD DATA STORED OM TAFE

| N

INFUT “FILE HAME <TEMPERATURE AMD WIHD DATHY ", Twsf

ASSIGH #2 TO Tws$

RERD #3z,1

READ #3;A3$,E3% "

INFUT " JULIAH DAY FOR WHICH REITERATIOH IS REQUIRED 7",Julian
RERD #3;Daw ‘ -

READ #33H )
H=H- 184

FERD #3;T10H> ' TDRY-BULE TEHMF. REF LEYEL
RERD #Z;TSCH? 'WET-BULE TEMP. REF LEYEL
READ #Z:TZ(H2 ' 'DRY~ELLE TEMF, REF LEWEL
READ #Z:T4CH> IWET-EWLE TEMP. REF LEWYEL

b= s L 3




"
hx

R R AR

(o I O

W ‘xl: b B e I AT N ¢ SR
[xx}

L oy IO U R X ]

g1

= m

Q) O E W P g e D00 O N e P e @0 00 D
Do

03 (0 GO G0 0 OO 0 00w
DESES

b
VR PREP
A
 PRINTE

RERD #

. READ #
" READ . #

"READ #
" READ #
T IF H=2
- GOTO S

IF Tayw
GOTD S
LA
LOINPU
|

. IMPUT
IMPUT

IHFUT

CIMPUT

IHFUT
2]
INFUT

“D1=.53

go=.13
IF Wre
IF Hre

Etot =@

CBPRINT

A
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23 TI3OHS 'ORY-EULE TEMF. CHAMOPY SURFACE
33 TEdH o VWET-BULE TEMP. CAMOPY SURFACE
33UICHD - tWIWMD SPEED - REF LEYEL 1
SyUECH) VWIWMD SFEED - EEF LEYEL-Z

IIUECHD 'WIND SPEED - REF LEYEL =
4 THEHN 7z8 ' ‘

28 )

=Julian THEM 750

28

T DATA REWUIRED FOR REITERATIWE FROCESS

“DARY COF MOMTH FOR MWHICH REITERATION IS5 CARRIED OUT

-x ] . D .

"FEFEREHCE LEYEL AT MWHICH WIWD AMD TEMF. IS MEASURED 7

"CROP HEIGHT #",Croph
“A-PAHM EVAPORATION FOR THE DAY ?",HApan

"BEGIMWING 0OF TIME PERICGD FOR WHICH TO CRLCULATE L= B,

“EMDIN OF TIME FERIOD 7 fe.g. 132",End
*¥Croph

#Croph

f=1 THEH Z=D1+Z0+.5

f=2 THEHN Z=2 o

ARARTION OF RRINTOUT FORMAT

R.IS @

SRV RV Y T IV IRV
EREY o B IR N N AN L1 I N VY
Woe DD R o

1999
1918
1829
1936
1849
1858

1959 .

1378
1838
1894
- 1106
1110
1120
113
T 14e;
1158
T 1160,
1178
1180
1190
1208
1214

1228

PRIMT

CPRINT
PRINT

PRINT
FRINT

. PRIHT
" IMAGE
CEXmme

PRIHT
PRINT
g
I REIT
[
FOR H=
L

e
S1CHY=

SECHI=

IF Hre
IF Wre
RiCHY =

USING "K™;D," ";B2%," ";C¥

HSIHG "K"; "CROP HEIGHT: ";Croph," m."
USIHG "K";"REFEREMCE LEVYEL: ";Z," m.."

"TIME En G C ’ L= Leqg
::I " . -

HSTIHG 233

ERRTIVE PROCESS BEGIMG

Begin TO End

TSiH
TECHY
f=1 THEN 1129
f=2 THEMN 1168
T3CHD

RZUHI=T4{H3

CHY =1
GOTO 1
R1oH»=
R2CHM=
WCH =0
|

I CHLC
] .
El¢Hi=
E2¢HI=
E3iHI=
E4¢HI=
IF E2¢
: X

1CH»+.2
239
TLEH?
TZCH?
Z2{H+.3

ULATE YAFOUR FRESSURE FOR REFEREWCE LEVEL

6.11*EHP{534?.61*{1f2?3.lé—lf(ETS.16+RECH)?)3
E1CHI - 65 (RICHI-RZCHI D
.l *ERPOSE4T, 81l r2

E3CHI-EZCH2 )
H:»<® THEM EZ2{H»=@

SCETE LE+RLCHY 3

T i
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b CARLCULATE FELHTI“E HUMIDITY FOR SURFACE LEVEL
!
EBzCH)= E 11#EXPCS3E47.61%01 -2
EBLIHI)=S, 11 *EXF(SE47V .61 (] ~273.
EB(H’-EuI(H'— EEECS1IVHI-S2(H)

ot

E¥3.16-1 SFZ 1E+S1oHY 3
¥ F3.le+S20H 220

. IF EOCH»<8 THEH EACH! =0

15348. Rho(HY=EB{H) ER2¢H %100
1350 IF PhoCH){B THEH Rhot(H)>=9
1368 |
3iTH ‘lHLLULhTE ERUILIEBRIUNM EVHFHFHTIHH LeqiHy
1339 1
13%@ Dw\ra H'-EHZxH\ CEPS.16+51¢H %1
= B3R 272 16+ SICHI 320273, 1h+31(H-- ] '
21488 Leqo H'=an(D Hi-GCD,HY 3 *DeltacHa s
1416 1, .
“142@\F4LHLCULHTE FOTEMTIAL EYAPORATIOH LepdH>
S 1439 ' ' ‘ '
1440 RacH»=LOGC(2-D1 1202 ~2C.41~2%CHD D
1458 Lep(Hi=:(RnD, Hl—u D Hr»#DeltalHr+1. 1918Ed4 H vRaiHI v iDeltalHI+, 6582
14g@ !
1478 ! SET THE INITIARL To “ALUE AHMD MAX AMD MIH LEYELS
14358 .0 ‘ '
1438 To=29
1588 Big=199 .
1515 Small=-160
1526 ¢+
. 1538 | COMPUTE THE STRBILITY FRCTOR
/1548 ) - ,
1558 RiCHI =2, 81/ CRL(HI+S1CHY »»2+273, 160 % RLICHI -5t iH 2% Z=D1 3 U{H~2
1568 IF Ri(H» 8 THEH 1520 : :
1579 IF Ri(H»<® THEH 1&98
1528 - F(HI=(1-S%RitHI»~2
1529 GO0TO 162G :
1600 FCHI=01-18%Ri CHY 3~ {374
teter b I o
- 1629, I COMFUTE Rn ,. G , C , LE AMD APPLY THE CORRECTION FACTOR TO C AMD LE
1638 | : .
1648 RrZIHY=-Rn{D, HY ’
1558 G2CHY=G{D,HD
1668 Log=LOG¢iZ2-D1y/2a3
1678 C(Hi=F¢H»*1, “4181U& 41*.41*UiH>*iTo—RliH))fLag
1888 Yap=6. 1 1*EXPS347,. 6151 273, 16-1 (273, 16+Tor 1 #RholHI - 18B-EZ(HY
1698 LedHy»=F(H>*1.2%1818%,.41% 41« iHI#Yap-s Log*.E5)
L7868 DiffiHY=RnICHI+G2CHI+Le CHI+TCHD )
1718 IF ABS{DiffCH»»<1l THEM Corrsct v ) J
1728 IF DiffiH3<8 THEN  Small
1738 IF DiffiH)»>@ THEN Big
1?46»Correct:!
1758 1 - ' L '
1769, | E FRESS LE AS EVAPORATION I mm. AHD PRIWT OUT REGUIRED DATA
’1??- ;."I. g .
1738 1IF Le(H‘ -3 THEH 1319
1799 IF Le(H<@ THEM E(H»=8
'1869° GOTO 1529 : i i
18193 ECHY =32688. J4J4uuu+L»~»H- ' ' '
18289 IMAGE z:,- ,MDOLD, 1,.nnnn ¥, MDODD, 2K nnnnn,h(.nnnnn Z¥, MDDDD, 18, MO. DD, 15, M
. DD.D, 1%,MDD. D, 1%, MOD. D, 15, NI, 1 JMID. DD . :
’19'@

PRINT USING 1528 H FnELHJ GEiH?,C(H),LeCH},Leq(Hb,LEpﬁH?,FiH?,TD,SliH},RIEH

. l(_H)/LeLHJ E¢HY
184&

1859
1860
1570
1550
1839
1958

Etot—E1n1+E{Hb
GOTO. 1#7M
| .
Bigi! ADJUST THE To “ALUE WHICH I3 ToOO BIG ' ) -
Blg To ’
To=To-(Big-3malls-2
GOTO 16408

~




1919
1928
1336
- 1940

“19e8
1978
19508
iz28
29848
. 2919
28209
2930
2848
3285@
L2esg
2970
L2829
¢ 2098

2118
2120

2130

7

19568

..2188
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TOO SMALL

Small:! ADJUST THE To YALUE WHICH IS
Small=To )

- To=To+{Big-Small -2

. GOTO 1€44 '
[ .
HEXT Hr_
]
PRINT
TMAGE
PRINT
IMAGE
PRIMT
IMAGE

PRINT
Bt

Ja

LRy BN Y B |
—t

3]
o 3

-

®, "DAILY EYAFPORATIOHW <mm> ET= “,X,DD
MG Z8A8;Etat ‘

*y"A-PAH EVAFORATIOH
HG 2828 HApan

+ "ET<Ep =",DL.DI

iG. 2848 Etot /Apan

-

£y

cmm» Ep= ",%,00

C M C R

0 ALLOWS 0OHE T0O COMTIHUE WITH THE MERT DAY

|

IMPUT "D ¥OU MAWNT AMOTHER DAY 2 (YsHX",RAnzf
IF Anz$="N" THEH 2128

IF An=3%$="Y" THEN S57@

DISP "PROGRAM COMPLETE®

EHD

0D

O




