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EXECUTIVE SUMMARY

introgduchon

The interest in crop modelling staned since the introduction and populansation of computer
technology. which facitated the dynamic simulation of complex natural systems. In
particular, crop growth and soil water balance models for irrigation scheduling are popular at
locations where water s @ imiting factor for crop production

In a previous Water Research Commission project. a simple, but mechanistic. generic crop
growth and soil water baiance model (SWEB) for irrigation scheduling under full and deficit
imgation was made available. The SWE model was primarily developed for predicting real-
tme soil water deficit of field crops with a one-dimensional canopy light interception and
water registnbution procedure

Hedgerow tree crops are planted in widely spaced rows 10 allow access between trees 10
carry out necessary management practices (e g pest control and harvesting) Distribution of
energy i1s not uniform in widely spaced crops. In addition, localised under-tree irrigation is
often used for tree crops to reduce system instaliation costs. This irrigation (micro- or drip)
only wets a imited area under the canopy of the trees so that evaporation from the soil
surface is also not uniform. One can expect root density to vary with depth as well as with
distance between the rows so water uptake for transpiration will also vary in two dimensions
It is also essential to take into account the kmited volume of soil wetted under micro-irngation
or its capacity will easily be exceeded with a standard one-dimensional approach, leading to
undesirable over-irrigation in the wetted zone, and possibly crop stress due to oo long an
irngation interval. In orger to accurately estimate canopy growth, water balance and yield, t
is therefore essential to model canopy radiant interception and soil water balance of
hedgerow tree crops in two dimensions and on an hourly ime step, based on sound physical
principles

Lack of sutable user-friencly 100is to mechanistically describe the two-dimensional energy
and soil water balance of tree crops was identified. Due to the importance of frut crops, on
the export as well as local markets, it was decided to improve the SWB model by
incorporating a two-dimensional system for use in hedgerow plantings

Objectives

The objectives of this project were

i) To develop a two-dimensional fruit tree water balance model, which takes into
account the unique fractional interception of solar radiation associated with
hedgerow orcharcs as opposed 10 the honzontal planar interception encountered
IN agronomic crops

i) To verify the model for decicuous fruit trees using peaches as an example
bl To verify the model for evergreen fruit trees using citrus as an example

W) To deveiop a core of irngation expertise, within the University of the North,
Faculty of Agnculture, to be of service, in collaboration with the National
Community Water and Santation Training Institute, to agnculture in the Northern
Province

v) Over time, to equip a centre at the University of the North to have the capacity tc
concuct irrigation research and train students in the use of these technigques

Apprcach




The two-dimensional energy interception and soil water balance model was developed and
validated using data from two field triais. The first trial was established in a peach orchard on
the lysimeter facilities at Pretoria University's expenmental farm, Hatfield The second trial
was established in a citrus orchard at the Syferkuil experimental farm of the University of the
North. Dunng the course of the project and for the purpose of validating the energy
interception model for different conditions (tree size and shape row onentation etc ), an
additional field tnal was carned out on Leucaena fodder trees at Hatfieid Contact was also
made with private farming enterprises and two field trials were carried out in Brits on citrus
farms

Although the validation was done only for some orchards the mode! could be applicable to
other orchards and conditions provided that correct input parameters are used

Modgel! deveiopment

Two types of model both predicting crop water requirements on a daily time step. were
developed for hedgerow tree crops during the course of this project and incluged in SWB:

i) A mechanistic two-dimensional energy interception and finte difference,
Richards equation based soil water balance mode!; and

" An FAO-based crop factor model, with a quasi-2D cascading soil water balance
model

The two dimensional model for hedgerow crops calculates the two-dimensional energy
interception, based on solar and row onentation, tree size and shape, as well as leaf area
density. The two-dimensional soil water redistribution is calculated with a finite difference
solution. The two-dimensional energy and soil water balance model was developed during
the visit of the project leader to Washington State University

The two-dimensional energy interception mode! assumes leaves to be uniformly distributed
within an ellpsoid truncated at its base, and radiation penetrating the canopy is attenuated
according to Beer's law. This geometry is very versatie as many different shapes can be
generated. In order to determine the spatial distribution of soil irradiance across the tree row,
the canopy path length through which the radiation must travel {0 reach a certain point on
the soil surface is calculated. Radiation can penetrate nesghbouring rows, so two rows on
ether side of the simulated row are considered

Beam or direct radiation and diffuse radiation for the PAR (photosynthetically active
radiation) and NIR (near-infrared raciation) wavebands are calculated separately, as they
interact differently with the canopy The ratic of actual measured to potential radiation is
used to estimate the proportion of direct and diffuse radiation in these two spectral bands.
The attenuation of beam radiation by the canopy is strongly dependent on zenith angle, and,
for crops planted in rows, azimuth angle and row orientation will aiso be crucial Elevation
and azimuth angles are caiculated from lattude, solar cechnation that depends on day of
year and hour of day integrated for a daily time step. Before the length of canopy through
which radiation penetrates can be caiculated, azimuth angle neecs to be adjusted to take
row onentation into account.

Input data required to run the two-dimensional canopy interception mode! are: day cf year,
latitude, standard meridian, longitude, daily solar radiation, row width and orientation, canopy
height and width, skirting height, extinction coefficient, absorptivity and leaf area density.

In order 1o simulate two-dimensional water movement in the soil, a gnd of nodes had to be
established. This divides the soil up into a number of elements. The distances between
nodes are selected so that model output can easily be compared 10 field measured values
Each element has s own physical properties. so this scheme allows variation in soil
properties in two dimensions. Symmaetry planes are assumed to occur mid-way between two




rows on either side of the heogerow and no water flux is allowed across these planes The
maodel redistnbutes water in the soil in two-dimensions using a finte difference solution to
Richards' continuity equation for water flow The am i1s 1o find the maltric poténtials, which
wili cause the mass balance error 10 be neglgible This is done using the Newton-Raphson
procedure Two lower boundary conditions can be chosen in the model i) gravity drainage
for well-crained soils, and i) zerc-flux lower boundary 1o simulate an impermeable layer

A precipitation or irrigation in mm is convernted to a flux in kg m” &' by dividing the time step
and multiplying by the horizontal cistance over which the water 1s distributec. The infiltration
does not have 10 be uniform over the surface Non-uniform infiltration s especially important
in very coarse soils where lateral redistribution 1s likely tc be imitea. or in the case of micro-
irrigation. As with the infiltration flux, evaporation i1s multiplied by the horzontal distance over
which it occurs in orger 1o get an evaporative flux in kg m' s’ Potential evapotranspiration
(PET) s caliculated from weather data using the Penman-Monteith equation and the
maximum crop factor after ranfall occurs. PET 1s then partitioned at the soil surface into
potential evaporation and potential transpiration depending on solar orientation, row direction
and canopy size. shape and leaf area density. Crop water uptake (transpiration) can either
be imited by atmospheric demand or soil-root water supply. Root densities at different soil
depths are accounted for in the calculation of root water uptake The user can specify root
depth and the fraction of roots in the wetted volume of soil

Requirec inputs for the two-dimensional soil water balance model are: starting and planting
dates, altitude, rainfall anc irngation water amounts, as well as maximum anc minimum daily
temperature. Two points on the water retention function (usually fieid capacity and
permanent wilting point), initial volumetric soil water content and bulk density are required for
each soil layer. Soill saturated hydraulic conductivity can also be entered as input for each
soil layer, or calculated by the model using the water retention curve. Row distance. wetted
ciameter of micro-jets or drippers. fraction of roots in the wetted volume of soil as well as
distance of the nodes from the tree row are also required as input

The FAO-based crop factor model is simpler and was developed to enable users to predict
crop water requirements with limited input data. This model includes a semi-empirical
approach for partitioning of above-ground energy, a cascacing soil water redistribution that
separates the wetted and non-wetted portion of the ground, as well as prediction of crop
yields. The FAO-based crop factor procedure was combined with the mechanistic SWB
model, thereby still allowing evaporation and transpiration 10 be modellec separately as
supply and demand limited processes. The crop factor model does not grow the canopy
mechanistically and therefore the effect of water stress on canopy size is not simulated. The
simpler crop factor model should, however, still perform satisfactorily if the estimated canopy
cover closely resembles that found in the field

The following input parameters are required 1o run the FAO-type crop factor model: planting
date latitude, altitude, maximum and mmimum daily air temperatures. FAO crop factors and
duration of crop stages. The input cata required 10 run the two-dimensional cascading model
are rainfall and irngation amourts. volumetrc soil water content at field capacity and
permanent wilting pont, as well as initial volumetric soil water content for each soil layer

Row spacing, wetted diameter. distance between micro-irrigators or drippers and the fraction
of roots in the wetted volume of soill are also required Requirec input data for yield
prediction with the FAQ mode! are FAD stress factors for growing stages and potential yield

Figlo tnais

Validation of the SWB model was carried out for a wide range of conditions (row orientation,
growth stage and canopy density) For this purpose. two main field trials were set up. The
first tnal was established in a peach (Prunus persica cv Transvaaha) orchard on the
lysimeter faciities at Hatfield (Pretoria University experimental farm). This provided a site




where detailed observations could be easily recoroced 1o validate the SWB model for a
deciduous tree species The second trial was estadbl'shed in a clementine (Citrus reticulata
cv. Blanco) orchard at the Syferkuil experimental farm of the University of the North. This
was the site where measured data were collected 1o validate the SWE model for an
evergreen tree species

In both field trials. the following field measurements vere carned out and used o validate the
two-dimensional energy interception and soil water balance model:

i) Weather measurements (temperature and relative humidity, wind speed. solar
radiation and rainfall)

i) Soil texture. bulk density penetrometer resistance as well as saturated and
unsaturated hydraulic conductivity

i) Volumetric soil water content with neutron water meter and time domain
reflectometry (TDR)

) Soil matric potential with heat dissipation sensors

v) Root distribution by taking soil core samples and washing out roots 1o determine
root length

i) Soil irradiance at different distances from the tree row with tube solarimeters.
vii) Leaf area index and density with a LAI-2000 plant canopy analyzer
viil)  Canopy size anc row orientation.

In addition. load cell lysimeters were used in the peach orchard at Hatfield in order to
measure crop water use. Measurements of soil evaporation with micro-lysimeters were also
carned out at Hatfield in order to validate the soil evaporation subroutine of the model. In the
peach tnal at Hatfield, soil matric potential was also measured with tensiometers.

Additional field tnals were carried out in order to test the two-dimensional radiant interception
model for different environmental conditions (irée size and shape as well as row onentation).
One tnal was at the Hatfield experimental station on Leucaena (Leucaena leucocephela)
fodder trees. Two other trials were carrnied out on two commercial orchards at Brits in
Empress mandarin (Citrus reficulate cv. Blanco) and Delta Valencia (Citrus sinensis [L.] cv
Osbeck) orcharcgs In these field trials, weather data were recorded, as were leaf area index
and density. canopy size and row orientation. Soil irradiance across the row was measured
with tube solarimeters

Results

The SWB mocde! evaluation consistec of checking internal consistency and units used in the
computer program, comparison of model output with independent data sets of real-life
observations and sensitivity analyses

Verification of the model was performed by inspection of the internal consistency of the
model and its software implementation In particular, the following actions were taken:
analysis of dimensions and units; on-line checks of mass conservation; detection of violation
of natural ranges of parameters and variadles: inspecton of qualitative behaviour of the
model and its implementation by checking whether the response of model cutput 1o
changing values of a parameter conforms 1o theoretical insights.

The simple quasi two-dimensional, cascading soil water balance model was calibrated using
data from the peach trial at the Hatfield expenmental station. In the process, FAQ basal crop
coefficients (Kcb) were determined for first and second leaf peach trees. The daily crop
factor (Kc) was caiculated using evapotranspiration measurements from the lysimeters and
the grass reference evapotranspiration calculated from weather data. The Kcb values for the




varous growth stages were determinec by fitting an appropnate line through the lower
values of Kc. which were taken tc reflect the condition where the soil surface was dry
(neghgible evaporation), subsoill drainage was negligible and there was sufficient water not
to restrict transpiration. There was good agreement between predicted and measurec daily
soil water defict for water stressed and non-stressed treatments. This was expected since
the calibration data came from the trial

Field measurements in Hatfield aiso indicated that in hedgerow plantings the whole area
across the row must be borne in mind when assessing soil water content The practice of
using single or restncted localty measurements, as utilised in agronomic crops, can be
misleading in orchards. The reason for this is the effect of the irrigation distribution and rain
interception by the canopy, the vanation in radiation interception by the canopy across the
row, the irradiance reaching the soil surface as the season progresses the presence of a
grass soc or bare soil in the inter-row region and the root density across the row. In both
field trials at Hatfield and Syferkuil, it was found that there are significant amounts of roots in
the inter-row region and thus this portion of the rooting volume must not be disregarded
when assessing the water balance

The two-dimensional energy interception and soil evaporation components were validated
separately The crucial interactions between the model components were integrated in the
vahdation of the two-dmensional soil water balance model, which uses the energy
interception and soil evaporation sub-models to spit evaporation and transpiration

The radiant interception model predictions and the tube solanmeter measured soll irradiance
generally gave very good agreement at different distances from the tree row and in different
orchards. However, some discrepancies between measuremenis and model predictions
occurred. This was attributed to the presence of trunks and branches shading the tube
solanmeters at low values of leaf area density, irregularities in the shape of the hedgerow
non-uniform distribution of leaves within the cancpy and inaccuracies in the calculation of
direct and diffuse radiation

The soil evaporation sub-model was tested in the peach orchard at Hatfield using soil
irradiance measured with tube sclarimeters and soil evaporation measured with micro-
lysimeters. A linear correlation between accumulated energy interception and daily
evaporation was foundg for the first two days of the experiment. After the second day, the
correlation between energy interception and evaporation was lost, which means that during
these days. evaporation began to be kmited by soil water supply and was no longer directly
correlated 1o energy interception. Evaporation measured in the grass-covered area was
lower than that measured at corresponding pesitions in the bare soil area (in particular in
zones of low evaporation) This may be cue to the fact that pan of the grass was dead at the
time of the experimen! s0 that it did not transpire water but prevented the solar radiation
reaching the surface of the soil ana increase resistance to water movement. Measurements
of soil evaporation were compared 10 model simulations. The best agreement between
measurements and simulations was odtained assuming 30% air humidity in the orchard for
the soil evaporation model

The output oblained with the two-dmensional soil water balance model was compared 10
independent fieid measurements in order 1o validate the full SWB two-dimensional model
Volumetric soil water content gata collected with the TDR system in the peach and citrus
orchards were compared to SWS simulations. Results of model simulations done during
drying cycles showed that the surface layer predictions were generally very good. However,
discrepancies between measurements and simulations were observed in parucular for
deeper soil layers. This could have been cue 10 spatial variability of soil properties, as well
as soil disturbance dunng the installation of TOR probes. It is clear that TDR probes can be
used in imgaton scheduling 1o determine crop water use over certain pernods Caution




should, however, be exercised in the interpretation of absolute values of volumetnc soil
water content obtained from the probes

Scenario modelling and sensitivity analyses were carned out varying some input parameters
and observing varialions in certain output variables The aim was to identify the most
sutable management practice in order 10 maximise water use efficency Two case studies
were considered for two imaginary orchards located at different lattudes and in different
cimates (Kakamas in the Northern Cape and Stellenbosch in the Western Cape) The
results of the scenano simulations indicated that the orchards should be planted in a N-S
row onentation, a wetted diameter of 0.5 m should be appled as well as pruning to reduce
the canopy width 1o 2 m, in order to maximise canopy light interception and minimise water
losses through evaporation.

A sensitivity analysis was also carned out for both case studies varying the fraction of roots
in the wetted volume of soil. and cbserving variations in the output results of evaporation and
transpiration. The contribution to crop water uptake from the inter-row volume of soil can be
high. in particular under high atmospheric evaporative demand, and this needs to be
accounted for in irrigation management in order to maximise rainfall use efficiency.

The finte difference and the cascading soil water balance models were compared for the
two case studies. The aim was to determine if the simpler cascading model yields similar
results to the more complex finte difference model. The simulation results indicated that the
cascading model predicted smaller transpiration values than the finite difference model at
small canopy widths. Transpiration values simulated with the two models were close at large
canopy widths The cascading model underestimatec soil evaporation at small canopy
widths, but it overestimated ¢ at large widths. The main reason for this disagreement is the
different algorithm of water redistribution used in the two models

Conclusions and recommendations

A two-cdimensional energy interception and soil water balance model was developed
(objective 1) The model was fully validated for deciduous trees (objective 2) using data
obtained in field trials on peaches and Leucaena fodder trees (Hatfield experimental station,
University of Pretoria). For model validation in evergreen citrus orchards (objective 3), data
obtained in field trials set up at the Syferkuil expenmental station (University of the North)
and on two commercial farms in Brits were used. The development of a core of irrigation
expertise at the University of the North (objective 4) and the supply of equipment to the
University of the North for research and training (objective 5) were also achieved

The two-dimensional energy interception and soil water balance model was developed by
the research team and included in the Soill Water Balance irnigation scheduling model. A
simpler model. based on the FAO crop factor approach and a cascading soil water balance,
was also developed 10 enable users 1o predict crop water requirements with a limited set of
input data. The SWB model is written in Delphi v. 5.0 (Inprise Corp.). and is available for use
with Windows 95 on an IBM-PC or compatible computer. The minimum requirement is 16
Mo RAM and a CO-ROM drive

The FAO-based model and the cascading soil water balance were calibrated for first leaf and
second leaf peaches at Hatfield

The two-dimensional mocdel was fully validated for deciduous orchards using data obtained
in Hatfield. For model valication in evergreen citrus orchards, data obtained in field trials set
up at Syferkuil and Brits were used.

Irregular trunks and branches could cause inaccuracies in predictions of the energy balance
At low values of leaf area density, the shade from trunks and branches is not accounted for
in the SWB model The subroutine splitting total solar radiation into diffuse and direct
radiation should be tested further. The relative importance of non-symmetric canopy shape




as opposed 1o non-uniform leaf distrbution should also be investigated. It would also be
interesting to test the model for condtions where the canopy has a shape of an ellipse with
the bottom part cut off, or with canopias that do not have an elliptical shape at all.

Concerning evaporation. mode! predictions matched the measurements made with micro-
lysimeters less accurately This may be due to errors in both the micro-lysimeter
measurements of evaporation and in the model predictions. It appeared important to
measure air relative humidity in orchards and use it as input in order 1o predict soil
evaporation accurately

The major difficulties encounterec in the validation of the soil water balance were due 10
spatial variability of soil properties and disturbance of the soil when the waler status
monitoring sensors were installec Carefu! installation is therefore recommended for sensors
that give localised measurements like those used in this study (heat dissipation sensors and
TOR probes)

The successful validation of the two-dimensional energy interception and soil water balance
mode! opens the opportunity 1o develop a useful yield predictor and productivity efficiency
measure If one knows the canopy to fruit ratio

As demonstrated with data from the peach trial at Hatfield. soil or cover crops between rows
can also have a large effect on the efficient use of rainfall. and this could be further
investigated

Although not common, it is practiced on cenain commercial farms to irrigate orchards with
drip irngation systems several imes during the day. This imphes the need for an hourly time
step model in order to accurately predict the soil water balance.

The two-dimensional energy and soil water balance model is primarily meant to be a real-
time, irngation scheduling tool for commercial orchards Results from this study should guide
irrigation scheduling consultants extension officers and farmers to more efficiently use
scarce water resources on high value tree crops The two-dimensional model, however, can
also be used for planning purposes as demonstrated in the scenario simulations. The
mechanistic canopy radiation interception routine which has been shown to be very accurate
wil make it possible to evaluate the effect of row onentation and spacing as well as the
effect of wetted diameter and pruning practices on water use.

The biggest contribution of this mocel is likely to be the quantification of the contribution that
rainfall can make to crop water use by taking the non-irrigated inter-row soil reservoir into
account. It is recommended 10 accurately estimate the root fraction in the wetted and non-
wetted volume of soil by digging a trench across the row, taking core soil samples and
determining root densities.

The two-dimensional energy interception and finite difference soil water balance model s
expected to be more accurate than the cascading soil water balance, due to the sound
physical principles on which it i1s based The mechanistic detailed approach could give
guidance with respect 1o the magnitude of errors made by using simpler. more empirical
approaches However, the two-gmensional model will also require more Input parameters
compared 10 the simpler cascading mocel. In particular, the most difficult parameters 10
determine will be the leaf area censity for the radiant energy interception part due 1o the cost
of the instrumentation. and the hydraulc conductivity for the soil part due to the specialised
knowledge and scientific equipment required. On the other hand. the cascading model
requires calibrated FAQ crop factors in orcer to reascnably partition evaporation and
transpiration. It would be interesting ‘0 compare the cascading and the two-dimensional soil
water balance models against field measurements in order 10 determine the level of
accuracy in predictions




During this project, two user-friendly tools have also been developed, the ETo and HDS
calculator. The ETo calculator was developed as a stand-alone tool for the caiculation and
database storage of the Penman-Monteith reference evapotranspiration (ETo). It can aiso be
used to check what weather measurements can be omitted without expenencing large errors
in the estimation of ETo at a particular site. This should facilitate the application of SWB in
combination with a weather station. and improve the accuracy of model predictions. The
HDS calculator was indispensable for processing data cbtained from heat dissipation
sensors, which were used to estmate soll matnc potential in the field trials. The HDS
calculator was used for individual calidration and temperature correction of sensor readings

Capacity building and technology transfer
This project had a strong capacity building and technology transfer component

Mr N Du Sautoy, Senior Lecturer from the Faculty of Agriculture (University of the North,
UNIN). completed his capacity building component. Within the Department of Soil Science at
UNIN, a course on irrigation scheduling based on the principles included in the SWB model
is now presented The Department of Soil Science (UNIN) also organized a workshop on
irrigation scheduling basec on the principles included in the SWB model, where the
participants were mainly students from the Northern Province. During the installation of the
equipment at the Syferkull expermental farm (UNIN), a large group of students from the
University of the North was trained in the theory and application of the techniques used. The
Faculty of Agriculture (UNIN) has been equipped with instrumentation of the total value of
about R 185,000

Mr NS Mpandeli, an M. Inst. Agrar. student at the Dept Plant Production and Soil Science
(University of Pretoria), was trained and employed as Research Assistant on this project. He
attended courses, workshops and conferences, and visited the Oklahoma Climatology
Survey Institute (USA) for a training period of 28 days.

Results from this project should guide irrigation scheduling consultants, extension officers
and farmers (commercial concerns and emerging commercial black farmers) in the more
efficient use of scarce water resources on high value tree crops. The SWB model was
presented and demonstrated to OTK and the South Afnican Irrigation Insttute Cooperation
was established with Infruitec (Stellenbosch) and the University of Stellenbosch Several
conference presentations and papers emanated or will emanate from this project.
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(MJ m~ d”"), sunshine hours (h), wind speed (m s”'), vapour pressure (kPa),
dew point temperature (*C), minimum and maximum relative humidity (%).
and dry and wet bulb temperature (*C).
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w Solar zenth angle (°)

W Soil water potential (J kg ')

¥, Air entry potential (J kg ')

Y.  Soil matric potential at field capacity (J kg ')

Y., Leal water potential at maximum transpiration. generally occurring in the early
afternoon hours (J kg ')

¥,  Soil matric potential (J kg™')

Yeur Soil matric potential at permanent wilting point (J kg™')




CHAPTER 1
INTRODUCTION

Probiem

The interest in crop modelling started after the introduction and populansation of computer
technology, which faciltated the dynamic simulation of complex natural systems (Sinclair
and Selgman, 1996). Several crop models were described in the Agronomy Monograph No.
31 (Hanks and Ritchie, 1991). Advantages and disadvantages as well as research needs
were discussed in this publication. Crop models have been developed with different levels of
complexity depending on the specific requirements (Whisler et al., 1986). The most common
applications are in imgation management and planning, fertiisation and herbicide
recommendations, pollution prevention, soil erosion impact and control, pests and disease
forecasting, as well as yeld prediction and risk management. In particular, crop growth and
soil water balance models for irmgation scheduling are popular at locations where water is a
limiting factor for crop production (Bennie et al., 1988; Smith, 1992a; Crosby, 1996;
Annandale et al., 2000). For irngation scheduling purposes, models should simulate growth
and development of the crop well Several mechanistic irngation scheduling models are
available (Campbell and Stockle, 1983, Singels and de Jager, 1991a, b and c; Hodges and
Ritchie, 1991). Mechanistic crop growth models require, however, specific crop growth input
parameters, which are not readily available in particular for trees.

In simulating crop growth and the field soil water balance, many models use canopy radiant
interception for two purposes: a) to determine the photosynthetic rate and dry matter
production from the amount of energy intercepted by the crop canopy (Monteith, 1977), and
b) to estimate soil water evaporation and crop transpiration from the amount of energy
available for these two processes (Ritchie, 1972). Canopy radiant interception represents the
fracton of solar radiation available to the crops. In the horizontal planar interception
encountered in agronomic, vegetable and pasture crops, which cover the whole surface area
uniformly, this can be quantffied in one dimension as the fraction of ground covered by the
canopy (canopy cover).

Tree hedgerow crops are planted in widely spaced rows to allow access between trees to
carry out necessary management practices (e g. pest control and harvesting). Distribution of
energy is not uniform in widely spaced crops. The one-dimensional assumption could
therefore lead to serious inaccuracies caused by adjacent row shading, which depends on
solar and row onentation, tree size and shape, as well as slope and land aspect. The
amount and spatial distribution of intercepted solar radiation will influence evaporation and
transpiration, which must be quantified.

In addition, localised imgation is often used for tree crops to reduce system installation
costs. Localised irrigation (micro- or drip) used in orchards only wets a limited area under the
canopy of the trees so evaporation from the surface is not uniform. This must be taken into
account in modelling the water balance by simuialing shading of the wetted portion of the
ground. The lack of radiant energy in the shaded portion of the row may limit evaporation,
whilst dry soil may limit the process between the rows. Interception of rain by trees is also
channelled down the stem and drips from the edge of the canopy so rain is also not evenly
distributed at the surface. Root density vares with depth and with distance between the rows
so water uptake for transpiration will also vary in two dimensions. It is important to quantify
water uptake between rows in order to estimate the effectiveness of rain and the competition
for water from cover crops or weeds growing between rows. It is also essential to take into
account the kmited volume of soil wetted under micro-irngation or ts capacty will easily be
exceeded with a standard one-dimensional approach, leading to undesirable over irngation
in the wetted zone, and possibly crop stress due to too long an irngation interval.




in order to accurately estimate canopy growth, water balance and yweld, #t is therefore
essential to model canopy radiant interception and soil water balance of hedgerow tree
crops in two dimensions and on an hourly ime step, based on sound physical principles

Background

Campbell and Diaz (1988) published a simple soil water balance model to predict crop water
use. Two outstanding features of this model were:

) Keeping the model simple with minimal soil, plant. and atmospheric data
requirements; and

i) Developing the model on sound physical and physiological principles (referred to
as mechanistic) as opposed to an empincal approach.

Annandale et al. (2000) tested the model on green peas Based on the results, t was
decided to:

i) Further develop the program's user fnendliness and practcalty, and

i) Determine the necessary crop parameters for other irrigated crops in South
Africa.

This materiaksed in the development of a simple, but mechanistic, generic crop growth and
soil water balance model (SWB) for imgation scheduling under full and defict irrigation
(Annandale et al., 1999). The SWB model was mainly developed for predicting real-time soil
water defict of field crops with a one-dimensional canopy light interception and water
redistribution procedure.
There is lack of suitable tools to mechanistically descnbe the energy and soil water balance
of tree crops. Due to the importance of fruit crops, on the export as well as local markets, it
was decided to improve the SWB model by incorporating a two-dimensional system for use
in hedgerow plantings.

Objectives

The objectives of this project were.

1) To develop a two-dimensional frut tree water balance model that takes into
account the unique fractional interception of solar radiation associated with
hedgerow orchards as opposed to the horzontal planar interception encountered
In agronomic crops.

W) To venfy the model for deciduous fruit trees using peaches as an example.
i) To venfy the model for evergreen fruit trees using citrus as an exampie.

) To develop a core of irmgation expertise, within the University of the North,
Faculty of Agriculture, to be of service, in collaboration with the National
Community Water and Sanitation Training Institute, 1o agriculture in the Northemn
Province.

v) Over time, t0 equip a centre at the University of the North to have the capacity to
conduct irngation research and train students in the use of these techniques.

Approach

An extensive |terature search was camed out on two-dimensional energy and water balance
modeils. In this report, no separate Chapter on Iterature review is included. References are,
however, presented in the vanous Sections as applicable

The two-dimensional energy and soil water balance model was developed during the visit of
the study leader to Washington State University. Verification of the model comprised the




inspection of the intenal consistency of the model and its software implementation
(CAMASE. 1995)

According to the guidelines of CAMASE (1995), the usefulness and relevance of a model
needs to be established for the specific purpose for which it was developed Also. validation
should be representative of the situations in which the mode! is to be used. Validation of the
model presented in this study was therefore carried out for a wide range of conditions (row
orientation, period of the year and canopy density), and for both deciduous and evergreen
tree crops.

For this purpose, two field trials were set up. The first tnal was established in a peach
orchard on the lysimeter facities at Pretona University's expenmental farm. This would
provide a site where detailed observations could be easily recorded to validate the SWB
model for deciduous trees. The second trial was established in a citrus orchard at the
Syferkuil experimental farm of the University of the North. This was the site where measured
data were collected to validate the SWB model for evergreen trees. During the course of the
project and for the purpose of valdating the energy interception model for different
conditions (tree size and shape, row onentation etc.), an additional tnal was carned out on
Leucaena fodder trees in Hatfield. Contact was also made with private farming enterprises
and two field trials were carned out in Brits on citrus farms.

Although the vahdation was done only for some orchards, the model could be applicable to
other orchards and condttions provided that correct input parameters are used.

CAMASE (1995) also suggested that, if the subject of the model is too large for regular
valdation, the model is to be divided into sub-models that are separately validated. For this
reason, the two-dimensional energy interception and soll evaporation components were
validated separately. The crucial interactions between the model components were
integrated in the validation of the two-dimensional soil water balance model, which uses the
energy interception and soil evaporation sub-modeils to spit evaporation and transpiration.

This report firstly presents the theoretical description of the two-dimensional energy
interception and soil water balance model for hedgerow tree crops, developed to achieve
objective i) (Chapter 2). A simple, quasi two-dimensional cascading soil water balance model
based on the FAQ crop factor approach is also presented.

Chapter 3 describes matenal and methods of the field trials used to validate the model.
Chapter 4 presents the validation of the two-dimensional energy interception and soil water
balance model for decduous and evergreen trees (objectives i) and i), as well as the
calibration of the simple FAO-based cascading mode! for peaches, including the most
relevant field observations.

Scenanc simulations were then camed out to perform logical sensitivity analyses. According
to the defintion of CAMASE (1995). logical sensitivity analysis is the effort to establish by
inspection of results whether the model is sensitive to changes in input.

The capacity buiding and technology transfer actions carried out in order to achieve
objectives iv) and v), are presented in Chapter 7




CHAPTER 2

MODEL DESCRIPTION

Two types of model were developed for hedgerow tree crops durnng the course of this
project and included in SWB.

1) A two-dimensional energy interception and soil water balance model. and
i) An FAQO-based crop factor model,

The first model calculates the two-dimensional energy interception for hedgerow tree crops,
based on solar and row onentation, tree size and shape, as well as leaf area density. A two-
dimensional soil water redistribution is also calculated with a finite difference solution. This
model is based on sound physical principles, but it requires centain input parameters that are
not always easy to obtain (e g. leaf area density and soil saturated hydraulic conductivities).

A second simpler model, based on the FAQ crop factor approach, was therefore developed
to enable users 10 predict crop water requirements with limited input data. This model
includes a semi-empirical approach for partitioning above-ground energy, a cascading soil
water redistribution that separates the wetted and non-wetted portion of the ground, as well
as prediction of crop ywids according to the CROPWAT model developed by the FAO
(Smith, 1992a).

In this chapter of the report, the theoretical description is presented for both models
2.1. Two-dimensional model for hedgerow tree crops (SWB-2D)

2.1.1. Two-dimensional energy interception mode!

The radiation interception model described here is based on the work of Chares-Edwards
and Thomnley (1873) and Charles-Edwards and Thorpe (1876). The model assumes leaves
to be uniformly distibuted within an ellipsoid, and radiation penetrating the canopy is
attenuated according to Beer's law. Fractional transmission of radiation () through a canopy
can be described as follows:

rme™ (2.1.1)

where k 1s the extinction coefficient that represents the honzontal projection of leaves
relative 10 one sided leaf area as defined by Campbell and Norman (1998), and | is the leaf
area index. The transmission of radiation to a centain point on the ground will clearly depend
on the distance (S) within the canopy through which the beam travels. Norman and Welles
(1983) showed that

{
cos ¥
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where p. is foliage density (m” leaves m™ canopy). S in metres is the path length of radiation
through the canopy, and y is the solar zenith angle. Campbell and Norman (1998) denved
the extinction coefficient for leaves with @ sphencal leaf angle distnbution, which is a good
approximation for mest canopies:

|
[ - 2.1.3
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The transmissivity caiculated in Eq. (2.1 1) now becomes
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t=e (2.1.4)

where the absorptivity of leaves for solar radiation (u) equals 0.5 and this term takes
radiation scattenng (transmission and reflection) within the canopy into account. The same
Eq. (2.1.4) can be used for photosynthetically active radiation (PAR, 0.4-0.7 um) by setting a
to 0.8 and to 0.2 for the near infrared range (NIR, 0.7-3 um).

In order, therefore, to determine the spatial distnbution of sail irradiance, the canopy path
length through which the radiation must travel to reach a certain point on the soil surface
must be calculated. A method to calculate this path length, based on Charles-Edwards and
Thornley (1873), describes an elipsoidal tree canopy surface as follows:

i?-i;+f_:=; (21.5)

where x. y and z are the Cartesian co-ordinate axes, and a is half the width, b half the depth
and ¢ half the height of the tree canopy. An ellipsoid is very versatile as many different
shapes can be generated by adjusting a, b and c. For a hedgerow canopy, however, the
dimension b can be made very large so the y° /b ” term tends 1o zero and can therefore be
neglected. Also, in order to lift the ellipsoid above the ground surface the vertical axis needs
to be offset and Eq. (2 1.5) becomes:

il -———- -] (2.1.6)

with z, the distance between the soil surface and the centre of the canopy This is illustrated
in Figure 2.1,

In order to determine the diffuse transmission coefficient, S needs to be evaluated for all
azimuth (0) and elevation angles (0,,). If Q (x,, y.. Z;) denotes the position where the ray
penetrates the canopy, and P (x,, y;. Z,) the point where the ray is intercepted on the soill
surface, then:

b B (21.7)
sinf)_cos¢  cosd,,

If N (x.. y.. Z,) denotes the lower surface of the canopy where the ray exits, then the path
length S through which the beam travels and along which it can be attenuated is given by:
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This 1s schematically presented in Figure 2.2. z, and z, can be determined by rearranging
Eq. (2.1.7) to give an expression for x, which can be used to eliminate this term by
substitution in Eq. (2.1.6). This results in a quadratic equation in z, of the form:

w, +vz, +w=0 (2.1.9)
where the coefficients are:
u=c'sin"@cos’ ¢+a’cos” 6 (2.1.10)

Ve Z[c: sin & cosfl cosgr, — a” cos” 6z, ] (2.1.11)
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If a ray from a particular direction penetrates a row, the height of entry into the canopy Z,
and that at which tt exits the canopy z, are given by the roots r, and r; (ry = r;) of Eq. (2.1.9)
If the ray misses the canopy the roots will be imaginary.

The model also makes provision for elliptical shapes with the base pruned (Figure 2 2). If the
base of the canopy is cut off at a height z,. an additional condition is added to descnbe the
canopy shape:

zZ22% (2.1.13)

Three cases can then be distinguished:
- Case 1:r, 2 2, and r; > z,. Both roots belong to the canopy: z,=r. and z.=r;

- Case2r 22z andr; <2z, Rootr, belongs to the surface of the canopy but r;
is below the cut base: z_=r,, z.=2,

- Case 3. 1, <z, (and therefore r; < z,). The ray misses the canopy.

Radiation can penetrate neighbouring rows so more than one row needs to be considered.
In this model, two rows on either side of the simulated row were considered (Charles-
Edwards and Thorpe, 1976). Eq. (2 1.6) then becomes:

(x=nh)y (z-z,r
— .

= | (2.1.14)
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with n the row number from 0 to 4. and h the row spacing. This is illustrated in Figure 2.3,
and the soil surface over which radiant transmittance is calculated is also shown. If a ray
penetrates more than one row then S will be the sum of the individual path lengths through
each canopy.

It is essential that beam or direct radiation and diffuse radiation be treated separately. as
they will interact differently with the canopy. Weiss and Norman (1985) gave an example for
a canopy with a leaf area index of 2 that would typically have a diffuse transmittance of 0.25
but direct beam transmittance could vary from near zero 10 0.4 depending on solar zenith
angle. A daily diffuse transmission coefficient (1) is calculated by determining the path
lengths of radiation penetration through the canopy for all azimuth and zenith angles. 1, is
therefore dependent only on tree size and canopy density. Diffuse and beam radiation are
not usually measured separately so it is necessary 10 estimate the relative contnbutions of
these two components from measured global radiation. The method of Weiss and Norman
(1985) has been followed, where diffuse and direct beam radiation for the PAR and NIR
wavebands are estimated from total incoming solar radiation. They developed relationships
for potential values of direct and diffuse PAR and NIR from clear day experiments. The ratio
of actual measured to potential measured radiation is then used to estimate the proportion of
direct and diffuse radiation in these two spectral bands.

As illustrated earlier, the attenuation of beam radiation by the canopy is strongly dependent
on zenith angle, and for crops planted in rows, azimuth angle and row onentation will also be
crucial. Elevation and azimuth angles can be calculated from latitude, solar declination that
depends on day of year. and time of day (Campbell and Norman, 1998). Before the length of
canopy through which radiation penetrates can be calculated, azimuth angle needs to be
adjusted to take row onentaton into account. Azimuth angle is calculated in degrees
clockwise from N, so E is 90°, S is 180° and W is 270°. The X-axis must always be oriented
perpendicular to the row direction for these simulations.




Required inputs

input data required to run the two-dimensional canopy interception model are. latitude,
standard mendian, longitude, daily solar radiation, row width and onentation, canopy height
and width, stem height and distance to the bottom of the canopy, extinction coefficient,
absorptivity and leaf area density. Extinction coefficient can be assumed to be 0 5 for leaves
with a sphencal leaf angle distribution. Absorptivity of leaves for total solar radiation can also
be assumed to be 0.5. The most difficult input parameter to estimate is the leaf area density.
Ouring the course of this project, a method for the estimation of leaf area density was
developed using the LAI-2000 plant canopy analyzer (Li-Cor. Lincoin, Nebraska)

A flow diagram of the two-dimensional energy interception model for hedgerow tree crops is
shown in Figure 2.4 The source code of the energy interception model written in Delphi is

given in Appendix A.
2.1.2. Spatial distribution of soil evaporation

The model calculates the spatial distribution of evaporation at the soil surface in two steps.

i) Potential evaporation at each node (PE)) is estimated by applying the Penmann-
Monteith equation (Allen et al., 1998). using radiation estimated locally as input

i) Evaporation from the soil surface at each node (E)) is calculated as a function of
potential evaporation, air humidity h., and humidity of the soil surface h (given by
the two-dimensional model of soil water redistribution, explained in Section
2.1.3), according to Campbell (1985):

-h, )

(l-h)

E, = PE (2.1.15)

where h, and h, are the canopy humidity and the humidity of the soil surface at node |
respectively.

The surface humidity depends on the soil water potential ‘¥, (J kg') at the surface and is
calculated after Campbell (1977) as:

- exg MY )
i —cx;{ RI'J (2.1.16)

with M the molar mass of water (0.018 kg mol '), R the gas constant (8.314 JK ' mol')and T
the Kelvin temperature.
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Figure 2.2 Schematic representation of ray passing
through the tree canopy. S is the path length, 0, is
the elevation angle, Q is the position where the ray
enters the canopy, N where it exits and P where it is
intercepted on the soil surface. Three cases are
shown: (1) both Q and N are on the elkpsoidal part of
the canopy, (2) N is at the base of the canopy, (3) the
ray does not intercept the canopy

Figure 2.1. Three-dimensional
representation of a tree. c is half
the height, a half the width and b
half the depth of the canopy. Z, Is
the height from the ground to the
centre of the canopy, and z, the
height of the base of the canopy.

Figure 2.3. Schematic illustration of the system simulated. n is the tree row number, h is the
row spacing, x, y and z the caresian axes, and the soil surface over which radiant
transmittance is estimated is between 3/2h and 5/2h.
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213 Two-dimensional finite difference soil water balance mode/

2.1.3.1 The sol profile

In order to simulate two-dimensional water movement in the soil, a gnd of nodes had to be
established. This nodal system is set up like the one in Campbell (1985) with | representing
the vertical position of a node and ) the horizontal postion. This divides the soil into a
number of elements Each element is referenced by the node reference of the upper left
corner of the element. This is illustrated in Figure 2.5

[ 1 |
-1, 31 Ll =1y
' ; l ' Properues e i
_ Element [i-1, 5-1) ‘ b,V K,.9_p
- -- A - ".‘
i j=1 ‘ L) | L1l
| ul ur
[ Ir l
- - R —

1+1, -1 1+1. ) i+, j+I1

Figure 2.5. The two-dimensional nodal system. Element [ij] has been divided into quarters:
ul (upper left); ur (upper nght). Il (lower left) and Ir (lower right). Element [i-1, j] shows the soil
properties which are fixed for a particular element: b is the slope of a log-log water retention
function; ¥, the air entry potential; K, the saturated hydraulic conductivity; p, is bulk density
and 6, the saturated volumetnc water content,

The distances between nodes are selected so that model output can easily be compared to
field measured values. Each element has its own physical properties, so this scheme allows
vanation in soil properties in two dimensions. The properties referred to are bulk density (p.).
the Campbell ‘b’ value or slope of a log-log water retention function, the air entry potential
(V). saturated hydraulic conductivity (K,) and the saturated water content (0,). A fixed set of
properties for element [i =1, j] can be seen in Figure 2 5, as can the division of element [i, j]
into quaners labelled ul (upper left), ur (upper nght), il (lower left) and Ir (lower right). The
reason for this division will be explained in the next section

The soil bulk density values used in this model were based on field measurements. These
values were used to estimate saturated volumetnc water contents using Eq. (2.1.17).

6, =1 (21.17)
2,

where p, is particle density, assumedto be 265 Mgm .
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The Campbell ‘b’ value, ar entry potential (‘V',) and the saturated hydraulic conductivity (Ks)
are determined from water release curves (Campbell, 1985):

pe ¥, Vo) (2.1.18)
In@, . 6,_.)
( ”k \'
Y=Y - (2.1.19)
\ s J
)
[ = OTW (2.1.20)

The soil matric potential at field capacity (‘V'y.) and permanent wilting point (‘V,.), as well as
the volumetric soil water content at field capacity (6,) and permanent wilting point (6,,,) are
model inputs.

The complete grid system used in this model can be seen in Figure 2.6. The soil profile is
enclosed by the heavy solid line and all nodes falling outside the profile are there merely to
generalise the flux equations. Symmetry planes are assumed to occur mid way between two
rows on either side of the hedgerow and no water flux is allowed across these planes. The
distances between nodes should be selected so that model output can easily be compared
to measured data.
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Figure 2.6. Nodal grid system showing symmetry planes and hedgerow. The soil layers for

the cascading model are also represented

2.1.3.2 Two-dimensional water flow

The model redistributes water in the soil in two-dimensions using a finite difference solution
to Richards’ continuity equation for water flow. The two-dimensional differential equation for

water flow 1s.
13 .H )

b
-

=83

CA

cS

+8

(2.1.21)
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The left hand side of the equation represents the change in water storage with time, and for
mass conservation this must equal the difference between the influx and outflux of water
plus any changes in storage due to a sink term. The density of water p, is 1000 kgm~® 6 is
volumetric water content, and t is time in seconds. The horizontal coordinate x is paraliel 1o
the soil surface and perpendicular to the row direction (y), and z is the vertical coordinate.
The hydraulic conductivity K (kg s m~), is a function of matric potential ¥ (J kg') and is
expressed by Campbell (1985) as

'4 "
(v
K =A'.»{ —J Wy (2.1.22)

K =Ky ¥ =Y (2.1.23)
with n an empirical constant related to the slope of the water retention curve

=2+ 2124
n 3 ( )

The flux of water due to gravity g (9.8 m s7) is taken into account in the term -g(6K/6z). The
sink-source term S includes evaporation, infiltration and crop water uptake. Some of the non-
linearity of Eq (2.1.21) can be reduced by using the Kirchhoff transform, which defines a new
varnable @, the matrix flux potential. Campbell (1985) defined this variable as

>
®= j’f.ww (2.1.25)

Substituting Egs. (2.1.22) or (2.1.23) and integrating gives

AY

®- Wy (2.1.26)

L
|=n

4

®=Ko "l‘-‘!',J Yy (2.1.27)
\1=n

wth®inkgm's".

The two-dimensional continuity equation expressed in terms of matrix flux potential is

S D
L o WV (21.28)

- - 2 a
o Cx oz o

In difference form

(©,u-P, 0,0, (Ouy-®, O,-@,, . . )

’.x l . ' . A‘ = : . - N - . ; —”(k:.;-ki-h“
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The volumetric water contents at the beginning and end of the time step are 6 and 8" "
respectively Campbell (1985) related volumetnc water content to water potential as follows

. -1 8
g=0/ .‘{" | Wy (2.1.30)

The time averaged matnix flux potential @ 1s given by
O=6 Y=Y (2.1.31)

G=nd" " (1=K lz2nz0 (2.1.32)

Redinger et al. (1984) report that with non-linear flow problems, a backward dfferencing
scheme gives the best results. ie. n =1

The difference equation denved is similar to the one used by Redinger et al (1984). This
form of equation can be used if the soil profile to be modelled is isotropic. If, however, soil
variaton is 1o be taken into account, an approach like that of Ross and Bnstow (1990) needs
to be taken because matrix flux potential, ike water content, is not continuous across
textural discontinuties. In the one-dimensional model of Ross and Bristow (1290) nodes
were placed at textural discontinutties and two matnx flux potentials were calculated for each
node. The matrix flux potential, and also volumetric water content and hydraulic conductivity
would depend on the soil properties of the element and the potential at the node. This is
illustrated in Figure 2.7 for element [ i, j ].

The four-quarter elements surrounding a node can be seen as a control volume to which the
continuity equation is applied. Taking two-dimensional soil vanation into account results in
eight flux equations, which are illustrated in Figure 2.8,
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Figure 2.7. Detail of element [i j ] (see Figure 2.5), with K, 6 and @ caiculated for each
quarter (ul, ur, Il and ul). For demonstration purposes, nodes [ij] and [ij+1] are below V',
whilst nodes [i+1,)] and [i+1 j+1] are above ‘¥,
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Figure 2.8 Control volume [ i, j] illustrating the eight water fluxes
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The fluxes have been named upper nght (UR) x and z. upper left (UL) x and z, lower right
(LR) x and z and lower left (LL) x and z. The difference form of these equations follows with
postive values representing fluxes into the control volume.

(o1, -on_. Nz -Z.)

URx = (2.1.33)
Ax,.,-Xx,)
(Dwr, ~@ul, N2, -2,)
LRx = — (2.1.34)
AX,., -X,)
@l - Dl Z, -2
: "7.\' _ ( [ R | " W l)( ] ' I) (2 135)
oy~
o ow,, -dur, NZ,., -2,
Lix = (2.1.36)
o, -]
®Qul,, ~-®il,, WX, -X,) g K, (X, -X
{'[C=l by ) i+l / ‘L u‘l,i rel v) (2137)
Z(Zt - Zr l) -
&l ~dul, )X, -X y Kl (X, =X
LR:-':( " u.,)( i+ ,) - 4“ ua.;(-’ pel /) (2138)
2(2401 -zn) =
e o O~ Ol )X, -X,L) g K 11(-\, -X,.) o
2(21 . Zt l) -
o (@ir,, - ®w,, )X, -X,,) g K, (X -X,) —-
Az.,-2) 2
oo -0 Nx,_-x Nz.,-2.)
AS = - (274”

4\

Note that the vertical fluxes include gravitational components. The change in storage AS, is
given in difference form since the volumetric water content, 6, is the weighted average

water content for the control volume [i, j].
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The mass balance error MBE is given by:

MBE = URx + LRx + Ulx + LLx + URz + LRz + ULz + LLz - AS + Infitration - Evaporation -
Plant uptake

(2.1.43)

Infiltration and evaporation will be discussed later. Plant water uptake (i.e. transpiration)
depends on canopy radiation interception, atmospheric evaporative demand, and root
weighted matnic potential. The mechanistic, supply- or demand-limited approach is explained
in detail by Annandale et al. (2000). The aim is to find the matnc potentials that will cause
the mass balance error to be negligible. This is done using the Newton-Raphson procedure
as described in Campbell (1985). This requires taking the derivatives of all the terms in Eq.
(2.1.43) with respect to matric potential. These derivatives follow:

SURx -kl (Z,-Z,,)
v, iy -x,)

(2.1.44)
aLRx - Kul, (Z,,-Z,)
N2 oy -—v
¥ 2Ax,.,-x,) (2.1.45)
outx -Kir,, (Z,-2Z,)
p g AX,-X
v, oAx,-x,,) (2.1.46)
oLix _—Kur, \Z,.,-2,)
s Y P
o, 2Ax,-x,,) (2.1.47)
Ry KX -X,
clUR: - J J*i J ) (21 48)
N' J 2(21 = zl 1 )
aLr= - Kul, (X, -X,) glx,, -X,) oku, (2.1.49)
N}.J - 2(zul -Zo) 2 N') .
arn. -Kir. X -X
((1,.; ,.,n( 4 ) (2.1.50)
NI_} 2(2,—l'|,
aLLz —Kur, (X,-X,) glX,-X,) oKur, (2.1.51)
Nl ] - 2(Za'l = Z:) 2 N" J -
(7.\‘ ‘E:"\‘ ((“.;ol o '\’- ,lzl" - Z' I)\
.y | ' (2.1.52)
(7‘!’, f ('."l’, § \ 4\’ J
The denvative of the hydraulic conductivity is:
oA - nk Y<p, (2.1.53)




ok

(‘(‘ ’

=0 Wy (2.1.54)

While the differential water capacity is
0 -0

=— Wy (2.1.55)
in N )
%{:0 Ve (2.1.56)

The control volume differential water capacity is also caiculated as a weighted average The
dervatives of the sink terms will be discussed later. The sum of all the derivatives at node |, |
is AMBE /3, and this is used to improve the estimate of ¥ in the Newton-Raphson
procedure using:

MBE

Y, =
" OMBE, 1%,

(2.1.57)

J

with A'¥ to be subtracted from ‘¥, . Ross and Bristow (1990) found the slopes ¢MBE_ /¥ far
from the solution so gave poor estimates of the changes in potential actually needed. They
suggest restricting the value of A to 0.8 'V, for values of 'V, below an arbitrary cut off value
of -0.1 J kg”'. The cut off value is necessary to avoid the limit for change approaching zero
as 'V, approaches zero. The cut off value was set to -0.01 J kg™ in this model

2.1.3.3 Upper boundary condition

The soll surface loses water to the atmosphere by evaporation and gains water by
infiltration.

Infiltration

A precipitation or irmgation in mm is converted to a flux in kg m” s by dividing by the time
step and multiplying by the honzontal distance, x, over which the water fell. The infiltration
does not have to be uniform over the surface.

Non-uniform infiltration is especially important in very coarse soils where lateral redistribution
is ikely to be limited, or in the case of micro-imgation.

Evaporation

As with the infiltration flux, it is necessary to multiply the evaporation by the honzontal
distance over which it occurs (Surface) in order to get an evaporative fluxinkgm's ™

(h, - h.)

E=PE
(1-4)

Surface (2.1.58)

where h, is the soil surface humidity and h. is the canopy humidity. The two-dimensional
radiation interception model enables the distibution of energy at the surface.

The denvative of this flux with respect to water potential £/ is needed for the Newton
Raphson solution and is calculated as

2 Mh ART
G _ py- Mh, (RT)

— Nurfuce 2.1.59
ap (- ) ace ( )
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2.1.3.4 Lower boundary condition

Two lower boundary conditions can be chosen in the model:

i) A gravity drainage lower profile condtion is created by setting the lower matrix
flux potentials of the bottom elements equal to the upper matrix flux potentials.
The only driving force for downward movement of water is then gravity. This
condition is typical for well-drained soil.

i) A zero-flux lower boundary can be established by setting the upper conductivities
(Kur and Kul) of the bottom element to zero. This would simulate an impermeable
layer.

These two boundary conditions can be used 1o test the model. Infitration and evaporation
can be excluded and redistnbution of water in a wet profile simulated. The no-flow lower
boundary condition should result in water collecting at the bottom of the profile and a untt
gradient in matric potential ‘¥,, developing (ie. 0.1 J kg' decrease in potential per cm
increase in height above the bottom). The gravity drainage lower boundary condition should
result in a fairly unform matric potential with depth, with ‘¥, decreasing over time. The
honzontal fluxes can be tested by wetting one side of the profile and monitonng redistribution
with gravity set to zero. A uniform wetting front should be seen to be moving across the
profile with no vertical movement of water

2.1.3.5 Model stability

In the calculation of soil water redistribution, the aim is to solve the Richards' equation (Eq.
2.1.21) with the Newton-Raphson iterative procedure for each control volume, and assign
new values of equilibrated soil water potentials to each node in the gnd. The acceptable
solution to Richards' equation is the one which causes the mass balance error of the soil
water balance to be negligible (Eq. 2.1.43). In SWB-2D, equilibrium in soil water potentials is
assumed to occur when MBE # 0.0000003. However, conditions may occur when equilibrium
in soil water potentials cannot be achieved. The simulation is then interrupted and a waming
message appears, which indicates that the maximum number of terations has been
reached The maximum number of terations is 20000. The simulation can be resumed by
the operator, but this may cause considerable mass balance errors.

Two specific causes of non-convergence can be singled out.

i) The horizontal (7x) or vertical (7z) distances between nodes are too big. This may
cause large differences in soil water potential at adjacent nodes and equilibrium
conditions may not be reached, in particular if nodes have different soil water
retention and hydraulic characteristics. The model calculates unsaturated
hydraulic conductivity as a function of soil matric potential (Eq. 2.1.22), and uses
the anthmetic average hydraulic conductivity between two adjacent nodes to
caliculate the soil water flux between the two nodes (Eq. 2.1.25). Due to the non-
lineanty of Eq. 2.1.22, the use of average conductivity could cause large errors if
the distances between nodes and the differences in nodal water potentials are
large, in which case a weighted average unsaturated hydraulic conductivity would
be more sutable This problem can be overcome f the operator selects smaller
distances between nodes.

)} The time step (&) is too big. Large upper boundary fluxes (infiltration or
evaporation) could cause large differences in soil water potential at adjacent
nodes and equilibium conditions may not be reached. This problem cannot be
overcome by the operator. The model could be improved by including an hourly
time step, where smaller upper boundary fluxes over shorter time pernods could
be used as input.
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it would be interesting to carry out a sensiivity analysis to determine the effect of 7x. 7z and
™ on soil water redistribution. It would alsc be interesting to assess the effect of assuming
the arithmetic mean hydraulic conductivity between two adjacent nodes. The model could be
made more user-friencly by including a warning system to indicate to the operator the cause
of non-convergence (node distance 7x and 7z, or time step ).

2. 1.4 Link between the two-dimensional radiation and soil water balance model

SWB-2D simulates canopy radiation interception across the row, as well as the two-
dimensional soil water balance in widely spaced, micro-irngated row crops on a daily time
step.

Potential transpiration from the trees is calculated as follows. Potential evapotranspiration
(PET) i1s partitioned between potential evaporation (from the soil) and potential transpiration
(from the canopy). PET is calculated from weather data using the Penman-Monteith
equation (Allen et al., 1988) and the maximum crop factor after rainfall occurs (Jovanovic
and Annandale, 1998), as described in Section 2.2 1. Local potential evaporation calculated
at each radiation node (PE, calculation described in Section 2.1.2) are weighted by the
surface the node represents and accumulated over the whole soil surface to calculate overall
potential evaporation (PE). Potential transpiration is taken as the difference between PET
and PE. Crop waler uptake (transpiration) can either be limited by atmosphernc demand or
so#-root water supply (Annandale et al., 2000). Root densities at different soil depths are
accounted for in the calculation of root water uptake using the approach of Campbell and
Diaz (1988). Root depth and the root fraction in the wetted and non-wetted volume of soil
can also be entered by the user.

Required inputs

Required inputs for the two-dimensional sod water balance model are: starting and planting
dates, altitude, rainfall and irngation water amounts, as well as maximum and minimum daily
temperature. For seasonal simulations, the “planting date” is generally taken at bud burst for
deciduous trees and at some arbitranly chosen date after harvest and before flowering for
evergreen trees, which should correspond to the beginning of the inttial stage of the FAO
growth curve (Doorenbos and Pruitt, 1877). For convenience, the starting date of the
simulation is selected to coincide with the planting date, unless soil water measurements
prior to “planting date” are made and used as initial water contents.

Two points on the waler retention function, namely field capacity and permanent wilting
point, initial volumetnc soil water content and bulk density are required for each soil layer
The field capacity corresponds to the drained upper limit, whilst permanent wilting point is
the lower imit of crop water uptake. The principles and methods for the determination of the
upper and lower limits of crop water uptake were discussed by Hillel (1998). Soil saturated
hydraulic conductivities can also be entered as input for each soil layer. If these are not
available, the model calculates them using the water retention curve according to the
procedure described by Campbell (1985) (Eq. 2 1.20). Row distance, wetted diameter of
micro-jets or dnppers, fraction of roots in the wetted volume of soil as well as distance of the
nodes from the tree row are also required as input.

A flow diagram of the two-dimensional soil water balance model for hedgerow tree crops is
shown in Figure 29 The source code of the finite difference soil water balance model
written in Delphi is given in Appendix B.
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Figure 2.9. Flow diagram of the two-dimensional soil water balance model for hedgerow tree
crops.

2.2. FAO-based crop factor model

The Food and Agriculture Organization (FAO) of the United Nations recommended a
semi-empirical approach for calculating crop water requirements, based on the fact that crop
yield depends on climatic conditions, genetic potential of the crop and imgation water
management (Doorenbos and Pruitt, 1977). The FAQ approach was used to develop the
crop water requirement models CROPWAT (Smith, 1992a) and, in South Africa, SAPWAT
(Crosby, 1996). Doorenbos and Pruitt (1977) gave a comprehensive database of FAO crop
coefficients (Kc) for different cimatic conditions and phenological stages (initial, mid-season
and late-season stages). They also stressed the need 1o collect local data on growing
season and rate of crop development of imgated crops. Green (1985a and b) reviewed Kc
values empirically related to pan evaporation and growth periods for crops grown in South
Africa.
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The Kc's published by the FAO represent mean values for a given irngation cycle and
strongly depend on wetting frequency, wetted area and soil type Allen et al. (1996) defined
Kc as the sum of the basal crop coefficient (Kcb) and the time-averaged effects of
evaporation from the soil surface layer They also reported Kcb values and maximum crop
height (Hc,..) for a wide range of species

DOue to the very imited number of specific crop growth parameters for trees available in
literature for the purpcse of mechanistic modelling, the authors decided to make use of the
already published FAO database of Kcb's and growth periods.

An FAO-based crop factor procedure has therefore been developed and combined with the
mechanistic SWB model, thereby still allowing evaporation and transpiration to be modelled
separately as supply and demand limited processes. The crop factor model does not grow
the canopy mechanistically and therefore the effect of water stress on canopy size is not
simulated. The simpler crop factor model should, however, still perform satisfactorily if the
estimated canopy cover closely resembles that found in the field.

In the following Sections of this report, the FAO-based crop factor mode! that was built in
SWE is described. In particular, the following improvements to SWB are presented:

i) FAO-type crop factor modification;

i) Soil water balance with locaksed (micro- or drip) irmgation; and

i) Yield predicions with the FAQ model.

221 FAO-type crop factor modification

SWB calculates the grass reference evapotranspiration (ETo) using the revised FAQ
Penman-Mconteith methodology (Smith et al., 1996). Potential evapotranspiration is
calculated as follows.

PET = ETO KCima« (22.1)

Kc.e represents the maximum value for Kc following rain or irmgation. It is selected as the
maximum of the following two expressions (Allen et al., 1996).

KCous = 1.2 + [0.04 (U2 - 2) - 0.004 (RHmin - 45)] (Hc/3)0.3 (222)
KCpus = Kcb + 0.05 (2.2 3)
where

U,  -Mean daily wind speed at 2 m height (ms”')
RH,.. - Daily minimum relative humidity (%)
He - Crop height (m)

The upper limit of K¢, is set at 1.45.

SWE panttions PET into potential crop transpiration (PT) and potential evaporation (PE), and
estimates Fl,,., using the following equations:

PT=Kcb ETo (2.24)
(Allen et al , 1996)

Flugose = PTPET (2.2.5)

PE = (1= Flygnss) PET (2.2.6)

SWB8 assumes Kcb, Hc and root depth (RD) are equal to the initial values durng the initial
stage. Dunng the crop development stage. they increase linearly from the end of the inttial
stage until the beginning of the mid-stage. when they attain maximum values. They remain
constant at this maximum during the mid-stage. During the late stage, Kcb decreases
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linearly until harvest when it reaches the value for the late stage, whilst RD and Hc reman
constant at their maximum value. The following crop parameters need therefore 1o be
known: Kcb for the initial, mid- and late stages, crop growth periods in days for inmal,
development, mid- and late stages, initial and maximum RD, as well as initial Hc and Hc.....

The following input parameters are required to run the FAO-type crop factor model: planting
date, lattude, altitude, as well as maximum and minimum daily air temperatures. In the
absence of measured data, SWB estimates solar radiation, vapour pressure and wind speed
according 10 the FAO recommendations (Smith, 1992b; Smith et al , 1996). It is, however,
recommended that these be measured.

A stand-alone computer program, the ETo calculator, was developed for the caiculation of
long senes of ETo and for the estimation of errors that can occur if solar radiation, wind and
vapour pressure data are not available and have to be estimated. The ETo calculator is
described in detail in Appendix C of this report

Caution should be exercised against blind acceptance of the FAO parameters taken from
iiterature, as local conditions, management and cultivars are likely to influence crop growth
periods and Kcb's. A simple methodology used to generate a database of Kcb values from
limited available data, has therefore been developed. Daily Kcb can be calculated from
Fleewe. HC @and weather data using the following equation.

KCD = Flyynee PET/ETO (22.7)
ETo is calculated from weather data. Weather data and crop height are used to calculate
crop PET, whilst Fl,,.,, can be easily measured in the field. The procedure can be easily and

cheaply applied to determine FAO-type crop factors for any species. Validation of the model
with independent data sets is always recommended.

A flow diagram of the FAO-type crop factor model included in SWB is shown in Figure 2.10.
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Figure 2 10. Flow diagram of the FAO-type crop factor model

222 Soil water balance with localised imgabon

An option for the calculation of the soil water balance under localised imgation was included
in SWS (dnp or micro-irngation). When this option is selected, the model uses a simplfied
procedure for the calculation of non-uniform wetting of the soil surface, evaporation and
transpiration

In this quasi two-dimensional procedure, a cascading water balance is calculated for both
the wetted and non-wetted portion of the profile. Daily soil water contents per soil layer are
calculated for both the wetted and non-wetted volumes of soil. The output of soil water deficit
is based on the soil water contents in the wetted volume of soil only, as this is the part of the
profile managed by the imgator
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Water redistnbution

interception of water by the crop canopy is caiculated only when rainfall occurs, as the
canopy 1S not wet by micro-jets or dnppers. Micro- or dnp irmgation, commonly used in
orchards, only wets a imited area under the canopy of the trees

Runoff, infitraton and drainage are then caliculated ke in the one-dimensional cascading
model (Annandale et al.. 1999), but for both the irrigated and non-irrigated portions of the
soil. Runoff and drainage for the irrigated and non-irmgated portions of the soil are weighted
by the fraction of the surface irngated (Fl,.;). Total runoff and drainage are calculated as the
sum of the components from the irrigated and non-irrigated portions.

Evaporation

Evaporation from the soil surface is also not uniform under micro- or dnp irngation. Two
possible cases are simulated when drip/micro irrigations are performed.

i) If the canopy cover fraction is larger than the imgated surface fraction (Fly,. 3
Fl..c). evaporation is simulated only from the non-irrigated portion of the ground.

i) If (Flysess < Flog), @vaporation from the non-imgated surface fraction (1-Fl,.) and
from the non-shaded area (Fl,., - Fly,.,,) are calculated separately and added to
calculate total evaporation.

The procedure used to calculate water loss by evaporation in the cascading model was
described in Annandale et al. (1999).

Transpiration

No root water uptake is calculated for the uppermost soil layer. SWB assumes layer water
uptake is weighted by root density when soil water potential is uniform (Campbell and Diaz.
1988). Water loss by crop transpiration is calculated as a function of maximum transpiration
rate (T, and leaf water potential at T, (‘V,,) (Campbell, 1985, Annandale et al., 2000). It
represents the lesser of root water uptake or maximum loss rate. T.,, and ¥, are input
parameters that can be easily estimated from crop expert's expenence ‘¥, is the minimum
leaf water potential occumng generally in the early afternoon under no water constraints,
when the transpiration rate is at its peak. In this way, a mechanistic supply and demand
limited water uptake calculation was linked to an FAO crop factor approach with a minimal
addition of crop input parameters required.

The user can input the fraction of roots in the wetted volume of soil. Daily transpiration is
then caiculated as the sum of water losses from the wetted and non-wetted volumes of soil,
weighted for root fraction and matric potential.

The input data required to run the two-dimensional cascading model are rainfal and
imgation amounts, volumetric sod water content at field capacity and permanent wilting
point, as well as initial volumetric soil water content for each soil layer Row spacing. wetted
diameter, distance between micro-jets or dnppers, and the fraction of roots in the wetted
volume of soil are also required,

A flow diagram of the cascading soil water balance for tree crops under localised irngation is
shown in Figure 2.11.
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Figure 2.11. Flow diagram of the cascading soil water balance for tree crops under localised
irrgation

223 Yield predichons with the FAO mode!

A subroutine for the estimation of yield with the FAO model under conditions of water stress,
was included in SWB. The procedure recommended by the FAO was used to compile this
procedure (Smith, 1992a). The estimated yield (Y, in Mg ha'') is calculated as follows
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Y = Yo (1 Yod (22.8)
where

Yia = Potential yveld (Mg ha™')

Yee = Fractional yieid reduction (%)

Y.« i @ specific crop input parameter. Y. is calculated as follows

Yred = (1 = Yeetme) Yeaso) Yrovnses Yeoistare) (2.29)
where

Yoy - Fractional yield for initial stage

YuitDan = Fractional yield for development stage

Y euraay ~ Fractional yield for mid-season stage

Yeottlas = Fractional yield for |ate-season stage

Relative yield for each stage (Y,,) is caiculated as a function of the stress factor (Ky) for that
particular stage and a stress index (Sl):

Y, =1-=2¥"(1-s1,) (2.2.10)

= N

Ky for each stage and the duration of the stage in days (N) are crop specific input
parameters. d indicates the day of the stage.

SWB calculates S| on a daily basis as follows:
Sly = T/ (Floe PET) (22.11)

where
T - Actual crop transpiration (mm)

S| therefore represents the relative transpiration of the crop (ratio of actual and potential crop
transpiration). The CROPWAT model of the FAQ (Smith, 1992a) uses the ratio of actual and
potential evapotranspiration instead of Sl, as it does not calculate sod water supply limited
root uptake.

SWB caiculates and outputs estimated yield (Y) and Y., on a daiy basis, assuming that no
water stress (S| = 1) will occur from that particular day until the end of the growing season

Required input data for yield prediction with the FAO model are: FAQ stress factors for
growth stages (initial, development, mid-season and late-season stage) and potential yield.
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CHAPTER 3
MATERIALS AND METHODS

In order to validate the SWB model, field measurements had to be collected and compared
to model simulations. For this purpose, two field trials were set up. The first trial was
established in a peach orchard (deciduous trees) on the lysimeter faciities of Pretona
University's expenmental farm. The second trial was established in a citrus orchard
(evergreen trees) at the Syferkuil expenmental farm of the University of the North. Field data
were also collected in Bnts from commercial citrus farms and from rows of Leucaena fodder
trees on the Hatfield experimental farm

The sites at the Hatfield and Syferkuil expenmental farms were selected because sutable
facilites were available. These sites were used to collect data for the validation of the model
for deciduous and evergreen fruit trees as examples. The data collected in the field trials in
Brits and on Leucaena rows in Hatfield were used to support the validation of the energy
interception subroutine of the model. Although these data are not representative for other
orchards, the model should still give a reasonable prediction of energy and soil water
balance for a wide range of orchards and conditions, provided that correct input parameters
are used. In this Chapter. matenals and methods used for data collection in the field tnals
are described.

3.1. Experimental set-up at the University of Pretoria

3.1.1. Location and environmental charactenstics

The field tnal at the Hatfield experimental farm (University of Pretoria) was located 120 m
West of RSA weather station No. 513465 (25°45'S, 28°16'E, alt. 1372 m). This is a summer
rainfall region with an average of ca 670 mm a ' (October - March). The rainfall occurs as
high intensity short duration events with sunny periods between rains. The monthly average
maximum temperature is 30 °C (January), with a monthly minimum average of 1.5 °C (July).
Frost occurs during the winter. Even though the frost severity is less than experienced in
typical highveld climates, it is sufficient for the low chiling requirement deciduous fruit
cultivars commercially propagated in Gauteng and the Northern Province.

The soil in the trial site is a sandy loam (28% clay, 10% sit and 62% sand) Hutton (Soil
classification working group, 1991) or Ferralsol (FAO, 1988). Soill depth is generally in
excess of 1.2 m (a small portion having scattered hard plinthic formations at 1.1 m). Soil
analysis revealed adequate P (120 mg kg™'), pH(H.O) being 6.4 and sufficient Ca. Mg and K
(580, 140 and 160 mg kg™ respectively).

3.1.2 Orchard lay-out, imgation and cultivation practices

Since it was expedient 1o develop a reasonable tree canopy as soon as possible. an early
matunng vigorous deciduous tree was used in this tnal. Young grafted peach trees (Prunus
persica cv Transvaaka) were planted on 6 September 1996 (DOY 250) in @ hugh density 4 5
x 1 m hedgerow pattern. The tree row onentation was in an E-SE to W-NW axis (110° -
290°). At planting the trees were cut back to 250 mm above the soil surface. As the trees
developed during the growing period, sieps were taken to promote the central leader growth
pattern and develop lower horizontal branches. During winter of 1987 (2 to 15 July) the trees
were cut back to a height of 2 m and pruned to a central leader system By 7 August 1997
(DOY 219) trees were at 80% blossom and reached full bloom on 12 August 1997 (224)
From this date the canopy developed throughout the summer. The fruitiets were counted on
15 September 1997 (DOY 258) to establish the extent of fruit removal, which was done on
25 September 1997 (DOY 268). The first frut was harvested on 17 and 18 November 1997
(DOY 321 and 322).
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During the establishment penod (first 3 weeks) the trees were basin imgated manually with a
hosepipe daily (first week), and subsequently reducing the irngation frequency to once per
week by the third week On 2 October 1996 (DOY 276) a low pressure irrgation system (DT-
Rotator micro sprayer, Vetsak) capable of delivering 40 | h™" tree”” in a 1.2 m wide band in
the tree row was installed. Iintially this system worked very well but as the trees developed
and created an environment favourable for insects, spiders set up homestead in the rotators
and rendered them useless. The rotators were replaced during January 1997 by micro-jets
(DT-Spreader 360°/12 stream) having the same delivery rate but covering a slightly larger
area (1.3 m band) under the trees This reduced the insect blocking problem but did not
eliminate t. From 8 October 1897 (DOY 281) the irngation pressure was increased to 3 bar,
which increased the wetting area to a 2 m band under the tree canopy. Irmigation amounts
were measured with flowmeters.

At planting, 57 g super phosphate (10.5% P) per tree was incorporated in the planting hole.
Nitrogen was supplied monthly at a rate of 20, 30, 40 and 50 g LAN (28% N) tree” during

October, November, December 1996 and January 1997 with irigation. Trees were
monitored for visual signs of trace element deficiencies (Zn and Mn). Foliar sprays
containing ZnO, MnSO, and spray urea were apphed when necessary

3.1.3. Lysimeter charactenstics

The par of lysimeters was instalied in the 70's as mechanical weighing lysimeters. The
surface dimensions are 2 x 2 m_ The depth is 0 8 m. Each lysimeter has two trees

At some stage, load cells coupled to a Campbell Scientific CR10 data logger, were attached
within the lever mechanism to automate recording weight changes. Before planting, tests
with tnal masses (sand bags of known mass) revealed that there was tremendous variability
in the readings and it was necessary to use long measunng periods (one to two hours) to
determine average weights for a specific period. By moving the load cell attachment
locations to the recording arm of the weighing mechanism, and removing the counter
balance weights, it was possible to damp the oscillations ("see-saw effect”) and thus reduce
varability in the readings.

Each load cell was supplied with an independent constant voltage source. This voltage was
supplied through a transformer which converts 220 V AC to 16 V DC, which was used to
charge a 12 V. 6.5 AH lead acid motorcycle battery as an emergency supply should there be
a power failure. From the 12 V DC battery the power passed through an electronic voltage
stabilising circuit designed and fabricated by personnel of the UP Engineering Faculty
electronics workshop. As a precaution, the voltage supplied to each load cell was monitored
hourly by a data logger.

Once the best location for the load cell attachment had been identffied, and the trees
planted, the lysimeters were calibrated with sandbags of known mass. The best input
voltage to the load cell of the eastern lysimeter was 9.34 + 0.03 V while a voltage of 9.21 +
0.03 V gave the best readings for the western lysimeter. Voltage output from each load cell
was recorded as an equivalent depth of water on the basis that one litre (i.e. 1 kg) per m* is
equivalent to 1 mm. One set of calibration curves for both lysimeters are presented in Figure
3.1. This calibration was done on 27 August 1996. It is seen that the lysimeters gave a linear
response to changes in weight and that the standard error of the recorded mm value was
0.14 mm for the eastern lysimeter (LyEast) and 0.138 mm for the western lysimeter
(LyWest).

Free drainage of excess water from the lysimeters was ensured. Drainage was measured
with tipping bucket gauges connected to a Campbell Scientfic CR10 data logger, by
collecting excess water from the bottom of the lysimeters with a pipe.
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314 Calculation of evapotranspiration and crop coefficient from lysimeter data

The data logger was programmed o read at 10 s intervals and average these values every
15 min. At a specific time of the day e g. Oh15 (day i +1) the 15 min average was taken as
the lysimeters water status (Ly,) for the previous day, i.e. day i. This was done for both
lysimeters (LyEast and LyWest). The water loss for each lysimeter for day i (in mm) was
then taken as:

AlyEast, = LyEast, , - LyEast,.,, (3.1.1)
AlyWest,, = LyWest, , - LyWest, .., (3.1.2)

In the event of there being large unexplainable differences between LyEast, and LyWest,,
the values for that day were discarded.

The average of these values was used to reflect daily water loss:
ALy, = (ALyEast,, + ALyWest,) /2 (3.1.3)

Gross evapotranspiration of the lysimeter for the day was determined by including rain,
imgation and drainage values as follows:

ET.. = ALy, + Rain + Img - Drainage (3.1.4)

On the infrequent occasion of ET,, being negative or inexplicably large for a particular day,
the value was disregarded.

It must be remembered that the lysimeters only covered 2 m of the 4.5 m row spacing and
thus did not account for 2.5 m of the inter-row, which is normally dry and thus has low
evaporative losses. Thus to make a vald companson with the grass reference
evapotranspiration, ETo, which reflects the total area (4.5 m wide rows), the following
correction, which assumed no contribution to evaporation from the area outside the
lysimeters, was applied:

ET=ET, "245=ET,, *0444 (3.1.5)

The daily crop coefficient. Kc, was then determined by:
Kc=ETETo (3.1.6)

To determine transpiration rates, the lysimeters were irigated to "an equivalent field
capacity” overnight and then the surface of the lysimeters was covered with a heavy duty
plastic early the next morning. During these measurements, the drainage taps were closed
to eiminate any drainage loss being considered. After these measurement penods, the
lysimeters were uncovered and allowed to dry out so that the profile could be aerated. This
was done to counteract the negative effects of any anaerobic conditions, which could
develop while the lysimeters were at a high water content and with the surface sealed.

3.1.5 Weather monitoning

An automatic weather staton was installed in the Hatfield weather station enclosure on 24
September 1996 (DOY 268) to give comprehensive weather data from DOY 269 The
following weather data was monitored and recorded hourly by a CR10 data logger

- Temperature and relative humidity (RH) with an HMP35C sensor,

- Wind speed with an R M. Young cup anemometer.

- Solar radiation with an LI 200X pyranometer, and

- Rainfall with a Rimco R/TBR tipping bucket rain gauge
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The data-logger was programmed to automatically calculate hourly average saturation
vapour pressure (SVP). vapour pressure (VP) and vapour pressure deficit (VPD)

The logged daily data was regularly downloaded using a laptop computer to caiculate hourly
and daily short grass reference evapotranspiration (ETo)

316 Soil measurements

Dunng winter 1998, two cross-sectional trenches were dug across the rows between two
trees to install soil water intensive monitonng sites. Time-domain reflectometry (TDR) probes
and heat dissipation sensors (HDS) were installed, on both sides of the row, at depths of
0.08, 0.26, 0.56 and 0.86 m, at distances of 2, 1 and 0 m from the tree trunk, to form a
vertical gnd across the row as depicted in Figure 3.2. This was done for two tree rows, the
one on bare soil, the other with grass sod. During this process, profile characterisation
samples were collected. soil hydraulic properties were measured with tension and double
ring infiltrometers, and penetrometer resistance measurements were taken at corresponding
sites.

A complete description of soil measurements performed during the course of the trial follow.

3.1.6 1 Soil physical and hydraulic properties
Profile description
The soil profile is charactensed as having a uniform red colour and apedal structure typical

of a Hutton profile. The orthic A horizon can be taken as being 15 cm deep and having a
gradual transition into the Red Apedal B horizon which reaches a depth of 1 m.

Texture

There is very little variation in soil texture across the tree row (Figure 3.3) with the silt, clay
and sand percentages being 16, 30 and 54 % respectively. This classifies the soil as a clay
loam. With depth (Figure 3.4) the clay content increases from 24 to 35 % with a
corresponding decrease from 62 10 48 % in the sand fraction. The silt content shows only a
shght increase from 14 to 18 % with depth.

Bulk density

Between the depths of 20 and 80 cm, the bulk density of the soil was 1.41 £ 0.11 (CV 8%)
for the southern tree row and 1.37 £ 0.08 (CV 6 %) for the northern tree row. One could not
identify any consistent trends in bulk density either across the rows or down the profile.

Penetrometer resistance

Penetrometer resistance was measured by Dr T Fyfield (Agricultural Research Council -
Institute of Soil, Climate and Water, Pretoria) using a Bush Recording Soi Penetrometer.
This instrument records cone resistance at 35 mm depth intervals to a maximum depth of
penetration of 525 mm. With a 12.9 mm diameter 30° cone fitted, the maximum recordable
force is 50 kg x g or 3.81 MPa. A mean value was determined from three measurements
made at each position As can be seen in Figure 3.5 there is negligible difference in
resistance 1o penetration between the two rows (southern row having grass sod inter-row
and the northern row being clean cultivated). The apparent higher resistance nearer to the
soil surface is due o the soil being dryer than the subsoil. The influence of soil water content
on penetration resistance is depicted in Figure 3.6

Hydraulic properties

The hydraulic conductivity (K(h)) under a suction head (h) of 0.1 to 15 cm water was
determined using tension infitrometers at random sites across the tree rows and at different
depths. Once these measurements had been made, double ring infitrometers were placed
on the same sites to determine the saturated hydraulic conductivity. Typical variations in K
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as influenced by h are presented in Figures 37 and 3.8 Except for one surface
measurement (North row site 9 10 cm depth; Figure 3.7) all the measurements followed
similar trends
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Figure 3.1 Calibration curves of the lysimeters (East and West)
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Figure 3.2. Diagrammatic gnd indicating monftoring and soil sampling locations in the soil
profile for the Hatfield and Syferkuill hedgerow system
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3.1.6.2 Soil matnc potential

Tensiometers

On 24 October 1996 (DOY 298), tensiometers were installed at 30 and 60 cm depth for each
tree in the lysimeters. A week later, after a good rain when the soil profile was soft, t was
possible to install 2 sets of 30 and 60 cm tensiometers in the tree rows. A pair of
tensiometers (30 and 60 cm depths) was installed at the centre of the tree row (between two
trees) and the second pair of the set was placed 1 m from the row centre on the southern
side of the row.

Heat dissipabon sensors

Soil matnc potential (y,,) was measured with CS 229 heat dissipation sensors (HDS). Heat
dissipation sensors rely on the effect of the water content of a porous block in equilibrium
with soil water, on thermal conductivity and heat capacity. Heat dissipation is determined by
applying a heat pulse to a heater within the soil sensor and monitoring the temperature at
the centre of the block before and during heating. The temperature nse is a function of the
thermal diffusivity, and therefore of the water content of the block. Transient heat-pulse
theory was discussed by Jackson and Taylor (1986), and Campbell et al. (1861). The heat
dissipation technique for the estimation of ., was also described in the iterature by
Campbell and Gee (1986), Bristow et al. (1993). and Jovanovic and Annandale (1997).

The system used in the peach field trial, consisted of the following components:

i) Two Campbell Scientific data loggers for controlling the system, as well as
recording and storing data.

i) Two AM416 relay multiplexers, used to increase the number of input channels for
the differential measurement of temperature.

i) Five CE8 eight-channel current excitation modules, used to increase the number
of excitation channels.

) Forty CS 229 heat dissipation sensors, used to determine soil matric potential.
A scheme of the heat dissipation sensor system is shown in Figure 3.9,

Each data logger was powered by @ 12 V battery. The site of each sensor is shown
schematically in Figure 3.2, Soil temperature was recorded. A 20 s heat pulse was then
applied to the sensors and the difference in block temperature 20 s and 1 s after heating
commenced (AT) was recorded. The output readings were processed using the
normalisation procedure of Campbell et al. (2001), which simplfies calibration of individual
sensors using the dimensionless temperature rise and corrects the reading for soil
temperature to the value it would have at 20°C. For this purpose, a user-friendly Delphi
program (HDS calculator) was developed. This is described in detail in Appendix D.

The interval between subsequent heat dissipation measurements should be long enough to
permit the heat pulse to dissipate without affecting the following reading. A minimum of 3 min
was recommended between readings in order to permit block temperature to re-equilibrate
(Jovanovic and Annandale, 1957). In the peach field trial, sample readings were taken every
hour.
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3.1.6.3 Soil water content

Neutron water meter

On 18 October 1996, black PVC access tubes for neutron water meter (NWM)
measurements were installed in the lysimeters. In two sites in the portion of the orchard
surrounding the lysimeters, sets of 12 similar access tubes were installed in a row at right
angles to the tree row in such a manner that the soil water content (SWC) across the whole
area could be monitored. Dunng winter 1967 a further two sets of 12 tubes were installed.
Thus it was possible to monitor the SWC across the tree rows in four sites surrounding the
lysimeters.

Soil water content was measured with a NWM, model 503DR CPN Hydroprobe, which had
been calibrated for the site Initially, readings were taken daily when a series of other
measurements were made to monitor the water status of the trees. From February 1997, the
SWC was monitored twice weekly.

Soil water content was also measured at two locations outside the expenmental piot. One
neutron probe access tube was set up about 10 m on the North side, the other about 10 m
on the South side outside the plot. This was done to monitor possible lateral movement of
water from and towards the expenmental plot.

Time-domain reflectometry

Volumetric soil water content in two dimensions was also measured with a time-domain
reflectometry system (Topp et al., 1980). This is a relatively new technique that has been
successfully employed in similar applications. Initially, the system set up at the Hatfield
expenmental farm, consisted of the following components:

i) The Tektronix 1502C metallic cable tester is a reflectometer used as a source to
send very short time-rise electromagnetic puises to the probes, and to collect a
signal (waveform), which is a reflection of the appled pulse.

i) Six SOMX50 eight to one, 50 ohm, coax multiplexers with BNC connectors.
These multiplexers are used to connect additional multiplexers or probes to the
1502C cable tester.

iii) Forty 30 cm three-rod (unbalanced design) CS605 soil probes. A BNC connector
on the RG-58 coax cable of the probe attaches directly to the SOMX50.

w) TOR 50 ohm RG-8 coax cables with BNC connectors. These cables are used for
connecting cable tester and multiplexers.

v) WInTDR 98 v. 4.0 software for controlling the measurement sequence, applying
algorithms for caiculating water content and storing the resulting data.

vi) A computer with the software WinTDR 98 v. 4.0 used for controliing the system,
analysing waveforms and storing data.

A scheme of the TDR system used is shown in Figure 3.10.

The cable tester, multiplexers and computer require a power supply. The 1502C and
computer with software were housed together in an enclosure, and supplied with 220 V AC
through an extension cable. Each SDMX50 multiplexer had its own enclosure. The
multiplexers were powered with a 12 V battery senally

The 1502C was connected to, and controlied by the computer with a 25 to 9 pin cable. The
computer software was the WinTDR 98 v. 4 0. This is a Windows 3 1x / Windows 95 based
program used to measure the volumetnc water content and electncal conductivity of soils by
controlling the Tektronix 1502B or 1502C time-domain reflectometry cable tester, and
multiplexers if present. Minimum requirements for the computer are 66 Mhz 486 processor,
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VGA display, 5 Mb of hard disk space, and a Windows environment. The software was
developed by Or et al (1998), and it was downloaded from the Utah State University web
site (USU Soil Physics Group) along with the user's guide.

The SDMX50 multiplexers include eight multiplexed coaxial connections and one common.
The eight multiplexed connections were used to connect additional higher level multiplexers
or probes, whilst the common connection was used to connect to the 1502C or to lower level
multiplexers. The SDMX50 multiplexers are Synchronous Devices for Measurement (SDM).
The computer communicates with these devices via a parallel port. Addresses set in the
multiplexers allowed the 1502C-computer system to communicate with the correct device.
The allocation of the correct address was done by positioning jumpers (hardware switches)
on the circuit board. There are two jumpers for each multiplexer. The jumpers are labelled
MSD for Most Significant Digit and LSD for Least Significant Digit. Each jumper has four pair
of pins. Depending which pair of pins is connected to the jumper, the digit can have the
value of 0, 1, 2, or 3. A summary of the SOMX50 address allocation for the system used, is
given in Figure 3.10. The 1502C and the computer are labelled level 0. The multiplexer with
its input connected to the coax cable from the 1502C is level 1, and level 2 multiplexers (five
of them) are connected to the level 1 multiplexer. The computer is connected to the control
ports of the level 1 multiplexer with a communication cable carrying address and data
information. The other multiplexers are wired serially. The communication cable is linked
according to the set-up given by Or et al. (1998) (Figure 3.10). Particular attention should be
paid to this set-up, as multiplexers and computer parallel ports could be damaged due to
incorrect wiring

The puise generated by the 1502C and its reflection are subject to distortion during travel
between the 1502C and TDR probe. Connectors, coax cables and multiplexers connecting
the probes to the reflectometer have a charactenstic impedance resulting in both resistive
and reactive losses. Distortion of the waveform caused by this impedance can introduce
error into the water content determination. The TDR system used in this trial was designed
to ensure correct probe impedance giving robust reflections. This was done by minimising
cable length and by using low attenuation RG-8 coax cable. The SDMX50 multiplexers and
CS605 probes are designed to minimise signal attenuation, interference and delay in order
to optimise accuracy of measurement An RG-8 coax cable connected the 1502C and the
common connection of the level 1 SDMX50 multiplexer. Five RG-8 coax cables were used to
connect the level 1 SDMX50 to the five level 2 SDMX50 multiplexers (Figure 3.10).

The CS805 probes are the sensors of the system. They are made of a block of epoxy, which
holds three rods ngidly spaced. The probes act as a wave guide extension on the end of
coaxial cable and provide a reflection that is related to the change in impedance. The
impedance value is related to the geometncal configuration of the probe (size and spacing of
rods), and also inversely related to the dielectric constant of the surrounding material. A
change in volumetnc water content of the medium surrounding the probe causes a change in
the dielectric constant. This is seen as a change in probe impedance, which affects the
shape of the reflection The shape of the reflection contains information used to determine
water content with WinTDR 98 v. 4 0. The probes were labelled, and pressed into the soil
with the rods at the same depth The site of each probe is shown schematically in Figure 3.2,
The BNC connector of the 50 ohm RG-58 coax cable of the probes connected directly to the
level 2 SDMX50 multiplexers (Figure 3.10).

Measurements were taken twice weekly. The output included dielectric constant of the
medium and the volumetric soil water content obtained by analysing the waveform of each
probe with WinTDR 98 v. 4 0. As surface waves propagate along TDR probes buried in soi,
the signal energy i1s attenuated in proportion to the electncal conductivity along the travel
path. This proportional reduction in signal voltage serves as a basis for the measurement of
bulk soil electrical conductivity. A laboratory calibration for impedance is, however, reguired
for each probe separalely in order 10 accurately estimate the electncal conductivity of the soil
solution. The probes were not calibrated for impedance before being installed in the soil, as
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the irmgation water was not saline and the measurement of electrical conductivity was not
essential for the purpose of this project

From September 2000, the TDR system was changed. Volumetnc soil water content data
were recorded at four hourly intervals by making use of a CR10X data logger (Campbell

Scientific Inc., Utah, Logan, USA), a Tektronix 1502C cable tester and SDMX50
multiplexers
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3.1.64 Soil evaporation

Evaporation from the soil surface was measured using the micro-lysimeter method (Boast
and Robertson, 1982) Micro-lysimeters are containers filled with soid, and placed at given
positions at the soil surface. Evaporation is determined by measuring the loss of mass of the
micro-lysimeter. In this expenment, the micro-lysimeters were made of PVC pipes of 300
mm length with 110 mm internal diameter and 3.5 mm wall thickness. The micro-lysimeters
were made as follows: PVC tubes were hammered into the soil in a portion of the orchard
where the soill had been immgated: in this way, tubes filled with an undisturbed core of soil
were obtained The tubes were then carefully twisted and pulled out of the soil, leaving the
soil core inside intact. The base of the tubes was then closed with a plastic cap Holes were
made in the orchard at the postions where the lysimeters had to be instalied, and the tubes
were inserted in the holes to a depth at which the upper nm was aligned with the soil
surface. so as not to alter the wind regime above the soil surface

The main experiment with micro-lysimeters consisted of measurements of evaporation in the
orchard. Nineteen micro-lysimeters were installed across the rows of the orchard, at
distances ranging from 0 to 2.5 m from the row. Eleven of them were installed in a row
where the soil was kept bare, and 8 others in a grass-covered area After an initial irgation
of 20 mm, apphed with sprinklers, soil water evaporation was measured for six days (05-
12/03/2001, DOY 64 to 71). Another test expernment was conducted to validate the micro-
lysimeter technique. It consisted of measurements of soil water evaporation in an open field
located close to the weather station, after irrigation with the same sprinkler system as for the
peach orchard. These measurements went on for seven days after the initial irrigation.

Evaporation measurements were made by weighing the micro-lysimeters daily,
Measurements were taken at 10h00 and 12h00 with an electronic balance, and the average
value was retained (in a few cases discrepancies between these consecutive
measurements led to discard one of them). The daily evaporation (mm) was caiculated as
the difference of mass between two consecutive days, divided by the product of the density
of water and the area of the tube.

3.1.7. Plant measurements

The following plant measurements were carned out
- Root distribution by taking soil core samples and washing out roots o determine
root length;
- Canopy interception with tube solarimeters,
- Leaf area index and density; and
- Canopy size and row orientation

3.1.7.1 Root distribution

During the winter dormant penod, when the soil water measurement instrumentation was
installed. core samples were taken at regular intervals across the tree row / inter-row and at
specific depths for root length density determinations. These samples were analysed by Dr T
Fyfield (Agnculture Research Council - Institute of Soil, Climate and Water, Pretona).

Roots were washed out of the soil cores using ARC-ISCW's root washing facilty at
Roodeplaat. After collection in a fine mesh sieve, the debris and obvious weed and dead
tree roots were removed and the remaining tree roots were air-dned. Root length was then
determined using a Geotron WLM1 Root Length Meter. Root length density was calculated
per 200 mm depth layer by dividing the total root ength by the volume of the soil core.

3.1.7.2 Canopy interception

Seven Delta-T tube solarimeters (Delta-T Devices Ltd, Burwell, Cambridge, England) were
installed across the tree row to measure light penetration through the canopy at different
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distances from the row. The tube solanmeters were set up parallel to the tree row. This was
done at different times during the course of the trial in order to collect data for vahkdation of
the two-dimensional canopy radiant interception model. The tube solarimeters were
connected to a CR10X data logger and used to record total solar radiation at specified time
intervals

The Delta-T tube solanmeters were regularly serviced dunng the course of the trial This
involved dismantling some and cleaning glass tubes, repainting checker bar if required, and
then re-assembling. Others just required exterior cleaning of glass tubes. Where required,
some were re-charged with dry air. This involved connecting the solarimeters to an air-drying
column filled with dry silica gel and flushing the solarimeters with dry air for 48 hours. All the
solarimeters were regularly re-calibrated against a Precision Eppley thermopile pyranometer.

3.1.7.3 Leaf area index and density

Leaf area index was measured using an LAI-2000 plant canopy analyz er (LI-COR Inc.,
Lincoln, Nebraska, USA) This measurement was done by activating detector rings 2, 3 and
4 (i.e. switching off nngs 1 and 5). Ring 1 was excluded to reduce effects of solid objects
immediately above the fish eye, whilst excluding rning 5 reduced the influence of the tree
trunk and open spaces under the canopy. While taking measurements, the LAI-2000 optical
sensor was fitted with a 45° view cap to restrict the field-of-view along the tree row. The field-
of-view was aimed at measuring the leaf area index of only the canopy portion of the tree
row and excluding the inter-row region. Measurements were only taken under conditions of
diffuse radiation, i.e. before sunnse, after sunset or when uniform cloud cover blocked out
direct solar radiation.

Leaf area density (LAD) was determined by converting leaf area index values (l) to leaf area
(LAD, m’ leaves) per canopy base unit area (Acb, m” soil) as follows:

LAb = * Acb (m’ leaf m " soil)

The canopy base unit area is the measured tree row canopy width multiplied by 1 m. Once
the leaf area per m of canopy length was known, it was converted to LAD by.

LAD = LAb / Ve (m’ leaf m” soil)

The canopy unit volume (Vc) is the cross-sectional area of the hedgerow canopy multiplied
by 1 m. The cross-sectional area of the canopy can either be determined using the formula
for the area of an elipse (A = n a ¢ ; a = half the width and c = half the height) or by
summation of calculated areas of trigonometric sub-units of the cross-section

3 1.7.4 Canopy size and row onentation

Canopy dimensions (height and breadth) were measured with a calibrated 2 m rod and tape
measure, whilst the row orientation was determined with a compass. The reading of the
compass was corrected by 15F to account for magnetic declination from true North

3.1.8 Leucaena tnal

An additional field tnal was camed out atl the Hatfield expenmental station on Leucaena
(Leucaena leucocephela) fodder trees, in order to test the two-dimensional radiant
interception mode! for different environmental conditions (tree size and shape as well as row
onentation).

Two single rows of Leucaena were used with spacing between trees ~ 0.5 m. The row
orientation was in a N to S axis (10° - 190”) and E to W axis (10° - 2807).
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Canopy interception for total solar radiation was measured with tube solanmeters installed at
different distances from the row, on both sides of the row. The tube solanmeters were set up
paraliel to the tree row. This was done for one week for each row.

Leaf area index and density, canopy size as well as row onentation were measured adopting
the same method used in the peach tnal at Hatfield.

3.2. Experimental set-up at the University of the North

3.2.1. Location and environmental charactenstics

The field tnal at Syferkuil experimental farm (University of the North) was located 30 km East
of Pietersburg (23°51' S, 29°40' E. alt. 1250 m), in the summer rainfall region.

The soil in the trial site is a 1 m deep sandy loam Hutton (Soil classification working group,
1991) or Ferralsol (FAQ, 1998) Hard plinthic formations are found below 1 m

3.2 2 Orchard lay-out. imgation and cultivation practices

Citrus clementine (Citrus reticulata cv. Blanco) trees were planted in 1985 na75x35m
hedgerow pattern. The tree row orientation is in @ SE to NW axis (135° - 315°). Grass in the
inter-row spacing was mowed regularly and herbicides apphed. Fertiisation and immgation
were applied as required until the beginning of the trial. The irrigation system made use of
micro-jets with a wetted diameter of 1.5 m. No insecticide was apphed.

3.2.3. Weather monitonng

An automatic weather station was set up, similar to that installed at the Hatfield expenmental
farm. Air temperature, relative humidity, solar radiation, wind speed and rainfall were
monitored and recorded hourly with a CR10X data logger.

324 Soil measurements

An intensive monitoring site was established, similar o those set up at the Hatfield
experimental station. Equipment for measurement of volumetric soil water content and
potential was installed on 13-14/10/1999. Twenty-eight heat dissipation sensors (HDS) and
time domain reflectometry (TDR) probes were bured in the soil at nodes located on a gnd
across the row (Figure 3.2). The depths were 0.06, 0.26, 0.56 and 0.86 m. Sensors and
probes were installed in the row between two trees, and at distances of 1.25, 25and 3.75 m
from the row, on both sides of the row. The TDR probes were pressed into the soi with the
rods parallel to the surface.

Soil temperature and matric potential data from heat dissipation sensors were collected and
stored with AM416 multiplexers and CR10X loggers. Soil water content data from TDR
probes were collected and stored with SDMX50 coax multiplexers, a data logger and a
1502C Tektronix cable tester. HDS sensors and TDR probes were installed at a few
centimetres from each other. This enabled us to determine soil water retention functions
from measurement of matnc potential and water content,

During the installation of HDS and TDR sensors, soil samples were collected at the same
node depths and distances from the tree row. The samples were used to determine bulk
density, soil texture and hydraulic characteristics, as well as nutrtional properties

3.2.5. Plant measurements

During the installation of the intensive monitoring site, core samples were taken at regular
intervals across the tree row / inter-row and at specific depths for root length densty
determinations. These samples were analysed by Dr T Fyfield (Agricuture Research Council
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- Institute of Soil, Climate and Water, Pretoria). The same method was used as for the core
samples taken at the Hatfield experimental farm

Canopy interception of total solar radiation was measured with tube solarimeters installed
across the row between two trees, and at distances of 1.25 2 5 and 3.75 m from the row, on
both sides of the row. The tube solanmeters were set up parallel to the tree row. This was
done at different times dunng the course of the trial in order to collect data for validation of
the two-dimensional canopy radiant interception model. At the same site and time, line
quantum sensors were installed 1o measure canopy interception of photosynthetically active
radiation. The instruments were connected to a CR10X data logger and used to record total
solar radiation and photosynthetically active radiation at specified time intervals. The sensors
were regularly serviced and calibrated. Leaf area density was measured with an LAI-2000
plant canopy analyzer

3.3. Field trial at Brits

In order to test the two-dimensional radiant interception model for different environmental
conditions (tree size and shape as well as row onentation), field tnals were carned out on
two commercial farms 15 km North of Brits (25°00'S, 27°46'E, alt. 1107 m).

On the first farm, Empress mandarin (Citrus reficulata cv. Blanco) was grown in hedgerows
with a planting density of 4 x 4 m and row onentation in a SE to NW axis (145° - 325°). The
second farm had Delta Valencia (Citrus sinensis [L.] cv. Osbeck) grown in a tramline pattern
The spacing was two rows 4 x 4 m with 8 m gap and row onentation in a SE to NW axis
(135° - 315°).

Canopy interception for total solar radiation was measured with tube solanmeters installed at
different distances from the row, on both sides of the row. The tube solanmeters were set up
parallel to the tree row. This was done for two weeks in each orchard.

Weather data (air temperature, relative humidity, solar radiation, wind speed and rainfall)
were monitored and recorded hourly with an automatic weather station.

Leaf area index and density, canopy size as well as row onentation were measured adopting
the same method used in the field tnal at Hatfield.
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CHAPTER 4
MODELLING

4.1. Evaluation of the SWB model

The SWE model was tested according 1o the guidelines provided by CAMASE (1985). This
evaluation included checking internal consistency and units used in the computer program,
comparison of model output with independent data sets of real world observations and
senstivity analysis.

Verification of the model comprised the inspection of the internal consistency of the mode!
and its software implementation. In particular, the following actions were taken: analysis of
dimensions and units; on-line checks on mass conservation; detection of violation of natural
ranges of parameters and variables; inspection of qualitative behaviour of the model and its
implementation by checking whether the response of one mode! output to changing values
of one parameter conforms to theoretical insights

In this Chapter, an example of calibration of the simple quasi-2D FAO-based cascading
model is presented for peaches (Section 4 2). This was done by adjusting some FAO crop
factors such that the model prediction of soil water defict was consistent with field
measurements. The most important observations gathered in the field trials at Hatfield and
Syferkuil, and relevant to the development of the SWB model, are also presented

Due 10 the large size of the SWB two-dimensional model, the code for each subroutine was
written in separate files or procedures. The model interface was also developed so as 10
subdivide the model into components. This should improve user-fiendliiness during the
technology transfer phase of the model, and it also facilitated the validation of the various
components separately. The two-dimensional energy interception and soil evaporation sub-
models were validated separately using independent data sets (Sections 4.3 and 4 4). The
two-dimensional soil water balance model integrates the interactions of the vanous
components, as it uses the 2D energy interception and 2D soil evaporation sub-models to
spiit evaporation and transpiration. Comparing the output obtained with the two-dimensional
soil water balance model to independent field measurement data then validated the
aggregate model (Section 4.5)

Scenano simulations were camed out to perform sensitivity analyses (Section 4.6).
Scenarios were simulated by varying one input parameter and retaining the same values for
the other inputs. Logical sensitivity analyses were performed to establish by inspection of
output results whether the model is sensitive at all to changes in an input (factor screening)
This could indicate which input parameters need 10 be accurately measured or estimated
The sensitivity analyses also provided estimates of scenario effects in order to recommend
the most suitable practices for improved water use efficiency under different environmental
conditions. One should, however, be aware that the sensitivity to an input may depend on
the particular set of values used for other inputs.

The SWB model is written in Delphi v. 5.0 (Inprise Corp.). and is available for use with
Windows 95 on an IBM-PC or compatible computer. The minimum requirement is 16 Mb
RAM and a CD-ROM dnve

4.2. Calibration of the FAO-type model and field observations

The simple, quasi two-dimensional, cascading soill water balance model was calbrated using
data from the peach tnal at the Hatfield expenmental station. In the process, FAQ basal crop
coefficients (Kcb) were determined for first and second leaf peach trees,
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FAO basal crop coefficients were determined by plotting dailly Kc values for the first two
growing seasons of peach trees (Figures 4. 1 and 4.2) The daily Kc value was calculated
using evapotranspiration measurements from the lysimeters and the grass reference
evapotranspiration calculated from weather data The Kcb values for the various growth
stages were determined by fitting an appropnate line through the lower values of Kcb, which
are taken to reflect the condtions where the soil surface is dry (negligible evaporation) and
there is sufficient water not to restrict transpiration The longer development penod during
the first season can be expecied since it 1S necessary 10 develop the tree structure. The drop
in actual evapotranspiration measured with lysimeters during the late stage of the first
season was caused by water stress (Figure 4.1). The Kcb line during this late stage was
estimated.

Simulations of soil water defict (SWD) with the SWB model were then carried out and
compared to measurements obtained with the neutron water meter (Figures 4.3 and 4 4).
The Kcb factors in Figures 4 1 and 4.2 were refined by fitting the simulations of soil water
deficit to measured data points (Figures 4.3 and 4 4)

The inttial period of the first season was not well evaluated, as too few measurements with
the NWM were taken (Figure 4 3). Thereafter. more measurements were available, which
enabled a better evaluation of model predictions. Generally, there was good agreement
between predicted and measured SWD. This should be expected since the calibration data
came from the tnal. A strip of trees (20 m row length) was stressed in the period from 10
January 1997 to 20 February 1997 in order to check the reliability of SWB under limited
water supply. This strip included one neutron water meter (NWM) measurement site. Of
interest is that the model adequately predicted soil water deficit for the stressed (Figure 4.3a)
and non-stressed treatments (Figure 4 .3b).

The accuracy of the predictions of SWD was evaluated by companson with SWD determined
from NWM measurements. When measured SWD for the whole area (tree row and inter-
row) is used, the agreement between predicted and measured SWD is acceptable (Figure
4 5). However, if measured SWD is taken only at the centre of the inter-row (2 m from tree),
SWB occasionally shows a lower deficit than the measured values since no irrgation water
is applied in the inter-row area. When one considers SWD measured at the row centre, SWB
frequently shows a greater deficit than measurements since irngations are concentrated
under the trees. It is thus vitally important to reakse that in hedgerow plantings the whole
area must be borne in mind when assessing soil water content. The practice of using single
or restncted localty measurements, as utiised in agronomic crops, can be misleading in
orchards.

The reason for this is obviously the effect of the irrigation distribution (Figure 4.6), rain
interception by the canopy (Figure 4.7), as well as the vanation in radiation interception by
the canopy and the irradiance reaching the soil surface as the season progresses (Figures
48 and 49) Figures 4 8 and 4 9 highlight the variation in canopy radiation interception
across the row. It is seen that in winter (4 July, DOY 185), when there is no tree canopy, the
irradiance across the tree row is around 10 MJ m~ d . Two months later (4 September, DOY
247), with the onset of spring, the daily irradiance has increased to around 17 MU m ‘d"on
the northern side of the hedgerow, whilst on the southem side, due to canopy development,
soil irradiance has increased to only about 15 MJ m~ d”'. In mid-summer (28 December,
DOY 362), the irradiance in the inter-row region reaches 22.5 MJ m™ d”, whilst under the
canopy the irradiance has decreased to about 2.5 MJ m? d”. Figures 4.8 and 4.9 also show
how the position of the shadow moves from ~ 1.3 m (Figure 4.8. DOY 185) to virtually under
the tree on DOY 362 (Figure 4.9) as the sun elevation increases into summer.

A common assumption with tree crops is that rooting volume is of a similar magnitude to
canopy volume. It was therefore interesting to investigate root length densities of peaches at
Hatfield and of clementines at Syferkuil. As can be expected, the root length density
decreased with depth both in the case of peaches and clementines (Figures 4.10 and 4.11)
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It was interesting to note the root length density across the tree row (Figures 4 10 and 4 11)
There are at least as many, if not more roots in the inter-row region (ie inthe 1102 m
distance from the tree trunk) than in the canopy dnp area (0 to 1 m from tree trunk), In
particular for peaches. It 1Is common practice in hedgerow plantings to irngate only under the
tree canopy and not imgate in the inter-row region at all. t must be noted that there are
significant amounts of roots in the inter-row region and thus this portion of the rooting volume
must not be disregarded when assessing the contribution of rain to the water balance.

The resultant effect of the root length densities on the profile SWD across the hedgerow into
the inter-row is depicted in Figure 4 12 for peaches with grass sod and bare soil in the inter-
row area This Figure depicts the change in SWD through one drying cycle during the
development penod. On the basis of volumetric soil water content measurements with the
neutron water meter at two locations outside the experimental plot, it was assumed that no
lateral movement of ground water from or towards the plot occurred. It is apparent that,
during the 36 h after irmgation, most water was used from the wetted area. The presence of
a grass sod also had an influence on profile SWD. The volumetric soil water content in the
inter-row with grass sod decreased more compared to the inter-row with bare soil

The same effect was observed by analysing data of soil matnc potential obtained with heat
dissipation sensors. For example, in Figure 4.13, matric potential values decreased (became
more negative) at two depths in the soil profile of peaches during a drying cycle after rain.
This occurred both for grass sod and bare soil in the inter-row area, but the soil with grass
sod dried faster. It is interesting to note that the top soil (6 cm depth) was wetter than the
deeper layer (26 cm depth), as the rain was light and the wetting front did not reach 26 cm
soil depth

Figure 4.14. shows the volumetric soil water content across the row for different depths
dunng a drying cycle of clementines at Syferkuil. The drying cycle started after the soil was
wetted by heavy rain. It is evident that root water uptake occurred both from the wetted and
non-wetted portion of the ground, due to an evenly distributed root system across the row
(Figure 4.11)

The effect of the above features on the diurnal vanation of soil temperature at a depth of 6
cm duning @ summer day is depicted in Figure 4 15 for peaches. It is seen that under the
tree, soil temperature was around 19 to 20 “C at 06h00 and increased to 22 “C at 14h00.
However, in the inter-row region, the 06h00 temperature was 24 °C and increased to 31 °C
(short grass inter-row) and 33 °C (clean cultivated inter-row) at 14h00
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4.3. Validation of the two-dimensional energy interception model

4 3 1. Overview of the field tnals

The radiant interception model was tested in orchards with differing tree sizes, leaf area
densities, shapes and row onentations. Data collected in the peach and Leucaena plantings
were used to vahdate the two-dimensional energy interception model for deciduous tree
crops, whilst data obtained from citrus orchards in Syferkuil and Brits were used to validate
the model for evergreen tree crops. For the benefit of the reader of this report, locality and
orchard planting specffications are summarised in Table 4.1.

There are 11 horizontal surface nodes simulated in the model, but only seven tube
solarimeters were available. Solar radiation interception by the canopy was therefore
determined with the use of seven tube solanmeters positioned under the canopy and in the
inter-row region. Soil irradiance measurements were taken next to the trunk and on each
side of the centre of the row. This arrangement created a symmetrical and equidistant
pattern of soil surface irradiance. The solarimeter positions for each canopy are presented in
Table 4.2. In the case of the tramline Valencia orchard in Brits (Table 4.1). the position mid-
way between two adjacent rows was taken as the “tree row” position for the simulation
(Table 4 2. tube solarimeter No. 4)

The solarimeters were coupled to a CR10 data-logger through an AM416 multiplexer. Milli-
volt readings were taken every 10 s for each solarimeter, converted to solar radiation values
(W m™) with the appropriate calibration value and these values were averaged over one
hour intervals. Above canopy radiation was measured at automatic weather stations erected
in @ nearby open area. The AWS was equipped with a CR10X data logger coupled 1o a LI
200X pyranometer to measure solar radiation. The data logger was programmed to take
readings every 10 s and automatically calculate and record hourly averages. The logged
data was regularly downloaded using a laptop computer.

Radiation data were collected from the vanous sites during the second half of 1999 and
collection details are summarised in Table 4.3. In the case of the Leucaena hedgerows,
leaves were stripped from the canopy in a uniform manner to give a range of leaf area
densities. The peach hedgerow was measured at the beginning of the season when the
canopy was in the initial penod, approximately a month later during the development period
and then when the canopy was fully developed at frut harvest.

The required parameter values are also presented in Table 4.3 These, as well as the
respective values in Tables 41 and 4.2, were used as the defining parameters for the
hedgerow canopies used in simulating the radiant transmittance. As can be seen in the
Tables, a considerable range was covered Not only were the measurements done from the
end of May to early December (i e including a good sample of different solar elevations and
direct flux densities), the leaf area index ranged from negligible (0. 45) to substantal (5.5).
These differences contributed to a range in LAD from 0.3 to 2 16 m’ leaves m~ canopy
volume. It must be pointed out that there were alsc differences in canopy structure; viz. a
typical “lollipop” (dense ball stuck on a stem) structure as typified by the clementine orchard
to the multiple stem scraggy hedge growth found in the Leucaena. There were also
differences in leaf type in that the citrus and peach have simple leaves while the Leucaena
has compound leaves. The orchard canopies also vaned tremendously in that the Empress
mandarin orchard was a relatively dense planting which approximated a one-dimensional
system since little direct radiation penetrated to the soil. On the other extreme were the
peach trees during the initial stage (i.e. soon after bud-break) when the foliage was sparse
The single row Leucaena site was also very open. The clementine, Valencia and mature
peach hedgerows formed distinct two-dimensional systems with a dense high hedgerow
canopy and a distinct inter-row region. Leaf absorptivity and the canopy extinction coefficient
were assumed 1o be 0.5 for all simulations of total solar radiation transmission (see Section
21)
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Table 4.1 List of tree crops monitored and their locality specifications.

Crop ' Locality Latitude | Longitude Alt(l.:;do m SP('.:;"' Row axis
Peach Hatfield Expenmental
(Pn!rnus persica Pl-‘am'n. 25°45'S | 28°16'E 1371 Hedgerow 45x10 E-W (110°-290°)
T_- cv. Transvaalia) ~ Pretona N I
Leucaena : . o
(Leucaena Hatheld =xpenmental | 2574s5's | 26°16€ | 1372 | Single row 05 ot}
leucocephela) Pretoria LI
EETE—— — S —
Clementine Syferkuil NW-SE
(Citrus reticulata cv Experimental Farm, | 23°51'S | 29°40'E 1250 Hedgerow 75x35 el
___Banco) |  Sovenga L T
Valencia Delta .
. Commeraial orchard, : . . Tworows 40x4.0 NW-SE
(ot L[L'] V. | 45 km North of Brits | 25 00'S | 2746 | 1107 | Tramiine with 8.0 m gap (135°-315")
Empress mandarnn : g -
: Commercial orchard, | . . NW-SE
(Cn‘rusalf:rb'cc.tflzta CV. | 15 km North of Brits | 25 00'S | 27°46E 1107 Hedgerow 40x20 (135°-315°)

Table 4 2 Distances from the trunk (m) of tube solarimeters (No. 1 to 7) installed in different crops.

~-

Crop | No. 4 No.1&7 | No.2&6 | No.3&5
Peach At tree trunk | +28&-2 l +1.32 &-1.32 | +0.66 &-0.66
Leucaena f "~ Attreetrunk | +2258-225 +158-15 | +075&-0.75
" Clementine | Attreetrunk | +3758&-375 425&-25 | +12581.25
Valercia Delta | Between two adjacentrows | +6&-8 = +4&-4 | +2&-2
Empressmandarin | Atteefunk | +282 | +1.328-132|+0664-066




64

Table 4 3. Radiation data collection programme and canopy parameters for crops monitored.

Time period (year 1999) Tree Canopy Stem — Leaf area
Crop e Day of Canopy status height width height . do:lsu’y
year (m) (m) (m) (m"m7)
9 Sep. 10 19 Sep. | 25210262 |  Initial canopy 3.0 18 03 045 0.30
Peach "50ct to 31 Oct | 27810 304 | Developing canopy 32 21 03 192 0.95
' 4 Nov. 10 22 Nov. | 308 to 326 Full canopy 33 26 04 405 175
30 May 150 Full canopy (N-S) 28 28 0 3.39 155 |
31 May 151 1" Strip (N-S) 28 28 0 267 122
1 June 152 2™ Stp (N-S) 28 28 0 1.00 0.46
Leucaena | 2Juneto3June | 153-154 | No leaves (N-S) 28 28 0 0.51 0.23 g
5Juneto 9 June | 156-160 | Full canopy (E-W) 28 32 0 318 140
10 June 161 1" Strip (E-W) 28 32 0 | 232 100 |
11 June 162 No leaves (E-W) 28 32 0 0.89 039 |
Clementine 3 Dec. to 11 Dec. | 337 to 345 Full canopy 31 40 03 55 | 216
Valencia Delta | 6 July to 20 July | 187 to 201 Full canopy 43 82 | o | a18 126
Empress mandann | 20 July to 5 Aug | 20110 217 Full canopy 40 28 | o4 | 417 | 15




65

4 32 Peach tnal (Hatheld)

Figures 4.16 to 4.23 show measured and simulated radiant transmittance at vanous
positions under the canopy of peaches grown in Hatfield The measured radiant
transmittance is represented with symbols, whilst the solid lines are SWB simulations. Next
to each graph, the calculated parameters of the statistical analysis between measured and
simulated data can be seen. This allows quick, efficent and quanttative evaluation of model
performance. The parameters of the statistical analysis are:

i)  Number of observations (N).

i) Coefficient of determination (r);

i) Index of agreement of Willmott (1982) (D),

iv) Root mean square error (RMSE). and

v) Mean absolute error (MAE).

These were recommended by de Jager (1954) to assess model accuracy. He also
recommended as model prediction reliability criteria that r and D should be > 0.8, whilst
MAE should be < 20%.

The simulations were done for inttial, development and mid-stages during the fourth season
of growth. The growth stages were associated with different leaf area densities (Table 4.3).
This gave the opportunity to test the model under different conditions of canopy size and
density.

Data for the initial stage are shown in F.gures 4. 16 10 4.19. Figure 4.16 represents simulated
and measured daily solar radiation in MJ m~ d”. During the initial stage, i.e. soon after bud-
break, the solar radiation reaching the soil surface is well predicted (i.e. lttle canopy
interference). However, it can be noticed that on the southern side at 0.64 and 1.28 m from
the tree row, the predicted daily solar radtabon is too high. Figure 4 17 shows simulated and
measured hourly solar radiation in W m”. Again, the model appeared to overestimate solar
radiation at 0.64 m from the tree row on the southern side. The radiant transmittance across
the row for a typical day dunng the initial stage of the crop, can be seen in Figure 4.18 for
12/09/1999 and in Figure 4.18 for the same day at 13 h. The predicted high soil irradiance in
the northern inter-row area, and reducing under the tree as well as on the southern, shaded,
inter-row area, was in agreement with the observations. However, the model overestimated
irradiance on the southern side, especially at 0 64 m from the tree row. The main reason for
the discrepancies between measurements and model predictions was attributed to the
presence of trunk and branches shading the tube solarmeters on the southemn side of the
tree row

A month later, dunng the development stage of the crop, the measurements and simulations
were repeated. Reasonable agreement was generally observed between measurements and
simulations for both daily (Figure 4.20) and hourly solar radiation (Figure 4.21)

Data were also collected during the stage of full canopy development (around harvest,
Figures 422 and 4.23) Dunng this penod. good agreement between measured and
simulated values was observed under the tree canopy. The model, however, underestimated
daily solar radiation in the inter-row area, in particular at 1.28 m and 1.92 m from the tree
row on the northern side. The reason for these discrepancies is pnmarily due to the shape of
the peach hedgerow. Firstly the cross-sectional shape of the canopy was not perfectly
elliptical: it would be better approximated by a tnangle. Secondly, and most probably more
importantly. the long axis of the canopy ellipse was not normal to the soil surface. Instead of
this axis being verucal, it was inchned towards the South. In other-words, the hedgerow
canopy was not symmetncal but lent to the South. Coupled to this was the fact that there
was not a completely uniform distribution of leaves within the canopy.
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Figure 4. 17. Measured (symbols) and simulated (knes) hourly solar radiation at different
sides and distances from the tree row in a hedgerow peach orchard (from 09/09/1999 to
19/09/1999, inttial stage of the crop).
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Figure 4.18. Measured (symbols) and simulated (ines) daily solar radiation across the peach
hedgerow on 12/09/1899 (initial stage of the crop).
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Figure 4 19 Measured (symbols) and simulated (nes) hourly solar radiation across the
peach hedgerow on 12/09/1999 at 13 h (intial stage of the crop)
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Figure 4 22. Measured (symbols) and simulated (lines) daily solar radiation at different sides
and distances from the tree row in a hedgerow peach orchard (from 15/11/1989 to
21/11/1989, at harvest).
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Figure 4 23. Measured (symbols) and simulated (ines) hourly solar radiation at different
sides and distances from the tree row in @ hedgerow peach orchard (from 15/11/1999 to
21/11/1898, at harvest)
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4.3.3 Leucaena tnal (Hatheld)

Figures 4.24 10 4 30 show measured and simulated hourly radiant transmittance at vanous
positions under the canopy of Leucaena grown in Hatfield.

The simulations were done for two single tree rows planted in N-S and E-W row axes (Table
4.1) in order to test the model for different row onentations. Also, leaves were uniformly
stripped on several occasions during the course of the tnal in order to test the model for
different leaf area densities (Table 4.3).

The model predicted radiant transmittance through the canopy at different distances from the
tree row generally well, as well for different row onentations and canopy densities. However,
the model tended to underestimate hourly solar radiation at low values of leaf area density.
This is particularly evident in Figures 4.26 and 4.27 (N-S row orientation), as well as in
Figures 4 29 and 4 .30 (E-W orientation). A possible reason for this discrepancy is the model
calculation of diffuse and direct solar radiation. It appeared from the data that the model
places too much weight on the diffuse component of solar radiation, which was particularly
evident at positions close to the canopy. The presence of the canopy therefore induced a
reduction in the calculated radiant transmittance at these nodes. This will have to be
investigated further,

The Leucaena hedgerow canopy had similar properties to the peach hedgerow, i.e. non-
symmetrical and having a heterogeneous plant matenal distribution within the canopy
(leaves, trunks and branches). This could also be the reason for discrepancies between
measurements and simulations.
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Figure 4 24 Measured (symbols) and simulated (knes) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (from 29/05/1989 to
30/05/1988, row axis N-S; LAD =155 m"m"™)
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Figure 425 Measured (symbols) and simulated (lines) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (on 31/05/1999; row
axis N-S; LAD=1.22m*m"”).
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Figure 426 Measured (symbols) and simulated (lines) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (on 01/06/199%: row
axis N-S; LAD = 046 m* m™)
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Figure 427 Measured (symbols) and simulated (lines) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (from 02/06/1989 to
03/06/1999; row axis N-S; LAD = 0.23 m* m™)
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Figure 4.28. Measured (symbols) and simulated (knes) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (from 05/06/1999 to
09/06/1899, row axis E-W; LAD = 140 m* m™)
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Figure 4.29. Measured (symbols) and simulated (lines) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (on 10/06/1999, row
axis E-W: LAD = 1.00 m*m™).
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Figure 4 30 Measured (symbols) and simulated (lines) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Leucaena planting (on 11/06/1898, row
axis E-W; LAD =039 m* m™)
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4.3.4. Citrus tnal (Syferkuil)

Figures 4 31 and 4.32 depict dally and hourly radiant transmittance in the clementine
hedgerow orchard at Syferkuil. Very good agreement between simulated and measured
values was observed for all positions under the canopy The MAE was higher then the
reliability critena of 20% at the tree row and at 1.25 m on either side of the tree row.
However, the measured and simulated values at these positions were generally so small that
large mean absolute errors were calculated for small discrepancies between measurements
and simulations.

An additional simulation was camed out to test the model prediction of transmittance of
photosynthetically active radiation (PAR). PAR was measured with line quantum sensors
placed adjacent to the tube solanmeters. Leaf absorptivity for PAR was assumed to be 0.8
(Goudnaan, 1977). The canopy extinction coefficient for PAR (Keae) was calculated to be
0.71 using the procedure described by Jovanovic and Annandale (1998), where:

kear = k (ap ad)®®

where k is the canopy extinction coefficient for total solar radiation, a, is leaf absorptivity for
PAR and a, the leaf absorptivity for total solar radiation. k was assumed to be 0.5 (see
Section 2.1), a, is 0.8 (Goudnaan, 1977) and a, was calculated as the geometric mean of
absorptivities in the PAR and near-infrared range (a,).

a = (ap ag)™®

where leaf absorptivity in the near-infrared range («,) is equal to 0.2 (Goudriaan, 1977).
Simulated and measured values of PAR (in mol cm™ s™') are compared in Figure 4 33 for
different distances from the tree row. The model predicted PAR generally well.

In the case of the simulations at Syferkuil, the major reason for discrepancies between
measured and simulated data for both total solar radiation and PAR, was the presence of
irregular branches and a not completely uniform distribution of leaves within the canopy
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Figure 4. 31. Measured (symbols) and simulated (ines) daily solar radiation at different sides
and distances from the tree row in a heggerow ciementine orchard (from 03/12/1999 to
11/12/1999).
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Figure 4.32. Measured (symbols) and simulated (knes) hourly solar radiation at different
sides and distances from the tree row in a hedgerow clementine orchard (from 03/12/1998 to
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Figure 433 Measured (symbols) and simulated (kines) photosynthetically active radiation
(PAR) at different sides and distances from the tree row in 2 hedgerow clementine orchard
(from 03/12/1999 to 09/12/1989)
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4.35 Citrus tnal (Bnts)

Two radiation tnals were carried out in Brits in order 1o test the two-dimensional radiation
interception model for evergreen tree crops under different conditions, in particular for
different row onentations (Table 4.1).

The results from the hourly observations and simulations in the tramhine Valencia hedgerow
orchard are presented in Figure 4.34. Generally, there was reasonable agreement between
the predicted and measured values. However, there were some anomabes, in particular at 4
m on the south-western side, and at 2 m on the north-eastern side of the tree row. This was
likely due to the placement of the tube solanmeters, as in this tramiine orchard the centre
between two adjacent rows was assumed to be the “tree row” position (Table 4.2, tube
solanmeter No. 4).

The results for the Empress mandarin hedgerow are presented in Figure 4.35 for hourly
radiant transmittance  The canopy development of this orchard was extensive. The canopy
base was covering 28 m of the 4 m row spacing, which gave a canopy cover of 70%.
Coupled to this was a canopy height of 4 m. This created a situation where very low soil
irradiance values were measured. The model overestimated soil irradiance in the inter-row
area (1.32 m and 2 m from the tree row) on both sides of the tree row in the middle hours of
the day It was observed in the field that irregular branches and foliage shaded the tube
solanmeters during these penods of the day.
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Figure 4.34 Measured (symbols) and simulated (lines) hourly solar radiation at different
sides and distances from the tree row in a hedgerow Valencia orchard (from 07/07/1996S to
13/07/1899).
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4.4. Validation of the soil evaporation mode/

4 4.1. Theoretical background

The rate of evaporation from a crop is dependent on meteorological conditions such as
temperature, wind speed, relative humidrty, and solar radiation (Penman, 1948). When crops
are grown in widely spaced rows, the crop canopy does not completely cover the soil, and
the exposed soil may receive large proportion of the incoming solar radiation, as well as
evaporate significant amounts of water. Thus, investigating evaporation in a widely spaced
row crop system requires that both the soil and canopy be examined (Tanner and Jury,
1976. Shuttieworth and Wallace, 1985; Lascanc et al., 1987). This is particularly true for
orchards, in which widely spaced rows bring large diurnal changes in exposure of plants and
soil to solar radiation.

One technique available to measure evaporation is micro-lysimetry: it consists of measuring
the mass loss by a small volume of wet soil in a container at the soil surface (Shawcroft and
Gardner, 1983). The technique has been used extensively for measuring evaporation from
bare soil (Caprio et al., 1985, Lascano and Van Bavel, 1986).

However, the practical use of micro-lysimeters is subject to several restrictions. Previous
research showed that the rate of evaporation measured with micro-lysimeters and other
techniques did often not match. For example, Boast and Robertson (1982), Matthias et al.
(1886) and Steiner (1989) found that the measured crop total evapotranspiration exceeded
the sum of plant transpiration and soil surface evaporation (measured using micro-
lysimeters). On the contrary, soil evaporation values exceeding plant evapotranspiration by
almost 125% were reported by Unger and Philips (1973).

One condition for the micro-lysimeter to give accurate measurement of evaporation is that
the soil in the micro-lysimeter be representative of the rest of the orchard However,
installing the lysimeter without disturbing the soil, as Boast and Robertson (1982) proposed,
is practically impossible. As a consequence, Shawcroft and Gardner (1883) found that the
conditions inside the isolated micro-lysimeters were different from those of the surrounding
soil. Also, the interpretation of evaporation measurements made with micro-lysimeters is
often difficult. One of the problems is that significant drying of the soil surface usually occurs
when the evaporation rate from the surface layer exceeds the rate of water movement
toward the surface from the underlying soil layers. Since evaporation depends on the soil
surface water content (Black et al., 1970) the rate of evaporation measured with the micro-
lysimeter changes over time: after an irngation event, the soil surface is wet and the
evaporation is imited by the net radiation received. Then the supply of water by the soil to
the surface becomes kmiting and evaporation decreases as the soil becomes dner.
Therefore, two stages can be distinguished: the first one is called energy- or demand-limited,
whereas the second one is called water- or supply-imited. This behaviour, already reported
in previous lysimeter studies (Phillips 1957 Black et al 19689), was modelled by Ritchie
(1672). This model has since then been widely adopled in various lysimeter studies
(Villalobos and Fereres 1950, Yanusa et al 1993).

Theoretical approaches have also been developed to describe and quantify the evaporation
process. They are based on the notion of energy fluxes: evaporation being determined by
the amount of energy suppled to bring water from the lquid or bound phase to the vapour
phase, and can be quantified by estimating radiant and heat fluxes. These studies have
provided some clues to explain the discrepancies in experimental measurements Walker
(1984) measured evaporation from a wet soil under a row crop and found that the latent heat
flux often exceecded the avalable radiative energy, suggesting that sensible heat transport
from the crop to the soil was influencing evaporation. On the contrary, by examining the
within-canopy profiles of heat and water vapour, Begg et al. (19564), as well as Brown and
Covey (1966) concluded that there was a sensible heat flux from the soil and lower leaves to



89

the top of the canopy. Similar observations were reported by Tanner (1960) and Fuchs
(1972)

The objectives of this tnal were: i) to establish the temporal and spatial patterns of radiative
energy interception at the sol surface under the orchard, i) to measure the spatial and
temporal distribution of evaporation in the orchard, iii) to use these data to validate the SWB
model for orchards, in particular the procedures concerning radiation interception and
evaporation

4.4.2 Overview of the field trial

A brief overview of the methods used in the soil evaporation tnal is given. This study was
conducted in the peach tnal during the 2000-2001 season at the Hatfield experimental farm.
Weather data were collected with an automatic weather station (see Section 3.1.5). Solar
radiation interception at the soil surface was determined using seven tube solanmeters (see
Section 3.1.7.2). For this particular tnal, the tube solarimeters were positioned across one
row at distances ranging from -2 m (southern side) to 2 m (northern side) from the row. The
data were recorded every 5 minutes with a CR10X data logger.

The main expenment with micro-lysimeters consisted of measurements of evaporation in the
orchard. Nineteen micro-lysimeters were installed perpendicular to the rows, at distances
ranging from 0 to 2.5 m on either side of the row. Eleven of them had a bare soil surface and
were installed in a row where the soil was kept bare, and eight others had a grass-covered
surface and were installed in a grass-covered area. After an initial irrigation of 20 mm,
applied with sprinklers, soil water evaporation was measured for six days (05-12/03/2001,
DOY 64 to 71). Another test experiment was conducted to validate the micro-lysimeter
technique. It consisted of measurements of soll water evaporation from eight micro-
lysimeters installed in an open field close to the weather station. Four of these micro-
lysimeters had a bare soil surface and were located in a bare soil area, and the four others
had a grass-covered surface and were located in a grass-covered area. These
measurements went on for seven days after an initial irngation of 20 mm, applied with the
same sprinkler system as for the peach orchard.

Evaporation measurements were made by weighing the micro-lysimeters daily.
Measurements were taken at 10h00 and 12h00 with an electronic scale, and the average
value was retained (in a few cases, discrepancies between these consecutive
measurements led to discarding one of them). The evaporation (mm) was calculated as the
dfference of mass between two consecutive measurements, divided by the product of the
density of water and the area of the micro-lysimeter.

443 Two-dimensional energy interception

The measurements of radiation flux density were used: i) to investigate the daily patterns of
radiation interception at the soil surface and i) to quantify the cumulative solar radiation
received daily at different positions in the orchard These data were used 1o check the
validity of the geometry used to describe tree shape and to predict radiation interception, and
lo validate the estimations of accumulated energy used for the evaporation part of the
model.
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Figure 4.36. Daily patterns of energy interception at different distances from the row, ranging
from -2.1 m (northern side) to 2 m (southern side) observed on the first day of the
expenment. Radiation received at the soil surface is expressed as the percentage of the total
solar radiation (measured by the weather station)
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Figure 4 37 Daily patterns of energy interception at different distances from the row, ranging
from -2.1 m (northern side) to 2 m (southern side). Each graph represents the percent of the
total solar radiation (measured by the weather station) received at the soil surface at a given
distance from the row, for the six days of the experiment.

The flux of solar radiation reaching the soil depended on the time of day and on the position
in the orchard (Figures 4.36 and 4.37). At 0.9 and 1.4 m on the southem side of the tree. the
radiation received at the soil surface was only about 25% of total solar radiation throughout
the day. On the contrary, there was full exposure to solar radiation between 10h00 and
12h00 at 1.1 m, and between Sh00 and 13h00 at 1.6 m on the northern side of the tree.
Positions half way between the rows exhibited intermediate behaviour, with a peak of about
75% radiation in the moming at -1.90 m and two peaks of about 75% radiation at 2.06 m,
one in the morning and one in the afternoon.
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Figure 4 38. Distnbution of total amount of energy received daily by solarimeter tubes at
different positions under the canopy of the trees (percent of total radiation). The negative
values represent the northern side and the positive values are for the southern side of the
tree row.

Differences in hourly patterns of energy interception between positions explained the
differences in the distribution of daily cumulative energy interception (Figure 4 38) Posttions
between approximately 0 and -2 m on the southern side of the tree received the lowest level
of energy (about 15% of total solar radiation), whereas the highest levels were received
between 1 and 2 m on the northern side (with about 90% of solar radiation reaching the soil)
This pattern is similar to that described by Pruitt et al. (1984).
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Figure 4.39. Comparison between distribution of energy at the soil surface measured and
simulated with the model. The measured dimensions of the tree were: height 3.76 m, width
4.2 m and skirting height 0.45 m. The best fit was obtained for the following tree dimensions.
height 3.76 m, width 3.8 m and trunk height 0.9 m.

Simulations were run with the SWB model to validate the predictions of accumulated daily
energy interception. The parameters of the model that can be adjusted are the tree
dimensions (height, width and skirting height), and the physical values associated with
radiation extinction through the canopy (leaf area density, extinction coefficient and
absorptivity). Several simulations run with different sets of parameters showed that changing
tree dimensions affected the shape of the curve of radiation distribution, whereas changing
the parameters associated with radiation extinction led to distributions with similar shapes
but different magnitudes.

Using the measured values for tree size (height 3.76 m wudth 4.2 m, trunk height 0.45 m),
and the following coefficients: leaf area density 1.2 m* m™, extinction coefficient 0.5, and
absorptivity 0.5, did not give satisfactory description of energy distribution. Cumulative
radiation was underestimated by about half, and the size of the shaded area was over-
estimated (Figure 4 .39). Adjusting these last three parameters did not help to better predict
the shape of the distribution. The best prediction of energy distribution was obtained with the
following parameters: height 3.76 m, width 3.8 m, trunk height 0.90 m, leaf area density 1.2,
extinction coefficient and absorptivity 0.5 (Figure 4.39). This was the best prediction of
radiation interception obtained with trees 40 cm narrower, and with the bottom of the canopy
55 cm higher than measured. Concerning the width of the tree, this is probably due to the
fact that the canopy was not exactly elipsodal: though the trees had rather few leaves,
some scaffold branches at the base extended further than the rest of the canopy. Therefore,
the tree width measured in the orchard did not properly reflect the average boundaries of the
canopy. Concerning the skirting height, the bias in its estimation was probably related to an
irregular distribution of the leaf area density. the branches onginating from the base of the
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trunk bore fewer shoots and leaves than the rest of the canopy. so that in terms of
interception t occurred as ff the base of the canopy was higher than measured

4 4.4 Locahksed measurement of evaporation

4.4.4.1 Test of the micro-lysimeter technique

In order to test the micro-lysimeters as a tool to measure evaporation, eight of them were
placed in open field, and measurements taken for 6 days. Measured evaporation was
compared to the ETo calculated using weather station data
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Figure 4.40. Mass loss and evaporation from eight micro-lysimeters installed in open field,
four of them in a bare soil area, and four of them in a grass-covered area The symbols and
lines represent replications

Evaporation appeared to decline from the first day after irigation. In the bare soil area, the
initial values observed during the first day were comparable tc ETo (60% to 100% of ETo),
but that was not the case for the lysimeters installed in the grass-covered area, with initial
evaporations between 20% and 40% of ETo The fact that evaporation measured by the
micro-lysimeters in the bare soil were lower than ETo was probably due to the fact that,
while the lysimeter surface was bare soil, ETo is calculated for a grass cover. Also, the fact
that the evaporation measured by the lysimeter placed in the grass-covered area was about
twice as low as in the bare soil area caused concern. One explanation may be that the grass
surrounding the micro-lysimeter created a micro-climate with lower evaporative demand
(lower wind and higher humidity). another explanation is that the grass that covered the
lysimeter was partially dead, thereby acting as a muich, preventing radiation from reaching
the soil surface and increasing the resistance to vapour transport. The dechine in evaporation
observed for all micro-lysimeters during the experiment can be descnbed as follows. After
imgation, the soil surface was wet and the evaporation was limited by the net radiation
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received (energy-imited stage), then the supply of water by the soil to the surface became
imiting and evaporation decreased as the soil became dner (faling rate stage) This
behaviour is typical of that reported in previous lysimeter studies (Philips, 1957). It was
modelled as a function of the square root of time by Ritchie (1972) and this model was
widely adopted in lysimeter studies (Villalobos and Fereres, 1990; Yanusa et al., 1993)

4442 Spatial aistnbution of evaporation in the orchard
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Figure 4 41. Mass loss and corresponding evaporation measured with lysimeters installed at
several positions in the orchard. One set of lysimeters was in the bare soil area of the
orchard, the other set in the grass-covered area. The positions ranged from distances of -2.5
m from the row (northemn side) to 2.7 m (southern side) in the bare soil area, and from -2 510
2.6 m in the grass-covered area

The micro-lysimeter measurements made within the orchard revealed important differences
in evaporation (Figure 4 41). The rates of evaporation measured during the first 2 days of the
experiment ranged from 1 to 3.5 mm d’. After the third day, the measured evaporation
declined for aimost all the lysimeters studied, though the rate of decline differed between
lysimeters: in general, t was higher in the bare soil area than in the grass-covered area, and
within a given soil cover, higher for the lysimeters that were far from the row
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Figure 4 42. Spatial distribution of evaporation across the rows. Measured evaporation is
expressed in mm d’ and shown for the bare and grass-covered area of the orchard. The
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For the first two days of measurements, expected to correspond to the energy-limited stage,
a clear distribution of evaporation within the row was observed (Figure 4 42). Evaporation
appeared to be a maximum on the northern side of the row (between 1 and 2 m from the
row), and a minimum under the trees and on the southern side of the row. This pattern was
found both in the bare sol and in the grass-covered areas. However, the evaporation
measured in the grass-covered area was lower than that measured at corresponding
positions in the bare soill area

4.4.4.3 Relationships between energy interception and evaporation

With the patterns of distribution of evaporation (Figure 4.42) and cumulative solar energy
received daily (Figure 4 38) being similar, the relations between these two vanables were
investigated.

A linear correlation between cumulative energy interception and daily evaporation was found
for the first 2 days of the expenment (expected to correspond to a situation where
evaporation is energy-imited, see below). This correlation was observed for both the bare
soil and grass-covered areas (Figure 4.43). Though the slopes of the regression line were
similar. the intercepts were not: evaporation was about 1 mm d lower in the grass-covered
area,

Possible interpretations for the lower rate of evaporation in the grass-covered area are: i) the
grass that covered the soil prevented radiation from reaching the soil surface, thus reducing
the amount of energy available for water evaporation at the soil surface; u) grass cover may
have created a wetter micro-cimate at the soil surface by reducing wind speed and
preventing vapour movement by convection.

When measurements for the rest of the experiment (days 3 to 6) were included, the
correlation between energy interception and evaporation was lost (data not shown). This
suggests that during these days. evaporation was no longer kmited by energy interception
alone.
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Figure 4 43. Relation between cumulated dailly energy interception and evaporation (bare
soil and grass-covered area). Only data from the first 2 days of the experiment are shown.

4.4.5. Valdation of the evaporation subroutine

The model calculates the spatial distribution of evaporation at the soil surface in two steps:

i) Potential evaporation (PE) is estimated at each node by applying the Panman-
Monteith equation, using local radiation as input.

i) Evaporation from the soil surface is then modelled as a function of potential

evaporation, air humidity, and humidity of the soil surface (as calculated by the
2D model of water redistribution in the soil).

In the following section evaporation measurements are compared with both modelled
potential evaporation and modelled evaporation.

4.4.5.1 Partitioning of potential evapolranspiration

If the assumptions made in the evaporation partitioning subroutine are not violated
significantly, the following results are expected:

i) The ratio between measured evaporation and predicted potential evaporation
should remain constant at the beginning of the evaporation measurement when
evaporation s expected to be energy-imited, then deckne with time as
evaporation becomes supply-imited.

W) The initial ratio should be the same and close to unity for all micro-lysimeters.
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Figure 4 44 Ratio between evaporation measured with micro-lysimeters (E) and potential
evaporation (PE) calculated by the model at several positions in the orchard. One set of
lysimeters was in the bare soil area of the orchard, the other set in the grass-covered area
The postions ranged from distances of -2.5 m from the row (northern side) to 27 m
(souhern side) in the bare soil area, and from -2.5 to 2.6 in the grass-covered area

Most micro-lysimeters instalied within the bare soil area gave comparable initial ratios:
between 06 and 0.8. The ratio between measured evaporation and simulated potential
evaporation changed over time as expected (Figure 4 44) it was constant or declined little
during the first two days, the decreased during the following days In the grass area
however, the ratio remained between 0.3 and 0.6 during the whole expernment.

These results suggest that in the bare soil area evaporation was energy-imited for the first
two days and then became supply-imited for this specific period. The fact that measured
evaporation is lower that simulated potential evaporation during the first two day of the
experment is probably due to a bias in the prediction of PE. PE is calculated using the
Penman-Monteith equation for ETo, which describes a reference grass cover and not a bare
soil. The Penman-Monteith equation is simplified by assuming parameter values for “crop”
height, surface resistance and albedo that are applicable to a grass surface, which may lead
to an inaccurate estimation of PE for a bare soil surface. Also, within-canopy estimates of
wind speed and air humidity would likely improve the accuracy of the simulation. These
measurements were, however, not avadlable in the present experiment. Finally, the daily time
step at which the potential evaporation is calculated may be too long, as evaporation may
become supply-limited during part of a day and could not therefore be expected to match
potential evaporation any more.

In the grass-covered part of the orchard, not only the measured initial evaporation i1s lower
than the predicted PE, but there is also no clear shift from an energy-imited to a supply-
Iimted stage, and il seems as if this system is always supply limited. This is quite plausible
considenng the fact that much of the grass was dead and therefore acted as a muich

4452 Modelled evaporaton

It is necessary 1o estimate the humidity of the surface layer of the soil to predict evaporation
using the Campbell (1985) procedure. The drying of the soil surface has to be simulated
using the finite difference SWB model. The simulations were set up as follows: Daily
cumulative energy interception was simulated as descnbed earlier, and was in excellent
agreement with measured values. Evaporation was modelled using the procedure described
in Section 2.1.2. The redistribution of water in the sol was modelled using the two-
dimensional finite difference model as described in Section 2.1.3, setting the horizontal
nodes (centres of the evaporation areas) at the lysimeter positions, and the vertical nodes at
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1. 2.4, 7,11 cm depths, and thereafter every 20 cm. The first 5 layers descnbed in this set-
up were therefore 1, 1. 2, 3 and 4 cm thick, which made it possible to describe water
distribution close to the surface with accuracy. Due to the way the model has been
developed, evaporation and redistribution of water in the soill could not be simulated
independently (that is, measured evaporation cannot be used as an input to predict soil
humidity). One variable used in the model is ar humidity (Section 2.1.2). In the current
version of the model, air humidity is assumed to be constant and equal to 50 %, which is
quite reasonable for a daily time step.

Simulated and measured evaporation were very well correlated in the bare soil area
(=0.76), but evaporation was over-estimated by about 30 % (Figure 4.45). In the grass-
covered soil area, nol only was evaporation grossly over-estimated, but aiso the correlation
between simulated and measured evaporation was low (r=0.28). The over-estimation of
evaporation is likely to be due to the over-estimation of potential evaporation previously
mentioned. The low correlation between simulated and measured evaporation in the grass-
covered area is probably due mainly 1o the dead grass acting as muich, which is not
represented in the model. To a lesser extent, the live grass may also maintain level of
transpiration independent of the soil surface humidity. Other possible sources of errors can
be in predicting the drying of the soil surface, due to inaccurate estimation of the parameters
of soil water redistribution, such as soil hydraulic conductivity (which was not measured but
estimated indirectly from the water contents at field capacity and permanent wilting point).
However, the fact that the model predicts evaporation very well for the last two days of the
experiment, after 3 and 4 days of drying, does not confirm this hypothesis




y = 12648x + 02543
r?=07635 +

Bare soil

lated evaporation (mm day”')

..

Simu

0 1 2 3 4 5
Measured evaporation (mm day')

Figure 4 45 Comparison between evaporation measured with the micro-lysimeters and
predicted by the model. Air humidity was assumed to be 50 % which is the default value in
the model

Figure 4 46 shows how the simulations reproduce the transition from a demand-imited tc a
supply-imtted stage in the bare soil area. Simulated PE, simulated E, and measured E are
shown for the five days of the experiment. During the first day, the soil surface was wet and
simulated evaporation was demand-liimited across the whole row. Spatial differences in the
surface layer humidity began to appear during days 2 and 3. Whilst simulated evaporation
remained equal to potental evaporation under the trees, it decreased in the exposed pars in
the middie of the rows. That is, evaporation remained demand-limited under the trees, where
the soil surface remained wet, while supply imtations appeared in the middie of the rows
where the soil surface dnied faster. During days 4 and 5, surface humidity had decreased
across the whole row, and evaporation became supply-imited everywhere. In the early
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stages when energy imitation is crucial, modelled values overestimated actual evaporation
so it is clear that PE needs to be reduced. Once the system, however. became supply
limited, simulations matched the evaporation measurements very well, suggesting that the
simplified assumptions regarding soil hydraulic conductivity may, indeed, not be serious.
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Figure 4.46. Evolutions of evaporation measured with the micro-lysimeters, potential
evaporation predicted by the model, and predicted evaporation. Each graph represents
evaporation in the bare soil area in one of the 5 days of the experiment.

4.5. Validation of the two-dimensional water balance model

The two-dimensional soil water balance model uses the energy interception and soil
evaporation sub-models to split evaporation and transpiration. In this section, the output
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obtained with the two-dimensional sod water balance model was compared to independent
field measurement data in order 10 vahdate the full SWB two-dimensional model|

Volumetnc soil water content data collected with the TDR system in the peach and citrus
orchards were compared to SWB simulations. In these simulations, it was assumed that the
root distnbution across the row was uniform, based on the measurements of root density
shown in Figures 4 10 and 4 11.

Results of mocel simulatons for drying cycles of the peaches and clementines revealed
similar trends, so only results for clementine are presented It must be noted that the
summer 1999/2000 recorded frequent rain and thus the drying cycles for this season were
short. The simulations for the 1999/2000 season are presented in Figures 4 47 1o 4 49. In
Figure 4 47, samples of the model predicted volumetnc soil water content compared to
measurements are presented for the 6 cm depth. For the most part there was very good
agreement with the mean absolute error (MAE) being ~7% for two comparisons and ~17%
for the other two. Similar agreement was recorded for the 26 cm depth in Figure 4 48. At the
90 cm depth (Figure 4.49), MAE was greater, ranging from 14 to 22%. Overall results show
that the surface layer (6 cm) predictions were generally very accurate which indicates that
the procedure used to determine the distnbution of solar radiation at the surface used to
calculate evaporation works well. However, it was noted that, where differences occurred,
the general trend was for the model 1o predict drier soil than the measurements indicated.
This could have been as a result of the very high rainfall causing the surrounding soil to have
high water content and there could thus have been an inflow of subsurface water that was
not accounted for in the model predictions.

During the 2000/01 summer it was possible to monitor more wetting and drying cycles and
the compansons between measured and simulated volumetnic SWC are presented in
Figures 4.50 to 4.53 for the clementine hedgerow orchard. In the "a" portion of these figures
the comparisons between the measured (blocks) and SWB predicted (ine) values for the
north-western side of the row are presented. The extreme left column of graphs depicts the
comparisons for the nodes at 3.75 m starting at the top with the 6 cm depth, then the 26 cm
depth companson just below, followed by the 56 cm depth and finally at the bottom the
values for the 86 cm depth. As one moves to the right, so the 2.5 m, then the 1.25 m and
finally the nodes at the row centre are depicted. In the “b" portion of Figures 4.50 to 4.53 the
compansons for the north-eastern side of the row are presented. In these figures the nodes
at the row centre are on the left with the 125, 25 and 3.75 m comparisons presented
sequentially as one moves 1o the nght. The compansons for the upper soil depth, i.e 6 cm,
are presented in the top horizontal row of graphics with the 26, 56 and 86 cm depths being
depicted sequentially as one moves down the figures. In this manner, #t is possible to
graphically present the spatial and daily comparisons of measured and predicted volumetric
SWC on each side of the tree row.

Figure 4 50 presents the comparison between measured and predicted daly SWC for a
penod just before, dunng and after a heavy under-canopy irmgation. The time period is 9 to
17 February 2001 and the imgation applied was ~100 mm in a three metre wide band under
the tree canopy. If this water had been apphed 10 the whole surface area t would have been
equivalent to a 40 mm irngation. It is seen in Figures 4 50a and b that the nodes at 3.75 and
2.5 m from the row centre show no change in SWC as would be expected since they did not
receive any water. The predicted and measured SWC values for these nodes also show
close agreement except for the 86 cm deep node at 3.75 m from the row centre in
Figure 4 50a The nodes 1.25 m from the row centre and at the row centre show excelient
agreement in absolute value and trends in the values between measured and SWB
predicted SWC at the 6 and 26 cm depths. At the 56 cm depth the trends between measured
and SWB predicted values are similar but t appears that the SWB predicted SWC increases
sooner than the measured values and then it decreases more quickly. At the 86 cm deep
nodes the trends in the predicted and measured SWC are similar but the SWB predicted
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SWC again tends to increase a bit early. At this depth. the measured SWC is also much
higher than the predicted SWC

Figure 4 51 shows the comparnsons for a rainfall event where 22 6 mm of rain were recorded
on 19 February 2001. The comparnsons presented are from 18 to 26 February 2001 It is
seen that at the 6 cm deep nodes there is excellent agreement in the trends and values of
SWC for the measured and predicted values. However, at the 26 cm depth an interesting
feature is noted. i e. the measured SWC values do not reflect any increase while the SWB
predictions indicate a noticeable increase in SWC between 1% and 20 February. So what is
happening in this instance is that, in practice, the wetting front has not penetrated to 26 cm
while the model has overestimated the wetting front penetration. At 56 and 86 cm no
changes in SWC are measured or predicted There is good agreement between the
measured and predicted SWC values at all the 56 cm deep nodes. In this series the 85 cm
nodes show poor agreement between measurements and predictions.

Compansons of measured and SWB predicted SWC for a good rainfall event, i.e. 349 mm
on 1 March 2001, are recorded in Figure 4 52. These comparisons run from 26 February to
11 March. Once again there is excellent agreement between the predicted and measured
SWC at the 6 cm nodes across the whole row. At the 26 cm deep nodes the model predicted
that the wetting front would arrive one day too early (i.e. virtually immediate penetration). At
the 56 cm depth the measurements show that there is no change in SWC while the SWB
predictions indicate that the wetting front would penetrate to that depth. The 86 cm nodes
show negligible change in SWC resulting from the rainfall event with good agreement in
trends and values on the S-W side but large differences in SWC values on the N-E side.

The last senes of comparisons in Figure 4.53 are for a light rainfall event of 8.3 mm on
19 March 2001. The period considered begins on 18 and ends on 2% March 2001. Looking
at the measured values it is noted that only at 2.5 m on the south-westem sideand at 3.75m
on the north-eastern side is there a slight response in SWC at 6 cm depth. The rest of the
nodes show no response in SWC. So this rainfall of 8.3 mm must be regarded as ineffective
in altening the SWC. The SWB predictions show no response 1o this rainfall as well.

A second possible source of discrepancy between measurements and simulations could
have been due to spatial variabilty of soil properties It is well recognised that spatial
variabilty s a major factor when point measurements of soil water are made with heat
dissipation sensors or TDR probes. Due to the high cost of the equipment used, it was not
possible to replicate the measurements in order to account for spatial variability.

Another source of error could have been the soil disturbance dunng the installation of TDR
probes. It is clear that. even if soil water sensors are carefully installed according to standard
procedures, some disturbance of the soil always occurs. In particular, during the insertion of
TDR probes in the soil volume to be measured, some compaction occurs that changes soil
bulk density and water retention properties around the rods of the probes. This could cause
errors in measurement, especially because the effect of the volume of sol adjacent to the
rods has the greatest effect on the measurement (Knight, 1892).

It must be remembered that in the two-dimensional simulations done above there are
basically seven profiles that are being evaluated. In the model. it is assumed that the intial
water contents are all the same, i.e. only one initial SWC is required per soil depth as an
input and this value is then allocated to all the nodes at that specific soil depth. In practice
the initial SWC for each node in the 2-D situation is rarely the same and one then uses an
average as a beginning point. This is the reason why some measured SWC values begin
either above or below the SWB predicted SWC. In some cases, particularly at the 86 cm
depth these discrepancies can be rather large as can be seen in Figure 4 52b.

The problems encountered in measuring soil water content, related to spatial vanabilty and
point measurements, are highlighted in Figure 4.54. This Figure presents the measured
volumetric soil water content (SWC) data (sold circles) at four depths across the clementine
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hedgerow, as well as interpolated isolines for two different days. The first day (14 February
2000) was after 48 mm of rain, while 24 February 2000 reflects the water distribution 10
days later It is important to note the lack of unformity in the soil water content at the same
depth across the hedgerow even after heavy rain. In spite of the fact that most of the profile
was very wet (> 34 %). there was a spur of relatively dner soil penetrating to 300 mm. After
ten days, the surface layer (6 cm) dried out from around 30 % to ~20%, while the 34%
isoline straightened out at a depth of between 400 and 600 mm. This indicates that mainly
above this depth the trees were removing water from across the whole inter-row and not
from just under the canopy region. It is also important to note that below 600 mm there was
a noticeable equilibration of the water content. The water content at 300 mm showed very
itie change from the original range of 32 to 50 %. This could have been due to the
impervious plinthic layer preventing free drainage of the subsoil. The large differences in
volumetric soil water content measured across the hedgerow at 500 mm soil depth,
however, are mainly attributed to spatial vanability in soil properties and sensor placement. It
is clear that TDR probes can be used in imgation scheduling to determine crop water use
over certain periods. Caution should, however, be exercised in the interpretation of absolute
values of volumetric soil water content obtained from the probes
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Figure 4 47. Simulated (line) and measured (squares) volumetric soil water content at § cm
depth, 3.75. 2.5 and 1.25 m on the NE side of the trunk. as well as directly under the tree, for
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Figure 4 50b. Simulated (lne) and measured (squares) volumetric soil water content on the NE side of the clementine hedgerow at 6, 26, 56
and 86 cm depths for the penod 9 to 17 February, i e. during a heavy irmgation event.
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Figure 4 51a. Simulated (line) and measured (squares) volumetric soil water content on the SW side of the clementine hedgerow at 6, 26. 56
and 86 cm depths for the period 18 to 26 February, i.e. during a 22.6 mm rainfall event,
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Figure 4 51b. Simulated (line) and measured (squares) volumetric soll water content on the NE side of the clementine hedgerow at 6, 26, 56
and 86 cm depths for the period 18 to 26 February, i.e. during a 22.6 mm rainfall event.
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Figure 4 52a Simulated (line) and measured (squares) volumetric soil waler content on the SW side of the clementine hedgerow at 6, 26, 56
and 86 cm depths for the penod 26 February to 11 March, i.e. during a heavy rainfall (349 mm) event.
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Figure 4.52b. Simulated (line) and measured (squares) volumetric soil water content on the NE side of the clementine hedgerow at 6, 26, 56
and 86 cm depths for the penod 26 February to 11 March, i.e. during a heavy rainfall (34.9 mm) event.
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Figure 4.53a. Simulated (line) and measured (squares) volumetric soil water content on the SW side of the clementine hedgerow at 6, 26, 56
and 86 cm depths for the period 18 to 29 March, i e. duning a light rainfall (8.3 mm) event.
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Figure 4.53b. Simulated (line) and measured (squares) volumetric soil water content on the NE side of the clementine hedgerow at 6, 26,
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and 86 cm depths for the period 18 to 29 March, i e. during a light rainfall (8.3 mm) event.
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Figure 4 54 Variation in measured volumetric soil water content (WC %) with depth across
the clementine hedgerow one day after a 48 mm rainfall (14 February 2000) and 10 days
later (24 February 2000). Negative distances on the x-axis are for the SW side of the row,
and positive values are for the NE side.
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4.6. Scenario modelling and sensitivity analysis

Although the two-dimensional SWB was mainly developed as a tool for real-tme irngation
scheduling, it can also be used for planning purposes. In this Section, scenano modeliing
and sensitivity analyses were camed out varying some input parameters and observing
varations in certain output variables. The am of this exercise was to identify the most
suitable management practice in order to maximise water use efficiency

Two case studies were considered for two imaginary orchards, the one in Kakamas
(Northern Cape) and the other in Stellenbosch (Western Cape). The two locations were
chosen for comparative purposes, as the latitudes and cimates differ considerably. The
geographic coordinates of Kakamas are 28°46'S and 20°37'E, altitude is 850 m and the
chmate is dry and hot with an average annual rainfall of = 150 mm, mostly in summer.
Stellenbosch (33°54'S; 18°52'E. altitude 146 m) is located in the winter rainfall region
(Mediterranean chmate) with an average annual rainfall of = 800 mm.

In the imaginary orchard at Kakamas, field capacity was 0.2 m m' and permanent wilting
point was 0.1 m m". At Stellenbosch, field capacity was 0.15 m m” and permanent wilting
point was 0.08 m m”. In both orchards, the depth of the soil profile was 1.1 m, the depth of
the root system was 1 m and bulk density was 1.5 Mg m~. Row width was assumed to be 5
m, which 1s common practice in orchards in the area.

Weather data sets for the two locations included maximum and minimum temperature, solar
radiation, wind speed as well as maximum and minimum relative humidity. The simulations
were run from 01/01/1998 until 28/02/1998. This is the period of the year with peak
atmosphernc evaporative demand at both locations.

The objective of the exercise was to find the row onentation, width of the canopy and width
of the irngated strip that will provide maximum water use efficiency. An additional sensitivity
analysis was carried out to investigate the effect of root density in the inter-row area on crop
water use. A companson between the finite difference and cascading model was also carned
out using different canopy widths,

Row onentation

Scenario simulations were carned out with optimal conditions of soil water supply. Irrigations
were simulated daily on a 1 m wide wetted strip to restore daily water losses through
evaporation and transpiration. Canopy width was assumed to be 2 m. which is common
practice in the areas considered. Canopy height was 3 m and leaf area density 2 m* m”.
Simulations were run varying the row onentation in the two orchards and observing
vanations in the output results of evaporation and transpiration. The root system was
assumed evenly developed in the wetted and non-wetted portions of the profile.

The results are shown in Figure 455 Evaporation (E), transpiration (T) and
evapotranspiration (ET) were higher in the hot and dry climate of Kakamas compared to
Stellenbosch. Transpiration was larger than evaporation at both sites for the specific input
data sets used. Expressed as % of ET, E was lowest and T was largest at row onentations
close to 0° (N-S row axis). It is therefore recommended that, at both locations, the orchard
be planted in a N-S ornentation to maximise canopy kght interception and minimise water
losses through evaporation

Wetted diameter and canopy width

Scenano simulations were run varying wetted diameter (width of the wetted strip) and
canopy width, and observing vanations in the output results of evaporation and transpiration
Simulations were run for both case studies with row orientation equal to 0°. Immigations were
simulated daily to restore water losses through evaporation and transpiration. Canopy height
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was 3 m and leaf area density 2 m* m” The root system was assumed to be horizontally
evenly developed in the wetted and non-wetted portions of the ground

Simulated transpiration in mm 1s shown in Figure 4 56 Transpiration was higher in the hot
and dry cimate of Kakamas compared to Stellenbosch. It increased by increasing canopy
width due to a larger interception of energy by the canopy, and by increasing wetted
diameter due to a larger soil water supply In Figure 4 57, transpiration is expressed as a
percent of ET. It is interesting to note that, although T (in % of ET) increased by increasing
canopy width, t decreased by increasing weftted diameter as the evaporation losses
increased when the wetted area of the soil surface became larger. As a rule of thumb, good
water use efficiency can be assumed when more than 70% of the soil water is used for
transpiration. A wetted diameter of 0.5 m or less and pruning to reduce the canopy width to 2
m can therefore be recommended for both locations.

Root density

The SWB model allows the user to choose the fraction of roots in the wetted volume of soil.
A sensitivity analysis was carned out for both case studies varying the fraction of roots in the
wetted volume of soil, and observing varnations in the output results of evaporation and
transpiration. Simulations were run for both case studies with row onentation equal to 0°,
wetted diameter 2 m and canopy width 2 m. Canopy height was 3 m and leaf area density 2
m° m” As the first two months of 1998 were very dry at Kakamas and Stellenbosch, 50 mm
rains were simulated to occur every 10 days. This yielded a total of 300 mm for the two
months

Figure 4 58 shows simulated evaporation and transpiration as a function of the fraction of
roots in the wetted volume of soil. A root fraction of 1 indicates that all roots are assumed 10
be in the wetted volume of soil, a root fraction of 0.9 indicates that 90% of the root are in the
wetted volume and 10% in the non-wetted volume, and so on. Maximum transpiration was
determined for the particular data sets by simulating daily irngations to restore water losses
through evaporation and transpiration.

It was interesting to note the efficiency of rainfall utilisation by crops having different root
densities in the wetted and non-wetted portions of the soil (Figure 4 58). Low T and high E
was calculated by assuming all roots are in the wetted volume. By decreasing the root
fraction in the wetted volume down to 0.5, T increased and E decreased as the roots in the
inter-row volume contributed to crop water uptake. By assuming a root fraction of 0.5 (the
same amount of roots in the wetted and non-wetted volume, i.e root system evenly
distributed across the row), T was very close to maximum T and evaporation was the lowest,
By further decreasing the root fraction in the wetted volume and assuming there were more
roots in the non-wetted volume, T decreased and E increased. This occurred as the major
contribution t0 root water uptake onginated from the non-wetted volume of soil, where no
shading of the ground generally occurred dunng the day. evaporation was high and less
water was available for transpiration. The effect of root density across the row was more
pronounced at Kakamas where the atmosphenc evaporative demand s higher compared to
Stellenbosch

Modeis' companson

Scenano simulations were run with row orientation 0°, wetted diameter 0.5 m and varying
canopy width, using both the finite difference and the cascading soil water balance model of
SWS8. The am was to determine f. for these particular case studies, the simpler cascading
mode! yelds similar results to the more complex finite difference model. The FAQ crop
factors (Kcb) for the cascading model were chosen so that the fractional interception of
radiation fitted the ratio of canopy width to row width. In this way, fractional interception of
radiation was assumed {c be equal to canopy cover with no transmittance of radiation
through the canopy The weather data set included very low rainfall for the period simulated
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(from 01/01/1998 to 28/02/1998). In order 10 test the effect of rainfall on soil evaporation from
the inter-row area, 30 mm of rain were simulated to occur every 10 days for the penod
considered. The root system was assumed evenly developed in the wetted and non-wetted
portions of the soil for both soil water balance models.

The simulation results are shown in Figure 4.59. It is evident that the cascading model
underestimated transpiration at small canopy widths. Transpiration values simulated with the
two modeis were close at large canopy widths. The cascading model underestimated soil
evaporation at small canopy widths, but it overestimated #t at large widths. The main reason
for this disagreement is the different calculation of water redistribution used in the two
models. The finite dfference model equilibrates water in two dimensions on the basis of
matric potential gradients, whilst the cascading model moves water only downwards in the
wetted and non-wetted volumes of the soil and simulates evaporation only from the top layer
of the soil.

Interpretation of results

According to the scenario simulations, and in order to maximise water use efficency, the
optimal management for the orchards in Kakamas and Stellenbosch imply row onentation 0°
(N-S row axis), a wetted diameter of 0.5 m and a canopy width of 2 m. The width of the
wetted stnp could be increased and similar or higher water use efficiency could be achieved
by increasing canopy width. This would, however, reduce the inter-row area and make
mechanised management and harvesting more difficult,

It is recommended to take into account possible contributions to crop water uptake from the
volume of soil in the inter-row region in order to maximise rainfall use efficiency. As the root
fraction in the wetted volume of soil is an input to SWB, information on the development of
the rooting system is indispensable for management of irrigations on farm. An accurate
estimate of the root fraction in the wetted and non-wetted volume can be obtained by digging
a hole across the row, taking soil samples and determining root densities.

The finite difference model, based on sound physical principles, is more relable than the
cascading model, but it also requires more input parameters. In particular, the most difficult
parameters to determine will be the leaf area density for the radiation energy part due to the
cost of the instrumentation, and the hydraubc conductivity for the scil part due to the
specialised knowledge and scientific equipment required. The cascading model also requires
calibrated FAQ crop factors in order to reasonably partition Eand T

It must be borne in mind that the examples presented in this study are case specific.
Different results are to be expected for different conditions and if different input data sets are
used. The results of the scenano simulations were obtained assuming the orchard is situated
on a level area. It can be expected that under conditions where the orchard surface slopes
giving a different aspect, under differing hedgerow onentations as well as at different
lattudes, the relative importance of transpiration to evaporation would differ. These vanables
should be accounted for when planting an orchard. An optimisation program could be built in
SWB in order to optimise all input parameters at the same time. This would facilitate the
choice of optimal management without having to run simulations by trial and error. Computer
software that could be adapted for use with SWB is PEST - ASP (Modelindependent
Parameter ESTimation) developed by John Doherty and Watermark Numencal Computing
(Australia).




118
Kakamas
350 100
E 250 D A A A A 'u-l
=
© .
- 100 + TSR RERRAARRRAA NG00 .
> 20 w
w50
0 0
-100 -50 0 50 100

Row orientation (degrees from N-S)

~—ET «»~E ~a~T -a—E (% OfET) —a—T (% of ET)

Stellenbosch

300 100

E' 200 A aa bAoA A A A, 80 w

w M ' S

g 150 = ;:_

T o) WEe S SagEseseeSaesaaa -

— B L o L L VRO, w
0 0
-100 -50 0 S0 100

Row orientation (degrees from N-S)

- ET % E-08-T-8-E(%OET) —a—T(%of ET)

Figure 4.55. Simulated evaporation (E). transpiration (T) and evapotranspiration (ET) as a
function of row orientation for two orchards at Kakamas and Stellenbosch (from 01/01/1858
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CHAPTER §
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

A two-dimensional energy interception and soil water balance model was developed
(objective 1). The model was fully validated for deciduous trees (objective 2) using data
obtained in field tnals on peaches and Leucaena (Hatfield expenmental station, University of
Pretoria). For model validation in evergreen citrus orchards (objective 3). data obtained in
field trials set up at the Syferkuil experimental station (University of the North) and on two
commercial farms in Brits were used. The development of a core of irrigation expertise at the
University of the North (objective 4) and the supply of equipment to the University of the
North for research and training (objective 5) were also achieved. This is dealt with in detail in
the report on capacity building and technology transfer (Chapter 7).

The two-dimensional energy interception and soil water balance model was developed by
the research team and included in the Soil Water Balance (SWB) irrigation scheduling
model. This should facilitate irngation water management of micro-irrigated crops. The SWB
model is available for use with Windows 95 on an IBM-PC or compatible computer. The
minimum requirement is 16 Mb RAM and a CD-ROM drive. The program is supplied in
executable code on CD.

Two soil water balance models were included in SWB in order to facilitate irngation
scheduling of hedgerow tree crops. The first model calculates the two-dimensional energy
interception for hedgerow tree crops, based on solar and row orientation, tree size and
shape, as well as leaf area density. Two-dimensional soil water redistribution is also
calculated with a finite difference solution. A simpler model, based on the FAQO crop factor
approach and a cascading soil water balance, was also developed to enable users to predict
crop water requirements with a imited number of input data.

Both the two-dimensional and the cascading soil water balance models account for effects
that are typical for localised irmgation in hedgerow orchards, and that have been observed in
the field trials. These factors are variabilty in soil water deficit and imigation distribution
across the row. Root length density is also not always uniform across the row and the SWB
model makes provision for this through an input vanable, which is defined as the fraction of
roots in the wetted volume of soil. In addition, the two-dimensional energy interception model
accounts for variations in soil irradiance across the row, and makes provision for shapes of
tree canopies that resemble an elipse with the bottom part cut off (tromboid) to
accommodate certain pruning practices.

The FAO-based model and the cascading soil water balance were calibrated for first leaf and
second leaf peaches

The validation of the two-dimensional energy and soil waler balance model was done in
three steps

i) Validation of the two-dimensional energy interception sub-model separately using
independent data sets collected in all field tnals

i) Validation of the soil evaporation sub-model separately using independent data
sets collected in the peach field trial at Hatfield.

i) Vahkdation of the aggregate two-dimensional energy and soil water balance
model, using independent data sets coliected in the field tnal at Syferkuil

The two-dimensional energy interception model was validated for different condtions
(latitude, row onientation, size of the canopy and leaf area density). It is fair to say that hourly
spatial and temporal vanations of radiant transmittance were generally well simulated by the
radiant interception model presented in this study The results obtained show that when one
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deals with a symmetrical and elliptical canopy having a uniform leaf distribution, for example
the Syferkuil clementine hedgerow. the model follows the diumal cycle of radiant
transmittance exceptionally well. In the case where the canopy is non-symmetnc and/or has
non-uniform leaf distribution, as can be expected, errors in predictions of solar radiation
transmittance will occur.

Irregular trunks and branches could cause inaccuracies in predictions of the energy balance.
At low values of leaf area density, the shade from trunks and branches is not accounted for
in the SWB model. The subroutine spiitting total solar radiation into diffuse and direct
radiation should be further tested. The relative importance of the non-symmetnc canopy
shape as opposed to the non-uniform leaf distribution should be investigated. It would also
be interesting to test the model for conditions where the canopy does not have an eliiptical
shape at all.

The soil evaporation model was tested in a seven days field expenment undertaken to study
the distnibution of solar radiation and soil water evaporation across a hedgerow peach
orchard following irmgation. The varability in irradiance reaching the soil beneath the
orchard, due to partial shading by the cancpies, was related 1o that of evaporation: locations
which were out of the shade of trees (on the northern side of the row) received almost full
solar radiation and had the highest evaporation rates, whereas shaded locations (under the
tree and on the southern side of the row) had low evaporation rates.

Simulations of light interception by the two-dimensional SWB model were in good agreement
with observations, though the tree dimensions for which the model gave the best predictions
were slightly different from those measured in the orchard. Concerning evaporation, model
predictions matched the measurements made with the micro-lysimeter with less accuracy.
This may be due to errors in both the micro-lysimeter measurements of evaporation, and in
the model predictions. The expenment conducted to vahdate the technique showed that: i)
there was a relatively high varniabilty in lysimeter measurements, even for lysimeters placed
in similar conditions, ii) evaporation measurements were highly dependent on the local
environment (bare soil or grass) in which the micro-lysimeters were installed. The model
predictions could have been affected by: i) errors in parameter estimation, ) cumulative
errors in the estimation of water content after a few days, and #i) inaccuracies in describing
water transfer in the upper layers of the soil and humidity at the scil surface. It also appeared
important to measure air relative humidity in orchards and use it as input in order to predict
soil evaporation accurately.

The two-dimensional energy and soill water balance model was validated using data from the
citrus trial at Syferkuil. The model predicted the soil water content at different depths in the
soil profie and distances from the tree row reasonably well The major difficulties
encountered in the validation of the soil water balance were due 1o spatial vanability of soil
properties and disturbance of the soil when the water sensors were instalied

Careful installation is therefore recommended for soil water sensors that give point
measurements like those used in this study (heat dissipation sensors and TOR probes). The
TDR probes can be used in irmgation scheduling 10 determine crop water use over cenain
periods. Caution should, however, be exercised in the interpretation of absolute values of
volumetric soil water content obtained as cutput reading from the probes.

The two-dimensional energy and soil water balance model is primarily meant to be a real
time, irrigation scheduling tool for commercial orchards. Results from this study should guide
imigation scheduling consultants, extension officers and farmers to more efficiently use
scarce water resources on high value tree crops. The two-dimensional model, however, can
also be used for planning purposes as demonstrated in the scenario simulations. The
mechanistic canopy radiation interception routine which has been shown o be very accurate
will make it possible to evaluate the effect of row onentation and spacing as well as the
effect of wetted diameter and pruning praclices on water use,
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The biggest contnbution of this model is likely to be the guantification of the contribution that
ranfall can make to crop water use by taking the non-imgated inter-row soil reservoir into
account Scenano simulatons proved that crop water uptake from the inter-row volume of
soil can be high and this needs to be accounted for in imgation management in order to
maximise rainfall use efficiency. It is recommended 1o accurately estimate the root fraction in
the wetted and non-wetted volume of sod by digging a trench across the row, taking soil
samples and determining root density

The two-dmensional energy interception and finte difference soil water balance model is
expected to be more accurate than the cascading soil water balance, due to the sound
physical principles on which it is based. The mechanistic detailed approach could give
guidance with respect 10 the magnitude of errors made by using simpler, more empirical
approaches. However, the two-dimensional model will also require more input parameters
compared to the simpler cascading model. In particular, the most difficult parameters to
determine will be the leaf area density for the radiation energy part due to the cost of the
instrumentation, and the hydraulic conductivity for the soil part due to the specialised
knowledge and scientific equipment required. On the other hand, the cascading model
requires calibrated FAQ crop factors in order to reasonably partition E and T. It would be
interesting to compare the cascading and the two-dimensional soil water balance models
against field measurements in order to determine the level of accuracy in predictions.

Dunng this project, two user-friendly tools have also been developed, the ETo and HDS
caiculator. The ETo calculator was developed as a stand-alone tool for the calculation and
database storage of the Penman-Monteith reference evapotranspiration (ETo) It can also be
used to check what weather measurements can be omitted without experiencing large errors
in the estimation of ETo at a particular site. This should faciitate the application of SWB in
combination with a weather station, and improve the accuracy of model predictions. The
HDS calculator was indispensable for processing data obtained from heat dissipation
sensors, which were used to estimate soil matnc potential in the field tnals. The HDS
calculator was used for individual calibration and temperature correction of sensors’
readings.

Recommendations for further research

The successful validation of the two-dimensional energy interception and soil water balance
model opens the opportunity to develop a useful yield predictor and productivity efficiency
measure if one knows the canopy to fruit ratio. This information could also be useful for fruit
colour, size and internal qualty (sugar content) research, depending on the market
requirements for a specific plant species.

As demonstrated with data from the peach tnal at Hatfield, sol or cover crops between rows
can also have a large effect on the efficient use of rainfall, and this should be further
investigated

Although not common, it is practiced on certain commercial farms to imgate orchards with
drip imgation systems several times dunng the day. This imphes the need for an hourly time
step model in order to accuralely predict the soil water balance. The hourly Penman-
Monteith reference evapotranspiration procedure has recently been finalised and appears in
the Imgation and Drainage Bulletin No. 56 published by the FAO (Allen et al., 1998). This
could also be included in the SWB model for hourly predictions of crop water requirements.

An optimisation program could be built in SWB-2D in order to optimise all input parameters
at the same time. This would faciltate the choice of optimal management (row orientation
and spacing. wetted diameter and pruning practices) without having to run simulations by
tnal and error. Computer software that could be adapted for use with SWB 1s PEST - ASP
(Model-Independent Parameter ESTimation) developed by John Doherty and Watermark
Numerical Computing (Austraka).
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CAPACITY BUILDING AND TECHNOLOGY TRANSFER

Report to the
Water Research Commission

on the project

“Two-Dimensional Energy Interception and Water Balance Model for Hedgerow Tree
Crops”

This report refers to objectives iv) and v) of the research proposal for the project “Two-
Dimensional Energy Interception and Water Balance Model for Hedgerow Tree Crops”.

Capacity building
Capacity building was a signficant aspect of this project.

The Faculty of Agrnculture at the University of the North (UNIN) was in dire need of capacity
building to enable it to serve the agricultural sector of the Northern Province, particularly with

respect 1o sound irrigation practices.

The importance of capacity building at UNIN was considered. The Northern Province has the
highest population density in rural areas of all the Provinces in South Africa. Further, due to
the lack of industrial development within the Province, migratory employment in Gauteng is
the only real option for domestic income. Thus, for the majorty, agriculture (mainly
subsistence) is the primary avenue of survival. This situation is compounded by a severe
limitation of water resources due to low rainfall and high evaporative demand. These factors
make effective water use a vital issue in this Province. One of the aspects of effective water
use is effective imgation. The Faculty of Agriculture at UNIN did not have a recognized
imgation specialist on their staff and thus did not offer satisfactory courses in irngation. The
National Community Water and Sanitation Training Institute (NCWSTI) is addressing, in
parallel with other activities, training in aspects of water santation, distribution and control in
rural areas. Thus, the training of sound imgation practices was severely neglected within the
Province. Coupled to this i1s the general lack of sound imgation principles in the region
(except in the large commercial undertakings). Short-term training courses for the users of
water for irngation purposes are being contemplated by the authorities in the Province
Commendable as this is, t's only an emergency plan, which does not offer a long-term
solution. It was needed to create a core of expertise within the Province, which could then
address the long-term issues. It is envisaged that this project is the beginning phase of
developing this core of experise

The Faculty of Agricutture and the NCWSTI at the University of the North had no qualified
imgation specialist within their ranks. Bearing in mind the and nature of the Northern
Province, and the importance of agriculture in the region. it was imperative that this aspect
be rectified. This project addressed this by enabling Mr N Du Sautoy, Senior Lecturer from
the UNIN Faculty of Agriculture, to complete the capacity building component initiated in the
WRC project “Facilitating Imgation Scheduling by Means of the SWB Mode!l”

When he joined the SWB modelling group at the University of Pretoria in 1997, Mr N du
Sautoy volunteered to change his field of expertise (i e. citrus production technology and
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plant nutrition) to imgation modelling. This step was taken in recognition of the need for a
sound imgation curnculum at UNIN and has involved concerted input into computer skills,
crop physiology and environmental biophysics with respect to principles of water use
efficiency. In the process, a unique lysimeter trial site has been established at the Hatfield
Experimental Farm (University of Pretona) for the study of water dynamics in deciduous
trees. A sound foundation for very useful fruit tree water balance studies was therefore laid

A course on imgation scheduling based on the principles included in the SWB model was
organized by the Department of Soil Science (UNIN). This concept was presented at the
University of the North Curnculum Development Workshop held on 28/04/1999 at the Ranch
Hotel in Pietersburg under the topic “Training in Soll Science”. Mr N Du Sautoy organized
and presented the course titled “Irrigation and Soil Water Balance™ for 3™ and 4™ year
students at the University of the North. The application of the SWB model forms part of the
course practicals.

A workshop on “Crop Modelling and Irrigation Scheduling” was also organized by Mr N Du
Sautoy on 24-25/03/1998 in Pietersburg, with the participation of Prof JT Ritchie (Michigan
State University, USA). A large number of students. mainly from the University of the North
and University of Venda, officials and extensionists (Department of Agriculture) as well as
researchers were invited and attended this workshop.

The Faculty of Agriculture (UNIN) has been equipped with the following instrumentation: 28
heat dissipation sensors, 28 time domain reflectometry probes, one 1502C Tektronix cable
tester, four data loggers, two AM416 multiplexers, one AM25T multiplexer, one automatic
weather station, sap flow meters and tube solarimeters. The total value of the equipment is
about R 185,000.

During the installation of the equipment at the Syferkuil expenmental farm (UNIN), a large
group of students from the University of the North was trained in the theory and application
of the techniques used. The students were trained during a two-day session while installing
the intensive monitoring site.
Several students of the University of the North have been trained in the application of the
following techniques:

1) Heat dissipation sensors for measuring soil matnc potential;

i) Time domain reflectometry for measuring volumetric soil water content;

W) Soil and root sampling for laboratory analysis;

iv) Tube solarimeters for measuring total solar radiation;

v) Line quantum sensors for measuring photosynthetically active radiation;

vi) Automatic weather station for recording weather data; and

vii) Tension-infiltrometer for measuring soil hydraulic conductivity.

Capacity building was not only directed at UNIN. The Plant Production and Scil Science
Department of Pretoria University also benefited.

An M. Inst. Agrar. (Agronomy) student at the University of Pretoria. under the guidance of
the project leader, was trained and employed as Research Assistant on this project. Mr NS
Mpandel completed his Bachelor of Agriculture degree majoring in horticulture at the
University of Venda in 1997. In 1998, he compieted the B. Inst. Agrar. Honours degree at the
University of Pretoria. Mr NS Mpandeli was trained in the following fields:

1) Theoretical basis for energy interception and soil water balance modeliing.

2) Pnnciples and operation of equipment used to collect field measurements for the
validation of the model:

i) Micro-lysimeters for measurement of soil evaporation,
i) Automatic weather station,
i) Heat dissipation sensors for measurement of soil water potential,

iv) Time domain reflectometry for measurement of volumetric soil water content;
v) Neutron water meter for measurement of soil water content;
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i) Sunfleck ceptometer for measurement of interception of photosynthetically
active radiation;
Vi) Tube solanmeters for measurement of total solar radiation. and
vii) Leaf area index and growth analysis.
3} Use of spreadsheets for data processing and analysis.

This was done through course work and participation at workshops and conferences

The M. Inst. Agrar. work program for Mr Mpandeli was recommended by the project leader
and included the following courses.

iy Agronomy 801 and 890

u) Scientfic presentation 783

W) Microchmatology 312

v) |Imgation 422

v) Computer information and literacy 171, 172, 173 and 174

vi) Mathematics

Mr NS Mpandeli visited the Oklahoma Climatology Survey Institute (USA) for a training
penod of 28 days. This trip was invaluable to him in order to get expernence in managing and
operating meteorological electronic equipment and systems. He also attended the Soi
Science Society of South Africa Congress held in Pretoria in June 1999, and participated at
the Combined Congress heid in Bloemfontein in January 2000 and the Joint Congress held
in Pretoria in January 2001,

Based on this training, Mr NS Mpandel was appointed at the Institute for Soil, Climate and
Water (Agncultural Research Council - Pretona) through the Professional Development
Program

Technology transfer

Results from this project should guide irmgation scheduling consultants, extension officers
and farmers in the more efficient use of scarce water resources on high value tree crops.
The mechanistic detaled approach will also give guidance with respect to the magnitude of
errors made by using simpler more empirical approaches.

Obviously, inttially this tool will be beneficial to large commercial concerns, but with the
emergence of commercial black farmers (as land redistnbution programmes come into
effect) their need for technical assistance will be tremendous. This initiative will make a
significant contribution to being able to address this need as it anses.

The following papers have been presented at conferences during the course of this project

ANNANDALE JG. BENADE N, JOVANOVIC NZ and DU SAUTOY N (1998) SWB. a user
fnendly imgation scheduling model. Joint Congress, Soils and Crops Towards 2000. Jan
1998, Alpine Heath, KwaZulu-Natal, South Africa.

This paper won the Soil Science Society Silver medal for the best paper on implementable
technology at the Joint Congress, Soils and Crops Towards 2000, January 1998, Alpine
Heath, KwaZulu-Natal, South Africa.

DU SAUTOY N, JOVANOVIC NZ and ANNANDALE JG (1998) Modelling fruit tree water use
for irngation scheduling. Joint Congress, Soils and Crops Towards 2000. Jan 1998, Alpine
Heath, KwaZulu-Natal, South Africa.

ANNANDALE JG, CAMPBELL GS, STOCKLE CO., JOVANOVIC NZ and DU SAUTOY N
(1999) Two-dimensional water balance modeling of tree crops. Congress of the SA Society
of Crop Production. Jan. 1999, Stellenbosch, South Africa
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This paper won the Nico Viljoen prize for the best paper at the Congress of the SA Society of
Crop Production. January 1999, Stellenbosch, South Afnica

DU SAUTOY N, JOVANOVIC NZ, ANNANDALE JG and NEPFUMBADA MP (1999) Two-
dimensional measurement of soil water and energy balance in a hedgerow peach orchard.
Congress of the SA Society of Crop Production. Jan. 1999, Stellenbosch, South Africa.

PRETORIUS JJB, JOVANOVIC NZ and ANNANDALE JG (1999) Individual calibration of
Campbell Scientfic 229 heat dissipation sensors. Congress of the SA Society of Crop
Production. Jan. 1999, Stellenbosch, South Africa

ANNANDALE JG, CAMPBELL GS. JOVANOVIC NZ and DU SAUTQY N (1999) Modelling
hedgerow tree crop water use. 8th Congress of the Southern African Society for Horticultural
Sciences. Jan. 1999, Stellenbosch, South Africa.

DU SAUTOY N. JOVANOVIC NZ and ANNANDALE JG (1999) The use of heat pulse
technique to monitor transpiration in peach trees. 8th Congress of the Southem African
Society for Horticultural Sciences. Jan. 1999, Stellenbosch, South Afnca.

DU SAUTOY N, JOVANOVIC NZ and ANNANDALE JG (2000) Contnbution of inter-row
region to the soil water balance in hedge-row plantings. SASCP, SAWSS, SANCRA
Combined Congress. Jan. 2000, Bloemfontein, South Africa.

ANNANDALE JG, CAMPBELL GS, JOVANOVIC NZ DU SAUTOY N and BENADE N
(2000) Simulating the two-dimensional water and energy balance. SASCP, SAWSS,
SANCRA Combined Congress. Jan. 2000, Bloemfontein, South Africa.

ANNANDALE JG, JOVANOVIC NZ, CAMPBELL GS, DU SAUTOY N. and BENADE N
(2000) Improving water use efficiency of widely spaced micro-irrigated crops with a two-
dimensional water and energy balance model. . of the 6™ International Micro-Imgation
Congress (Micro 2000), 22-27 Oct. 2000, Cape Town, South Africa.

The following papers emanated from previous WRC projects and have been presented at
conferences during the course of this project:

JOVANOVIC NZ, ANNANDALE JG and BENNIE ATP (2000) Canopy radiation extinction
coefficient accounts for differences in row width. SASCP, SAWSS. SANCRA Combined
Congress. Jan. 2000, Bloemfontein, South Africa.

JOVANOVIC NZ, ANNANDALE JG and HAMMES PS (2000) Teaching crop physiology with
the Soil Water Balance (SWB) model. SASCP. SAWSS, SANCRA Combined Congress
Jan. 2000, Bloemfontein, South Afnca.

JOVANOVIC NZ. ANNANDALE JG and NEL AA (2000) A mechanistic approach for
simulation of deficit irmgation of sunflower (Helianthus annuus L.). SASCP, SAWSS,
SANCRA Combined Congress. Jan.2000, Bloemfontein, South Africa

The following papers emanated from previous WRC projects and have been pubkshed
during the course of this project:

JOVANOVIC NZ and ANNANDALE JG (1999) An FAO type crop factor modffication to SWB
fogroinclusion of crops with limited data. Examples for vegetable crops. Water SA 25(2) 181-
190.

JOVANOVIC NZ, ANNANDALE JG and MHLAULI NC (1999) Field water balance and SWB
parameter determination of six winter vegetable species. Water SA 25(2) 191-196.
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JOVANOVIC NZ and ANNANDALE JG (2000) Crop growth mode! parameters of 19 summer
vegetable cultivars for use in mechanistic imgation scheduling models. Water SA 26(1) 67-
76.

JOVANOVIC NZ and ANNANDALE JG (2000) SWB (Soil Water Balance): A computer tool
for teaching future irngation water managers. J. Nat Resour. Life Sci. Educ. 29 15-22

ANNANDALE JG, CAMPBELL GS. OLIVIER FC and JOVANOVIC NZ (2000) Predicting
crop water uptake under full and deficit irrigation: An example using pea (Pisum sativum L
cv. Puget). img. Scr. 19 65-72

JOVANOVIC NZ, ANNANDALE JG and HAMMES PS (2000) Teaching crop physiology with
the Soil Water Balance (SWB) model. J. Nat. Resour. Life Sci. Educ. 29 23-30.

JOVANOVIC NZ. ANNANDALE JG and NEL A (2000) A mechanistic approach for
:nmulabon of defictt irngation of sunflower (Helianthus annuus L.). S. Afr. J. Plant and Soil
7(3) 117-123

The following papers emanated from this project and have been submitted for publication:

ANNANDALE JG, JOVANOVIC NZ, BENADE N and ALLEN RG (2001) User-fnendly
software for estimation and missing data error analysis of the FAO 56-standardized
Penman-Monteith daily reference crop evaporation. Img. Sci.

ANNANDALE JG. DU SAUTOY N, CAMPBELL GS, JOVANOVIC NZ and LOBIT P (2001)
Two-dimensional energy interception model for hedgerow fruit trees. Agric. For. Meterol.

ANNANDALE JG, JOVANOVIC NZ, CAMPBELL GS, DU SAUTOY N and BENADE N
(2001) A two-dimensional water balance model for hedgerow tree crops. Img. Sci.

In February 1999, the project leader was invited by OTK to demonstrate the SWB model to
their highveld imgators.

In May 1998, the project leader was invited by the South African Irngation Institute to present
the SWB model to their regional design engineers

There was cooperation with Ms T Volschenk (Agricultural Research Council - Infruitec,
Stellenbosch), and Dr E Hoffman (formerly Agncultural Research Council, Institute for
Tropical and Subtropical Crops, Nelspruit).

The SWE model, as wel as all data onginating in this research project. are available from
Neil Du Sautoy (Department of Soil Science, University of the North, P. B. X1106 Sovenga
0727). The reference for the CD is “Tree project WRC K5/945"
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Appendix A

2D-Energy partitioning model
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h=4.5; {RowSpacing}

w = 4.5 {Wettedwidth - dont let canopy width exceed
row spacing}

bs = 4.5; {BareScilwidth)

RowOrientation = -88; (negative values are W of N, whilst pos are
E of N -90 to 90}

CanopyHeight = 3.25;

CanopyWidth = 2.75;

BareStemHeight = 0.35; {dont let skirting height exceed height}

LAD = 1; {Leaf Area Density)

k= 0.5; {should I rather calc this for za using eq
for Kbe?}

Absorptivity = 0.5; {Absorptivity = 0.8 for PAR, 0.2 for NIR
and 0>0.5 for sclar}
*)
var

TreeObj: TTreeCbj:

Sinlat,

Coslat,

LC, {longitudinal correction}

slp, {slope}

asp, {aspect}

SclarNoon,

SinDec,

SinlatSinDec,

CeslatCosbDec,

SinSlope,

CosSlope,

Exponent,

a,

S

Z2o,

x_axis,

RadFrac, {Fraction of potential daily radiation}

PotDailySolar,

RelPress,

Sp, Sd: Double;

Td: HNodeType;

implementation

uses
_Tree2DF, _DM, _IWeathr, _WDayDM, _FieldDM, _SoilFD;

procedure TTreeObj.SetupTree2D;
begin
if not DM.T2DSetT.FindKey([FieldDM.Field.Value]) then
Raise SWBErr.Create('Setup for field
'+FieldDM.WeatherID.AsString+ ' does not exist!');
InitSite('S',DM.T2DSetTSlope.Value, DM.TZ2DSetTAspect.Value);

InitOrchard (DM.T2DSetTCanopyH.Value, DM.T2DSetTCancpyW.Value, DM, T2DSe
tTStemE.Value);

SetUpRadNodes:;
end;
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DaylLength: Double;

i: Integer:;
begin
for i := Lft tc Rt do
Td[i] i=

Calc_Td(xp(i),a,c,20,DM.TZDSetTRowWidth.Value, Exponent);

£ := (279.575 + 0.9856*DOY)*Pi/180; {radians}

EQOfTime ‘= (=104.7*sin(f)+596.2*sin(2*f)+4.3*8in(3*f) -
12.7*sin(4*£)

~429.3%cos (f)-2°cos(2*£)+19.3%*cos(3*£))/3600;

SolarNoon := 12 - LC - EQOfTime;

SinDec 1=
0.39765*8in(4.669+0.0172*D0Y+0.03345*8in(6.224+0.0172*DOY) )

{if Hemisphere is S then SinDec = =-SinDec no! only change lat)

Dec := arcsin(SinDec);

CosDec :~ Cos(Dec):

SinLatSinDec := SinlLat*SinDec;
CosLatCosDec := CoslLat*CosDec;

CosHalfDay := - SinlLatSinDec/CoslLatCosDec;
SinKalfDay := sqrt(l-sqr(CosKalfDay)):;

HalfDay := pi/2 - arctan(CosHalfDay/SinHalfDay):;{half day length
in radians}

PotDailySolar = 117 .8 s
{(RalfDay*SinLatSinDec+CosLatCosDec*SinHalfDay) /pi;
Daylength := 2*HalfDay*12/pi; {day length in hours}

end;

procedure TTreeObj.BeamAndDiffuse (MSolar,cosZA,RelPress: Double);
var

ok,

w,

PotPARbeam,

POUPARAIfS,

FOtPAR,

W,

POtNIRbeam,

POtNIRdiff,

POTNIR,

PotSclar,

PAR,

NIR,

Ratio,

FracPARbeam,

FracNIRbeam,

Sb: Double;
begin

St := MSolar; {measured global radiation}

if DailySim then

begin

St := SolarConst*RadFrac*cosZA;

end;
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-

function TTreeObj.Calc _CD(x_p,a,c,20,h,2a,phi: Double): Double;

{CD is Canopy Distance or Intercepted Ray length - parameter s in CE
& T papers This 1is based on Charles Edwards and Thorley 1973 and
Charles Edwards and Thorpe 1976. We have been able tc simplify the
equaticons by only sclving for path length through the canopy to the
soil surface, i.e. Zp = 0 and by assuming that for row crops the
canopy dimension in the y or row direction (b) will be very large so
that the y2/b2 term falls away. xp position of transect. 3h/2 and
Sh/2 are symmetry planes with the tree at 2h and with two rows of
trees on either side of the centre row we are modelling za is zenith
angle az is azimuth angle}

var
n: integer:;
theta, {zenith angle}
// phi, {azimuth angle}
st, {sin theta)
ct, {cos theta)
sp, {sin phi}
cp, {cos phi}
st2, {sin theta squared)}
Ctay {cos theta sgQuared)
cp2, { cos phi squared}
az, {a squared)
c2,
xXp2,
u, {coeff of Zgq squared term - see Charles Edwards and
Thorley 1973}
v, {coeff of 2q}
W, {coeff of constant term)
xdist, {¥xp = nh}
s, {distance through canopy}
z: Dcuble:
begin
theta := za;
st := sin(theta);
ct := cos(theta);
st2 = Sgr(st);
ct2 := Sqr(ct);
sp s= sin(phi);
cp := cos(phi);
cp2 = Sgr(cp):
a = Sqri(a):;
c2 t= Sgr(c):
xpe t= S@rix_pi:
u = c2vst2°cp2 + a2+*ct2;
s = 0;
for n := 0 to 4 do
begin
xdist := x p - n*h; (h is row spacing)
v = 2% (c2*ste*cp*ct*xdist - a2*ct2*20);
w := c2%ct2* (Sgrixdist) + a2*(Sgr(2o)/c2 - 1));
Z t= Sqr(v) - 4*u*w;
if z > 0 then
$ := 8 + sqgrt(z)/u/ce;
end;
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CosEl,
El;
zab, {beam zenith angle)
COSZA)
AZ,
CosAZ,
SinAZ,
phi,
Tm,
ViewFactor, {view factor for beam radiation eq 11.16}
Tb, {beam transmission coef}
Radiation: Double; {beam weighting factor}
hour: Integer:;
begin
RadFrac := MSoclar/PotDailySolar;
Radiation := 0;
PailySim := True;

T := 0;
for hour := 1 to 24 do
begin
SinEl t- SinLatSinDec + CoslLatCosDec*ces (0.262* (hour-

SolarNoon)):
CostEl := sqrt(l1-Sqr(SinEl));
El := arctan(SinEl/CeosEl):
if E1 > 0 then {(dont calculate AZ when sun still below horizon)
begin

CosAZ := (Sinlat*SinEl - SinDec)/(CosLat*CosEl);
SinAZ := sqrt(l - Sqr(CosAZ));
AZ := arctan(SinAZ/CosAZ):
if hour < 12 then

AZ := pi - AZ
else

AZ := AZ + pi;
if CosAZ < 0 then

if AZ > pi then

AZ := AZ - pi

else
AZ := AZ + pi;
zab := pi/2 - El; {(zentih angle for beam is complementary to

elev angle}
CoSZA := cos(zab);
phi:= AZ - x_axis;
Tb := exp(Exponent*Calc_CD(x_p,a,c,20,h,zab,phi));
BeamAndDiffuse (MSolar, coSZA,RelPress); i{call this and angle
calculations
- zenith and phi only once hourly - take view factor out as
well}
ViewFactor := CosSlcpe*cosZA + SinSlope*sin(zab)*cos (AZ-asp):
Radiation := Radiation + Tb*Sp*ViewFactor + Td*Sd;// eq 11.16
page 180
end;
end;
Result := Radiation * 0.0036; ({to convert to MJ/m2/day #)
end;
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Var
. Integer;
PEvap,
PotEvap,
// PotTransp,
Transmission,
TransmittedRad: Double;
begin
TransmittedRad := 0;
for j := Lft to Rt do
TransmittedRad = TransmittedRad +
DM.DailyST([j)*ScilFD.Surface(]j]:
TransmittedRad := TransmittedRad/DM.T2DSetTRowWidth.Value;
if WDayDM.Solar.Value > 0 then

Transmission :~ TransmittedRad/WDayDM.Solar.Value {fraction
transmitted to surfacej}
else

Raise SWBErr.Create('Division by zero! Daily Solar = 0');
PotEvap := PET*Transmission;
PotTransp := PET - PotEvap:
TTreeObj.CalcDailySTArray;
for j := Lft tc Rt do
begin

PE[j) := DM.DailyST([]j]/WDayDM.Solar.Value*PET;
BT(3] := PET-PE([]]:
end;

{Exrror checking code)
PEvap := 0;
for 3 := Lft to Rt do
PEvap e PEvap +
PE[j]*ScilFD.Surface([j) /DM.T2DSetTRowWidth.Value;

PotTransp := PET - PEvap;
{Check if PotEvap = PEvap}
end;

end.

procedure TTreeObj.El (hour: Integer): Double;
var
SinEl, ({sin of elevation angle}
CosEl,
El,
zab: Double; {beam zentih angle}
begin
inEl := SinLatSinDec + CoslLatCosDec*cos(0.262* (hour-SolarNoon));
CosEl := sqrt(l1-SqQr(Sinkl)):
El := arctan(SinEl/CosEl);
zab := pi/2 - El; {zentih angle for beam is complementary to elev
angle}
// Result := zab;
end;

if E1 > 0 then {dont calculate AZ when sun still belcw horizon}




145

b

-
e
s

|
Ty ry




Appendix B

Source code for the 2D-Finite difference water balance model

] -
unit SoilfD;
-

{The finite difference matric flux potential based water balance
requires that nodes be placed at the interface between layers and
that layers be divided into upper and lower portions. Layers have
uniform properties within themselves but properties can differ
between layers. The layer is referenced to the potential at the top
of the layer. Around each node a control volume is therefore formed
which is made up ©f the lower half of the layer above it and the
upper half of the layer below it. The mass balance equations for
these control volumes are solved by this model.)

interface
uses SysUtils, Dialogs, Math, _IGlob, _InitSaltDM;

type
TScilFD = Object

procedure FDiffInitScil;
procedure FDiffInit2DSoil;
procedure CalcwWaterStatus;
procedure SurfacesStorage;
function getStoredWater: Double;
procedure CalcRootDensityAndConductivity;
procedure RedistributionAndMassBalance:;
procedure FDiffCalcScildz:
procedure FDiffCalcSoildx:;
procedure CalcCVwaterContent; {call during initialization and

every day}
procedure SetUp2Dnodes;
procedure Infiltration2D;
procedure Init2DSourceSinkFluxes;
procedure ZerozZDBoundConduct(i,j: Integer);
procedure SetlowerBoundaryCond2D;
procedure MassBal2D(i,j:Integer);
procedure Redist2D;
procedure WaterFunctions(i,j: Integer);

private
MFPu,
MFP1: VNodeType; {soil layers)
PotentialEvap,
lim,abv,est,
dwdp,
sumf : Double;
nlr: Integer:;

a,ax,b,bx,bl,cx, f,dp,dkdpu,dkdpl,  h, jv, kv, wnu, wnl,

wu,wl,cpu,cpl, ks, ku,kl, ruk,n,nl, fr,Psi, PsiE,PsiI,hc,CVnwe:
VNodeType{SocilVecs}:

si: VNodeType; {USED TO SEE IF PRCPERTIES OF ADJACENT LAYERS ARE
THE SAME)
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WNul,WNur,wWN11l,WNlr, {new water content)

dWNul dPsi,dWNur_dPsi, {water capacity}

dWN1l dPsi,dWNir dPsi, {water capacity}

Kul,Kur,Kl1l,Klr, {hydraulic conductivities}

dKul_dPsi,dKll_dPsi,dKur_dPsi,dKlr_dPsi, {conductivity
derivative }

MFPlr,MFPll,MFPur,MFPul, {matric flux potential }

SoilMass: Array[TopNcode..Btm,LftNode..Rt] of Double; {(mass of
s0il (kg) in 1m row * 1/4 element }
end; {TElemVars)

Var
S0ilFD: TScilFD;
Props2D: SoilPropsZ2DType:;
Elem2D: TElemVars:

CcV: TControlVol;

dx: Array(LftNode..Rt] of Double:;

Tolerance, {used in checking mass balance }
RHcanopy, {need to get these from other objects }

urx, lrx,ulx,llx,urz,lrz,ulz,llz: Double;
implementation

uses _Run, _DM, CropDM, _SoilDM, _FieldDM, ¥CropDM, _ISecil,
_iCrop, _IWeathr,

_Tree2D;
const

Mw = 0.018; (mole mass of H20, kg/mol }

R = 8.31; {gas constant }

Dv = 2,.4e-5; (H20 vapcr diff. m2/s }

Tk = 293; {scil temperature, kelvins}

vVvd = 0.017; ({vapor density, kg/m3 }

ha = 0.5; {humidity of air This we will later make variable

over the day)
MdAdivRT = Mw/(R*Tk);
Cinfil = 0; {concentration of the infiltrating water}
MBTolerance = 0.0000003; {for so0il water flux mass balance

eguations}

im = le-10; {maximum mass balance error (le-7 kg/m2/s = (0.0086
mm/day) }

procedure TSoilFD.SetUp2Dnodes;
vVar
i,3: Integer;
begin
for i := TopNode to Btm do
for j := LftNode to Rt do
with Elem2D do
begin
Area(i,]] := (dX([j)*Scil.dZ[i))/4; {calc area of 1/4 of each
element}
if (i = TopNode) or (j = LftNode) or (j = Rt) then
Areali,]j] := 0;
SoilMass([i,j] := Area[i,j]*1000*Props2D.RhoB[i,3];
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end;
for i := Surf to Btm do

for j§ := Lft to Rt do

begin
CV.URxFlowPath{i,j) := Soil.dz[i-1)/(2*aX[j]):
CV.LRxFlowPath[i,j]) := Soil.dz[i)/(2*dX([3]);
CV.ULxFlowPath[i{,q] := Soil.dz[i-1]/(2*dX[j-1));
CV.LLxFlowPathii,]j] := Soil.dz[i]/(2*aX(3j-1));
Cv.llLzFlowPath{i,j] := 1/(4*CV.LLxFlowPath([i,3j]});
CV.ULzFlowPath{i,j] := 1/(4°CV.ULxFlowPath([i,j]):
CV.LRzFlowPath([i,j] := 1/(4*CV.LRxFlowPath[i,3]);
CV.URzFlowPath[i,)] := 1/(4*CV.URxFlowPath[i,j]):

J
CV.ACVI[i,I]) := (Elem2D.Area[i-1,j-1)+Elem2D.Area(i-
l1,j)+Elem2D.Areali,jl+
ElemZD.Areali,j-1]);
CV.MassSoil[i,]] S (Elem2D.SoilMass([i~1, ]~
1]+Elem2D.SoilMass(i-1,9]+

Elem2D.SoilMass|[i,j]+Elem2D.SoilMass([i,3-1]);
end;
end; {procedure SetUp2Dnodes})

procedure TSoilFD.Init2DSourceSinkFluxes;
{(An infiltration flux is added to each interior node of the grid so
as to generalize the continuity equation. Only surface nodes can
have a non zero value for infiltration so all nodes are set to zero
in this procedure and only surface nodes are recalculated for each
time step. Evaporation and root water uptake have been added }
begin

FillChar(CV.Infil,SizeOf(CV.Infil) , %0Q0);

FillChar(CV.Evap,SizeOf (CV.Evap),#0);

FillChar (CV.dEvap_dPsi,SizeCf (CV.dEvap_dPsi),#0);

FillChar (CV.Uptake,SizeQf (CV.Uptake), #0);

FillChar(CV.dUptake dPsi,SizeOf (CV.dUptake dPsi), #0);
end; {Init2DSourceSinkFluxes}
procedure TSoilFD.Infiltration2D;
{This PROC must be used to distribute water over the surface It
checks to see if there was irrigation in the previous time step or
in this time step. if not then no change needs to be made to surface
node infiltration. 1lmm is 1lkg/m2. Divide this by the time step in
seconds to get flux density. For drip or micro i{f we have a figure
in litres it will Dbe easy to calc a flux by dividing litres by
emitter spacing times row width and then by dt and then multiply by
distance in X axis over which irrigation £alls - should set up ncdes
80 that wetted area falls halfway between two nodes)

var
1.,9: Integer;
MassWater,
WetSurflrrig,
Surfacelns,
Irrigint: Double;
begin
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Soil.IrrigRed := Soil.IrrigRed - Scil.PrecipRed;

= Surf;
or j := Lft to Rt do
Cv.Infil[1,3) := 0; {reset infiltrat

s

ion to 0 for new day}

if (Soil.PrecipRed > 0) or (CV.Infil([Surf,6] <> 0) then

begin

{Infiltration2D fluxes kg/m(Y)/s }
i := Surf;

for j§ := Lft t¢ Rt do
CV.Infil[i,j) := CV.Infil[i,j] + Soi
end;

l.PrecipRed/dt*Surface(3):;

if (Soil.IrrigRed > 0) or (CV.Infil([Surf,6] <> 0) then

begin
MassWater := Soil.IrrigRed*Profilewict
(Y) row length}

h; {kg water applied to 1lm

WetSurflrrig := MassWater/IrrigatedSurf; {(kg/m2 = mm )

IrrigInf := WetSurflrrig/dt;
kg/m"~Z (XY) /8}

{Infiltration2D fluxes kg/m(Y)/s )
i := Surf;
for j := LWetNcde to RWetNode do

{flux density at a node

CV.Infil(i,3) := CV.Infil[i,j] + IrrigInf*Surface(j);

(* if (DM.Irrg + DM.Precp > 0) or (CV.Infi)

begin

MassWater := DM.Irrg*ProfileWidth; (kg water applied to 1m (Y)

row length}
WetSurflrrig := MassWater/IrrigatedSur
IrrigInf := WetSurflrrig/dt;

Kg/m*2 (XY)/s)

{Infiltration2D fluxes kg/m(Y)/s }

i := Surf;

for § := LWetNode tc RWetNode do
Cv.Iinfil(i,j] := IrrigInf*Surface(j)

for § := Lft to Rt do
CV.Infil(i,j) := CV.Infil[i,3j] + DM.
end;
end; {Infiltration2D}

procedure TSoilFD.Zero2DBoundConduct (i, 3:

begin
with Elem2D do
begin
if i « Surf then
begin

Klr[i-1,3-1}
1L -

£; {kg/m2 = mm )
{flux density at a node

Precp/dt*Surface(j):*

Integer);
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dKl_dPsi(i,j] := 0;

CV.URxFlowPath(i,3] :=

CV.URzFlowPath([i,j] :=

CV.LRxFlowPath|i,j] :=

CV.LRzFlowPath(i,j] :=
end;

if i = Surf then
begin
Klr{i-1l,3=1) := 0;
MFPlr[i-1,35-1] :
Kl1{i=1,3] := 0;
MFP11l(i-1,3)] := O;

CV.URxFlowPath([i,j] :=

CV.URzFlowPath(i,]j]

CV.ULxFlowPath[i,j] :=

CV.ULzFlowPathii,j] :=
end;*)

)
cCoooQo
. Ss %

end; {with}
end; {ZerozZDBoundConduct;}

procedure TScilFD.MassBal2D(i,j:Integer);

var
MBEZD, {Mass balance error }
dMBEGPsi, {derivative of MBE wrt water potential})
dFfsi,
dHflux,dVflux,S,RR,E,
stor,
MaxDP: Double;
begin

{ Fluxes towards node [i,j] are positive }
with CV,Elem2D do
begin
urx := (MFPlr{i-1,3)=-MFPl1(i-1,49))*URxFlowPath(i,4);
urz := (MFPul(i-1,j)-MFPl1(i-1,3))*URzFlowPath(i,j)+g/2*Kul[i-
1,3]1*ax[3):

lrx := (MFPur(i,j)-MFPul(i,j])*LRxFlowPath(i,j);
1rz = (MFP11(41,3)-MFPul(i,j))*LRzFlowPath(i,j)-
g/2*Kul [i,3)*dX[]];

ulx :=» (MFPll(i-1,3-1]-MFPlr(i-1,j-1))*ULxFlowPath(i,j];
ulz o (MFPur(i-1,3-1)-MFPlr[i-1,]-
1])*ULzFlowPath([i,j)+g/2*Kur(i~-1,3-1])*dX[j-1]);

llx := (MFPul(i,3j-1]-MFPur(i,j-1])*LlLxFlowPath[i,j);
llz := (MFPlr([i,j-1)-MFPur(i,j-1))*LLzFlowPath[i,d)-g/2*Kur([i, i~
1]*dX(j-1):

stor 1™ -Rho_w* (WN([i,3)-W[i,3))*ACV([i,j)/dt+Infil[4,5)-
Evap(i,j)-Uptake(i,j);
MBEZ2D := urx+lrx+ulx+llx+lrz+llz+urz+ulz+stor;
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var
iteration,
i,j.,hour: Integer;

begin

RHcanopy := 0.5
Iteration := 0;
ration2D;
CalcZDRootDensAndConductivity;
WaterUptake2D;
repeat
Tolerance := 0;
for i := Surf to Btm do
for j§ := Lft to Rt do
begin
MassBal2D(i,3i):
if § = Surf then
Evap2D(i,j):
WaterFunctions(i,j):
SoilFD.ZerozZDBoundConduct(i,3);

0

end;
So0ilFD.SetLowerBoundaryCondZD;
Inc(lteration):
until (Tolerance <= MBTolerance) or (Iteration = 20000);
if Iteration = 20000 then
ShowMessage ('20000 Iterations DOY = '+IntToStr(DOY));

Write(PsizDFvVar,DateToStr (Runbate));
for i := 1 to nl do
for j := 1 to nl do
Write(Psi2DFvVar,"' ',Format('$12.2f°, [CV.WN[1i,3))));:
Writeln(Psi2DFVar):

for i := 1 to nl do
for j := 1 to nl do
begin
it

DM.WBalZDT.Locate('FIELD;DATE;I;J',VarArrayOf ([FieldDM.Field.Value,R
unDate,i,j)),[]) then
DM.WBal2DT.Edit
else
begin
DM.WBal2DT. Insert:;
DM.WBal2DTField.Value := FieldDM.Field.Value;
DM.WBal2DTDate.Value := RunDate;
DM.WBal2DTI.Value = i
DM.WBal2DTJ.Value = 5,
end;
DM.WBal2DTPsi.Value := SoilFD.Psi2D[i,]]:;
DM.WBalZDTWC.Value := CV.WN[i,3):
DM.WBalzZDT.Post;

"

endg;
end; {procedure Redist2D;)
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x [RtNode] := x[Rt]+1; { Right symmetry plane |}

for j := LftNode to Rt do
dX(3) := x[3+1]-x[3);

{ Calculate surface area covered by each surface node }
{ This is needed to calculate infiltration and evaporation }

for 3 := Lft+1 to Rt-1 do
Surface([j] := (dX[3-1] + aX[3))/2;

Surface(Rt] := dX[Rt-1])/2:
Surface(Lft) := dX[1]/2;
CalclrrigSurf (FieldDM.WettedDiam.Value);

{ TwiceWidth and Factor are needed to calculate percolation and
leaching.
They are calculated here to prevent them being recalculated with
each
time step. !}

for j := Lft to Rt do
TwiceWidth[j) := 2*Surfacelj]:;

ProfileWidth := X([Rt)=X[Lft); //should be same as row width
TwiceProfilewidth := ProfileWidth+*2;

for 3 := Lft to Rt do
if TwiceWidth([j] <> 0 then
Factor([j] := =2*dt/TwiceWidth(j)
else
Factor[j] := 0;
// LeachFactor(3j]:=-20000/Twicewidth(j];
end; (FDiffCalcSoildx)

procedure TSoilFD.FDiffCalcSoildz;

{I am adding a thin layer 1 cm thick to the standard 11 layer
model. We may have to add a warning if someone tries to enter the
thickness of layer 1 at less than 1 cm}

var

i: Integer;
begin {GAYLON dz(0]:=le6; dz(1]):=0.01; Surf layer is always 1
cm}

S0il.dz[0] := le6:; {not sure why GCaylon wants this air space sc
big as we specify
the surface ligquid flux and evap doesn't use a
resistance term
explicitly}
{don't allow user to input layer 1 < 1 cm}
Soil.dz[(1]) := 0.01;
Soil.dz[2] := ScoilbData.z[l)=-Soil.dz[1l]:
for i := 2 to nl do
Soil.dz[i+l) :=~ SoilData.z[i] - SoilData.z[i-1l);
for i := 0 to nl+l do
HALFdz[i) := Soil.dz(i)/2;:
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if Psi < PsiE then {Humidity := Exp(Mw*p/(R*Tk))}
Result := Exp(MdivRT*Psi) (to save calculating MwR/T each time}
else
Result := 1;
end;

procedure TScilFD.FDifflnitSecil;

var
i,LayerNr: Integer;
ac: Double;
begin

SoilData.fcwec([0] := SoilData.fcwc(l]):
SoilData.pwpwc[0] :~ ScilData.pwpwc(1)
SoilData.SatWC[0) := ScilData.SatWwC[1]

. v

SoilData.WC[O] := SoilData.WC[1l]:

SoilData.bd(0]) t= SoilData.bd(1l];

for i := Btm downto Surf+l do

begin
SoilData.fcwc(i) t= ScoilData.fcwec[i-1];
SoilData.pwpwc(i] := SoilData.pwpwc|[i-1l];
SoilData.SatWC([i] := SoilData.SatWC([i-1)]:;
ScilbData.WC[i] := SoilData.WC[i~-1]):;
ScilData.bd[i) := ScoilData.bd[i-1];

end;

FDiffCalcSoildz;

wnul{l]:= ScilData.WC[2];
wnl{l):= SoilData.wC(2];

for i := Btm downto Surf+l do
begin
wnu[i):= ScoilData.WC[i-1];
wnl[i]:= ScilData.WC[i-1);
end;

CalcCVwaterContent:
if RunF.SimSalts.Checked then
InitSaltDM.GetFDInitSalts(FieldDM.Field.Value);

for i := 1 to nl+l do
begin

SoilData.WCDry([(i]) := SoilData.wC([i]:;

SoilData.SatWC[i] := 1 - SoilData.BD[i)/2.65;

Soil.b(i] t=
in(SoilData.PsiPWP/SoilData.PsiFC)/ln(SoilData.fcwc([i] /SoilData.pwpw
cli]):

Soil.a[i] = Exp(in(-SoilData.PsiPWP) +
Soil.bfi]l*1In(SoilData.pwpwcli])):

if FieldDM.Mcdel.Value = 0 then {Growth]

ScilData.pwpwc(i) 1= Exp(=ln(-
3*CropDM.Psilm.Value/(2*Soil.al[i])))/Soil.b[i)) iplant lower
limit)

else
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Soil.InitProfilelime t= Soil.InitProfilelime + Soil.Lime(i);
Soil.InitMassSoilSolution t- Soil.InitMassScoilSolution -
Soil.MassCal[i)
+ Soil.MassSO4[i] + Soil.MassMg[i)
+ Soil.MassNa[i] + Soil.MasskK[i)
+ Soil.MassCl(i];

ena;
end; {for}

Soil.cacConc[13)
Soil . MassCa(l3]
Soil.MolCall3)

Soil.MgConc([13)
Soil .MassMg[13]
Soil.MolMg([13]

Soil.CaConc[l2]):;
Soil.MassCa[l2):
Soil.MolCall12):;

Soil.MgConc[12]);
Soil.MassMg([12];
Soil.MolMg([12];

Soil.NaConc[13] := Soil.NaConc{l2]:
Soil . MassNa[13) := Soil.MassNa(12]:
Soil.MolNall3) t= Soil.MolNa[l12];
Soil.KConc[13] := Soil.KConcl12):;
Soil .MassK[13] := Soil.MassK([12]:
S0il .MolK[13) := So0il.MolK[12);

Soil.ClConc(13)
Soil.MassCl([13)
Soil.MolCl[13)

Soil.ClConc(12]):;
Soil.MassCl[12);
Scil .MolCl([12);

S0il.S04Conc(13) := So0il.S04Conc(l12]:;
Scil . MassS04[13]) := Soil.MassS04[12);
S0il . MolSO4([13] :=~ Soil.MolSO4([12);

Soil.ActualTrsp := 0;
FillChar(a,SizeOf (a),#0);
FillChar(si,SizeOf (si),#0);

b = a;
bx = a;
bl = a;
cx 1= ay
f = a;
51 1= a;
dp i= a;
PSiE := a;
MFPl := a;
MFPu := a;
dkdpu := a;
wnu = 3z
wnl 1= &y
wu = a;
wl t= a;
cpu HO
cpl 1= a;
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ksf{i] := 0.2"le-3/Sqr(PsiE(i]); {Change here saturated hydraulic
conductivity}

n(i) := 2+3/b[i]):

nl{i) := 1l=-nli];

pl[i]) := 1/bli);

ac c= 2*b(i)/(1 + 2*b[i)): {Hutson & Cass a value}

Psil[i] := PsiE[i]*Powerlac,-b[i]); {Hutson & Cass Psi i value}

heli) c= (l=ac)/Sqr(Psilli]); {Hutson § Cass ¢ value}

Psi[i) e PsiEli)*Power(SoilData.WC[i)/ScilData.SatwC[i),~-
bli]));

{set initial Psi from water content of layer below it, not quite
right but

OK for this one off}

if FieldDM.Model.Value = 0 then {Growth}

SoilData.pwpwc(i) o Exp(=-in(-
3*CropDM.Psilm.vValue/(2%a[i]))/b[i]) {plant lower limit}
else
SoilData.pwpwc(i) 1= Exp(=1ln(-

3*FCropDM.FPot.Value/(2*a[i)))/b[i)):{plant lower limit)
end;

Psi[nl+2] := Psi[nl+l)]; {(set lower boundary potential)
dkdpu(0] C;
dkdpl (0] := 0; {upper conductivities 0 - no liquid
flux into air, evaporation does, however, occur})
for i := Surf to Btm do
begin
{First give the potential at bottom of a layer to determine the
lower new water content wnl, the lower conductivity Kkl, the
lower matric
flux potential MFPl and d theta d psi (dwdp) cr the slope
of the water retention function (differential water capacity).
Note that
dwdp is not an array, we use the number straight away (not here
though)
and therefcre dont need to remember it.}

LR

Hydraulics (Psi(i+l],PsiE([i],PsiI[i],bl[i],SoilData.SatwWC(i],n[i],n]1|
il,hec[i), ks[1],
wnl[i],k1[i],MFP1[i],dwdp);

Hydraulics(Psi(i],PsiE[i),PsiI[i]),bl(i]),SoilData.SatWC(i]),n[i),nl(4]
hefi],ksli],
wau[i),ku[i) MFPu(i),dwdp):
hii) := Humidity(Psi[i),PsiE[i]):

wuli] := wnu(i);
wilfi] := wnl[i]:;

end;

FD CalcLayerWC(wnu,wnl);

Soil.InitialwWC := FD SoilStcredwWater(SoilData.wWC,Soil.dz);

CalcCVwaterContent;

h[nl+2) := h(nl+l); {lower boundary}

h[0] t= 0.5;
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begin
Elem2D.K11[1i,5]) = 0;
ElemzD.MFP11(i,3) := 0;
Elem2D.Kul[i, 3] = 0;
ElemZD.MFPul([i,]] = 0;
Elem2D.dKul dPsi[i,j) := 0;
Elem2D.dK1ll dPsi[i,j] := 0;
end;
j := RtNode;
for i := Tophode to Btm do

begin
Elem2D.Klr[i,5-1])
Elem2D.MFPlr(i,j-1)
Elem2D.Kur :-svj .]
Elem2D MFPur(i,j-1)
Elem2D.dKur_dPsi[i,3-
Elem2D.dKlr dPsi[i,]j-

end;

. aw
)
T L
PP N OO
- v
OO0 OO
e Ye Se v

;_l ;J
Ppr—
"

i := Btm;
for § := LftNode to Rt do
begin
Elem2D.K11[1i,7) s-
Elem2D.MFP11[i,]] =
Elem2D.K1lr[i,3
Elem2D.MFP1r(i,j])
Elem2D.dKlr dPsi[i, )
Elem2D.dK1l dPsi[i,]] :
end;
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{set all bcundary conductancies to zero here)
end; {(FDiffInit2DSoil}

procedure TScilFD.SurfaceStorage;
var

MaxPrecip: Double:;
begin

{SumPrecip := SumPrecip + Precip.Precip; )

SurfStor := SurfStor + Soil.PrecipRed;//DM.Precp;

MaxPrecip := g*ks[1]*dt; (max infil in a time step? Is this a way
of

preventing it from crashing?)
if SurfStor > MaxPrecip then

begin
SurfStor :='SurfStor-MaxPrecip;{stores excess water on surface -

perhaps
we need to add a max storage parameter and let the rest runoff?

Perhaps

the surface storage should be allowed to vary over time
(rainfall energy

dependent - see SWIM). It can bhe restored by cultivation}

DM.Precp := MaxPrecip;

end
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end;
end {if (Crop.RD > 0) and (Crop.Fltransp > 0)}
else
for i := 1 to nl+l do
begin

fx(i] := 0;
ruk[i] := 0;
end;
end; {CalcRootDensityAndConductivity;}

procedure TSoilFD.CalcWaterStatus;
var

i: Integer;
begin

for i := Surf to Btm do

begin

Hydraulics (Psi[i+l),PsiE[i],PsiI[i),bl[i],SoilData.SatWC[i],n[i],nl]
i),he(i) ks([i],
wnl(i),k1l[i],MFP1[i],dwdp);
h{i] := Humidity(Psi[i),PsiE[i]);
cpl(i) := Rho_W*dwdp/dt;
if si[i] = si[i-1) then (if layer below has same props as one
above}
begin
kuli] sw kl[i-1);
MFPu[i] := MFPl[i-1l);
cpuli] := cplii-1];
wnuf[i] := wnlii-1];
end
else
baegin

Hydraulics (Psi[i],PsiE(i],PsilI[i],bl[i]),SoilData.SatwWC(i]),n[i],
nl{i]l,hc{i), ks(i]),wnu(i), ku(i), MFPu[i],dwdp);
cpul[i] := Rho W*dwdp/dt;
end;
end;
end; {CalcWaterStatus}

procedure TSoilFD.RedistributionAndMassBalance;
var
Tmpl,
13 Integer;
MBE,
swt, {space weighting factor for gravity flux - 0.5 is central
space weighting
and 1 full upstream weighting - this may become variable when
cscillations occur- see SWIM pg 11,44,45)
swtl, {1-swt} {(CLAIRE - LOOK AT THIS FOR US PLEASE}
ust,
Psix,
estar,
AvePsi,
AvePstar: Double;
begin
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if Psi[i] >= PsiE([i] then
begin
dkdpuli]
dkdpl[i])
end
else
begin
dkdpu(i) := =-n{i)*ku(i)/Psi[i):
dkdpl (i) := dkdpuli);
end;
end
else {adjacent potentials not equal}
begin
{31[i) := (phil[i)-phiuli))*(1/dz[i)+Gr/(Psi[i]=-Psi[i+1]));:)
{Gaylon has a different term and sign for the gravity
component}
J1[i) = (MFPuli]-
MFPl1[i))/Soil.dz[i)+g*(swt*ku[i])+swtl*kl[i]):
{kv[i) :=0.66*Dv*Vd* (ws[i)~-
(wali)J+wnu[i)+wl[i)+wnl([i]))/4)"*
(h{i+1)=h[i))/((Psi[i+1)=-Psi[i]))*dz[i));:}
{kv[i]) = 2.6928e~-7*(SoilData.SatWC[i]~-
(wa[i]+wnui)+wl[i)+wnl[i))/4)*
(h{i+l)-h{i))/((Psi[i+1)-Psi[i))~dz(i]): }
{uses avg wc of Surf and bottom of layer at both old
and new time step)
kv([i)] = 2.6928e-7*(SoilData.SatwC([i)~-
(wa{il+wnu(il+wl[i)+wnl[i]))/4)/Soil.dz[i];
jvii] := ~kv(i]*(h[i+1])-h[i));

0;
0:

if Psi[i) < PsiE{[i] then
{dkdpu[x] := (kbar[i)-kufi))/(Psi[i+1]=-Psi[i]))}
dkdpuf{i) := =-n{i)*ku(i]/Psi(i]

else
dkdpu[i] := 0;

if Psi{i+l) < PsiE[i]) then
{dkdpl (i) := (kl[i)-kbar(i]))/(Psi[i+l)-Psi[i])}
dkdpl (i) := -nfil*kl(i)/Psi[i+1)

else
dkapl(i) := 0

end; {else}

{Derivatives of mass balance equation needed for Newton
Raphson}

bx[i] ‘e kl{i-1]/Scil.dz([i~-
1)+ku[i)/Scil.dz[i)+MdivRT*h[i]*kv[i~1)+MdivRT* h[z,'kv[;}»
cpuli] *HALFdz[i]+cpl([i-1])*HALPdz[i~1)~g*swti*dkdpl[i~-
1)
+g*swt*dkdpufi]+ruk[i); {(Gaylon has + lower g term)
{Mass balance of control volume i}
{Derivative wrt psi[i-1]}
ax(i) t- -kuli~1l)/Scil.dz[i-1]~-g*swt*dkdpu([i-1)-MdivRT*h[i-
1)*kvii-1];
{Derivative wrt psi[i+l]}
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Soil.ActualTrsp := Soil.ActualTrsp*dt; {mm)

if Soil.ActualTrsp < 0 then
Soil.ActualTrsp := 0;
Soil.TransDOY := Soil.ActualTrsp; {NE remember
during the day for timesteps < 1 day)}

accumulate

.
O

if Crop.Fltransp > 0 then
begin
S0il.SI := Scil.ActualTrsp/ (Crop.Fltransp*PET);
{ if S0il.SI > 1 then
begin
ShowMessage('Scil.SI > 1!!');
S0il.SI := 1;
end; }
end
else
S0il.SI := 0;
{SumDrain := SumDrain + 91(nl]*dt; mm}
S0il.DrainDQY := 9J1l[nl+l]*dt; {(mm} {(NB rememdber =t
during the day for timesteps < 1 day)
{SumEvap := SumEvap - jv[0]*dt;}
Scil.EvapDoy := =3jv[0]*dt; {mm} {NB remember to accumulate
during the day for timesteps < 1 day)

accumulate

o

Write(PsifFvar,DateToStr (RunDate) )
for i := 1 to nl+l do
Write(Psifvar,"' ',Format('8$12.2f',[Psi(i]]))):
WriteLn(PsiFVvar);
end; {procedure RedistributionAndMassBalance)

function TScilFD.getStoredWater: Double;

var
sw,wc: Double;
. - integer:;

begin
sw := 0;
for i := 1 to nl+l do
begin

we :* 0.5*(wnulfi)] + wnljii)):; {(vol wec)
{!! Nico hierdie kan nou teruggestuur word na res van die model
waar jy toets

vir massa balans en berexen deficit ens - na
ProcInsertResutls?)
Sw := Sw + wc*Scoil.dz[i]*Rho_W; {mm}
end;
Result := sw;

end;

procedure TSoilFD.WaterFunctions(i,j: Integer):;
begin
with Props2D,Elem2D do
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dKul dPsi[i,j] := 0;
WNulTi,3) 1= WS|

i.3):

dWNul dpPsi(i,]j] := 0;
end;
end; { of if properties are not identical }
end; {of with Props(i,j] and with Elem2D”[i,3] }

with Props2D, Elem2D do

begin
if (n[i-1,5-1) = n(i,j-1]) and (Ks[i-1,3-1) = Ks[i,j-1]) and
(AREP[i-1,3-1] = AEP[i,j-1]) and (WS[i-1,3-1] = WS[i,j-1))
then
begin
Klr[i-1,3-1) := Elem2D.Kurli,j-1);
MFPlr([i-1,5-1] := Elem2D.MFPur(i,j-1];
WNlr(i-1,3j-1] := Elem2D.WNurli,3i-1);
dWNlr dPsi[i-1,3-1] := Elem2D.dWNur_dPsi[i,j-1);
enc
else
begin
if SoilFD.Psi2D[i,j) < AEP[i-1l,3-1] then

begin
Klr{i-1l,3-1)
11/S0ilFD.Psi2D{i,3]),nli-1,3-1]);
MFPlr[(i-1,3-1)
nfi-1,3-1]);
WNlr(i-1,3-1] :
1] *Power((SoilFD.Psi2D(i,3)/REP(i-1,3-1]),~-1/bli=1,35=1]);
dWNlr dpPsi(i-1,3-1) .- -WNlrfi-1,35-11/(b[i-1,5~-
1]*SoilFD.Psi2D[4i,3]):
end { of if then }
else
begin

Kir{i-1,3j-1) tm Ks[i=1,3=1]:
MFPlr[i-1,4-1)

3 := Ks[i-1,3-1)*(AEP[i-1,
1])+S0ilFD.Psi2D{i,3]-AREP[i~-1,]~-1])
WNlrfi-1,3-1) := WS[4
dWNlr dPsi[i-1,3-1]) := O;
end; { of else }
end; { of if properties not identical }
end; {of with Props([i-l,j-1] and with Elem2D"[(i-1,9-1] }

Ks[i-1,3-1)*Power ((AEP[i~-1,])~-

Klr[(i-1l,3-1)*"ScilFD.Psi2D[4i,3])/(1~-

WS[i-1,4-

j=11/(1=-n[i-1,3-

1'j°1];

with PropszD,Elem2D do

begin
if (n[i-1,j] = n[i-1,j-1)) and (Ks[i-1l,j) = Ks[1i-1,3-1]) and
(REP[i-1,j)= AEP[i-1,j-1)) and (WS[i-1,3j] = WS[i-1,3j-1]) then
pegin
Kll[i-1,]) := Elem2D.Klr(i-1,3~-1);
MFPl11(i-1,3) = Elem2D.MFPlr(i-1,3-1);
WN1l[(i=1,9] := Elem2D.WN1lr[i-1,5-1]);
dWN1ll dPsi(i-1,j] := Elem2D.dWNlr cPsi(i-1,3-1];
end
else
begin

if SoilFD.Psi2D|[i,j)<AEP(i-1,]] then

begin
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procedure TSoilFD.CalcZDRootDensAndConductivity
var
i,3: Integer:;
Emax,
z_rd,0ldz: Double; {yes z_rd is local}
begin
if (Crop.RD > 0) and (Crop.Fltransp > 0) then
begin
sumf := 0;
z_rd := Soil.dz[1l] + HALFdz[2];
i 1= 2;

repeat {transpiration if crop}

.

for § := Lft to Rt do

begin

if Psi2D[i,3]) < 2*CropDM.Psilm.Value then
CV.froot(i,j] := 0

else

begin

if z_rd <= Crop.Rd then begin
CV.froot(i,j] = Soil.dz[i)*(2* (Crop.Rd~-
z rd)+S0il.dz[i])/Sqr(Crop.Rd) /Rt* (1-FieldDM.FRootWetZone.Value);
h if (3 >= LWetNode) and (j <= RWetNode) then

CV.froot[i,]j] o Soil.dz([i)* (2* (Crop.Rd~-
z rd)+Soil.cz[i))/Sqr(Crop.Rd) /Rt*FieldDM.FRootWetZone.Value;
end
else
if z_rd > Crop.Rd then begin
CV.froot[i,]] - Sqr((Crop.Rd-

z_rd+Soil.dz([i])/Crop.Rd)/Rt* (1-FieldDM.FRootWetZone.Value);
if (j >= LWetNode) and (j <= RWetNode) then

CV.froot[i,3] i= Sqr((Crop.Rd~-
z rd+Soil.dzii))/Crop.Rd) /Rt (FieldDM. FRootWetZcone.Value);
. end;
end;
sumf := sumf + CV.froot([i,]jl:;
end;

Oldz := 2z _rd;
Inc(i);
if 1 <= Btm then
z2 rd := z rd + Cvdz([i);
il (i > Btm) or (0Oldz > Crop.Rd);

r
se DM.Model .Value of

0: Emax := CropDM.MaxTrans.Value; {Growth}
: - = FCropDM.FMaxTrans.Value; {FAO}

d




L
176
. ! - . . . ’ - : - | - - - -
: 118§ rop. r4 p* : o > S .
. . . ‘. . 7- = - i ’
ena . rop.t anG rop. ra 4 ’
. » ’ ° M
is
4 - aJX - R LerJt 3 ¥ ;
-~ ’
’
o : ¢
ca?z . H




.
)
1
- ‘e
. » >
‘ : ' !
. A
O ’
~ - H - .
~ ‘
e (&%
1
< .
-~ r
'
) .. - ‘ f
. . Q .
Y i . N, : i
1 e -
s a0 = ; " B
. | . . . - . .
- . -
. - - -
i




178

Appendix C

User-friendly software for calculation and missing data error analysis of FAO
56-standardized Penman-Monteith daily reference crop evaporation

Introduction

Atmospheric evaporative demand drniven estimates of crop water requirements are being
increasingly used to complement soil water and plant measurements. Many of these
methods were reviewed in FAO (Food and Agriculture Organzation of the United Nations,
Rome, Italy) No. 24, Irrigation and Drainage Bulletin (Doorenbos and Pruitt 1977). During a
consultation of experts and researchers held in Rome (Raly) in 1990, the FAQ
methodologies for crop water requirements were reviewed, and the conceptual framework
for their revision and standardization were established (Smith 1982b). In the following years,
much work was done worldwide to standardize the procedures (Smith et al. 1996). Different
methodologies were tested with data obtained from many locations in the world, and this
resulted in the recently published FAO No. 56, Irmgation and Drainage Bulletin (Allen et al.
1988). In this publication, the FAQ recommends using the Penman-Monteith equation as
reference (ET0).

The FAQ approach for the calculation of daily ETo requires solar radiation (R,). minimum
(Towe) @nd maximum temperature (T,,.). vapour pressure (VP) and wind speed (U) data. In
the absence of a complete data set, the FAO still advises using the Penman-Monteith
equation, but with recommended procedures for estimating missing values (Smith 1992b;
Smith et al. 1996, Allen et al. 1998). The objective of this study was to develop user-friendly
software for the calculation of daily FAO-56 ETo, and for the estimation of errors that can
anse if solar radiation, wind and vapour pressure data are not available and have to be
estimated.

ETo calculator

A user-friendly computer tool was developed to faciitate the estimation of dailly ETo,
according to the FAO recommendations (Smith 1992b; Smith et al. 1996; Allen et al. 1998)
The equations and procedures used in the calculation of ETo are given in detail in the
Addendum at the end of this Appendix. Context sensitive help files can be accessed from
any menu by pressing F1 on the keyboard. The help files include user guidelines and
theoretical background. Related topics can be accessed using links and bitmaps with
hotspots. in order to faciltate the operational and technical understanding of the software.

A screen pnntout of the ETo calculator is shown in Figure C 1. Essential input data are: date,
daily maximum and minimum temperatures, latitude, hemisphere and elevation. In the
absence of measured data solar radiation is calculated with Eq. C 6 (Addendum) as a
function of sunshine hours, or estimated with Eq. C.12. The transmissivity coefficients (a,
and b,) used to calculate R, from sunshine hours [Eq. C 6] are often locally calibrated. These
can be entered in the appropriate blocks. The user can also enter an adjustment coefficient
for intenor or coastal locations (ks,) when using Eq. C.12 to estimate R,. Wind speed can be
estimated using the guidelines given in the Addendum (Allen et al. 1998), Vapour pressure
can be calculated with Eqs. C.22, C.23 or C.24, or by assuming that the daily minimum
temperature is equal to dew point temperature and using Eq. C.22. Allen et al. (1998)
recommend using a dew point temperature of T..,, - 2 for arid and semi-arid climates. A dew
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point offset to T, in “C can be entered in the appropriate block for the estimation of vapour
pressure from daily T.... Daily ETo is caiculated by clicking on the “Caic” button (Figure C.1)

The ETo calculator makes use of a Paradox database and is wnitten in Delphi 5 (Inpnse
Corp.). Weather input data can be seen in gnd format in Figure C.2. The top window
includes information on the weather station, whilst the bottom grid contains the daily weather
data. Daily weather data can be imporied from comma, tab or space delimited files by
chicking an icon in the menu bar. The column order of the data in the import file and the units
can be specified by the user, as can reakstic ranges for these data for error checking
purposes.

Daily ETo values calculated using full data sets and ETo with estimated R,, U and VP can be
seen in gnd format (Figure C.3). A default value for wind speed can be entered in the bottom
part of the screen. The ETo calculator uses this value when it calculates £ To with estimated
U. The default values for dew point offset to T, in “C, as well as for the coefficients a,, b,
and ks, can also be entered in the bottom part of the screen. Averages of daily ETo can also
be calculated for a time interval specified by the user in order to estimate errors over a
typical irngation cycle. These are stored and displayed in a separate grd Daily weather
data, daily ETo and averages of daily ETo can be written to comma delimted files by clicking
an icon in the menu bar.

The correctness of this E To calculator was tested against the REF-ET program developed at
the University of Idaho and available on the web (http //www kimberly uidaho edu/ref-et/).
The REF-ET software contains more than 15 reference evaporation methods and is intended
to perform standardized calculations of ETo. The main purpose of the ETo calculator
developed in this study is to calculate FAOC-56 Penman-Monteith ETo under various levels of
data availabilty. The two software packages, therefore, complement each other.

The ETo calculator is a Windows based program with a user-friendly interface. The Figures
presented in the next section of this study are examples of printable output graphs. The ETo
calculator is available for use with Windows 95 on an IBM-PC or compatible computer. The
program is supplied in executable code on CD. Copies of the program are available through
John G. Annandale, Dept. Plant Production and Soil Science, Univ. of Pretoria, 0001
Pretona, South Afnca (e-mail address: jannanda@postino.up.ac.za).

Error estimation if weather parameters are not available

The ETo calculator displays graphically and processes statistically daly ETo values
calculated from full and incomplete data sets. This should faciitate the estimation of the error
made when some weather input parameters are not available. This will indicate how
important it is to measure all the parameters affecting evaporation, and under which
conditions the FAO procedures for estimating missing data give acceptable accuracy. For
this study, full weather data sets were collected from three weather stations, representing
very different climatic regions in South Africa:

Nietvoorbij (District. Stellenbosch, South Africa, Latitude 33°54'S; Longitude 18°52°E;
Altitude 146 m) from August 1995 to May 1999,

Ukulinga Research Station (Distnct: Pietermaritzburg, South Africa; Latitude 29°40'S;
Longitude 30°24'E; Altitude 775 m) from August 1995 to November 1998; and

Kromhout Boerdery (District: Kakamas, South Africa; Latitude 28°46'S; Longitude
20°37'E; Altitude 850 m) from June 1996 to July 1999

Stellenbosch is located in the winter rainfall region (Mediterranean climate) with an average
annual rainfall of ~ 800 mm. The climate of Pietermaritzburg is subtropical (hot, humid,
summer rainfall region) with an average annual rainfall of ~ 850 mm. Kakamas is in a dry,
hot, summer rainfall chmate region (average annual rainfall is ~ 150 mm). Daily ETo values
were calculated for these locations from full weather data sets, and from the same sets but
with estimated R, U and VP. All weather data sets included daily maximum (RH,,.) and
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minimum relative humidity (RH,..). The default values of U were calculated as the average
daily wind speed for the periods considered These were 272 m s for Stellenbosch, 204 m
s ' for Pietermaritzburg and 168 m s for Kakamas (areas of light 10 moderate wind) (Allen
et al. 1988). The adjustment coefficients ks, were 0 16, which is the value recommended for
intenor locations (Addendum). Typical seasonal trends of ETo calculated with full weather
data sets are shown in Figure C 4 for the three locations. Missing £ 7o values on the graphs
in Figure C 4 indicate that no weather data were available for some days. The average ratios
between the radiation term, including net radiation (Rn), and the aerodynamic term, including
vapour pressure deficit (VPD) [Eq. (1)), were calculated in order to generalize the climatic
conditions for the three sites. For the periods considered, these ratios were 54/46 for
Stellenbosch, 68/32 for Pietermaritzburg and 64/36 for Kakamas.

Figure C.5 presents the correlation between dally ET7o calculated using a full data set and
ETo with estimated R, [Eq. C.12] for Stellenbosch. In the top right corner of the graph, the
parameters of the statistical analysis are shown. These are number of observations (N).
coefficient of determination (), as well as the slope and the constant of the linear regression
between daily ETo calculated with a full data set and ETo with estimated R, Table C 1
summarizes the statistical analysis between daily ETo calculated using full data sets and
ETo obtained with estimated R, [Eq. C 12). U (2.72, 2.04 or 1.68 m s') and VP (assuming
T... reaches dew point) for the three locations. It is evident that the scatter of data points
increases (lower r) by increasing the number of estimated weather parameters in the
calculation of ETo. This underlines the importance of measuring all factors involved in the
prediction of crop water use. The inconsistencies in the data where VP is estimated is not to
be enlirely attnbuted to the assumption that 7., reaches dew point, as £7¢ calculated with
full data sets includes errors in the measurement of relative humidity as well as errors in the
prediction of VP from RH,,. and RH,,. The siope and constant of such linear regressions
could be used to comrect the ETo predictions when some weather data are not available in a
particular cimatic region.

Figure C 6 presents the difference between daily ETo calculated with estimated R, and ETo
calculated with a full data set for Stellenbosch. In the top nght corner, the root mean square
error (RMSE) and the mean absolute error (MAE) are shown. The errors are summanzed in
Table C.1 for all cases of estimated weather parameters and locations. The error generally
increased by increasing the number of estimated weather parameters. It is interesting to
note that the error ansing from estimating U and VP at Pietermantzburg, was smaller than
the error caused by estmating only R, The error analysis could be helpful in determining
which measurements are indispensable, and those that can be omitted in a particular
climatic region and stil get a reasonable estimate of ETo. The criteria for maximum
permissible RMSE and MAE are subjective and depend on the particular application

The error analysis indicated that, at Stellenbosch, the error from estimating R, with Eq. C.12
is relatively low especially in winter, but could increase considerably during the dry summer
months due 1o occasional cloudiness. This coincides with the period when high radiation
levels occur (Figure C.7). The measurements of U/ and VP at this location appear to be quite
important and should not be omitted i one is to obtain accurate predictions of ETo. At
Pietermaritzburg, a very small error in the prediction of ETo arises by assuming an average
wind speed of 2.04 m s, The comparison between measured and estimated U is shown in
Figure C.8. The measurement of wind speed could be omitted at this location, but R, and VP
should definitely be measured At Kakamas. large errors may anse when estimating any of
the weather parameters. It is therefore recommended to record the full set of measurements
in order to accurately predict £To at this location. It was interesting to note that ETo obtained
with estimated VP tended to be lower than ETo obtained from a full set of weather data. This
occurred because estimated VP was generally higher than measured VP (Figure C.9). As a
result, the vapour pressure defict calculated with Eq. C 21 was smaller causing lower
predicted £T¢ [Eq. C.1). It is therefore clear that minimum air temperature rarely drops to
dew point in the dry and arid region of Kakamas, and this assumption for the estimation of
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VP does not hold. The dew point temperature can be reduced below minimum air
temperature by using the dew point offset option of the E To calculator

A sensitivity analysis was camed out using averages of daily ETo to determine if errors from
estimating R,, U and VP are reduced when the time penod considered is extended. The
statistical analyses between average daily ETo calculated using a full data set and average
daily ETo with estimated R, U and VP are presented in Table C.1 for a typical irmgation
interval of 5 days. A reduction in scatter of data points and higher r values were generally
observed when using 5-day averages of £To compared to daily ETo. The calculated RMSE
and MAE were smaller using 5-day averages of ETo compared to daily ETo. This indicates
that over- and under-estimates of dailly ETo compensate each other somewhat over longer
time periods. The practical implication is an improved accuracy in the prediction of crop
water requirements based on the estimation of some weather parameters required to
calculate ETo

Another sensitivity analysis was camed out to compare errors imphcit in weather
measurements to errors induced by predicting these weather parameters. For this purpose,
ETo values were calculated by assuming the following errors (x 2 standard deviation at 95%
confidence interval): £ 1.5 °C for T, and T, £ 8% of measured RH.,,,, and RH,... £ 5% for
R, and £ 10% for U. These values represent typical error bands due to biases internal to
electronic sensors, as well as impacts of the environment, shield and data logger. The worst
case RMSE and MAE encountered in the estimate of ETo due to measurement errors are
presented in Table C.2. The error in calculated ETo due to estimation of missing data (Table
C.1) was generally in the range of possible errors that could be resident in the weather
measurements (Table C .2).

Conclusions and recommendations

User-fnendly software, the ETo calculator, has been developed for the caiculation of daily
ETo, and for the estimation of errors that can arise if solar radiation, wind and vapour
pressure data are not available The theoretical background of the ETo calculator is based
on the recommendations of the FAO (Allen et al. 1998) Several applications of the software
are possible, with the user-fnendly interface facilitating the handling of weather databases
The ETo calculator can be used to determine correction factors for particular climatic regions
when weather data are not available It can be used, for example, to determine the long-term
average value of wind speed that minimises errors in the estimation of evaporation. It can
also be used to check what weather measurements can be omitted without experiencing
large errors in the estimation of ETo at a particular site. As more weather stations are
installed in a region as pan of a station densification effort, the procedure demonstrated in
this work can indicate whether these new stations can contain a reduced set of sensors. This
would reduce costs for the new stations and may allow the installation of even more stations
The omitted measurements could be estimated as they have been in this paper, or they
could be borrowed from a nearby or regional, fully instrumented station, after testing, to
remove any biases due to the transfer in space. In addition, for stations having a full set of
sensors, the error analyses point out those measurements that are critical for accurate ETo
estimates. Therefore, in future measurements, if a particular sensor is shown to be, or is
suspected to be faulty, the user will know whether the measurements from this sensor can
be dropped from the ETo computation process and estimated instead. If the measurements
have been shown to be critical to the accuracy of the ETo estimate, some means should be
applied to retain and cormrect the faulty data.

In the examples shown in this study, the error analyses camed out with the £ETo calculator
indicated that the measurement of R, could be omitted at Stellenbosch (Mediterranean
climate) dunng winter without large errors ansing in the prediction of ETo. In the humid
climate of Pietermarnitzburg, the measurement of U can be omitted and an average of 2.04 m
s’ can be assumed. In the arid climate of Kakamas, all weather parameters should be
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measured in order to determine ETo accurately. The error in predicting ETo using estimated
R, U and VP is reduced by using 5-day averages of ETo rather than daily values. This is
advantageous for practical applications in irrgation schedulng. The error in the calculated
ETo due to prediction of missing weather data was generally in the range of the error
induced by assuming a 95% confidence interval in the measurements of 7,,,, and T, RH...
and RH,,.. as well as R, and U. Therefore, although an error is encountered by estimating
weather parameters, this is somewhat compensated for by the absence of error that would
have been resident in the measurements.
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Addendum

Procedure for the calculation of FAO Penman-Monteith grass reference evaporation

The ETo calculator computes daily ETo in mm d ' according to the following equation (Allen
et al. 1998):

ET0 = [0.4084 (R, - G) + 7900/ (T g+ 273) Us VPDJ] /[A + ( (1 + 0.34 Uy)] (C.1)

where 1 = slope of the saturation vapour pressure curve (kPa ‘C’), R, = net radiation (MJ
m? d”), G = soil heat flux (MJ m? d”), y = psychrometer constant (kPa “C"), T,,, = daily
average air temperature (°C), U, = daily average wind speed measured at 2 m height (m s™),
VPD = vapour pressure defict (kPa). The siope of the saturation vapour pressure curve is
calculated as follows:

A= 4098 x 0.6108 exp[17.27 Toug/ (Tavg + 237.3)] / (T oy + 237.3)° (C.2)

Daily average air temperature is assumed 10 be:
Tovg = (Tonas *+ Tomn) /2 (C.3)

where dailly maximum (T,,.) and minimum temperature (T,..) in “C are essential input
values.

Net radiation is calculated as follows:
R» = R'n = Rm (C4)
where R, = net incoming solar shot-wave radiation (MJ m” d'), R, = net outgoing

terrestrial long-wave radiation (MJ m™ d'). Assuming the albedo of the reference crop
(grass) is 0.23 R, is

R.=(1-023) R, (C.5)

where R, = solar radiation (MJ m~ d”'). Solar radiation is an input value. In the absence of
measured data, the ETo calculator computes R, as a function of relative sunshine duration
(n/N), and if that 1s not available, from T,,. and T,,, Solar radiation can be calculated with
the Angstrom formula, which relates R, to extraterrestnial radiation and relative sunshine
duration:

R.,=(a,+b,n/N)R, (C6)
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where a, = regression constant, expressing the fraction of extraterrestnal radiation reaching
the earth on overcast days (n = 0), &, + b, = fraction of extraterrestnal radiation reaching the
earth on clear days (n = N), n = actual duration of sunshine (h), N = maxmum possible
duration of sunshine or daylight hours (h), R, = potential (extraterrestrial) solar radiation (MJ
m~ d”). In the absence of locally calibrated values, the ETo calculator assumes a, = 0.25
and b, = 0. 50. The actual duration of sunshine is an input. The daylight hours are caiculated
as follows

N=aw 24/ (C.7)

where «, = sunset hour angle (rad). Sunset hour angle is calculated as follows:
w, = arccos[-tan(Lat) tan(Dec)] (C8)

where La! = latitude (rad), Dec = solar declination (rad). Latitude is an input value in
degrees. The ETo calculator convens Lat from degrees into radians The sign of Lat in Eq
(8) is positive for the northern and negative for the southern hemisphere. The value entered
in the ETo calculator is, however, always positive and the user needs to specify the
hemisphere. The sign of Laf is converted by the program into negative if southemn
hemisphere is specffied. Solar dechnation is calculated as follows (Duffie and Beckman
1980):

Dec = 0.409 sin(2 5/ 365 DOY - 1.39) (C.9)

Day of year (DOY) is calculated from date which 18 an input parameter. Potential
(extraterrestrial) solar radiation is calculated as follows:

R, = 118.08 D,/ = [e, sin(Lat) sin(Dec) + sin(w,) cos(Lat) cos(Dec)] (C.10)

where D, = inverse relative distance between earth and sun. The factor “118.08" represents
the solar constant in MJ m” d'. The inverse relative distance of the earth from the sun is
calculated as follows:

D, = 1+ 0.033 cos(2 = DOY / 365) (€ 11)

If the actual duration of sunshine is not available, the ETo calculator estimates R, as follows:
R, = Kug (1% 2.7%x10° Alt) (Tras = Toun)” ° R (C.12)

where kg, = adjustment coefficient for interior or coastal regions, Alt = Altitude (m). The
adjustment coefficient kg, is 0.16 for interior locations, where land mass dominates and air
masses are not strongly influenced by a large water body. It is 0.19 for coastal locations,
situated on or adjacent to the coast of a large land mass and where air masses are
influenced by a nearby water body. Altitude i1s an input parameter linked to a particular
weather station. The “2.7x10™ coefficient is equal to “2x10™ taken from Eq. (15) divided by
0.75. The coefficient is a modification to the recommendation in FAO-56 (Allen et al. 1998)
for predicting R, and is added to account for effects of reduced atmospheric thickness on R,
A need for an elevation correction was indicated by Allen (1897) for nine U.S locations. The
minimum required input data to caiculate R, are therefore 7. T.... Alt, DOY(date) and Lat

Kelvin air temperatures are used to calculate net outgoing terrestrial radiation
Ru =11 @ (Toa' + Ton') /2 (C.13)

where f. = cloudiness factor, [| = clear sky net emissivity of the earth's atmosphere, @ =
Stefan-Boltzmann constant (4.9x10° MJ m* K*). The cloudiness factor is calculated as
follows:

f.=135R,/R,-035 (C.14)
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with R, = short-wave radiation dunng bright sunshine (MJ m~“d”)

R, =(0.75+2x10° Alt) R, (C.15)

The constant "0.75" represents the maximum clear sky transmissivity of the atmosphere
Clear sky net emissivity of the earth's atmosphere is calculated as follows.

[1=034-0.14 VP°* (C.16)
where VP = actual vapour pressure (kPa). Actual vapour pressure is an input parameter, or

t can be calculated as a function of dew point temperature [Eq. C.22). minimum and
maximum relative humidrty [Eq. C.23]. or dry and wet bulb temperature [Eq. C.24]

As the magnitude of daily soil heat flux beneath the grass reference surface is relatively
small, G is assumed to be 0.

The psychrometnc constant is calculated as follows

y=000163P,/ 7 (C.17)
where P, = atmospheric pressure (kPa), 2 = latent heat of vaporization (MJ kg').
Atmospheric pressure is calculated from altitude (Burman et al. 1987), as follows:
P.=Po((To-aAlt) / T 1* ™ (C.18)
where P, = standard atmosphenc pressure at sea level (101.3 kPa), T, = standard
temperature at sea level (283 K), « - adiabalic lapse rate (K m'), g = gravitatonal
acceleration (9.8 m s?), Rg = specific gas constant for dry air (2869 J kg’ K'). The

adiabatic lapse rate is assumed to be 0.0065 K m™ for saturated air. The latent heat of
vaponzation can be calculated as follows (Harrison 1963):

/. =2501-2361x10° T, (C.19)

Wind speed (normally daily average over 24 h) measured at 2 m is an input value. If U, is
not measured, this can be assumed to be P 1 m s” (light wind), 1-3 m s” (light to moderate),
3-5m s (moderate to strong) or X5 m s~ (strong) according to the guidelines given by Allen
et al. (1998). If wvind speed (U) is not measured at 2 m height, the logarthmic wind speed
profile function is apphed to calculate U, (Allen et al. 1989), as follows:

U,=U487/In(678H,-542) (C.20)
where H, = height at which wind speed is measured (m). The height at which wind speed is

measured, is an input value. If this value is not entered in the ETo calculator, a default height
of 2 mis assumed.

Vapour pressure defictt is calculated adopting the following equation:

VPD = [6y(Trwd) * €{Tra)] /2 - VP (C.21)
where e, = saturated vapour pressure (kPa). Saturated vapour pressure is estimated from
air temperature (T), as follows (Tetens 1930):

e, =06108exp[17.27 T/(T + 237.3)] (C.22)

Saturated vapour pressure at T, and T, in Eq. (21) is calculated using T,,, and T,,. in Eq.
C .22 The actual vapour pressure (VP) is preferably an input variable. if VP is not measured
directly, e, is calculated using dew point temperature in Eq. C 22 and this is then taken as
VP in Eq. C.21. If dew point temperature is not available. VP i1s calculated from measured
minimum (RM,..) and maximum relative humidty (RH,..). and if that is not available, from
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measured wet bulb (T,,) and dry bulb temperature (T,,) in “C. Actual vapour pressure can
be calculated as a function of percent relative humidity as follows

VP = [0(Tmn) RHupax 7/ 100 + 4T y,) RHp / 100] / 2 (C.23)

or from psychrometer readings (Bosen 1958) with
VP = e, (T ) -00008 (Ty, - T, P, (C.24)

Saturated vapour pressure at T, is calculated using T,.. in Eq. C 22 Iif no atmospheric
vapour measurements are available, the ETo calculator assumes T, reaches dew point,
and VP is equal to e, at T, [Eq. C.22]. Allen et al. (1998) recommended correction
procedures for cases when T, is not equal to dew point temperature. The ETo calculator
includes an option where T, can be reduced in Eq. C.22 by a user-specified value in °C.
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Figure C.1. Screen printout of the FAO Penman-Monteith grass reference evapotranspiration
(ETo) calculator. T,.. and T,,, are daily maximum and minimum temperatures, a, and b, are
transmissivity coefficients used to calculate solar radiation (R,) from sunshine hours [Eq.
C.6, Addendum), ka, is the adjustment coefficient for the calculation of R, with Eg_ (12), VP is
actual vapour pressure, T, is dew point temperature, RH,,, and RH,,, are minimum and
maximum relative humidities, T, and T, are dry and wet bulb temperatures, and dew point
offset is used 1o estimate vapour pressure from T,
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Figure C.2. Screen pnntout of the weather database. The columns in the top grd are (from
left to right). station identification number, name of weather station, latitude, hemisphere,
height of measurement of wind speed (m), elevation (m) and range of dates. The columns in
the bottom gnd are (from left to right): date, maximum and minimum temperature (*C), solar
radiation (MJ m™~ d”), sunshine hours (h), wind speed (m s”'), vapour pressure (kPa), dew
point temperature (“C), minimum and maximum relative humidity (%), and dry and wet bulb

temperature (*C)
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Figure C.3. Screen printout of the reference evapotranspiration (ETo) database. The
columns represent (from left to right) daily ETo in mm calculated from a full weather data set,
and from the same set with estimated solar radiation (R,), wind speed (U) and vapour
pressure (VP) Range of dates, as well as default values for wind speed, dew point offset
used to estimate vapour pressure from minimum temperature, transmissivity coefficients (a,
and b,) for the calculation of R, from sunshine hours [Eq. C.6. Addendum] and the
adjustment coefficient (k) for the calculation of R, with Eq. C.12 are entered in the bottom
part of the screen
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Figure C4.  Seasonal trends of dally ETo caiculated with full weather data sets for
Stellenbosch (top), Pietermaritzburg (middie) and Kakamas (bottom)
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Figure C.5. Correlation between daily ETo calculated from a full weather data set and ETo
with estimated solar radiation (R,) for Stellenbosch (South Afnica). The parameters of the
statistical analysis are number of observations (N), coefficient of determination (). as well
as the slope and the constant of the linear regression
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Figure C 6. Difference between daily ETo calculated with estimated solar radiation (R,) and
ETe calculated from a full weather data set for Stellenbosch (South Afnca). The parameters
of the statistical analysis are root mean square error (RMSE) and mean absolute error
(MAE).
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Figure C.7. Measured (bold line) and estimated (thin line) solar radiation (R,) at

Stellenbosch (South Africa).
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Figure C8. Measured (bold line) and estimated (thin line) wind speed (U) at

Pietermaritzburg (South Africa).
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Figure C.9. Measured (bold line) and estimated (thin line) vapour pressure (VP) at

Kakamas (South Africa).
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Table C.1. Coefficient of determination (), slope and constant of the linear regression, root mean square error (RMSE) and mean absolute
error (MAE) of the correlation between daily and 5-days average ETo calculated with estimated solar radiation (R,), wind speed (U) and vapour
pressure (VP), and ETo calculated from a full weather data set for three locations in South Africa.

Estimated
omon | Sttt [ o[ W ] mmau | memew | mave | Rovmee | oot
AR E-A LA A A AT -
#_jorl em Jon] on (on] ae Jou] aw | o] on [ ] e Jas] on
Slope 1.04 1.05 1.06 108 1.C5 106 1.08 113 1.08 m 1.07 1.13 107 1.18
Stellenbosch - —O;;;M 013]| 014 |-024| 033 |-009| 013 |-029| -048 |-0.18 _ -0.26 '-0426 _3.4—7_*—-;.23 P:ﬁ.i * 1393
RMSE(mm) | 034 | 019 | 046 030 |054| 038 |067| 042 |O71| 048 O 74_ 051 : ‘0;34 E 6.52—
MAE (%) 64 35 a0 5.7 9.1 72 13.0 85 128 89 143 ] 104 182 12‘.5——
r 087 | 090 |09 099 |06 | 094 086! 09 | 081 082 |083| 092 |080 | o082
Slope 093 | o082 104 | 104 | 0C6| 066 0.9;‘ 0.86 0—87+ _ 07-6_ 1-;)0 ‘Too -;).93 - 0'86 .
Pwetermantzburg | Constam | -003| 032 |-011} -009 |-008| -006 |-018) 022 |-001| 036 |-020| -018 |-018| 023 1090
RMSE (mm_)_ 059 -0 43 | o020 ‘0.12 | 0 3; 030 | 058 | 040 T; 3 064 .0 42 -0.32 078 062
MAE (%) | 136 102 32 26 92 79 139 98 19.1 165 108 87 196 165
f 0% | 098 |091| 097 |O8B| 091 |086| 095 |083| OB8 | 082 )| 089 3 076 | © &—- B o
Slope 1.01 102 1.09 1.10 098 098 109 113 098 1.00 ? 107 1.10 106 1.12
Kakamas C;Jll:l b 0 (Q);* —0: -0:5 ——6; ..;-‘l 009 |-042| 055 | 019 009 |-036| 049 |-D24| 05 767
RMSE (mm) | 046 | 029 | 067 | 043 l 075| 063 | 083 053 |09 071 j082| 071 108| 079
MAE (%) 65 42 13 72 T 119 109 14.é 92 147 ! ‘;;1—{‘;;.3 -‘;5.1 .1;..1 14 ;”
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Table C.2. Root mean square error (RMSE) and mean absolute error (MAE) of the estmate
of ETo calculated including uncertainty in measured weather parameters for three locations
in South Afnca

Location | Measummopt error | RMSE (mm) | MAE (%
Stelenbosch |- eresimatec” | 054 | 1362
Prermanag - Eloovessimass | 045 [ 1348

Kakamas |- simated | 050 | 108

* Toes @Nd T + 1.5°C; RH.... and RH,,, - 8%, R, + 5%, U + 10%
* Tow and T,..- 1.5°C; RH,.. and RH,,.. + 8% R, - 5%; U - 10%
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Appendix D

HDS calculator

Campbell Scientific 225 heat dissipation sensors infer the matnc potential (#,) of soil by
equilibrating a porous ceramic with the soil matnc potential and then measunng the thermal
diffusivity of the matnx. In practice, heat dissipation is determined by applying a heat pulse to
a heater within the sensor and monitonng the temperature at the centre of the block before
and after heating. The temperature rise (A7) is a function of thermal diffusivity, and therefore
of the matric potential of the block (Jovanovic and Annandale, 1997).

Two problems were identified with the use of heat dissipation sensors:
i) Calibration vanes from sensor to sensor; and
i) Calibration vanes depending on ambient temperature.

Campbell et al. (2001) developed a normalization procedure, which simplfies calibration of
individual sensors using the dimensionless temperature nse (7).

T =(AT.-AT)/(AT4- AT,) (D.1)

where
AT, - Temperature nse for oven dry sensor matrix (°C)
AT, - Temperature nise for fully saturated matnx (°C)

An tterative procedure then corrects T* and 7, for temperature to the value it would have at
20 °C.

The steps involved are:

1) The temperature nse (A7) in °C is used to make an initial estimate (7, of the
normalized, dimensionless temperature nse using Eq. D.1:

T.'=(AT4- A7) /(AT4- AT,)

2) T.*from step (1) is used in the following empirical equation:
$§°=-00133T.%+00559 T,* - 00747 T,° + 00203 T,* +0.011 T,*+00013(D.2)
where s* is the thermal conductivity response of the sensor.

3) A new estimate of T*is computed from:
T* =T, -8*(T-20) (D.3)
where T is the actual temperature of the medium (°C)

4) A new estimate of s* is obtained using the new T* and Eq. D.2.
§*=-00133T¥ +00559 T~ -0.0747 T~ +0.0203 T~ + 0011 T* + 0.0013

Steps 3 and 4 are repeated until T* changes less than 107,
T*is converted to scil matric potential using the following calibration equation:
Pu= P (T -1)" (D.4)

where 7, = - 562 Jkg'. n =222 and m = 1.0. The shape of this calibration equation is
simiar 1o the Van Genuchten (1980) water retention function for soil. The mean absolute
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deviation of measurements from predictions with Eq. D 4, was found to be 22.8% for data
between -10 and -35000 J kg (Campbel et al., 2001)

The input data required to determine soil water potential from a particular sensor therefore
are:

1) Ovendry (47, and vacuum saturated (AT, ) readings;

2) Actual temperature of the medium (7). and

3) Temperature rise (AT).

The procedure for calibration and temperature correction of heat dissipation sensors was
written in a user-friendly programme in Delphi v. 5.0. The programme, called HDS calculator,
faciltates the processing of long data series collected in the field. The input screen of the
HDS calculator is shown in Figure D.1

Saturation T Air-dry dT

T 25

70Kk )] X Concel |

Figure D.1. Input screen of the HDS calculator,

The values of AT, and AT, for the individual sensor are typed in the “Saturation dT" and “Air-
dry dT" cells. By clicking on the “OK" button, the HDS calculator prompts the user 10 select
an input ASCII file consisting of two columns, the first with ambient temperatures (T) and the
second for matching sensor readings of temperature nse (AT). The input ASCII file can be
generated in a spreadsheet as a "ixt file. After the user has selected the input file, the
program runs the calibration and temperature correction procedure for each pairof Tand AT
values, and generates an output ASCII file in the same folder. The output file includes one
column with calculated 7, It has the same name as the input file, but with the extension
*.out.

The HDS calculator is available for use with Windows 95 on an IBM-PC or compatible
computer. The program is supplied in executable code on 3.5-inch disks. Copies of the
program are available through John G Annandale, Dept. Plant Production and Soil Science,
Univ. of Pretoria, 0001 Pretona, South Afnca (e-mail address: annan@scientia up.ac.za).




197

Appendix E

Program for use of heat dissipation sensors with Campbell Scientific CR10 and
CR10X data loggers

Program Title: HDS28SE.CSI

This program was drafted to read 28 Heat Dissipation Sensors (HDS) using the single ended
(SE) thermocouple (T/c) measurement instruction (Instruction 13). The preference of the SE
measurement instruction above the use of the differential (DIFF) approach was because the
execution time to complete a cycle of measurements when using the AM416 multiplexer and
the Temp DIF command (Instruction 14) was too long. This resulted in inaccuracies in
results recorded. It was thus necessary to only excite eight HDS at a time through one CE8
channel and complete the required measurement cycle before proceeding to measure the
following group of eight HDS. Coupled to this, it was necessary to include instructions so that
the AM416 would skip to the correct channels to record the appropniate thermocouples of the
group of 8 HDS that had been activated.

The thermocouple wires for the first group of 8 HDSs were connected directly to the CR10X
with the “High line" being connected to the SE 1 to 8 analog input on the CR10X wiring panel
while the “low line" was connected to an AC port. The balance of the HDS thermocouples
was connected to the AM416 as follows: the "High line” being connected on Set 1 H1
through to Set 10 H2 with the corresponding “Low line” being connected to Set 1 L1 through
to Set10 L2. The AM416 was linked to CR10X through the SE analog input @ and 10. The
AM416 was “clocked/pulsed” through port C5 and reset with port C6. The red lead of a
thermocouple reference temperature unt (10TCRT) was connected to the analog input SE
12 of the CR10 while the black lead was connected to the data logger excitation channel E3
and the clear lead was connected o an AG terminal.

The four CE8s were separately activated through the control ports C1 to C4

The output for the program was the reference temperature (RefT) when each senes of
measurements was taken, the temperature of the soil (SoilT) at the beginning of each seres
of measurements and the difference in temperature recorded after heating for 1s and a
further 20 s heating period (dT). In the program presented below, the measurements were
done every 2 hours

This specific program was drafled and tested during the period 9/12/99 to 14/12/99.
Explanatory text is in talics and follows a semi colon, e.g. . This instruction is to set the time
interval
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1

Instruction 5

. W

-

S I

-~

range

+ AC Half Bridge (P>
s 1 Reps
e &8 1.5 mV 60 Hz Rejection
J2 Id SE Channel
43 3 Excite all reps w/Exchan 3
5: 2000 mV Excitation
5: J Loc [ TCRT ]
7: 800 ult
B: ( Offset
Polynomial (P55)
| Reps
3 X Loc TCRT ]
1 F(X) Loc [ RefTemp

€ co
7 Cl
S c2
3 C3
23 C4

W JnaE W N e

P L T

C5

and 55 must be used.

+ Batt Voltage (P10)
1: 2 Loc | Battery )
70 record the battery level
MEASUREMENTS FOR lst 8 T/c's
¢ Thermocouple Temp (SE) (P13)
i: 8 Reps
g 22 7.5 mV 60 Hz Rejection Range
g% 1 SE Channel
43 1 Type T (Copper-Constantan)
o J Ref Temp (Deg. C) Loc RefTemp ]
6: 5 Loc [ SoilT_1 )
v: 148 Mult
8: 0.0 Offset
Determine Soil Temp of 1st 8 T/c's linked to CRIOX:
ocs 5 to 12 inclusive
: Do (PB6)
1: 41 Set Port 1 High
Activates lst CE8 thru' Cl
: Beginning of Loop (PE7)
a: 0 Delay
a5 3 Loop Count
: Excitation with Delay (P22)
1: 1 Ex Channel
2: 0 Delay W/Ex (units = 0.01 sec)
3: 50 Delay After Ex (units 0.01 sec)

o
Determine reference Temp & recorded in Loc
JOTE: The Il10TCRT is designed to be connected to
nstruction 11. If it is connected toc any other

SE1 and
input

using
channel

Recorded
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n
’
L~
"
.
n
-

z Rejection Range

=
-

N
bt b
.
o
o
-

opper-Constantan)
|

Ref Temp (Deg. C) Leoc RefTemp

-~
(Y
L
£
O
0
)
0
0
[

g . M LY 'R
7 30 Mult
B: 0.C Offset
;Records Temp of lst 8 T/c's after 1 sec heating in Locs 33 to 4(
inclusive
e ¥ —
il o 2 (D
1: |
™ ' ]
“ . e A"
13: Excitat lay (P2«
2
- M ' pr— g \
E. & (units = 0.01 sec
- - 2 e
3 ( sy Ex (units = 0.01 sec)
4: O mV Excitation
9 . ho’ C
14: End (P95)
;Creates 20 sec delay; i.e. continue heating for 20 sec
- a » - |~ y ”
15: Thermocouple Temp (SE) (P13)
i l1: 6 Reps
- Rejection Range
—ll %
3: 1
4: 1 Iype T (Copper-Constantan)
2 1 Ref Temp (Deg. C) Loc [ RefTemp ]
P (' ”,~ '\‘.-.
e 05
o 4 !“ *
sDetermines of 1st 14 's after a tota of 21 sec heating:;
recorded in Locs 61 to 68 incliusive
16: PEE
i 3 Set Pozxt 1 Low
;Deactivate CES8 No 1
3 IMPLETED MEASUREMENTS FOR lst 8 T/¢'s
’ MEASURE SOIL TEMP BALANCE OF T/c's
172 Do (PBC
12 44 Set Port € Eigh
sActivate AM41€é thru' Control Port 6 (Res -6)
“A. RBaninrine af - o DR“
- . a4 - ‘i L - ' 4
1= Delay
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s @ Reps

2! 21 2.5 mV 60 Hz Rejection Range

3: 9 SE Channel

4: 1 Type T (Copper-Constantan)

5 2 Ref Temp (Deg. C) Loc [ RefTemp ]
6: 65 -- Loc [ T20s_S J

7: 1.0 Mult

8: 0.0 Offset

43: End (P95)
;Measures Temp after 21 sec heating & recorded in Locs €9 to 76
inclusive

44: Do (PBE)
12 52 Setr Port 2 Low
;Deactivates CE8 No 2
sEND OF 2nd GROUP OF 8 T/c's ASSOCIATED WITH 2nd SE8

2 MEASUREMENTS FOR 3rd GROUP OF 8 T/c's

; NNB The AM41€ has NOT been reset back to Channel ! but left to
begin

; reading at SET 5 where T/c not 17 is connected!

45: Do (P86)
1: 43 Set Port 3 High
sActivates 3rd CE8 thru' C3

46: Beginning of Loop (PE7)
1: 0 Delay
2: 2 Loop Ceount

47: Excitation with Delay (P22)

1t 3 Ex Channel

2: 0 Delay W/Ex (units = 0.01 sec)

3: 50 Delay After Ex (units = 0.01 sec)
4: C mV Excitation

48: End (P95)
;Create 1 sec period for 3rd CE8

49: Beginning of Loop (P87)
14 0 Delay
2: 4 Loop Count

50: Do (P86)
15 I3 Pulse Port 5

51: Step lLoop Index (P90) '

iz 2 tep .
52: Thermococuple Temp (SE) (P13)

2 2 Reps

23 22 7.5 mvV 60 Hz Rejection Range

st B SE Channel

4: 1 Type T (Copper-Constantan)
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|

93: End (P95)

;Creates 20 sec delay; i.e. continue heating for 20 sec ]
|

94: Beginning of Loop (P87)
1: 0 Delay
: 4 Loop Count

~N

95: Do (P86)
By - Pulse Port 5

96: Step Loop Index (PS0)

1 & Step

97: Thermocouple Temp (SE) (P13)

18 @ Reps

23 2L 7.5 mV 60 Hz Rejection Range

3: 9 SE Channel

4: 1 Type T (Copper-Constantan)

3: 4 Ref Temp (Deg. C) Loc [ RefTemp ]
6: 85 -- Loc [ T20s_25 ]

73 1.0 Mult

g: 0.0 Offset

98: End (P95)

99: Do (PB6)
1: 56 Set Port 6 Low
1Ends Temp measurements after 2] sec heating & resets AM4lé6
iTemp 21 sec (T20s_X) for T/c's 25 to 28 recorded in Locs 85 to 86
inclusive.

100: Do (P86)

1: 54 Set Port 4 Low

sDeactivates CEE No 4

s ENDS MEASUREMENTS FOR LAST 4 T/c's CONNECTED TO 4th CE8

BEGIN CALCULATIONS TO DETERMINE dT FOR EACH T/c

101: Beginning of Loop (P87)

1: 0 Delay

2: 28 Locp Count

102: Z=X-Y (P3%5)

1: 61 -- X Loc [ T20s_1 ]
2¢ 38 -= Y Loc [ Secl_ 1 ]
3: B89 -=- 2 Loc [ dT_1 )

;Calculates dT for 28 sensors and places result in
H Locs 89 to 116 inclusive

103: End (P95)
;Ends dT calc locp

104: Do (P86)
1: 10 Set Output Flag High (Flag 0)
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13 SoilT_ 9 53 Secl_21 93 dT_5

14 SoilT 10 54 Secl_22 9 dT 6

1 SoilT_11 55  Secl 23 95 dT_7

16 SoilT_12 56 Secl_24 96 daT_8

17  SoilT_ 13 7 Secl_25 97 dT 9

18 SoilT_14 58 Secl_26 98 dT_10
1 SoilT_15 59  Secl_27 99  dT_11
20 S0ilT_16 60 Secl_2¢ 100 dT_ 12
21 SoilT 17 61 T20s_1 101 dr_13
22  SoilT_18 €2 T20s_2 102 dT_14
23 SoilT_19 63 T20s_3 103 dT_1i5
24 SoilT_20 64 T20s_4 104 dT_16
25  SoilT 21 65 T20s_5 105 dT_17
26 SoilT_ 22 66 T20s_6 106 dT_i8
7 SoilT_23 67 T20s_7 107 dT_19
28  SoilT 24 68  T20s_8 108 dT_20
29 SoilT 25 €9 T20s_9 109 dT_21
30 SoilT_26 70 T20s_10 110 dT_22
31 SoilT 27 71 T20s_ 11 111 dT_23
32 SoilT_28 7 T20s_12 112 dT_24
33 Secl_1 73 T20s_13 113 4T _25
34 Secl_2 7 T20s_14 114 dT_26
35 Secl_ 3 7 T20s_15 115 dT_27
36 Secl 4 76 T20s_16 116 dT_28
37 Secl_5 77 T20s_17 117

38 Secl_6 78  T20s_18

39 Secl 7 79 T20s_19

40 Secl_B8 80 T20s_20

-Program Security-

0000

0000

-Mode 4-

-Final Storage Area 2-

0

-CR10X ID-

0

-CR10X Power Up-
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Appendix E (cont.)

Program for use of time domain reflectometry with Campbell Scientific CR10 and
CR10X data loggers (determination of effective cable length)

Program Title: CLEMTDRD CSI

To be able 10 use the Tecironix 1502C cable tester 1o determine volumetric soil water
content, the cable tester must identfy the correct wave, |.e. the wave generated by the probe
and not one generated by a joint or other artefact. This is achieved by specifying the
effective cable lengths in the program. The effective cable lengths are not the actual cable
lengths and can only be established in sifu. Thus it is necessary to run a program to
determine the effective cable lengths before the volumetnc soil water content determination
program can be used The program set out below is one used to determine the effective
cable lengths so that these values can then be entered into the program used to determine
the volumetric soil water content. This program was drafted to establish the effective cable
lengths of 28 TDR probes so that the correct values can be entered into the TOR program to
measure water content, ie. CLEMTDRW.CSI

The instrument settings and connections were as follows

The SDM1502 communication interface DIP switch was set at 0000 to give the cable tester
an address of 00. The first level SDMX50 coaxial multiplexer had the MSD set to 0 and the
LSD set to 1 to give an address of 01. The second level of three SDMX50 multiplexers had
the MSD set to 0 while the LSD was set at 2 to give an address of 02

The first level SDMX50 had four TDR probes connected to BNC connectors 1 to 4,
connector 5 was skipped and then channels 6, 7 and 8 were connected by RG-8 coax cable
to level two SOMXS0 multiplexes. These SDOMX50 are subsequently referred to as Box 6,
Box 7 and Box 8 respectively. Each of these SDMX50 had 8 TDR probes connected to their
eight BNC channels.

The CR10X is powered by means of a deep cycle 12V DC battery with the positive terminal
being connected 1o the 12V port and the negative terminal being connected to the G port of
the CR10X power terminal. Note that the CR10X must have been produced after ca June
1999 and be able to process Instruction 100. One way to identify that the CR10X can
process Instruction 100 is if the winng panel has markings indicating where the SDM wiring
can be connected.

The SDM 1502 communication interface and the CR10X are connected as follows

SDM 1502 CR10X
12v ! SDM 12V
GND ! SDM G
C1 Data ! SDM C1
C2 Clock ! SMD C2
C3 Enable ! SDM C3

Simultaneously, the SDM 1502 communication interface was connected to the SDMX50's as
follows

SDM 1502 SDMX50
12V ' 12V
GND ! GND

C1 Data ! C1 Data
C2 Clock ! C2CLK
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C3 Enable ! C3 Enable.

At the rear of the Tecktronix 1502C is an external power supply terminal. The positive lead
from this terminal (red wire) was connected to the SDM 12V port of the CR10X while the
neutral line (black wire) was connected to the SDM G port. The clear wire from the 1502C
was connected to C4 of the CR10X to enable the CR10X to switch the 1502C “on and "off".

Once the program had been downloaded to the CR10X it was activated by activating Flag 1

The program was drafted and tested on 28/11/1999.
*Table 1 Program |

" -*

01: 10 Execution Interval (seconds)

l1: If Flag/Port (PS1)

it 21 Do if Flag 1 is High

2: 30 Then Do

;Instruction to manually initiate the process of measuring the
;effective ;caeble lengths.

1: 44 Set Port 4 High
:Instruction to switch on the Techtronix 1502C cable tester.

3: Excitation with Delay (P22)

12 1 Ex Channel

2: 0 Delay W/Ex (units = 0.01 sec)

3: 500 Delay After Ex (units = 0.01 sec)

4: 0 mV Excitation

4: TDR Measurement (P100)

1: 00 SDM1502 Address

2: 98 Manual MUX Address Advance

. Probe Length (meters)

4: 0.0 Cable Length (meters)

S: 7104 MMMP Mux & Probe Selection

€: 1 Loc [ W1 _06_1 ]

e o Mult

8: 0 Offset

;Measure effective cable length for probes 1 to 4 connected to
SDMX50 in ;Box 7 and enter results beginning at loc 1 and titled
-

=
-

1_06_1".

: TDR Measurement (P100)

1: 00 SDM1502 Address

2: 98B Manual MUX Address Advance
3: .3 Frobe Length (meters)

4: C.0 Cable Length (meters)

5: 6104 MMMP Mux & Probe Selection
6: 5 Loc [ W2 06 2 )

79 A.0 Mult

8: 0.0 Offset

;s Measure effective cable length for probes ] to 4 connected to
SDMXS50 in :;Box 6 and enter results beginning at lLoc 5 and titled
“w2_0€6_2".

"
»
-

6: TDR Measurement (P100)
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5: 8504 MMMP Mux & Probe Selection

6: 25 loc [ E7 06 7 ]

7: 1.0 Mult

g: 0.0 Offset

;Measure effective cable length for probes 5 to 8 connected to
SDMX50 in ;Box 8 and enter results beginning at Loc 25 and titled
“B7 08 7*,

1 Do (P86)
1: 54 Set Port 4 Low
;Switch off Tecktronix.

12: Batt Voltage (P10)
1: 29 Loc [ V_batt )
; Measure battery voltage and record in Loc 29 as “V_batt”,

13: Do (P86)
1: 10 Set OQutput Flag High (Flag 0)
; Instruction to record values &as an output.

14: Real Time (P77)

1: 1220 Year,Day,Hour/Minute (midnight =« 2400)

;Instruction to record Year, Day of year, and Time that measurements
were ;recorded.

15: Sample (P70)

1z &9 Reps

2: 1 Loc [ W1_06_1 J

;Instruction to identify how many results must be sampled and at

what Loc ;the records must start,

16: Do (PB6)
1: 21 Set Flag 1 Low
;Instruction to end this series of measurements.

17: End (P95)

*Table 2 Program
02: 0.0000 Execution Interval (seconds)

*Table 3 Subroutines

End Program
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Appendix E (cont.)

Program for use of time domain reflectometry with Campbell Scientific CR10 and
CR10X data loggers (measurement of volumetric soil water content)

Program Title: CLEMTDRW.CSI

This program was drafted to measure soil volumetric water content at 28 positions using
TDR probes having different cable lengths. For this program to work the cable tester must
identify the correct wave, i.e. the wave generated by the probe and not one generated by a
joint or other artefact. This is achieved by specifying the effective cable lengths in the
program. The effective cable lengths are not the actual cable lengths and can only be
established in situ. Thus it is necessary to run a program 1o determine the effective cable
lengths (Program CLEMTDRD.CSI described in the previous section) before the volumetric
soil water content determination program can be used Once the effective cable length
values have been determined, these values are then entered into the program used to
determine the volumetnc soil water content.

The system set-up is the same as program CLEMTDR.CSI described in the previous section

gdrogram

*Table 1

1( Execution Interval (seconds)
- If time i8s (P92)
1: O Minutes (Seconds --) nto a
2: 120 Interval (same units as above
3 1 Set Flag Hig!t
; Ins C n to set the time interval ¢t rry out the measurements
at 120 ;minutes as well as giving the option to manually set flag 1
high to ;initiate the program when reguired.
248 1£f Flag/Port (P91)
1 v £ o - 4
. 30 Then Do
; If flag 1 is high then the program wil initiate
3 Do PBt
1 44 Set Port 4 11
3 Struc LO Sw h on the Tech » ( able tester
4: Excitation witl elay
1 1 Ex Channel
. 0 Delzy W/Ex unitcs sec
3 S Delay After E anits = secC
‘: 7 e > § :).; .'.
TDR Measurement (P100}
1: 0C SIM1502 Address
408 P wi robe ( re ] al
3 3 Probe Lencgt meters
‘ al Ik | mesers
§ 104 MMMP MU & Probe Selec O
€ LocC Wl e 1
0.1138 Mult
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10: TDR Measurement (P100)

1: 00 SDM1502 Address

2: 4080 La/L with Probe Correction in mm
I Probe Length (meters)

4% .21 .2 Cable Length (meters)

5: 8104 MMMP Mux & Probe Selection

6: 21 Loc [ E6_06_6 ]

7: 0.1138 Mult

8: -0.1758 Offset

;Measure volumetric water content for probes 1 tc 4 connected to
SDMX50 in ;Box 8 and enter results beginning at Loc 21 and titled

“E6_06_6”.

11: TDR Measurement (P100)

1: 00 SDM1502 Address

2: 4080 La/L with Probe Correction in mm
3: .3 Probe Length (meters)

4: 2%.1 Cable Length (meters)

5: 8504 MMMP Mux & Probe Selection

6: 25 Loc [ E7_06_7 ]

7: 0.1138 Mult
8: -0.1758 Offset

;Measure volumetric water content for probes 5 to 8 connected to
SDMX50 in ;Box 8 and enter results beginning at Loc 25 and titled
“E7 06 _7".

12: Do (F86)
l: 54 Set Port 4 Low
;Switch off Tecktronix.

13: Batt Voltage (P10)
1: 29 Loec [ V_batt )
iMeasure battery voltage and record in Loc 29 as "V batt”.

14: Do (PB&)
: 10 Set Output Flag High (Flag 0)
;Instruction to record values as an output.

15: Real Time (P77)

1: 1220 Year,Day,Hour/Minute (midnight « 2400)

s Instruction to record Year, Day of year, and Time that measurements
were ;reccrded.

16: Sample (P70)

1 £9 Reps

21 1 Loc [ W1 _06_1 ]

:;Instruction to identify how many results must be sampled and at
what Loc ;the records must start.

17: Do (PB6)
18 21 Set Flag 1 Low
sInstruction to end this series of measurements.

18: End (P95)
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Other related WRC reports available:

Facilitating irrigation scheduling by means of the soil water balance model

IG Annandale. N Benadé, NZ Jovanovice, JM Stevn and N du Sautoy

The interest in scheduling irrigations with crop growth computer models i1s rapidly
increasing, particularly since personal computers have become accessible to crop
producers. The soil water balance (SWB) model is a mechanistic, real-time, generic
crop, soil water balance, irrigation scheduling model. SWB gives a detailed description
of the soil-plant-atmosphere continuum, making use of weather, soil and crop management
data. It thus largely overcomes the problems of other models for irmgation scheduling as
indicated above. However, since SWB is a generic crop growth model, parameters specific
for each crop have to be determined

Calibration and validation of SWB with independent data sets of relevance for irrigation
scheduling were required in order to establish the reliability of the model in representing
the real-world system. Data sets for the validation of SWB were therefore sought for two
types of models:

Crop growth and SWB model making use of specific crop growth parameters

FAO-based model making use of FAO crop factors
The user-friendly interface, on-line help tool, range and error checking, as well as
comprehensive output graphs should allow the user to easily make real-time use of the
output results. The context-sensitive help tool describes how 10 operate the model (enter
input data, run simulations, and print or create results and recommendations) and most
of the technical procedures used by SWB to estimate crop growth and calculate the soil
water balance. Recommended ranges for input data and general information are also
given.
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