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Abstract

The vegetable greenhouse industry in British Columbia is rapidly éxpanding to
meet the world's demands for high quality fresh produce. This expansion puts
environmental pressure on the region in the demand for fresh water, and the spread of
excess nutrient fertilizer into ground and surface water. To help alleviate the problem,
efficient irrigation systems which accurately match crop requirements, need to be
developed. To establish a more precise algorithm, new and conventional sensors were
examined for their ability to predict and/or measure water use. The sensors that-showed
the most promise were further developed into two new control algorithms. The first
control algorithm utilized light, vapor pressure deficit, leaf, and air temperature, in a
~ statistically developed model to estimate water use. The second control algorithm
utilized an off-the-shelf electronic balance to directly measure water use. Water use was
measured by summing the change in weight over short time-periods, rather than by
examining the absolute weight of the media. Experiments were then conducted to
compare these two new algorithms to the current industry-standard light-based approach
in terms of irrigation consistency and frequency. It was found that the scale-based
approach produced the most consistent amount of leachate indicating that it was most
able to supply water as the crop needed it. The equation-based approaches performance
was similar to the traditional light-based approach. In terms of frequency the equation
and scale-based approach did not always trigger an irrigation every hour indicating that
setpoints would have to be adjusted. No algorithm allowed the plants to go for long
periods without watering. The scale-based approach has the added benefit of an ability to
trigger irrigations at night. All algorithms seemed to work effectively; the water usage of
the plants on all three systems was statistically similar. Because the new algorithms are
based on different principles, their associated advantages and disadvantages are quite
different. To improve irrigation efficiency, a control strategy encompassing all of the

techniques evaluated is recommended.

i



Table of Contents

ABSTRACT I
LIST OF FIGURES v
LIST OF TABLES A"
ACKNOWLEDGEMENTS \ ; VI
1 INTRODUCTION 1
L1 BACKGROUND.....ciiiititititit ittt te st ettt st natsnssss e bt e s eseseasssasesesesesenesesessnenenereresesenns 1
1.2 PROBLEM STATEMENT .....cootiitimiiiiiiiiiissiesieeses s tsesesessas s sseb st sesssse s st st eesssesssassssessesessennans 2
1.3 OBIECTIVES w.vuiuitiicicie ittt s sttt bbb sttt et s s st b e smseseneens 3

2 LITERATURE REVIEW 4
2.1 CONTROL ALGORITHMS .....ootitiiririisiieieierreesmiaeesssesssansasasassesstststsssssssasesssssesessassosssstssesssssessenmsenens 4
2.1.1  Basic Control AIGOFIRINS ...................cccoooooiiomviiiiieiirieieieieeeeeeeeeeee et ee e 4
2.1.2  Soil/Growing Media-Based Control AIGorithms......................c.cc.cocoovoveeevivceviieeeeeereeereenern, 5
2.1.3  Environment-Based Control AIGOFIAMS ....................ccoccooevreeiviiviiisiieeeeeeeeeeeeeeresn, 13
2.1.4  Plant-Based Control AIGOritRMS ..................cccoccoovivivicireeiiiriieeeeeeeeeeeeie oo 18

2.2 INDUSTRY STATUS ..ootruiriririiininiriseienicsesee et stseseseststesesestasatasassase et ssssssssnsssssssseseseseresesosssssessons 25
2.2.1  Current COMMON PPACHICE. ....................cooooeuevisrarriiriiiseetiteereeeesee ettt 25

2.2.2  NeWw DEVelOPMERLS................cccooooiviiiirreisteinsieieeieee ettt e et n et e ettt 26

3 MATERIALS AND METHODS 29
Bl YEAR L ettt bttt bbbt r s nreans 29
Lol AGGASSIZ...oooieiiic ettt ettt 29

312 UBC ...ttt ettt et ettt et et 34

3.2 YEARZ ittt e bbbt bere bt s s e et entene et se e 35
3.2.1  Developnent of New AIGOFIAIMS................ccccccoovviiviinieiiiiniaieiieieieeieiee e, 35

3.2.2  Implementation of AIGOVTItRINS .............cccccoooviiiiiniiiiiinniainiinieieieeee e, 37

3.2.3  Evaluation of AIOTitRINS ......................ccccococomiiirirriiiiiiinieririnneinese e 42

4 RESULTS AND DISCUSSION ' 45
A1 YEAR T ettt sttt sttt et et enens b 45
4.1.1  Selection of Sensors for Initial EXamination...........................ccccouvvveievieeeeveeeeeeiieninnn, 45

4.1.2  Evaluation of Sensors................ OO RRRURROUPRO 46

4.1.3  Selection of Sensors for Model Development ........................ccccoevvvuiveeioneeeeeceeieersiennan. 62

4.2 YEARZ wiiiiviniiriieni ettt b st e ettt b b r b s et retene 69
4.2.1  Development of AIOFItRIS ....................ccoovvmiiiiiininiiininecsree s 69

4.2.2  Evaluation of AIOFItRINS ................cccccoovvviuiinniieiiitieieieie it 72

4.2.3  Advantages and Disadvantages of AIGorithms ....................cccccoovveviveceneicerineeicenenennn, 80

5 CONCLUSIONS AND RECOMMENDATIONS 85
5.1 CONCLUSIONS ....ooteirirereeriertetarereiteseseassaseseassasessensesassessessssasserssessesessonsossssissostsssssessonsasenmsensesenes 85
5.2 RECOMMENDATIONS.......cooitititimiisiiiniiit et ssasaresse s s e esebebe e et stk bebebasanasasessasasesesesasFrenenans 87

6 REFERENCES 89
APPENDIX A SUMMARY TABLES : » 93

111



List of Figures

FIGURE 3-1 CAMPBELL SCIENTIFIC DATALOGGERS

...................................................................................... 30
FIGURE 3-2 INFRARED THERMOMETER ......cccviviuiutemeeenereeeeresesssessesessssssesessesssssesssss s st e es oo 31
FIGURE 3-3 SBEAM LOAD CELL USED TO MONITOR PLANT WEIGHT .....voveeeeeeeeeeeeeee oot 32
FIGURE 3-4 LI-COR PYRANOMETER FOR LIGHT MEASUREMENTS .......oveereteeeeeeeee oot 38
FIGURE 3-5 SCALE SETUP AT U.B.C. (WITH INSULATION REMOVED) .......vevevevieeeeeeeeeeeseseresesesessssesssesesnns 40
FIGURE 3-6 LEACHATE MONITORING STATION .....cctreteeeeeereeeessesiaseseeeesessossessssssnserseeeseseesssess oo 41
FIGURE 3-7 SENSORS UTILIZED BY THE EQUATION-BASED ALGORITHM ....cuvevevooeoeeee e 42
FIGURE 4-1 WATER UPTAKE MEASURED BY SCALE ON A TYPICAL DAY ...o.veoeereeeeeeeeeeeeeerevereseseseressssnons 46
FIGURE 4-2 LIGHT LEVEL ...tvvtiiiitiitiiitiirecre et er et eeeeetsesessesesessseseesessanseseassssessesesesssssseessseses e e e 47
FIGURE 4-3 AIR TEMPERATURE .....oooitiiiteiriiiiieeistiestteseseseneseeaneeeseeesessessesesssesssesssssssossssnsseseemeeetee e eeeeons e 47
FIGURE 4-4 RELATIVE HUMIDITY ...ouviuviviitintietiieeeeeeeteeeeseseeeeseseseeeseseensassessesssessesssesssessss st eee e e eees e e 47
FIGURE 4-5 VAPOR PRESSURE DEFICIT ....ocvcuviuviuiitiristeeieeeeeeeeseseseseseeesesessssssensesssssesessesssssssssesssseneeseeeesons 48
FIGURE 4-6 LEAF TEMPERATURE .....ccvveitieteciricricateereestteteeseeeneeeseeasesaeesssesssesesesssssssesssssssesssesssssssesssessesssens 48
FIGURE 4-7 AIR-LEAF TEMPERATURE DIFFERENTIAL .....ccttiteitteeeeesresoeesessoressresssesssssssssrsssssesssssssssssessssssoss 48
FIGURE 4-8 MOISTURE TENSION ....oeecttietiiitiieeiitieteieteesseesseesesaeesesessesasesssesesssassssssenssssssssssssseesssseesees e 49
FIGURE 4-9 ATMOMETER P.E. T ..ottt ee e et e e s v e s e e eesaeseaseeeasneseaseenseseneessessesseeenn s 49
FIGURE 4-10 PLANT WEIGHT .....vvvcttiitiinieeitscitseeeiereieriesteetesseesssisesesesansssnessessssessnssnsesssssssessssssssssssesossssssnsen 49
FIGURE 4-11 PLANT WEIGHT CHANGE RATE .....viiutiitieittietteestrere st eseeeseeeaseeetesesesssesssessssssssnssssssssssssessssssssnees 50
FIGURE 4-12 VARIATION OF WATER UPTAKE WITH LIGHT (ENTIRE EXPERIMENTAL PERIOD)...................... 50
FIGURE 4-13 AIR TEMPERATURE ......ceeoviieueiietieesticieseesiaeeeeeeseeeseesasesesseesanesestessssssesssssssseesasessssssssessssssseess 50
FIGURE 4-14 RELATIVE HUMIDITY ..c.uviiuieitiiitiieiiiiereesteseseesesseeteseneseeeeeeeaessasesnssnsesssssssssssessessesessssosssssssses 51
FIGURE 4-15 VAPOR PRESSURE DEFICIT .....vceoutiiiuiiitiiisrecsertisstessteeseeeeaeeesesesesassssessssessssssesssesssssessesossssssssss 51
FIGURE 4-16 LEAF TEMPERATURE .....ccooivvitiiiteeiiieasitsieteeeseereseesseesasesesasesssseesssssessessssssssssesssssenssssssessssssses 51
FIGURE 4-17 AIR-LEAF TEMPERATURE DIFFERENTIAL ...cccvuvtirtveeeeeeeeeeseeesaeresseessssesaesssassesssssessssssessssessseess 52
FIGURE 4-18 MOISTURE TENSION .....ctiiitiriteientiecnreeesnrsitessssrestessisesssesesssssnmenesnsesesesssssessssessssssessssssssssesens 52
FIGURE 4-19 ATMOMETER P.E. T oottt ettt s e e ve s st e saseaessseasseessanesnesenres 52
FIGURE 4-20 PLANT WEIGHT CHANGE RATE c...eiiuviitiiicieiertirtesseeseeeeseneseeeseseesesessasesesssassssssssesasesessessssons 53
FIGURE 4-21 CUMULATIVE WATER UPTAKE .......coruieiiertineiiirieeesteesesisesasesasesenesesenesesssessessessssssssssssssesssneon 54
FIGURE 4-22 MOISTURE TENSION VS, TIME WITH IRRIGATION EVENTS ... oueieetieirreeerreeseeeseeneseseeseressseeesss 58
FIGURE 4-23 CUMULATIVE ATMOMETER P.E.T. VS. TIME. ..o et cteeteteeeesereerseresresessessessensssssssesesssssssenenns 59
FIGURE 4-24 CORRELATION COEFFICIENTS VS. SUM TIME ....ouvuiitieieeeieiereeereeeesesseeesseeessesssessesssessssessssnees 61
FIGURE 4-25 PREDICTED AND MEASURED WATER UPTAKE......vteiotteeeeeereeeseeeercresersesessesssessssssssessasessssesseses 70
FIGURE 4-26 CUMULATIVE WATER USE AS MEASURED BY THE SCALE AND LEACHATE COLLECTION
TECHNIQUES .....coeitiiiiiniitntnter stttk ekttt bbbkttt b e b s bt s et s taes 73
FIGURE 4-27 WATER USE VERSUS LIGHT SUM ..cuviioeiiiii ettt sttt eeeeee s eeeneseeaessesessesesasessesssssnssnes 74
FIGURE 4-28 DAILY LIGHT SUMS DURING THE EXPERIMENT .....ciiveeeeeeeeteieeeeereeeeeseresesssesssssssessersesssesesses 74
FIGURE 4-29 HISTOGRAM OF IRRIGATION EVENTS OVER THE ENTIRE EXPERIMENT.....cccovveiereeeveeereerneennn 76
FIGURE 4-30 LEACHATE FRACTION THROUGHOUT A TYPICAL DAY .oveiiviiiiieeeeeeceeeeeeeeevesereeesseeseeesrsessesen 78

v



List of Tables

TABLE 4-1 CORRELATION COEFFICIENTS OF SENSORS WITH WATER USE ....oovovoeeeeeee oo 61

TABLE 4-2 CORRELATION COEFFICIENTS OF PREDICTED AND MEASURED WATER UPTAKE ON DAYS USED
FOR MODEL VALIDATION

TABLE 4-4 CORRELATION OF WATER USE COEFFICIENT STANDARD DEVIATION WITH DAILY LIGHT SUM.. 80
TABLE A-1 WATER USE THROUGHOUT EXPERIMENT ......cevvvveteeseeetesseeseeerssssessessssssssssseeeeeeeeseesee oo 93




Acknowledgements

I would like to thank my committee members, Dr. Sietan Chieng, Dr. David
Ehret, and Dr. Anthony Lau, for their support, ideas and encouragement. Your help was
much appreciated.

I would especially like to thank Dr. Lau for his patience, guidance, and

enthusiasm throughout my Master's project.

It would not have been possible to conduct my research without the assistance of:

U.B.C. Greenhouse staff, Dave and Christia,
Bio-E Techs, Jurgen, Niel and Ping,

Agassiz Greenhouse, staff Tom and Lisa.

I would also like to thank all of my friends and fellow graduate students for
keeping me sane and entertained throughout.

All of this would not have been possible without the encouragement and support
of my family: Mom, Dad, Jeremy, Mark, Aunt Valerie, Grandma Rose and Grandma

Peggy, Mr and Mrs. Hasebe, the Aunties, Todd, Brodie, Charity and Mike.

And to Michelle, for being there always.

vi



1 Imntroduction

1.1 Background

Currently the farm gate receipts for the greenhouse vegetable industry in British
Columbia are valued at approximately 172 million dollars a year; it spans 147 hectares,
and is still expanding rapidly (Papadopoulos, 1999). The demand for high quality
produce results in a great strain on the natural resources of the region. Most of the
vegetable production in BC greenhouses is through the use of hydroponics where
inorganic nutrient fertilizers are applied through the irrigation water. Of particular
concern are the water issues of use and pollution. British Columbia is regarded as a
province with vast water resources, but in the summer months there are shortages of high
quality fresh water. Of equal or greater concern, is the spread of ground and surface
water pollution from the escape of excess fertilizer and other agro-chemicals. Supplying
water to a crop at the correct time, and in the correct amount, are important goals of water
management.

There are many systems available to the grower to determine when to irrigate a
crop. The systems heip to predict the needs of the plant; they range from the very simple
to the extremely complex. For a technique to be useful, it must be proven reliable,
meaningful, and relatively easy to understand and use. If the needs of the plant can be
accurately prediéted, it is possible to supply precisely how much the plants require at the
correct time.

The water needs of a plant are not entirely for transpiration and growth. Leachate,
or excess irrigation water, is required for proper plant health. The leachate removes the
excess salts that accumulaté in the growing media, and prevents physiological problems
that occur when the electrical-conductivity (EC) is too high. A high EC prevents the
uptake of water and certain nutrients by the plant's roots. However, irrigation water is
expensive, as it contains both water and nutrients, and an operation will have to optimize

its use, by ensuring that only enough excess water is applied to leach the salts. In some

cases there is great uncertainty in predicting the watering requirements of plants, and over

 40% of the irrigation water is leached (Fricke, 1996).




The current practice in BC is drain-to-waste where the leached water is not
collected for re-use; theréfore, improving the efficiency of water use is an extremely
important goal. Even in systems which recycle the water and nutrients, the water must be
treated to prevent the spread of disease, and treatment methods are relatively expensive.
By reducing the volume of water requiring treatment, costs can be reduced.

It has been demonstrated that plants benefit from the effects of leaching and that
there is a positive correlation between increasing leachate amounts and increases in yield
(Fricke, 1996). By giving a grower better control over the timing and volume of leachate,
we can allow them to calculate and apply the most cost-effective amount of v;/ater.

With the increasing automation of greenhouse production, and hence, the
proliferation of sensors and computers, there is an expanding opportunity for the use of
more complex algorithms for determining plant water requirements. Already the
judgement of the grower, and the simple timer, long the mainstay of the industry, have
been replaced by sensors which trigger waterings based on light sum. However, the
water needs of a plant are not a function of light alone, and new algorithms taking into

account other important environmental parameters need to be synthesized.

1.2 Problem Statement

There are a number of variables to be considered when deciding on an irrigation
regime for a crop. The goal is not simply to reduce the volume of water used, or to
maximize the crop yield; it is to maximize profits. To achieve this goal, both the water
use and crop yield have to be considered.

Current irrigation control algorithms have been designed to provide the plants with
excess water and nutrients to ensure that this does not limit their growth. However, these
techniques are wasteful and lead to increased costs for the grower through greater water
and nutrient use and increased water treatment costs. Improved control of irrigation and
a better knowledge of when to irrigate, will give growers a more powerful tool to
optimize their crop production. Optimized production will translate into less wastage of

energy, water, and nutrients, and will lead to increased sustainability of production.



1.3 Objectives
The overall goal of this thesis research project was to devise an irrigation control
strategy for water and nutrient conservation, in order to improve the environmental and

economic sustainability of the greenhouse industry.

Experiments were conducted over the course of two years.

The objectives were:
1. To study the feasibility of using new and conventional sensors in the continuous
and automatic detection of plant water status
2. To evaluate the sensors tested in the first year for further development
3. To develop new irrigation control algorithms
4. To implement and examine the function of these newly developed algorithms
over the course of a season

5. To compare the new algorithms with the current industry standard.

Objective one was carried out in the first year, and objectives two through five were the

research activities in the second year.




2 Literature Review

2.1 Control Algorithms

At the heart of every control algorithm is the sensor upon which the decisions are
based. Whether it is a highly sophisticated and expensive instrument, or simply a
grower's senses, no algorithm will function properly without some form of sensor.

Numerous techniques have been developed to cope with the difficulties of
supplying adequate water to a crop in a timely manner. They vary widely in terms of
complexity, expense, and performance. The selection of a strategy will be decided by the
application it will be used for. The size of the operation, the crop grown, and even the
time of the yeaf are important considerations when selecting an algorithm.,

Irrigation control strategies can be classified in four categories; simple (basic
control), soil/growing media-based control, environmental-based control, and plant-based
control. Because of the difficulties in directly detecting water stress, indirect means
based on the plants' surrounding environment are generally used. These indirect methods

are valid because of the close interaction of the plant and its surroundings.

2.1.1 Basic Control Algorithms

Before the widespread application of computer-based climate and irrigation
control and the use of automatic sensors, growers relied heavily on personal expertise to

determine when to water,

2.1.1.1 Grower Inspection

‘The most basic irrigation control technique involves a grower manually
examining plants. Previous experience helps to decide when and how much to water a
crop. A grower may utilize visual inspection or simple instruments to take
measurements. However, grower experience varies widely and to complicate matters
différent crops may show different signs of stress. Grower inspection might be adequate
for a small-scale operation with few plants, but in a large greenhouse it becomes

extremely difficult to adequately judge conditions. In addition the use of high-yield



varieties and soil-less media can require irrigations to be very frequent (sometimes more
than forty events per day). At this watering frequency the task of deciding when to water

manually becomes prohibitively difficult.

2.1.1.2 Timers

Timers can directly control the irrigation valves for high frequency watering. An
experienced grower can greatly improve the performance of an irrigation system by
setting the system to water at specific intervals or times. By examining whether or not
the water applied at each event is adequate, they can adjust their system accordingly.
Though this method is an improvement over simple observation, it still requires

considerable monitoring and effort by the grower.

2.1.2 Soil/Growing Media-Based Control Algorithms

Because of the uncertainty in deciding whether or not a plant needs water,
instruments were developed to reduce the reliance on a grower's instincts. One of the
easiest means of determining if a plant needs water is to check the water content of its
growing media. Because a plant draws the bulk of its water from this source, it is safe to
assume that if the media lacks sufficient water the plant is either suffering from water
deprivation, or soon will be. By examining the water content of plant growing media it is

possible to replenish this source when it becomes depleted.

2.1.2.1 Tensiometers

Tensiometers provide the water content of a soil by measuring how tightly the
water in a media is held. There are many types of tensiometers but they all work on the
same principle. Tensiometers have a permeable tip which allows water to pass in and
out. As water is drawn out under dry conditions, the pressure within the tensiorﬁeter
drops; a negative soil pressure (tension), or water potential is recorded. An increase in
tension signifies a decrease in the water content of the media. Original tensiometers used
pressure gauges or mercury manometer tubes to show the tension, but modern devices
utilize electronic pressure transducers.

- Tensiometers have been widely used in both the greenhouse and field crop

industry for many years. They have been used to control irrigation in many applications




such as greenhouse tomato (Xu et.al., 1995; Papadoupoulos et.al., 1992), field vegetable
crops (Luthra et.al., 1997), and even field strawberries (Kruger et.al., 1999) and orchard
trees. (Van Der Gulik, 1999) The individual units are relatively inexpensive and the
measurements do not require considerable interpretation. A very important benefit of
tensiometers is that they can function as a continually monitored online device, which can
allow them to be integrated well into a grower's automatic computer control system.
Tensiometers can also respond quickly to changes in soil moisture. It usually takes only
a few minutes for a change to be detected (Prevost, 1990). Tensiometers measure the
tension that the water is held at, rather than just the absolute water content. This
capability is advantageous for varying soil conditions where water is held differently
depending on the soil texture. It gives a reading which is an indication of how difficult it
is for a plant to withdraw water from the soil.

Tensiometers also have some major drawbacks. Temperature changes, especially
rapid ones, can induce up to eighty per’cént error in the pressure measurement (Butters
and Cardon, 1998). Air pockets present in the tensiometer can change pressure quickly
when heated or cooled, to give a false reading. In addition the absolute temperature itself
can affect the pressure readings. The electronic transducers are sensitive to temperature
and will fluctuate accordingly (Hubbell and Sisson, 1998). Some media are also
unsuitable for use with tensiometers. If there is poor contact between the porous cup and
the media, water may not easily flow in and out, or else air may be allowed to enter the
tensiometer (Hubbell and Sisson, 1998). Tensiometers in highly porous media suffer this
problem, and the artificial medias normally used, such as rockwool and sawdust, are
highly porous. The characteristics of some media also change over time. Sawdust is a
popular growing media in the greenhouse industry; over the course of a growing s\eason it
degrades, and its water retention characteristics change. Because of these changes
tensiometer response to irrigation and drying will change requiring interpretation and
calibration.

Another difficulty is the conductance of the cup or tip of the tensiometer. If this
tip is not conductive enough, then artificially high or low pressures can build up (Butters
and Cordon, 1998)). There is concern that the conductivity of the cup may change with

time as well (Timlin and Pachepsky, 1998). In soils with a fine component the pores may



become blocked, reducing the conductivity, and increasing ertor. The dependence on
temperature, and the fact that each tensiometer and media have different (and changing)
properties, requires the use of extensive calibration. The process of calibration is tedious,
and may require extensive disturbance of the growing media. Tensiometers are relatively
high maintenance instruments requiring considerable time and expertise to operate
effectively.

In addition to these technical difficulties there is a systematic problem with using
tensiometers to schedule irrigation; tensiometers only measure the water tension at a
single point. To base irrigation control on the water content of a single point, or even
several, is risky. There is the problem of where to locate the sensor as well. Water is not
evenly distributed throughout the media and moisture tensions may change rapidly as

water percolates through.

2.1.2.2 Time Domain Reflectometry

Another means for non-destructively measuring the water content of a soil is
Time Domain Reflectometry (TDR). This technology is more recent than tensiometers,
and can provide reliable measures of soil water, as well as soil ionic concentrations. The
‘basis of TDR is the measurement of the dielectric constant of the soil. The dielectric
constant for soil varies with its water content. A dry soil might have a dielectric constant
of three, whereas a saturated soil might be twenty-five (Dalton and Van Genuchten,
1986). The dielectric constant is determined by measuring the transit time of an
electromagnetic pulse travelling along two metallic rods embedded in the soil. The signal
is received by an oscilloscope, and from the display the dielectric constant, and hence the
water content of the soil can be estimated. TDR is widely used in the field, laboratory,
and greenhouse as a reliable means of measuring the soil water content.

There are a number of advantages associated with TDR. Probably the greatest
advantage of TDR is its ability to measure the water content in a wide variety of soil
types and saturation levels. This flexibility enables TDR to be used in the artificial media
vused by commercial growers without difficulty or accuracy concerns. Successful studies

in rockwool have been carried out (Hilhorst et.al., 1992; da Silva et.al. 1998). Another

benefit is the sample volume of TDR. Because TDR measures the water content along




the length of its probes, it samples the water content of a much larger area. The
measurement is much more representétive than that taken at a single point with a
tensiometer. The minimum recommended length for a TDR probe is 15 cm (Hilhorst
et.al., 1992); this might be a benefit or problem depending on the geometry of the media
container. With good calibration TDR can also give a value of soil water content in
percent, rather than just the tension it is held at as with tensiometers. The TDR

measurements can also be taken very quickly, capturing rapid changes in the moisture

content.

The main drawback of TDR is the cost. The probes are inexpensive but the signal
generator and receiver are not. This cost hinders the use of multiple sensors which are
required to adequately characterize the media water content of a large crop. Inaccurate
measurements can occur if the wave guides (probes) are not parallel to each other. This
problem usually occurs in the field when long probes are used or hard soil is encountered.
Fortunately in the greenhouse setting hard soil is not a major concern. TDR is apparently
unsuitable for automatic measurements because of its reliance on graphical interpretation
(Hilhorst et.al., 1992). Basically an operator is required to examine the wave output on
an oscilloscope to determine travel time, and hence, water content. Newer TDR devices
are more suitable for automated measurement as they have the ability to automatically
interpret the signal and provide a direct output of water content (Wraith and Baker,
1991). But with automatic interpretation there is the risk of error if the wave pattern is
not ideal. If the greenhouse media is well characterized these problems can be reduced.
For accuracy, extensive calibration is required over the range of soil moistures that are to
be encountered (Dalton énd Van Genuchten, 1986). In some greenhouse applications the '
characteristics of the media change over the course of the season due to degradation
and/or extensive root penetration. This introduces additional error into the
measurements.

TDR is also subject to the same problem as tensiometers; it is difficult to know
how many sensors are required and where to locate them. Although the TDR samples a
much larger volume than the single point of a tensiometer, there will always be

uncertainty because of the wide variation of moisture content within the media. TDR has

apparently not yet been used for automatic irrigation control in a vegetable greenhouse




setting. There would most likely be difficulty in automating the measurements, and high
cost involved with the multiple sensors that would be required to adequately characterize

the water status of the crop.

2.1.2.3 Soil Moisture Blocks

Another means of measuring soil water content is through the use of electrical
resistance blocks. There are many varieties of this type of sensor but they all work 6n the
same principal. Essentially these sensors consist of a porous material that allows soil
moisture to seep in. As the soil water seeps into the sensor it affects the electrical
resistance of the material between two probes. As the soil dries out and water leaves the
sensor the resistance of the block increases; by comparing this resistance to previous
calibration results, a water content can be estimated. Some of the more common types of
these sensors are gypsum and fiberglass blocks, as well as granular matrix sensors.
Though based on the same principle, these three different types of sensors have
significant performance differences. The selection of a sensor will depend on the
expected conditions under which the measurements are to be made. Of primary
consideration are the temperature, salinity, acidity, coarseness of media, and expected
water concentration range. Resistance blocks are suitable for online éutomatic
measurements which make them very simple to operate and maintain. In addition the
sensors are relatively inexpensive and accurate when used correctly. They have been
used successfully in irrigation control applications but mainly for field crops (Van Der
Gulik, 1999; McCann and Kincaid, 1991). Resistance blocks can also work over a
greater range of moisture content than tensiometers. Fiberglaés blocks can generally
work over all tensions from 0 to 10 bars, gypsum between 0.3 and 3 bars, (Prevost, 1990)
and Granular matrix sensors from 0.1 to 1 bar (Eldredge et.al., 1993). However, the
extremely low tensions in which the resistance blocks are capable of working, should
never occur in the greenhouse environment. Though capable of working in high
saturations, the best performance of gypsum and fiberglass is in lower ranges whereas the
new granular matrix sensors are supposed to work quite well under saturated conditions

(0 to —1 bar) (McCann and Kincaid, 1991).



~ The main reason that resistance blocks are not used in greenhouse applications is
their sensitivity. It can take hours for changes in the soil water content to register on the
blocks (Prevost, 1990). This kind of sensitivity is not nearly good enough for the high
frequency irrigation used in most greenhouse production. It is also recommended that
resistance blocks not be used in porous, coarse, sandy or gravelly soils, or in peat (Van
Der Gulik, 1999). There has to be good contact between the block and the surrounding
soil.

A drawback of gypsum blocks is the fact that they dissolve over time. This
problem has been overcome through the use of fiberglass, as well as the granular matrix
sensors. But the fiberglass resistance blocks are more susceptible to error due to soil
salinity. They also require extensive calibration for the particular media they are to be
used in. With their possible degradation over time, and the changing media, the
possibility of error increases as the season progresses. The blocks also respond
differently during wetting and drying due to hysteresis. This is a critical flaw in artificial
media with high frequency irrigation because of the many wetting and drying periods
during the day. This problem is not so pronounced in field cropping with its far fewer
watering events.

Like the tensiometer and TDR, this technique for determining soil moisture
content only measures the value at a single point. Fortunately soil moisture blocks are
quite inexpensive and require low maintenance; using several is not as prohibitive as for

other sensors.

2.1.2.4 Lysimeter/Scale

Though not a direct measure of the water content of the growing media,
lysimeters can be used to monitor the flow of water in and out of the media. Traditional
lysimeters work by placing the growing media in large impermeable containers which
allow the leachate or excess irrigation water to be collected. If the volume of added
irrigation water is known, then the water use of the crop can be determined through
subtraction. Modern weighing lysimeters use load cells or scales to simply measure the
entire weight of the growing media (and sometimes the plant as well) and then monitor

changes in this weight over time. A decrease in weight can mean that the plant has
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removed water from the system, whereas an increase can be a watering event. By
measuring the change in weight of the media and the amount of water in the soil, the
water use of the plant can be determined.

Though rarely used for control purposes, lysimeters have been widely used in the
scientific community in the testing and calibration of other sensors and models (Baille
et.al.,, 1992). Lysimeters are considered the most accurate and/or slimplest means of
determining the water usage of a crop. Lysimeters can be constructed on both a large and
small scale, ranging from one or two plants on a single scale (van Meurs and
Stanghellini, 1992), up to entire trees (Grimmond et.al., 1992), or rows of crops
supported by multiple load cells. In the few cases where lysimeters or scales have been
used to control irrigation, the absolute weight of the media has been the parameter
measured.  One technique is to use scales to measure the weight of individual pots
automatically (Boukchina et.al., 1993; Zoon et.al., 1990). The current weight of the plant
and pot is subtracted from the previous wet weight; the difference is assumed to be the ‘
water used, with corrections for plant growth under certain circumstances. In these cases
the frequency of measurements has been relatively low, usually a half-hour or up to an
entire day. In the study of crop transpiration, lysimeters based on off-the-shelf
commercial balances have been developed which measure the water use every minute
and can give a very accurate picture of when and how much water a plant uses (van
Meurs and Stanghellini, 1992).

Because load cells and scales are readily available commercially they are quite
moderately priced, depending on the capacity and the accuracy required. No expensive
instruments are required to interpret the signals from the scales; values are easily output
to dataloggers for storage or control purposes. Because of the electronic nature of the
scales they are ideally suited for automatic measurement. Measurements are
instantaneous and very quickly show changes in the weight of the system. In addition
weighing lysimeters can be relatively low maintenance. There is no calibration required
for separate soils, and the accuracy can be easily verified with the simple addition of
known weights. A maintenance task which has to be performed is to allow the drainage

of the excess irrigation or leachate from the container. Even this task can be automated
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as in a system in use at the Pacific Agri-Food Research Centre, in Agassiz BC, where the
leachate is pumped out by a wet/dry vacuum at set time intervals. |

There are a few drawbacks associated with the use of lysimeters. Lysimeters do
not necessarily give the absolute water content of the media. Though they can show the
movement of water in and out of the system, they cannot indicate exactly how much
water is present in the media, and/or where that water is located spatially. In addition fhe
growth of the plant can affeét the estimation of water content. Growth in the plant would
incorrectly show up as an increase in weight that would be thought to be due to irrigation.
The plant would then receive less water in subsequent irrigations than it needs.

Another problem with lysimeters, weighing or othierwise, is that they are awkward
to work with because they are quite bulky. Since they are supporting the entire growing
media of the plant and need to be free standing, they can interfere with the production of
the crop. Because of their size in typical greenhouse conditions they may be susceptible
to jarring, wind, traffic, and handling which may cause incorrect readings. Although
several plants and their media can be monitored by a single balance, variation within a
greenhouse can be very wide; several stations around the greenhouse would be required
to accurately estimate the water use.

In non-weighing lysimeters, the techniques used to measure water flow in and out
are more subject to breakdowns and other problems which might increase maintenance
requirements (de Graaf, 1988). However the data that they provide can be useful for
more than irrigation control. Crop transpiration is a very important variable in
greenhouse production and generally growers seek to optimize it through climate control.
With a direct measure of transpiration the process of selecting and then measuring the

effects of an optimal temperature and humidity regime can be simplified.

2.1.2.5 Other Technology

There are many other types of sensors such as thermal conductivity probes,
neutron probes, and frequency domain, used for the determination of soil moisture
content which could possibly be used for ifrigation control. Thermal conductivity probes
are similar in theory to soil moisture blocks but instead of using electricity they use heat

to determine the water content of the media. Frequency domain is similar to the TDR in
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that electromagnetic pulses are used to measure water content. Thermal conductivity has
essentially the same advantages and disadvantages as soil moisture blocks, similarly for
Frequency Domain and TDR.

Neutron probes are quite different in that they use a radioactive source and a
Geiger counter-like instrument to measure water content. Water molecules block the
radioactive particles emitted by the source; the more molecules present, the more
blockage occurs. Because of the radioactivity associated with this system it is highly

unlikely that this would be considered as a long-term irrigation control sensor.

2.1.3 Environment-Based Control Algorithms

Predictive based control algorithms seek to estimate the water use of the plant-
based on measurements of its surrounding environment. This technique works because
of the close relation between a plant and its environment, especially in greenhouses.
Plants in a greenhouse are not just subject to their environment but can actually
dramatically modify surrounding conditions, both on a small and large scale. By closely
monitoring this ever-changing environment, it is possible to determine relationships
between the plant and its surroundings. Once these relationships have been determined in

the form of models, it is possible to predict the water status of a plant.

2.1.3.1 Predictive Models using PET Calculations

Rather than attempt to directly measure the water use of a crop, many models
have been developed that predict it. The earliest models were developed for predicting
the irrigation requirements of field crops, but their use quickly spread to greenhouse
applications as well. Probably the most famous model is the Penman-Moneith equation
which was developed in the 1940’s, and whose basic form is still used today (Penman,
1948). The Penman-Monteith form calculates evapotranspiration based on physical
principals. By dividing the driving force for transpiration (light) by the resistances to
transpiration  (humidity, temperature and other thermodynamic properties)
evapotranspiration can be estimated (Norrie et.al., 1994). Most other models are also

based on physical principals but some are just based on empirical observations. Either
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way, predictive models have been used successfully for many years to predict and control
irrigation, both in the field and the greenhouse.

Because of the many varieties of crop produced, it is necessary to scale the
estimated evapotranspiration determined by these models with a specific crop coefficient
(Tan and Layne, 1981). A crop coefficient is simply a factor that is applied because
various crops transpire at different rates. The Penman-Moneteith equation was originally
‘ developed to predict the transpiration of grassy crops. Because other crops such as fruit,
vegetables, and trees obviously transpire at different rates, extensive work in determining
crop coefficients has been done. For best results with the Penman-Monteith equation the
crop coefficient should be derived from previous data.

There are many advantages associated with using predictive models to estimate
evapotranspiration. They are usually very easy to implement in the greenhouse, since the
variables used are normally part of standard environmental monitoring. In addition
calibration of these models can normally be accomplished through the use of previously
collected grower data. It is also easier to acquire climatic data than soil and plant-based
measurements. The instruments are usually quite simple and inexpensive, requiring little
maintenance and do not directly interfere with the crop.

There are some disadvantages in relying on models to control irrigation. Probably
the biggest disadvantage is the fact that models may not be able to take into account such
effects as disease, plant age, and seasonal effects. These problems can be dramatically
reduced because of the uniformity and control of the environment within a greenhouse.
If models do attempt to account for these variables, they may become extremely complex
and/or require additional manual measurements or adjustments.

Another problem with predictive models is that they usually have difficulty
predicting water use at night because the primary driving force of most models is light.
Considerable water uptake occurs at night and may not be accounted for by the model. In
an atfempt to alleviate this problem some models replace their calculated transpiration
with a simple constant when light levels drop below a set value (Norrie et.al., 1994). But
this reduces the control algorithm to little more than an expensive timer system.

Another potential drawback is the reliance on several sensors all working correctly.
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Predictive models are also just that, predictive. They are a best guess as to the
water status of a crop; no matter how good they are they are still just an estimate and not
an actual measurement of what is going on with the plant. In addition they may not be

able to respond quickly enough to rapidly changing conditions or situations that are

outside the norm.

2.1.3.2 Neural Network Predictive Tools

Neural network predictive tools are similar to predictive models in that they
utilize commonly and easily measured climatological data and estimate the resulting
transpiration of the crop. But rather than use set equations and rules, neural networks
‘learn’ how to control. This learning process is conducted by exposing the algorithm to
previously collected data, and known data of the variable that is to be controlled, similar
to the development of statistical models. Neural networks work by being able to figure
out patterns, generalize and use approximate values.

Neural networks have been used for control purposes within the agricultural
industry but mostly in the sorting of produce, and optimization of profit (Davidson and
Lee, 1991). They are well suited to use as an irrigation or climate control algorithm.
They have the benefit of utilizing sensors which are already in place as well as the ability
to handle unexpected events. Of course the better trained the network is, the more events
and time it has been exposed to, the better it will be able to function.

There are drawbacks associated with Neural Networks. As with the other
environmentally-based algorithms there is little or no direct feedback from the crop itself
which means that the algorithm might not be operating correctly. Neural networks are
just as dependant on their sensor input as the other systems, however they may have the
ability to notice errors in the sensor data and act accordingly. There is also little
experience with them compared to other techniques. Growers are not willing to hand
over cvontrol to a system that has not been well proven, or that they do not understand. As
neural networks gain acceptance it is likely that they will spread to nearly all aspects of
the greenhouse.

~ As in the case of predictive models, neural networks are only as good as the data

they were created from. If inadequate data is used, the network might not behave well
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with unknown conditions or act strangely or unpredictably. Neural networks require
considerably more complex computer resources than traditional sensors. This is
becoming less of a problem as cheaper and more powerful computers are being integrated

into greenhouse operations.

2.1.3.3 Pan Evaporation -

One of the oldest methods of estimating the transpiration of a crop is to measure
the evaporation from a pan. The theory behind this technique is that the forces which
cause and affect the evaporation from a pan also affect the evapotranspiration from a
crop. By multiplying the pan evaporation by a crop coefficient an estimate of the crop's
transpiration can be obtained. Pan evaporation has become very systematic with
guidelines - and standards for pan characteristics and location. The more modem
equivalents of pan evaporation are atmometers and evaporimeters which basically act
upon the same principles. They are slightly more complex systems that seek to more
closely mimic evapotranspiration by utilizing a green surface to attempt to simulate
leaves as well as automating measurement. Pan evaporation principles are easy to
understand and the sensor itself is uncomplicated and inexpensive. Atmometers are a
little more complex and are quite a bit more expensive but they require less maintenance
and are more suitable for online datalogging.

By far the most common use of pan evaporation is in field crops where irrigation
has successfully been controlled (Locascio and Smajstrala, 1996). Tomatoes have been
grown in greenhouses using pan evaporation as an irrigation control algorithm (Chiranda
and Zerbi, 1981). Simple evéporation—based irrigation control is currently rarely used in
the greenhouse due to the uncertainties and weaknesses associated with the sensors, in
comparison to newer ones. Modern atmometers work by measuring the evaporation from
a small calibrated reservoir which is usually on the order of 0.1 ml. When the volume in
this reservoir falls below a certain level a switch is activated which refills it from the
main reservoir. The refilling of the reservoir sends out an electronic pulse which is
measured by the datalogger. This process counts as a "tip" and by summing the number

of tips it is possible to measure the transpiration.
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Probably the biggest drawback to these sensors is the fact that they do not directly
take into account the resistance to transpiration that the leaves present. The leaves
themselves limit transpiration for a variety of reasons, the most important being to
conserve water. If a plant is water stressed, its stomata will close preventing the loss of
even more water. Resistances may also be affected by plant age, disease, and even the
CO; levels in the greenhouse. These factors are all very important in modern greenhouse
agriculture where fruit quality depends on inducing slight water stress, and CO, levels are
enhanced.

There is also a relatively high maintenance requirement associated with refilling
the pans with water of the correct salinity. Another major reason why evaporation is not
used in intensive greenhouse agriculture is that there is not a fine enough timescale for
high frequency irrigations. It is hard to measure the amounts of evaporation from a small
surface necessary to trigger forty waterings per day. Usually pans are graded every
millimeter, however, it is difficult to record when that millimeter of water has evaporated.

. As with most of the other sensors there is the concern about where the sensors
should be located. Because of the different light levels throughout the canopy it is

difficult to determine at exactly what elevation to locate the pan.

2.1.3.4 Light Integral

A simple form of the predictive model is the light integral method for determining
irrigation frequency. Instead of estimating the transpiration based on a complex formula
involving many different variables, the light integral method merely sums up the incident
radiation and triggers an irrigation when some pre-determined value is reached (Portree,
1996). It assumes that given a set amount of radiation the crop will use a set amount of
water. This really is not too different from the more complex predictive models because
even though it uses just light, light is by far the dominant factor in most models. Because

light is so dominant in these models they have difficulties at night. In periods of low

light where the plants might not receive enough water, a timer is usually used to ensure

that at least minimal watering occurs. This approach is a different strategy from the

predictive models in that it does not attempt to quantify transpiration as much as just
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recognize that given a certain interception of light energy, the crop will use a certain
amount of water.

The light integral method is relatively new in terms of the other sensors such as
tensiometers, moisture blocks and lysimeters. As recently as 1981, the method was
dismissed because there was, "no constant relation between radiation and
evapotranspiration” as well as the fact that it was “difficult then to obtain reliable
radiation data” (Chiranda and Zerbi, 1981). Light sensors such as pyranometers are
currently readily available and quite accurate, and the relation between light and
evapotranspiration, though not constant, is apparently good enough for control purposes.

Thére are benefits to using such a simple system. There is only one sensor type to
worry about and they generally require very little maintenance. In addition the sensors
are electronic in nature and are normally already present in most greenhouses. The
sensor sampling time can be as fast as required and the sensors are sensitive enough to
cope with the demand for high frequency waterings.

There are drawbacks to using such a simple system, because many important
factors are not taken into consideration. There is no accounting for other environmental
parameters which have been shown to have an effect on transpiration such as humidity
and temperature. The state of the crop in terms of its health and age are also important.
The time of day is generally not taken into consideration; the time is important because
there 1s a lag between when the plants receive sunlight and when they consume water.
All of these problems can be managed through experience with the system and grower
knowledge. By adjusting the setpoints throughout the day and using timers to ensure
minimal watering, the light integral method can work. Though much simpler and
perhaps not as accurate as more complex models, light integral irrigation has found

extensive use in the greenhouse industry.

2.1.4 Plant-Based Control Algorithms

Plant-based control algorithms have the advantage of monitoring the plant itself
which is the true focus of a grower's attentions. The environmental conditions might be

perfect but the plant may still be stressed due to disease or other factors. Plant-based
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monitoring is more direct than the other techniques, but it is usually more difficult to

implement.

2.1.4.1 Sap-Flow Meters

Sap-flow meters are a direct way of measuring the flow of water through a plant.
There are several different techniques for doing this but the two most common use heat to
track the flow of the sap. In the first technique the stem is subjected to a constant heat
source and the temperature of the sap before and after the heater is measured. By
examining the temperatures and performing a heat balance on the stem, the mass flow
rate of sap can be deduced. The second technique uses a heat source that turns on and
off, and a temperature sensor above the heater. The time it takes a heat pulse generated
by thé heater to reach the sensor is recorded, and based on the sap-conducting cross-
sectional area of the stem, a mass flow rate can be determined. Of these two techniques
only the first is applicable to greenhouse production as the heat pulse technique is
restricted to plants with woody stems. (Smith and Allen, 1996)

Commercial sap-flow meters have been around since 1990, and have become
commonplace in studies of vegetation water use. Though commonly used in scientific
endeavors they have not seen widespread use in irrigation control. Through the use of
sap-flow meters it is possible to actually see when and how much water flows through the
plant instead of merely the secondary effects of water flow, that climate and soil-based
approaches use. The heterogeneity of irrigation application and distribution is not a
1concem when using sap-flow. Sap-flow measurements can be easily automated as all of
the sensors involved are electronic. It requires interpretation of the signals from several
sensors to obtain a value, though this task can be easily carried out by a datalogger or
microcomputer.

Of course there are shortcomings associated with sap-flow measurements.
Probably the biggest concern that prevents sap-flow meters from widespread greenhouse
use is the fact that they are very plant intrusive. The sensor itself is attached to the stem
and may restrict growth and/or diurnal stem diameter changes. In addition it may cause
wounds in the plant and create an entry point for infection. There is also the question of

whether leaving the meter in place will affect the health of the plant and in turn affect the
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rate of sap-flow, or make the plant no longer representative of surrounding sensor-free
plants. Another problem is the number of sensors involved because it requires several
temperature sensors (usually thermocouples or thermistors) and the heater to all be
working at the same time. If one element ceases to work it is impossible to extract
values.

Several articles point out some of the complications with sap-flow sensors and
some of the precautions that need to be taken to ensure valid readings. Most of the errors
arise from the fact that many assumptions and simplifications are made to make the heat-
balance equations workable. If any of these assumptions or simplifications are violated,
then errors can occur. From the theory it has been demonstrated that when the sap-flow
rate is large and when the temperature difference between the upstream and downstream
temperature sensors is small (low flow-rates), the mass flow rate becomes more uncertain
(Grime and Sinclair, 1999). It has been suggested that variable power heaters be used to
increase the temperature difference at both high and low flows. Each aspect of the heat
balanbe equation uses assumptions, and hence potentially has error associated with it.
Successful use of sap-flow sensors requires a good understanding of the theory behind
them so that potential sources of error can be spotted and appropriate filters applied or
‘adjustments made. Fortunately there have been numerous publications that explain
potential pitfalls (Grime and Sinclair, 1999; Cohen et.al., 1993; Smith and Allen, 1996;
Clearwater et.al., 1999).

Once the sensors have been installed, the correct assumptions made and the
limitations of the sensors accepted, sap-flow meters have been used to successfully
control irrigation. Though they have apparently not been used in a greenhouse setting,
they have been used to schedule vineyard irrigation using the heat pulse method
(Eastham and Gray, 1998). Of course there is the problem of adequate repres§ntation of
the crop. A sap-flow meter measures the flow within a single stem whereas a greenhouse

crop might have many thousands of such stems.

2.1.4.2 Thermal Imaging

A newly emerging technique for the detection of water stress in plants is thermal

imaging. Through the use of infrared thermometers (IRT's) or cameras, the plant canopy
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temperature is measured and examined. Based on the difference of temperature between
the measured leaf and the air surrounding it, it is possible to determine if the plant is
undergoing stress.

The theory behind this method is that when plants undergo water stress they close
their stomata to reduce further water losses. The leaf temperature of a healthy transpiring
plant is usually below that of the surrounding air because the leaf undergoes a cooling
effect when its transpiration water evaporates from the surface of the leaf. If the stomata
are shut and water is no longer being allowed to evaporate from the leaf surface, then the
leaf will heat up and become warmer relative to the ambient air. By detecting the
increase in leaf temperature relative to air temperature, the stress of a plant can be
detected.

Infrared thermometers have also been used in the calculation of “Crop Water
Stress Index” or CWSI, which requires a canopy temperature measurement (Baille,
1992). Infrared thermometers are ideally suited to this measurement because they can
take an average value of leaf temperature rather than just the temperature at a single point
as with contact sensors. Though the calculation of CWSI is more complex than simply
examining the leaf-air temperature differential, it is based on the same theory that if the
crop is stressed its leaf temperature will be affected.

Remote sensing of leaf temperature through the use of infrared technology can
provide many benefits. First of all the sensor can measure the leaf surface without
contact. This is important because there is the possibility that the sensor itself might be
influencing the material of which it is measuring the temperature. The infrared
thermometer also measures the average temperature of a surface (covering a number of
leaves), rather than just a single point. This provides a much more representative value
for consideration. Infrared thermometers are also easy to use and because of their
electronic nature they are suitable for automatic measurement.

Of primary concern when using infrared thermometers is the field of view and the
angle with which the IRT is aimed at the surface to be measured (Hatfield, 1990). If the
field of view is too wide then irrelevant surfaces such as the floor or sky‘might be
incorrectly included. The angle is important because it affects the ability of the IRT to

correctly read the temperature. A preferable angle is ninety degrees where the IRT is
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positioned directly above or below the surface to be measured. Care must also be taken
to ensure that the IRT does not shade the surface being measured.

Another complicating factor is the effect which some environmental parameters
such as relative humidity have on leaf temperature. A high relative humidity will mimic
the effects of water stress because it becomes more difficult for the plant to transpire.
Even though the plants are not water stressed, they will appear so because of the reduced
evaporative cooling. Hence leaf temperature is not always a good indicator of water
stress.

It is unlikely that infrared thermometers by themselves will be used for irn'gation
control. In an experiment to test their ability to manage a high frequency drip irrigation
system 1t was found that “the resolution of the IRT was insufficient to detect small
differences between well irrigated treatments,” and that, “it was unable to assess
transpiration on a short time-scale,” (Ben-Asher et.al, 1992). The inability of an IRT to
detect stress on a small timescale was also confirmed in another experiment where water
stress was detected after three days (Kacira et.al., 1999). Watering when stress is finally
detected is probably too late for optimal growth. Although it might be important to
induce water stress at certain times of the day or stage of crop, IRTs are incapable of
detecting water stress at this fine a level. Errors may result because of stomatal closure
during periods of peak solar radiation (De Rijck et.al, 1998), disease, or CO,
concentration.

- Even if infrared thermometry is not used to directly control irrigation it certainly
provides a uséful tool in an automated greenhouse. It might be useful to identify plants
within a crdp that are suffering water stress due to clogged emitters or other problems. It
has been demonstrated that the stress of a plant can be identified by infrared
thermometers before visual signs are present. By identifying a single plant whose foliage
is warmer than the plants surrounding it, it is possible to diagnose a plant with faulty

drippers or disease.

2.1.4.3 Linear Variable Displacement Transducers

A plant does not use water solely for the purpose of transporting nutrients or as a

source of hydrogen for photosynthesis. Water also plays an essential role in providing
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support and structure to a plant's tissue. As the amount of water within a plant changes
so does the shape of the plant. The water content of a plant is in a constant state of ﬂu);
with water taken up by the roots, stored in fruit and tissue, and used for photosynthesis
and transpiration. During peak transpiration in the mid-afternoon, the water content of
the plant is known to drop as water is drawn from storage to keep up with demand.
Significant water is taken up at night to replenish those losses. Linear Variable
Displacement Transducers (LVDTS) are instfuments which are capable of measuring
minute changes in the thickness of a sample. They are capable of measuring the changes
that take place when the plant loses and gains water. In this way they can be used to
detect a plant's water status. Generally LVDTs are placed on the fruit of the crop to
measure growth, but they can also be placed on the stem to measure its contraction and
expansion to estimate water use.

- LVDTs have apparently not been used for irrigation control purposes, and have
mainly been used for scientific experiments only. This is most likely due to the many
complications associated with them. As with the sap-flow meters, LVDTs may interfere
with natural expansion and contraction processes, expose plants to disease through
wounding, and generally reduce the representativeness of the plants in question. LVDTs
are also quite sensitive to disturbances and cannot be moved around. This is a problem
for regular maintenance and harvesting of the crop when it is likely that fruit would need
to be picked or vines lowered. Representativeness is again a question here: A single
LVDT measures only the change in shape of a single organ on a single plant within a
large crop. Numerous LVDTs would have to be employed to get adequate
representation. By themselves LVDTs would not be a reliable means of controlling
1rrigation due to the many changes that take place during the day. However it has been
suggested that using LVDTs in conjunction with other sensors such as light and

temperature may then provide a better estimate (Baille, 1992).

2.1.4.4 Machine Vision

Machine vision usually consists of a digital camera which is capable of
automatically capturing images which are then sent to a computer for analysis. Complex

software then analyzes the images for change, in terms of colour and/or shape (Kacira
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et.al,, 1999). As the plants become stressed they start to wilt with their shape and colour
change accordingly. Machine vision systems which are used to detect colour changes are
usually applied to fruit ripeness determination and not irrigation control. It is conceivable
that size changes in the fruit or stem could be detected by these systems and the water
status determined in a way similar to that used for the LVDTs. Machine vision has the
potential to provide benefits to growers. It is a non-contact sensor which can detect
effects associated with water potential changes in entire leaves.

But there are many drawbacks associated with this technology. Machine vision is
still in its relative infancy, so systems and software are expensive. A considerable
amount of computer power is required to interpret the imagés that the system captures.
The cameras themselves are usually very expensive and may not be robust enough for
day to day use in a commercial environment. The camera image may also be affected by
the light levels in the greenhouse. Such a system may not be able to work at night
without supplemental lighting. Like the IRT, machine vision is incapable of detecting
stress before it is too pronounced in the crop. Another major drawback is the extreme
susceptibility of such systems to disturbance from such thihgs as air movement and
workers going about routine maintenance. For such a system to work it is critical that the
target leaf or organ remain in exactly the same position. Another flaw is that these
systems typically monitor very few leaves in the entire canopy of the crop. Many
expensive cameras would have to be employed to adequately represent the canopy as it
not possible to use one camera and move it around to several locations. In addition it is
likely that such a system would have to be extensively calibrated for different crops and
possibly even varieties. For these reasons it is unlikely that machine vision will be used

to control irrigation scheduling in the near future.

2.1.4.5 Other Technology

There are many other techniques that are used to monitor the Wafer status of plants
directly such as: microphones to measure xylem cavitation, stomatal resistance probes,
stem hygrometers, and even Nuclear Magnetic Resonance Imaging. These techniques are
generally too complex for the greenhouse environment and are unlikely to be applied in a

commercial greenhouse application in the near future.
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2.2 Industry Status

With the plethora of sensors available to quantify the water requirements of a crop,
it is interesting to note that nearly all of the local producers use similar light integral
systems. This is most likely due to the fact that there are extensive guidelines in place for
this technique which work quite well. However because ‘of narrowing profit margins,
producers are beginning to look at reducing their costs. One way to achieve this goal is
to improve irrigation efficiency. To implement efficiency the local (and foreign) climate

and irrigation control companies have begun to investigate and examine new techniques.

2.2.1 Current Common Practice

The current local industry practice is to utilize a combination of light sensors and
simple timers to decide when to irrigate. The system is called light integration and
triggers irrigation based on the amount of light energy that the crop has received. Light
level is measured by a light sensor such as a pyranometer, usually in the units of [W/m?].
This value is then converted into [J/cm?] by multiplying the average level of light by the
frequency of the measurement and is added to previous values to create a light sum. This
light sum represents the amount of energy the crop has received from light. Once this
light sum accumulates to a set value an irrigation is triggered. In this way based on the
amount of light that the crop receives, it can receive a scaled amount of water. Growers
usually vary the setpoint throughout the day to reflect changing conditions and when they
want their crop to be watered. On extremely low light days where the accumulation is
slow, the system reverts to a simple timer. This practice ensures the crop will not be
damaged for lack of irfigation, by watering at least once every hour, or whatever the
grower decides to be the longest lapse his crop should go without water.

This system works quite well. It is capable of adequately supplying the crop with
water as long as care is taken in selecting and maintaining its setpoints. Even with
constant adjustment leachate levels are set at a very high level to account for the

uncertainty of this method and to ensure that the crop is never overstressed.
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2.2.2 New Developments

Although the current industry practice of using the light integral is quite effective
in supplying a crop's needs, there is considerable room for improvement. To meet the
demand of improved irrigation scheduling several greenhouse climate and irrigation
control companies have developed new techniques to improve matching irrigation

demand with supply.

2.2.2.1 Argus Advanced Irrigation Table

To improve the industry standard light-based approach, Argus Control Systems
(White Rock, BC) has devised a novel way of coping with the time delay effect of light
on transpiration. Because transpiration does not occur immediately with light, there is a
staggering effect that takes place. In the afternoon, light levels begin to drop but
transpiration might not respond immediately. In the morning, light levels might be quite
high but transpiration has not yet caught up. To adjust the irrigation timing to remediate
this problem Argus uses an advanced irrigation table which essentially lets the grower
enter scaling factors for the light throughout the day. The grower can decrease the value
of the light that is integrated in the moming to reflect reduced transpiration and increase
the value of the light in the afternoon. Another benefit is that the stage of the crop and
the season can be taken into account in these factors. Each day of the entire growing
season can have a unique table of factor values. By using this table the task of constantly
adjusting the setpoints throughout the day can be simplified. These values must be

entered manually and must be estimated from trial and error and previous experience.

2.2.2.2 Hoogendoorn Agronaut

Climate control companies have begun to appreciate the importance of including
other sensor data in irrigation control. Hoogendoorn (a Dutch climate control company
with local representation) has developed an advanced climate-based predictive system for
control of both irrigation and climate. This system examines multiple sensors and long
term trends to decide on control actions such as irrigation. The system also takes into
account that the instantaneous status of the plant may not be as important as the

integrated conditions of the past; for example, if the current temperature is too low the
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system will compensate by increasing the temperature beyond the setpoint to ensure that

the average temperature meets the target.

2.2.2.3 Shanyray Technologies Phytomonitoring

Because almost all climate and irrigation control is based on sensors that measure
the environment, there is inadequate measurement of the plant itself. To give a grower an
actual measure of crop stress and performance, several companies have created systems
which focus many sensors directly on the crop. One such company is ShanyRay
Technologies, Ltd. of Israel, with their phytomonitoring equipment. Their system utilizes
a large number of sensors which are placed on the plant itself. Through the use of many
sensors they monitor such variables as: fruit growth, sap flow, fruit, flower, seil and leaf
temperature, soil moisture (TDR), boundary resistance, and photosynthesis, in addition to
the usually monitored variables. By measuring a large amount of variables on a single
plant it is hoped that a good picture of the instantaneous status of the crop can be
achieved. Another goal of this close scrutiny is to allow a grower to identify any
problems with the crop and then determine if their remedial action is having the desired
effect. This system relies on the focus of sensors on single plants within a very large
canopy; it may not be a good representation of the crop. As discussed earlier there are
considerable drawbacks and dangers associated with sensors in contact with the plant. In
addition there is already a great expanse of sensor data which needs to be interpreted by
the grower. This is a task that takes considerable time and it is unlikely that most
growers would want to analyze even more sensor data. On the other hand, the
Phytomonitoring technology does bring its considerable amount of data into a format that
is simple to view and use. Sensor data can be plotted and compared easily with
previously recorded values. Even though it does not analyze the crop's performance for

the grower, it at least makes this task much easier.

2.2.2.4 Van Vliet Leachate Feedback to Light Integral Method

Part of the criteria that a grower uses to establish light-based irrigation setpoints is
the volume of leachate that is produced after each watering. Growers seek to control this
volume to ensure that the crop receives enough water (safety factor), and that enough

water is applied to leach the excess salts from the media (leaching requirement). This
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volume is very important to a grower, therefore, it is a regularly monitored variable. In
most greenhouses a grower will check leachate volume manually and periodically,
adjusting their setpoints accordingly. A new system by Van Vliet, (another Dutch firm)
does this automatically for the grower. The leachate volume that occurs after every
irrigation is monitored by the system, then compared to a desired value. If there is too
much leachate the light integral setpoint is increased to allow the plant more time to use
its applied water. If the leachate volume is too low the lightsum setpoint is reduced so
that less light is required to trigger an irrigation. By placing this feedback into the
irrigation control it is possible to match the needs of the crop with suppiy much more
closely. There is still the complication of rapidly changing conditions which might make
this system perform less admirably; for example, if light levels in the moming are high,
and the light-based setpoint was automatically adjusted to cope, then light levels
dramatically decrease, the plant might undergo a long period without watering. This
system' can greatly ease the task of determining setpoints for the grower but it is still

based on the light integral technique which does not work at night.
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3 Materials and Methods

The experiment was conducted over two growing seasons starting in December,
1997 and ending in October, 1998; it then started again in December, 1998 and ended in
December, 1999. The experiment was carried out in two separate locations: the
Agriculture and Agri-Food Canada, Pacific Agri-Food Research Center (PARC) in
Agassiz, BC, and at the University of British Columbia Plant Science Greenhouse on

campus.

3.1’ Year 1

* In the first year of the study new and conventional sensors were examined for
suitability at PARC. From the experience gained, the sensors which showed the most

promise were further developed for application in the second year.

3.1.1 Agassiz

3.1.1.1 Greenhouse Set-up

The date collection and evaluation of sensors took place at the PARC greenhouse
in Agassiz, BC, in two separate compartments (nine and ten) in the vegetable greenhouse.
Each compartment was isolated from the other; its environmental parameters were
monitored and controlled by an Argus Control System. Irrigation was controlled and
administered by the Argus system using the light integral algorithm currently in use by
most commercial growers. Each compartment had a crop of approximately 120 plants
(Tomato, c.v. Trust,) which were maintained as recommended in the vegetable growers
guide (Portree, 1996).

Two compartments were used to attempt to detect the effects that relative
humidity might have on the various parameters under evaluation. The two compartments
were kept at differing relative humidities by the Argus system, which was set to maintain
one house at a higher humidity, and one lower. The difference in relative humidity was

typically ten to fifteen percent.
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Within each house two scales were used to monitor the water uptake of two
separate media bags containing three plants each. The electronic balances used were off-
the-shelf (Ohaus model "Champ") with a capacity of 25 kg each. Leachate was collected
in a tray which had to be manually drained every day or two depending on the amount of
water applied. The tray and media bag were enclosed in a styrofoam and plastic covering
which greatly reduced temperature fluctuations as well as preventing evaporation from
the trays. Because the plants were supported by crop wires, and the lower portion of the
plant vines were angled to approximately parallel with the ground, it was assumed that
any weight changes were due to variation in the water content of the growing media, and
not weight changes in the plant itself. Even though the measured water uptake was in
units of mass (kg), for simplification and comparison it was also expressed as a volume
(L). Throughout this thesis these terms are used interchangeably.

The Argus control system monitored and recorded the separate air temperature,
relative humidity, and vapor pressure deficit of each compartment, as well as the global
light levels outside the greenhouse. The Argus system also recorded the time irrigation
events occurred. Within each compartment additional parameters were recorded by the
datalogger (Campbell Scientific models CR 10X and CR 21X and multiplexer model AM
416) (Figure 3-1).
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Inside light levels were recorded with the use of a pyranometer (Li-cor Model LI-200SB)

located above the canopy. The leaf temperature was also monitored in each compartment
using both standard copper-constantin type thermocouples, as well as infrared
thermometers (Omega, model OS36-5) (Figure 3-2).

Figure 3-2 Infrared Thermometer

Two thermocouples and two infrared thermometers were used in each compartment. The
thermocouples were physically attached to the leaves to determine temperature. The
infrared thermometers were supported by a laboratory stand placed slightly away from
the plant but aimed at the leaf area in question. Typically these temperature sensors were
located at approximately the middle of the canopy. The leaf temperature was measured
on the same plants which were monitored for water use with the electronic balances.

To monitor the moisture content of the media, tensiometers (Omega, model
236PC15GW - 9718) were used. In total six tensiometers were located in bags not on the
scales. The tensiometers were located at approximately half the depth of the bag. Load
cells (Revere, model 363-B10-50-20P1) were also used to monitor plant weight changes

(Figure 3-3).
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Figure 3-3 Sbeam load cell used to monitor plant weight

The S-beam load cells were suspended from the overhead crop wire which supported the
spool of twine on which the individual plants were suspended. The load cells were
located on plants whose water uptake was being monitored by the scales.

An atmometer (ETgage, model E) was used to measure potential
evapotranspiration. This atmometer was located within the canopy in order to better
represent a leaf surface. Because there was only one atmometer, it was moved back and

forth between the two houses several times throughout the growing season.

3.1.1.2 Data Collection

Data was collected from the two compartments between Julian day 152 and day
243 (May-August). Complete records exist for this period with the exception of a few
short periods when the Centre power went out or when there were difficulties with the

datalogger, Argus System, and/or individual sensors.
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The sampling and recording times of each sensor were different, based on the
sensor itself as well as the system that recorded the data. Because the Argus system is set
up to record data every fifteen minutes (although it measures the sensors much more
frequently) the collected data is a fifteen-minute average value. This sampling frequency
is adequate for analysis because the measured variables, light, air temperature, and
humidity do not often change dramatically within this time frame. Other sensors required
a much more frequent sampling to get a true picture of what happens. The electronic
balance was the most frequently sampled sensor with values being measured and
recorded every minute. This frequency was important because of the rapid weight
changes that could take place with irrigation. Other sensors such as the tensiometer and
load cell were initially sampled and recorded at five-minute intervals, but this was
adjusted to fifteen minutes when it was found that a fifteen-minute period was adequate.
In addition the thermocouples and IRTs were also sampled and recorded every fifteen
minutes. Collected data was downloaded from the dataloggers every day and then loaded
and converted into Microsoft Excel format. The data from the Argus system was
downloaded approximately every week, as these files were much smaller due to the lower
frequency of sampling and fewer sensors monitored. In addition to the parameters

mentioned previously, fruit yield was also monitored and recorded manually.

3.1.1.3 Data Analysis

When the data for the growing season was collected the Microsoft Excel files
were manipulated and combined so that all of the data for an individual day was located
in the same file. Individual day files then contained both the Argus and datalogger data,
from 12:00 am to 11:59 p.m. To simplify some analyses the sampling period of all
measured variables was converted to fifteen minutes by taking averages. In the case of
the electronic balance this was accomplished by averaging the fifteen values that
occurred in the single sampling period of fifteen minutes.

Once the data was in daily fifteen-minute average format, the files were combined
into weekly files, and then into a single file representing all collected data. In this format
it was possible to attempt to develop relationships between the water use, as measured by

the scales, and the various parameters we had monitored. In its raw form the electronic
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balance data was not a direct measure of water usage. It was only by calculating the
weight change of the balance from minute to minute that a value for water usage could be
determined. This was carried out in Excel on a minute to minute basis, and then run
through a simple filter to ensure that the data was valid. The check was required because
events such as waterings, draining of tﬁe leachate, and moving the scale would create
impossible values of water usage. Invalid measurements were replaced with the last
correct value. Initially individual variables were compared with water use as measured
by the electronic balance. Light level, vapor pressure deficit, leaf temperature, air
temperature, leaf-air temperature differential, tensiometer tensions, and plant weights
were all plotted versus water use. Attempts were made using linear, logarithmic, square,
cubic, power and exponential relations to obtain the best-fit lines. The r? (coefficient of
determination) for each relation was computed using the least squares method, and the
results tabulated. In addition the entire process was repeated using only the data from the
daylight hours. Initially, the correlation between light and water use was found to be.
"artificially" high because of the large number of Zero transpiration and zero light level
data points. Data with light levels below 10 W/m” was then deleted and the analysis
carried out again. Because previous work had pointed to the possibility of a time delay
with transpiration and some variables (Cheng, 1995), some staggering of the data was
also attempted by moving the values of these variables forward by the amount of desired
stagger. In addition to these analyses carried out at UBC, a consultant was hired to

analyze the collected data with the help of a neural network (Ashcan, 1999).

3.1.2 UBC

3.1.2.1 Greenhouse Setup

The greenhouse at UBC was used in the first year primarily to gain experience in
the production of tomatoes, and the use of the datalogger and associated sensors. Thirty
tomato plants (c.v. Trust) were raised on approximately fifteen square meters of floor
space in compartment five of the new plant science horticulture greenhouse. The
environment was monitored and regulated with an Argus control system which was

responsible for maintaining temperature and relative humidity. Irrigation was controlled
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with a simple timer (Chrontrol model XT) which controlled the operation of a pump
(Little Giant model PP-1). The plants were cultivated as per the guidelines in the BC
Hothouse Vegetable Grower's guide. Parameters similar to those measured at Agassiz
were monitored at the UBC greenhouse, using like sensors. Light levels were monitored
with a pyranometer. Leaf temperature was measured with thermocouples and IRTs.
Relative humidity was monitored with a relative humidity probe (Vaisala, model HMP
35A). In addition, two tensiometers, one electronic balance, and two load cells were

used.

3.2 Year?2

In the second year of the experiment the experience and results gained in the first
year were utilized to develop and implement new irrigation control strategies. Based on
the relations that were developed, as well as the experience gained in working with
specific sensors, two new algorithms were created and compared against the industry
standard light integral technique. Two new algorithms were developed so that we could
demonstrate approaches to irrigation control using both a predictive and direct

measurement of water uptake.

3.2.1 Development of New Algorithms

3.2.1.1 Predictive Equation-Based Algorithm

The various individual measured parameters were compared to the measured
transpiration from the scale and an attempt was made to correlate the parameters with
water use. If a good relation was found then the sensor was considered to have potential
for control. Simple multivariable linear relations were then attempted using the

Microsoft Excel function LINEST, which creates a best fit line of the form:
Y =b,+ by X1+b2X2'f" by X

Where Y is the quantity that is predicted (water use), X; to X, are the parameters such as

light level and temperature, and by to b, are the constants generated by Excel to produce
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the best-fit line. Several combinations of the previously examined variables were
attempted. |

From this procedure it was found that four variables together provided a good
estimate of the water use of the plants: light, vapor pressure deficit, air temperature, and
air-leaf temperature differential. They were combined together in the form of a simple

multiple variable linear relation:
E;=b,*1 + b1*vpd + by, ¥ AT + bs *Tp + by

where E, is the transpiration rate, I is light level, vpd is the vapour pressure deficit, AT is
air-leaf temperature differential, 7, is leaf tissue temperature and by to b, are the constants
determined earlier which made the best fit line. More complex non-linear relations were
not attempted although they might have given slightly better results. It was felt that a
simple linear model would be easier to implement; the correlation provided by this
simple linear model was adequate for control purposes. The predictive abilities of this
approach were verified by leaving out various days of data from throughout the season,
determining the best values of these constants from the remaining data, and then using
this equation to predict the water use within the suspended weeks. In selecting days to
exclude for comparison, two high light days, two medium light days, and two low light
days were chosen. In this way we could see the true performance of the equation, not just

how well it performed on the data from which it was developed.

3.2.1.2 Direct Measurement Scale-Based Algorithm

From the experience of using our multitude of sensors it was determined that the
electronic balances were a simple and reliable means of directly measuring the water
uptake of the plants, suitable for control. Rather than look at the absolute weight of the
media and then trigger a watering when a certain decrease from this initial value had
occurred, as has been done in potted media (Boukchina et.al., 1993; Zoon et.al., 1990) a
different approach was chosen. Water uée was measured by taking weight measurements
on a small timescale (less than one minute) and then determining the difference between

successive measurements. This difference was then compared to a check value to see if it
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was a valid transpiration. Previous experience allowed us to determine maximum
transpiration rates and ensure values that are larger than this were not passed through.
This error checking prevents impossibly huge or negative transpirations due to plant
growth over time, decomposition of the media, disturbance of the scale, plant, or media
during normal greenhouse operations, and the removal of leachate water. If the
difference was invalid it is replaced with the most recent valid difference. Differences
are also discarded and replaced during irrigation. These differences were then summed
up to give the water use of the plant. Upon reaching a setpoint of water use an irrigation

was triggered.

3.2.2 Implementation of Algorithms

Because the existing Argus control system at the UBC horticulture greenhouse
was not flexible enough to implement these control algorithms, the control abilities of the
Campbell Scientific Datalogger were utilized. Not only was the datalogger capable of
measuring and recording the data from all the sensors, it also had the ability to act upon
the collected results. The algorithms were run by the Campbell Scientific CR 10 X
datalogger which allows control ports to be switched as a result of the program running
on it. These control ports were hooked up to a solid state relay box which could turn the
irrigation pumps on as required by the algorithms. The sensor reading and control
program was programmed in the Campbell Scientific datalogger code with the assistance
of the program EDLOG (Campbell Scientific). This program allowed the easy
introduction and manipulation of the various individual instructions required of the
program, in a user readable form on a standard personal computer. Once the program
was entered, EDLOG automatically checked it for errors and compiled it into the form
that the datalogger itself required. The program was then uploaded onto the datalogger
using the Campbell scientific datalogger interface program PC200W, which also acted as

a means of downloading collected data from the datalogger.
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3.2.2.1 Light Integral-Based Algorithm

The measure against which the new algorithms were to be compared was the
industry standard light integral approach. As described earlier this method works by
accumulating the light energy intercepted by a light sensor; upon the fulfillment of a

preset level the irrigation system is prompted to begin a watering.

- ; . - i
Figure 3-4 Li-cor Pyranometer for Light Measurements

In the UBC greenhouse two light sensors measured the light level every twenty seconds.
(Figure 3-4). The maximum value of the two was taken, the values converted into Joules
per centimeter squared, and then added to the integral. The reason for using two sensors
and for taking the maximum value of the two was that the sensors were located inside and
would occasionally be subjected to shading from overhead beams. When the target of 80
to 100 J/cm® had been accumulated a watering would be triggered. In addition the light-
based approach had a few safety factors built in as per the recommendations in the BC
Hothouse Growers Guide. To ensure adequate watering in low light conditions, a
watering was triggered if one hadn’t occurred in the past hour. Because it is not
necessary to water every hour at night, this feature was disabled after dusk, and then
started again at dawn. The datalogger would record a watering that occurred due to this

constraint as a forced irrigation so that distinction could be made and examined later.
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3.2.2.2 Equation-Based Algorithm

This method was applied in a similar way to the light-based approach. A
sampling frequency of twenty seconds was chosen for the measurement of all sensors; the
coefficients derived earlier based on fifteen minute data were scaled down accordingly.
The value for light was the same as used for the light-based approach. Humidity was
measured with the humidity probe and then converted into vapor pressure deficit based
on the air temperature at the sensor (measured with an integral Pt 100 thermistor). Leaf
temperature was measured with several different sensors. Two IRTs, two thermistors
(Oméga, model Pt 100 K2010 Ceramic RTD), and two thermocouples were all used to
measure the leaf temperature. The air temperature used in the leaf-air temperature
differential calculation was that measured in the relative humidity probe. Sensor readings
were taken every twenty seconds; the values checked and then placed into the equation.
The resulting value of water use was then integrated in a similar fashion to the light sum.
Once the set sum had been reached, an irrigation event was triggered and the sum reset
back to zero. There was no forced irrigation in use with this method. Because the
equation was derived from data collected during the day, it tended to greatly overestimate
transpiration at night. For this reason it was disabled after dusk and then reinitialized at

dawn.

3.2.2».3 Scale-Based Algorithm

The scale-based algorithm performed in a similar manner to the equation-based
approach except the water uptake was directly measured instead of predicted. The scale
was arranged to measure the weight of the media and its collected leachate (Figure 3-5).
Every twenty seconds the measured water uptake would be added onto a sum, and once
this sum reached the desired level an irrigation event would occur. To ensure that no
erroneous measurements created impossibly high or low transpirations, the measured
water uptake was compared to a pre-determined maximum. If the absolute value of the
measured transpiration exceeded this check then the previous valid transpiration was used
in its place. A benefit of the scale-based approach was that irrigation amounts could be
verified by recording the weight of the scale before and after watering. This algorithm

had no irrigation forcing capabilities.
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Figure 3-5 Scale setup at U.B.C. (with insulation removed)

3.2.2.4 Greenhouse Setup

The UBC greenhouse was arranged similarly to the previous year but in the
second year there were three plants per bag. Thirty tomato plants (c.v. Rhapsody) were
arranged in five rows of six plants, over an area of approximately fifteen square meters in
compartment five of the UBC greenhouse. Because there were three treatments, each
irrigation system was responsible for watering nine plants (three bags), with the
exception of the scale-based approach which administered twelve plants. The rows were
arranged to mix the three methods; the plants controlled by each system were switched
halfway through the experiment. Irrigation was supplied by three separate independent
systems drawing from the same irrigation tanks. Each irrigation system had its own
pump that could operate whenever required by the controller, without any interference
from the other systems. The pumps were controlled by a solid state relay box which was
in turn switched by the control ports on the CR 10X datalogger. The leachate was
measured from six bags with the use of elevated fiberglass trays which collected leachate

and funneled it into buckets supported by loadcells (Figure 3-6).
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Figure 3-6 Leachate monitoring station

Leachate from a single bag containing three plants was collected and accumulated
in a bucket which was automatically weighed by the loadcell. The datalogger recorded
the weight of the bucket every five minutes so that it was possible to track the weight
change of the bucket over time, and hence, the amount of leachate received. In this way
the leachate produced would show up as an increased weight on the loadcell. There were
two leachate stations for each irrigation control system. In the case of the scale algorithm
the plants used for the control (the plants on the scale), were different from the ones
being monitored for leachate. Leachate was also measured from two additional bags with
the assistance of spoon counters. Leachate water from a bag is collected and drips onto a
small spoon which when full, tips, and automatically registers this tip by breaking a
magnetic switch. By recording the number of tips and the time they occur, it is possible
to determine the volume of leachate and when it occurred. Spoon counters are the
traditional means of measuring leachate in commercial greenhouses but were felt to be
unreliable; they do not provide a quick enough response to indicate when the leaching
occurred. For this reason they were only used as a comparison with the uncomplicated
load cell technique.

Another important measurement in the determination of the plant water use is the

amount of irrigation water that is applied each watering event. Irrigation amount was
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verified every second day by manually triggering an irrigation event with the drippers out
of the media and in a collection cup. The volume produced after the set irrigation time
period of 80 seconds was then measured and recorded by hand.

Sensors for the equation-based algorithm were located near the plants that were
controlled by this algorithm. The humidity sensor was located on a stand placed adjacent
to the upper canopy. Also mounted on this stand were the two IRTs, the two thermistors,
and the two thermocouples (Figure 3-7).

Fal . -

Figure 3-7 Sensors Utilized by the Equation-Based Algorithm

3.2.3 Evaluation of Algorithms

To evaluate the effectiveness of the control algorithms and to compare and weigh
their relative abilities, we needed criteria with which to judge them. Since one of the
goals of the project was to create a system that better matched the supply of irrigation
water to the needs of the crop, the ability of a system to meet this goal would provide a
good means of assessment. To adequately meet the demands of the crop there are two
major factors: how much irrigation is applied, and when it occurs. If a plant does not
receive enough water it will become stressed; it will close its stomata to reduce water use.
Closed stomata mean that the flow of carbon dioxide for photosynthesis will be slowed

down and growth will be negatively affected. In extreme cases the plant will become

42




desiccated and die. Too much water can also be a problem. A plant's roots respire and

.use the assimilates produced through photosynthesis. To release the energy of these
sugars, oxygen is required. If the root zone is saturated with stagnant water the oxygen
transfer rate will be greatly reduced and the roots will suffer. A constantly saturated root
zone also increases the susceptibility of the crop to fungal and bacterial infection. A
healthy root zone will undergo periods of drying and wetting to ensure that both enough
water and oxygen is available. Irrigation frequency is especially important in the porous
artificial media used in modern greenhouses which are normally set up to facilitate good
and quick draining.

To show that all algorithms performed adequately, we compared the water use
values of the various methods. If an irrigation system was performing poorly and the
plants suffered, it would show up in reduced water usage by the crop. If the volume of
water used by the three methods is quite similar then we can assume that the methods

were at least supplying adequate water amounts.

3.2.3.1 Irrigation Consistency

For comparing the effectiveness of each system in supplying water to the plant,
the rate at which the plant uses water was required. Because of limited resources it was
not practical to measure each bag with a scale to determine the water use. It was possible
to monitor the leachate volume from each bag. With the leachate, the irrigation volume,
and timing known, it was possible to create a water use curve from the difference
between irrigation and leachate amounts. Since a primary goal of the project was the
conservation of water, the algorithms had to be able to accurately supply the crop's needs.
By monitoring the leachate it is possible to see when the plant is using water, and then
compare that to when the irrigation system is supplying it. By reducing the uncertainty in
predicting the water use of the crop, more precise amounts of leachate can be applied and
the size of the safety factor used can be reduced, resulting in savings.

By comparing the standard deviations of the leachate produced we can see how
the algorithms vary. For an algorithm to be successful this deviation needs to be
minimized. Ideally if the leachate fraction is set at a certain percentage, the system will

supply that percentage, hour after hour, and day after day, under all conditions. Since
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each bag of three plants uses water at a differing rate (due to differing plant size, health,
and fruit load), it would not be valid to compare bags directly. In addition because there
1s variation in the volume of irrigation water received by each bag, leachate amount will
vary and the leachate setpoint will be different. To compare the systems, the leachate
fractions were calculated for each irrigation event by summing up the overdrain that
occurred up until the next irrigation. Daily standard deviations were then determined; it
was then possible to establish if there are periods in the day when leachate is either too
much or inadequate. Analysis of the daily standard deviation of the leachate fractions
allowed comparisons to be made between the systems, as well as demonstrated each

system's performance under different levels of light.

3.2.3.2 Irrigation Frequency

Also important is the irrigation frequency and when irrigation occurs. Irrigation
frequency is important because it affects the health of the roots and ensures that the plant
does not undergo long periods of stress.

The frequency of irrigation was recorded by the datalogger which created an output
every time each method triggered an irrigation. By plotting these outputs versus time, the
irrigation frequency can be observed. To compare the frequencies of irrigation all of the
irrigation events for the entire season were copied into a single Excel file. They were
then sorted by type and the period between successive irrigations was determined. The
minimum, maximum, standard deviations could then be calculated. In addition to
looking at the period between irrigations we also examined when irrigation occurred

throughout the day.
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4 Results and Discussion

4.1 Year 1

4.1.1 Selection of Sensors for Initial Examination

There are many means of determining plaht water status whether it be direct or
indirect monitoring of the plant or its environment. Because it was impossible to
examine all of the techniques described in the literature review, we had to decide what
sensors to initially examine. In choosing these sensors there were a number of
considerations. The requirements for a successful irrigation control algorithm provide a
means of immediately discarding some technologies. Of primary importance is the
ability of the system to be automated. From this requirement all of the technologies
requiring manual measurements or frequent intervention could be dismissed. In addition
some of the more complicated instruments that required extensive signal processing
could also be abandoned. Reliability was also a consideration. There would be no point
in evaluating a sensor for greenhouse operation if it only worked some of the time,
required constant calibration and/or attention. Another consideration was the fact that
some sensors are already pre-existing in many greenhouses. A system based on pre-
existing sensors would be easier to implement than one demanding totally new sensors.
Cost and availability were also concerns. Many sensors used in previous scientific
endeavors have been collected by the Pacific Agri-Food Research Centre and were
readily available for use. To try and provide as wide an investigatio