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ABSTRACT 

The Linear Voltage Differential Transformer (LVDT) 

is an accurate sensor for stem diameter measurements. Based 

on the results of this dissertation it was found that stem 

diameter [rom] was related to water content [grams] of the 

cotton crop by the following equation: 

WeD) = 0.114(D)3.182 

Also the ratio of stem diameter contraction rate to the rate 

of water loss in cotton was experimentally determined to be: 

dW/dt _ 0.166 [g min-I] = .0469% per minute 
dD/dt - -1 .0039% per minute 0.535 [~m min ] 

Similarly the cellular water potential was derived 

to be a non linear function of stem diameter in cotton: 

~(t) - ~o = 2 E In ~ + TI D2 [ 1 -
U o 0 0 D~(t) --D~~--] 

o 

Based on this work, the grower can estimate the water 

content, transpiration rate and water potential of the 

cotton crops via stem diameter measurements. Moreover, a 

computer system can be implemented to remotely keep track of 

the water status of the field, and control the irrigation 

system. 

x 



xi 

A general model was proposed to quantify the nature 

of input-output relation of the cotton crop. A proposed 

simplified model based on stem diameter is also introduced. 

The stem diameter measurements can be used as an index for 

estimation of cotton's water content, transpiration rate, 

and water potential. These three parameters and the proposed 

simplified model established a plant based predictive 

irrigation scheduling technique. 

The electrical output of the LVDT was quite noisy. 

To remove the noise and demodulate the data, two cascade 

circuits were designed and implemented. First, the external 

output circuit removed the noise and isolated the LVDT. 

Second, the LVDT signal conditioner demodulated the phase 

information from the secondary windings which were produced 

by the movement of the rod. By the implementation of these 

circuits, 1 m of the rod displacement resulted in 1.14 mv of 

dc voltage changes in the output. 



CHAPTER 1 

INTRODUCTION 

Cotton (Gossypium hirsutum) is one of the most 

profitable and popular agricultural crops. Cotton is con

sidered as a universal crop because it is grown in over 60 

countries in both northern and southern hemisphere, for 

example in the US alone over 23% of the agricultural lands 

are dedicated to cotton growers (Food and Agriculture 

Organization, 1978). Other statistics from FAO indicate 

that the average annual world production in 1979 was about 

24.4 x 106 tons of cotton seed and 13.23 x 106 tons of lint. 

Cotton is best grown in hot and dry atmospheric conditions 

at low altitudes (Stanhill, 1976), yet countries like 

Pakistan, India and Iran which are spread over elevated land 

(1500 meters above the sea level) are very capable of 

producing cotton. The demand for cotton production can 

never be sustained because as the world's population grows 

exponentially, the need for basic cotton related products 

increases accordingly. This makes cotton a very profitable 

agricultural item in the foreseeable future. 

1 
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According to Bielorai et al (1983), cotton crops have 

the following characteristics: A) stomata occurs on both 

leaf surfaces B) the leaves are spirally arranged C) the 

branches come out of a meristem D) the irregularly distri

buted lateral roots are finally connected to the main root. 

The lower part, of stem consists of hard tissues whereas 

soft tissues are the basic component of higher regions of 

stem. 

Irrigation and water scheduling is an i~portant 

factor for optimum growth of cotton. The maximum yield does 

not always increase with increase in the amount of irriga

tion water. For instance, Grimes (1977) showed that in 

California, increasing amounts of irrigation water resulted 

in greater cotton production until maximum yield was 

achieved, beyond which adding more water reduced the yield. 

The maximum yield is not always the optimum yield, when the 

cost of irrigation comes into consideration. In other 

words, the economical return of a certain field may be much 

higher if the production is at a certain rate below the 

maximum rate. Thus, the need to "control" the crop yield 

via reasonable and economical irrigation scheduling becomes 

extremely vital. 

To water the plants in an optimal fashion, the water 

status and requirements of the cotton should be first 

studied. There have been numerous methods proposed to 

estimate the water requirements of cotton. These methods 
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can be categorized in three significant groups: (A) soil

based methods, (B) meteorological-based method, (C) plant

based methods. According to Doorenbos et al. (1979), Eric 

et al. (1976), and Hill et al. (1983). Soil water depletion 

can be monitored directly, (soil-based methods) or estimated 

from drainage of evapotranspiration estimates (meteorolog

ical-based methods). Direct monitoring of soil water deple

tion is achieved through a variety of techniques including 

gravimetric sampling, neutron probes, tensiometers and sys

tem blocks. Indirect estimation of the depletion rate is 

achieved by estimating the evapotranspiration losses using 

for example, pan evaporation data modified by suitable 

coefficients. An example of these methods is done by 

Doorenbos and Kassam (1979) who related the irrigation 

interval to the ratio of allowable depletion from root zone 

and maximum evapotranspiration rate for the plant. 

The plant-based methods assume that plants them

selves are the best indicators for irrigation-timing. That 

is the plants respond to their total aerial and soil envir

onment. Examples are methods based on 1) leaf water poten

tial, 2) transpiration (diffusion parameter), 3) relative 

leaf water content, 4) visual signs of width, 5) reflec

tance, and 6) plant thermal properties. 

Grimes and Yamada (1982) tried to relate leaf water 

potential and growth rate in cotton. Idso et al (1977) 

reasoned that crop canopy minus air temperature at mid-day 
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is'an indicator of crop water status. Idso et al (1981) and 

Rosenberg (1976) tried to measure the atmospheric longwave 

flux density in the 8 to 14 micro-meter range to relate the 

canopy reflectance and crop water content. Marani and 

Epharth (1985) studied the radiation penetration into cotton 

crop canopies. Jackson (1982), Blad et al (1981) and Diaz 

et al (1983) proposed and came up with equations, relating 

the plant thermal properties to its water status. Blad et 

al (1982) showed patterns of air temperature surrounding 

plants for several crops. A basic problem with all of the 

above approaches is that the equipment and the instrumenta

tion used by the researchers lacks very high resolu,tion. 

Moreover, the instruments do not necessarily yield an 

electrical output. Their major weakness is that they can 

not be utilized as the front end of an interface board which 

allows the computer to sense the water status of the field. 

So an electrical instrument that can continuously and 

remotely determine the water status of plants in a non

destructive fashion is needed. The instrument must also be 

flexible enough to construct the front end of a computer

controlled interface board. 

In recent years, stem diameter measurements have 

been introduced as a potentially reliable source of estimat

ing the water relation of crops. For example So (1979) 

analyzed the relationship between stem diameter and leaf 

water potential. Diaz-Munoz (1980) and Diaz-Munoz and 
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Gensler (1983) studied the variations in cotton's stem dia

meter under field conditions. Gensler and Diaz-Munoz (1983) 

also studied the stem diameter expansions and apolastic 

electropotential variations following irrigation or rain 

fall in cotton. Klepper et al (1971) and Huck and Klepper 

(1977) derived a relation between the leaf water potential 

and stem diameter changes; however, the uncertainty of the 

values for the parameters used cast some doubt on the use

fulness of their model. Namken et al (1969) demonstrated a 

relation between diurnal radial change of stems of cotton 

plants in wet and dry soils under similar light conditions. 

The introduction of the Linear Variable Differential 

Transformer (LVDT) suggested by Diaz-Munoz (1980) and Diaz

Munoz and Gensler (1983b) provided a new approach to 

researching plant water relations. This plant-based sensor 

can monitor the stem diameter's expansion or contraction 

continuously and remotely. However, the stem diameter 

change must be quantitatively related to water status 

parameters such as transpiration rate, total water content, 

plant water potential. For instance, by measuring the 

average stem diameter of sample plants, one should be able 

to estimate the water status of cotton in the field. The 

plant-based data sensed by the LVDT can be used for 

computer-based irrigation scheduling of the field. Cull 

(1979) suggested that computer-based irrigation scheduling 

can best serve the water requirements of the plant. So the 
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stem diameter data can be transmitted from the field to a 

nearby micro-computer via transmission channels. The micro

computer upon the reception of the data and a prior know

ledge of relations between the stem diameters and water 

content of the plants, can make proper commands to control 

the water-flow into the field, thereby optimizing the amount 

of water consumed for an optimum yield. The objective of 

this research was to develop quantitative relations between 

stem diameter characteristics and water status of cotton. 

i.e. water content, water potential, and transpiration rate. 

Ultimately these relations can be used in remote control of 

irrigation systems for agricultural fields. 

A series of experiments were performed to quantify 

the relation between the stem diameter measurements and 

water status of cotton. Generally, the plants were cut off 

at their roots at the ground level and then stem diameter 

contraction rate at 5 cm above the ground level, as well as 

the plant's weight changes were monitored simultaneously. 

The data were recorded and analyzed. The average results 

were statistically matched to best curve fit functions. The 

functions which suited the data with high regression 

coefficient values were selected. Both the data and best 

curve fit results were plotted and compared. A mathematical 

relation between the stem diameter and cellular water 

potential of the plants was derived. The rate of data 

acquisition and experimental period depended on the 
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objectives of individual experiments. The field was divided 

into four equal sections. 

The experimental procedure for finding the stem 

diameter growth curve and plant weight growth curve was 

rather simple. Each week, 16 test plants were selected 

(four from each section). Each plant was cut off at ground 

level. The stem size at 5 cm above the ground level was 

measured by a hand calipher (American National Form) with a 

resolution of 10 lJm. The plant was also weighed to a 

resolution of 0'.1 g. The measurements were performed around 

sunrise (4:00 am until 6:00 am) on all of the 16 plants. The 

plants were then allowed to dry out after excision in 

basically the same environment as preexcision for one week. 

At the end of the 7th day after excision, the same measure

ments were performed on the dried plants. The difference 

between the wet and dry measurements gave an indication 'of 

stem diameter and plant weight changes under stress 

condition. This experiment was repeated for i6 weeks to 

include both vegetative and productive stages of the growth. 

Another set of experiments was employed to study.the 

short-term response of stem diameter to stress condition. 

In these experiments the purpose was to observe the behavior 

of the stem during the first 15 minutes after excision. A 

LVDT was connected to the stem at 5 cm above the ground 

level. The data was taken every minute for a period of 15 

minutes after excision. There were 10 test plants involved 
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in this experiment. The same procedure was repeated on 

defoliated and previously defoliated plants. The defoliated 

plants (DP's) and previously defoliated plants (PDP's) were 

the plants whose leaves were removed just prior, and one day 

prior to the time of excision. The objective of these tests 

was to observe the contribution of the leaves and healing 

mechanism of the plants to severe water stress. Furthermore, 

to check if the main stem underwent a uniform contraction 

along the length of the main stem compared to the with

leaves plant (WLP's) another LVDT was hooked up to the 

softer tissues of the main stem at 40 cm below the highest 

leave. The simultaneous measurement of stem diameter at two 

different points on the stem gave an indication as to 

whether the main stem underwent a uniform, homogeneous 

contraction. 

Still another set of experiments was employed to 

study the transient response of stem diameter to stress 

condition. The transient response is the response of the 

main stem and plant's weight to a severe stress condition 

during the first four hours after the excision. A LVDT was 

connected to the stem at 5 cm above the ground level. The 

plants weight was measured by a conventional scale to 

resolution of 0.1 g. The stem diameter and weight data were 

taken every 5 minutes after the excision for a period of 

four hours. There were 10 test plants involved. The same 



experiment was performed on previously defoliated plants 

(PDP's) and defoliated plants (DP's). 

9 

Another type 0= experiment was performed on the 

with-leaves plants to find the minimum size of stem diameter 

and plant weight through the drying period. Sixteen plants 

were selected from the field (4 plants from each section). 

After the excision at ground level, .the stem diameter at 5 

cm above the ground level was measured by a hand calipher 

(American National Form) to a resolution of 10 pm. Then the 

plant was weighed to a resolution of 0.1 g. The plants were 

allowed to dry out after excision in the same environment as 

preexcision. Every 24 hours, the stem diameter and weight 

of the same plants were remeasured. The procedure was 

repeated for 16 days after excision. All the measurements 

were performed at about sunrise. In this experiment, the 

very long term response of plants to severe water stress was 

observed. 

The length of experiments and the rate of data 

acquisition were related. For instance, in the short term 

response experiment the plant went under a state of shock 

due to the excision. So minute by minute observation of 

the stem was impor·tant during the first fifteen minutes of 

severe water stress. After that the plant went through a 

recovery process to preserve its water content. The 

transient response expe=iment reflected the first four hours 

of this process. The ~ata were taken in every five minute 
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intervals during this experiment. Finally the total water 

content and total distensible stem diameter were the 

subjects of the long term experiment. The plants were 

allowed to dry out until no significant weight changes were 

observed on daily measurement basis. The results are 

presented in the following chapters. 

Chapter two includes a discussion of the materials 

and methods. The basic LVDT and LVDT signal conditioner are 

also presented. Chapter three discusses a theoretical model 

fo= cot~on plants. A simplified model based on the stem 

diameter facilitating the criteria for real time control of 

the irrigation by computer is also proposed. The growth 

cu=ves of the cotton based on the proposed simplified model 

is presented in chapter four. The results of the short term 

response and transient response experiments which lead to 

determination of transpiration rate is presented in chapter 

five. The total water content and the maximum distensible 

stem diameter are discussed in chapter six which also 

included a mathematical derivation of the water potential as 

a =unction of stem diameter. Conclusions and suggestions 

fo= further research are presented at the end. 

A detailed discussion of the material and method now 

follows. 



CHAPTER 2 

MATERIALS AND METHODS 

The Linear Voltage Differential Transformer (LVDT) 

is a very accurate and reliable sensor which can measure 

stem diameter variations with a resolution up to ±l ~m. The 

total sensor assembly (Fig. 2.1) consists of a transformer, 

an insulated rod, a spring and the support system to hold 

all these together and attach them to the plant stem. 

Constant AC voltage is applied to the primary of the trans

former. The transformer has two secondaries. Assuming that 

the insulated rod is stationary, the transformer's 

secondaries would indicate a voltage proportional to the 

primary voltage; however, the insulated rod is not 

stationary and it can move back and forth depending on the 

expansion or contraction of the stem upon which the rod 

leans itself. Thus, the insulated rod, effectively disturbs 

the magnetic field induced between the primary and the 

secondary of the transformer, thereby varying the secondary 

voltages. If the stem diameter contracts, the rod moves 

forward and thus one of the secondary voltages decreases 

while the other one 

11 
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Figure 2.1 LVDT apparatus configuration. 
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increases, and if the rod moves backward then, the secondary 

voltages act in reverse indicating an expansion of the stem 

diameter. To avoid arbitrary movements of the rod, there 

exists a very soft spring between the rod-head and the 

transformer. The spring forces the rod to lean tightly on 

the stem. 

2.1 LVDT Signal Conditioner: 

To extract precise position information, the secon

daries of the transformer were connected to a LVDT Signal 

Conditioner (Signetic NE5520). The function of this 16 bit 

chip was; (1) to generate a low distortion amplitude stable 

sine wave oscillator with programmable frequency to drive the 

primary of the LVDT; (2) to demodulate the position informa

tion from the LVDT output amplitude and phase; (3) to filter 

out the noise and (4) to provide gain factor. The NE5520 

had the following absolute maximum ratings: 

PARA}mTERS RATING UNIT 

Supply Voltage +20 V 
. Split Supply Voltage ±10 V 
Operating Temperature range o to + 70 °C 
Storage Temperature range -65 to +65 °C 
Power dissipation 840 mW 

In appendix III f the DC electrical characteristics 

of NE5520 is presented. One of the best features of NE5520 

was that it included a programmable frequency oscillator 
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with the range of 1KHZ to 20 KHZ. The programmable 
, 

frequency oscillator enabled us to determine the frequency 

at which the reactive power loss was minimum. The loading 

effect versus the frequency of operation was extremely 

critical. Experiments showed that the linearity and output 

level versus rod displacement was superior for an LVDT 

operated at 2500 HZ with a load impedance of over 0.5 meg 

ohm. The NE5520 demodulator presented a very high input 

impedance to the LVDT secondary for maximum linearity (Fig. 

2.2). 
LVDT 
~ 

HE5520 . 

DEMOD 

VR/2 9-(~a' ____ o.JV\t-___ --!.:(1.::o21 YR 

Note: internal buffer amp provided high impedance load 

to secondary. 

Figure 2.2 NE5520 and LVDT interface 

A synchronous demodulator existed in the Signetics 

NE5520. The demodulator obtained both phase and amplitude 

information in the absence of the relative phase 

information. A full wave rectifier provided usable 
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amplitude information when adequately filtered. Once phase 

and amplitude information was obtained in the form of a 

polar full wave rectified signal (Fig. 2.3) from the 

synchronous demodulator, the carrier component (actually 2nd 

harmonic of the carrier plus high order spectral components) 

was filtered out leaving only the true position information. 

This was accomplished by passing the demodulated signal 

through a low pass active filter (auxiliary op-amp) which 

also provided adjustable signal gain for proper full scale 

output. In addition, DC offsets were nulled by a simple 

offset adjustment at the amplifier. 

CORE DISPLACEMENT 

• 
o NUU. 

DEMODULATOR 
OUTPUT 

I..U..U WAVEFORM 

T 

Figure 2.3 Demodulation Scheme 

Figures 2.4, 2.5, and 2.6 show the Signetics NE5520 Pin con

figuration, block diagram and circuit diagram respectively. 

The heat produced by the power loss inside the resistors and' 

transistors disturbed the dc voltage readings. Thus the 

NE5520 circuit was first completely protected and insulated 

in a aluminum cylinder containing the circuit which was sub

merged into an insulated flask. There were three wires 
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Figure 2.4 NE5520 Pin Configuration 

r-----------+!<>"UDILACX 

Figure 2.5 NE5520 block diagram 



TYPICAl SINGLE SUPPlY LVOT CIRCUIT 
Vc:t: 

vm-

1.:,~ 
~t~~ ~~). 

OUTI'VT 
SIGNAl. 

Figure 2.6 

•10YT 

NE5520 circuit diagram 

17 
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coming out of the flask: the de outputs of NE5520, and two 

wires connected to the secondaries of the transformer. The 

flask contained cold water bath at 25°C. The cold water 

bath was acting not only as a 'heat-sink for the circuit but 

also as a shield to protect the circuits from direct 

exposure to the sun and the very humid environment of the 

field. The temperature of water inside the flask was 

constantly measured by a thermometer, and was kept constant 

at 25°C due to the large amount of water inside. Figure 2.7 

shows the set up. 

from the secondaries de output voltage 

of transformer 

Thermometer 

~! ~ c:= ---------, 
:... 1· 1: . !I : 
~---i I --.-J ;_j 
: I ~ -- ·j . :' I 

! • I 3~ r ;· : ___ I"s.~.~Ro.+t.d 
I I ! ~.-.-<_v_ . G wan~ 
L-~-- -----~ 

A..ll'\llt.YII.l~ 
C ~ ~: .. clu 

.J 

Figure 2.7 The cold-water bath acting as a heat sink for 

NE5520 
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It should be mentioned that the conventional heat sink 

methods did not produce satisfactory results. Finally, the 

output of the NE5520 circuit was connected to a de volt-

meter. In all of our experiments, a constant AC voltage of 

±5V was applied to the primary of the transformer, and an 

output de voltage between 2 to 3 volts was indicated by the 

voltmeter at the beginning of each experiment meaning that 

this vo~tage kept the spring from going to the nonlinear 
-

mode, and resulted in 2000 to . 3000 ~m operating range for 

LVDT. 

A typical spring characteristic curve is shown in 

Figure 2.8 . The spring 

LVOT SYSTEM TRANSFER FUNCTION 

vouT 

.. J OUTPUT 

OISPUCEMENT 

r 
NEJSE I 5520 . SEC.----. 

~ fRIMARYi r 

ACMTOR ~55}[i = 
INTERNAL LVOT 

Figure 2.8 Typica l spring characteristic curve with 

slope t;.V = -:ill 
1 mV 
l.l4 lJm 
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2.2 Calibration of the Sensor 

The sensor was calibrated with the mechanical device 

shown in Fig. 2.9 (Diaz-Munoz 1983). 

/~Rod 

,.-_c_a._Q_~·p_e._,..._~· _'......__..}='h~ Lv oT ~ tJEs~-..zo i 

u T -vc-Lrt~::~R 
Fig. 2.9 Calibration device 

The rod-head pushes against a vernier caliper, which 

indicate the displacement of the rod in rricrometers. 

Similarly, the digital voltmeter indicates the corresponding 

de - voltage difference produced by the displacement of the 

rod. The following relationship between the rod displace-

ment and the de voltage changes was recorded to be: 

rod displacement 
de voltage changes 

_ llD _ 1 . 14 ~m 
- 7:V - . lmV 

In other words, 1 milli-volt of change recorded by the 

digital voltmeter, corresponded to 1.14 ~m of displacement 

by the rod. This relation was valid for linear expansion 

and contraction of the spring o 
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2.3 Field Data 

Cotton (Gossypium hirsutum, CV. Deltapine 61) was 

planted on julian day 122 (1 May 1984) in pre irrigated soil 

in a field 17m by 85m with 17 rows on 1m centers. The soil 

type was commerce sandy loam (coarse-loamy), mixed caponous 

thermic type, torri fluvents. Preparation and seeding was by 

conventional tractor operations. Seedlings were thinned 

manually to 20 cm plant height at the time of the study. 

The average plant height at the end of productive stage 

(just before harvest time) was about 122 ± 10cm. The average 

size of stem diameters was 14890 ± 1000 ~m at a point 5cm 

above the ground level. The field was divided into four 

equal subareas. Diaz-Munoz (1980) had shown that a random 

selection of plants from each subarea would represent a 

normally disturbed set of data. 

Temperature, wind, and rainfall data were recorded 

on a daily basis. The data acquisition began during the 

months of relatively moderate rainfall in Tucson (one inch 

per month). Weather data for the months of June, July and 

August of 1984 are presented in Appendix II. 

2.4 Data ACquisition Methods 

Generally the stem diameter was measured by a hand 

caliper (American National Form) with a resolution of 10 ~m 

at a point in the stem 5:1 cm above ground level where the 

LVDT was later hooked up. Then each plant was cut at 
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ground level and weighed to a resolution of 0.1 g. The plant 

was allowed to dry out after excision in basically the same 

environment as preexcision. The period of data acquisition 

and the frequency of recording data depended on the nature 

of each individual experiment as will be discussed later. 

The measurements were taken in early hours of morning. For 

the purpose of data analysis, conventional definitions of 

mean, standard deviation, linear regression and linear 

correlation were used (Popoulis 1974). 



CHAPTER 3 

MODELING A PLANT'S STATE OF GROWTH AS A FUNCTION 

OF ITS PREVIOUS STATES AND NUTRITIONAL INPUTS 

There has been a large amount o~ research on 

modeling the plant's water status (Cheung et.al., 1975; 

Daintz, 1972; So, 1979; Nobel, 1974; Klepper et.al., 1973; 

Kramer, 1969; Klepper et. al., 1971). However, what is 

really needed is a mathematical description of the plant's 

growth in terms of it's states (i.e. the plant's geometry, 

plant's vegetative - productive states), and the plant's 

inputs (i.e. what is given to plants to stay healthy, such 

as water, potassium, nitrogen and other nutritional inputs). 

The mathematical model should facilitate a convenient 

instrumentational approach for either studying plant's 

growth mechanism or controlling plants' state of growth. 

The model must be based not only on the physical properties 

of plants but also on the practical and feasible considera

tion of instrumentation which should measure ·the parameters 

of the model. In other words, every element of the model 

should be measurable to a very high resolution. Finally the 

model has to describe the physical effects of nutrients on 

23 
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growth and yield on a quantitative basis. For instance, we 

propose a plant model based on the number of buds (observ

able and measurable output), stem diameter (an observable 

and measurable state of growth), and nutrients (controllable 

and measurable inputs). This proposed model has all the 

characteristics of a mathematical and practical model 

because: 

1. Every element of the model is measurable i.e., the total 

number of buds (observable output) can be counted 

throughout the productive stage of growth, also the size 

of stem diameter (state of growth) can be measured to a 

resolution of l~m via LVDTs both in vegetative and 

productive stage of growth, and the amount of nutrients 

(controllable inputs) such as water, nitrogen, etc ••• can 

be quantified in terms of their weight from the seeding 

day to harvest day. 

2. The model ultimately relates the output (number of buds) 

to the input (amount of nutrients) on a quantitative 

basis via an intermediate state variable (size of stem 

diameter) . 

3. All the measurable variables involved in the model are 

deeply related to the physi,ca1 properties of the plant. 

That is, the model quantifies the "nature" of the out

put-input relation between the number of buds and the 

amount of nutrients. This output-input relation is a 

well-known physical property of the plant, i.e. the 
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plant mechanism produces buds upon reception of vital 

nutrients. Also the stem diameter (intermediate state 

variable) responds to water stress by contracting itself 

through some physical mechanism of the plant. So all the 

variables in the model are related to some physical 

aspect of the plant and the model describes these 

physical properties and responses quantitatively. 

4. There are instruments which easily measure the vari

ables, i.e., LVDT measures the size of stem diameter to 

a resolution of l~m. The weight and volume of nutrients 

are also measured to very high resolutions with the 

readly available instruments. 

The idea is to theoretically describe a general 

model for the cotton plant's growth, and formulate the model 

on a discrete time basis. The results will be purely 

mathematical. The formula hopefully will serve as an 

standard for quantifying the contribution of each 

nutritional element to the overall growth of the plant. The 

ultimate objective is to standardize the amount of plant 

nutrients which should be fed to the plant at specified 

stages of growth to yield the maximum output, The discret

ness concept is extremely important because the plants are 

provided with the nutrients at certain stages of the growth 

e.g. nitrogen is given every 2 weeks. Other nutrients may be 

given to the plants at different intervals. The discreteness 

concept becomes important when one questions the plant 
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response to the same nutritional elements which are provided 

to the plant at different times, i.e. does the bud produced 

on day 1 depend on the inputs given to the plant on day 1 or 

the same inputs given to the plant on day 1-14 or the 

integration of all inputs between days 1-14 and 1? Further

more, the discretness concept is valid from the grower's 

point of view because the grower wants to. know when and how 

much nutrient he should provide to the field in order to get 

t~e maximum number of buds. So he is interested in "timing" 

his fields' irrigational and nutritional plans. Moreover, 

he is obliged to provide the nutrients on specified days 

during the growth to obtain opti~ costs and production. 

roe above reasons make the discretness concept a valid and 

needed concept from both the theoretical and practical 

points of view. 

3.1 DISCUSSIONS 

To formulate the system the very first requirement 

is to define the terms which describe some physical property 

0= characteristic of the plant. Certainly the next step 

would be to relate these terms in a logical mathematical 

o=der. 



So as a convention the following notations will 

represent the required terms: 
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Y: The output is of dimension p(Y~RPxl), i.e. Yl is the 

total number of bolls during the "productive stage", 

(this is actually the required output of the system 

which needs to be maximized) and Y2 is the plant weight 

etc .•• 

X: The state of the plant is represented by the plants 

geometry (i.e. the plant's height xl' cross sectional 

size of stem diameter at 5 cm above the ground level x2 ' 

cross sectional area of the stem diameter at 5 cm below 

the topmost leave x3 ' etc ..• ). Obviously the choice of 

defining the states of the plant depends on experimental 

tests which would indicate the dependence (if any) of 

the output on each of these states. For instance, one 

may choose one of the above states and try to see how 
. 

much the output depends on this specific choice of 

state. Needless to say each state must be weighed 

according to its importance to the output. If the 

experimental tests show no dependency between the stem 

diameter size and the number of bolls (output) then the 

variables x2 and x3 should either be completely ignored 

or be given a very small (close to zero) weight. More

over, one may choose all of the above states and even 

define some additional ones, in which case the weighting 
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factor will not be just one number but rather a matrix 

f th ' . . A Rnxn h . h o e S1ze nxn, 1.e., matr1x £ , were n 1S t e 

total number of the defined states. Similarly the matrix 

B£Rnxm represents the dependency of the state variable 

on the nutritional inputs, where m is the total number 

of inputs. 

U: The nutritional inputs to the plant may vary at 

different stages of the growth. Given the present 

state of the plant, one may want to let the plant reach 

a certain state by feeding different nutritional 

elements, the most important of which are water u1 , 

nitrogen u2 , potassium u3 , and etc ....•. These inputs 

together with the state of the system can be used to 

yield a certain output. As in the case of the states, 

the inputs should be weighted differently according to 

their contribution to the future states and the required 

output. The matrices C£RPxn and D£RPxm represent the 

weighting factors. In our notation m is the total 

number of inputs, n is the total number of state 

variables, and p is the total number of outputs. 

Having all of the above definitions in mind, the 

plant can be modeled as: 

X(k+1) = AX(k) + BU(k) 

Y(k) = CX(k) + DU(k) 

(1) 

(2) 
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where k is the discrete time unit in days, weeks or any 

other time unit. For example, xl(k+l) indicates how much 

the future size of stem diameter depends on the present size 

of the stem diameter and the amount of nu~ritional inputs. 

Obviously, the above model is a very hypothetical 

because the model assumes that there is a linear, first 

order relation between the outputs and the states on one 

hand, and the states and the inputs on the other hand. In 

practice, however, there may exist non-linear relations 

.between the variables of interest. Only =epeated 

experiments can show the nature of refations between the 

variables. A non-linear relation would yield a non-linear 

system of the form: 

X(k+l) = f(X(k), ~(k), k) 

Y(k) = g(X(k), U(k), k) 

(3) 

(4) 

where f and g are non-linear functions of their arguments. 

Even in such cases linear system theories as well as some 

non-linear methods suggested by Blaquiere (1966) and 

Vidyasagar (1978) can be applied for solving the system. 

For instance the non-linear system can be linearized around 

an operating point in the following manne== 

af af X(k+l) = f(Xo'Uo ) + axl (X,U) + aul (X,U) 
X =0 U =0 o 0 

+ ... (3a) 

Y(k) = g(Xo'Uo) + i!1*X~~) + tfil~X!~) + ••.. 
o a 

(4a) 
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where Xo is an specific state of the plant at a certain time 

of growth (i.e. the stem diameter at S cm above the ground 

level on the first day of productive stage.), and Uo is the 

input to the plant at that time. 

The system described by equations 1 and 2, or 3 and 

4, can be further simplified by the choice of U as a 

function of the state. i.e., UCK) = Ex(k), (a feed back). 

Thus equations 1 and 2 would become: 

X(k+l) = AX(k) + BU(k) ; U(K) = EX(k) 

Y(k) = CX(k) + DU(k) ; U(k) = EX(k) 

where E is just a gain factor. 

Then: 

X(k+l) = AX(k) + BEX(k) 

Y(k) = CX(k) + DEX(k) 

let's define ,., 

and 

Thus 

A = A + BE 

,.J 

C = C + DE 

,.J 
X(k+l) = A X(k) 

Y(k) = eX(k) 

(Sa) 

(Sb) 
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equations Sa and 5b are the simplified version of equations 

1 and 2 respectively. Notice that the choice of U(k) = EX(k) 

simply states that the nutritional input at time K must be 

proportional to the size of stem at that time. In other

words, UCk) is a "state dependent input". 

Similar substitution for U(k) will simplify the 

system described by equations 3 and 4 to become: 

X(k+1) = f(X(k),k) 

Y(k) = g(X(k) ,k) 

(6) 

(7) 

The preliminary observations indicate that for the 

cotton crops under the field conditions, the water relations 

should be described by the system of equations Sa and 5b or 

6 and 7, or any two combinations of these four equations. Of 

course, further detailed experiments are required to 

quantify E, the proportionality factor relating the input to 

the state variable at time k. First, we will try to quantify 

the par~meters of the simplified model. As it was stated 

before, the model described by equations 1 and 2 assumes 

first order relations between the state variables, i.e., the 

size of stem diameter on day 110 depends only on the size of 

stem on day 109 and the nutrients given to the. plant on day 

109. This assumption may not be valid, because the size of 

the stem on day 110 may depend on all or some of the 

nutrients given to the plant during the last 110 days or the 
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last 50 days or the last 10 days. So the model is based on 

a very tentative first order assumption. Another major 

problem with the two equations 1 and 2 is that the output 

Y(k) depends on X(k) for all times k > O. This means that 

the model suggests the plants will produce buds during the 

vegetative stages of growth. In reality, however, the buds 

are only produced during the productive stage (typically the 

last four weeks prior to harvest day) and no buds are 

produced during vegetative stage of growth. Thirdly the 

model assumes that the appea~ances of buds on the same plant 

are independent events, that is, a bud will appear on the 

plant regardless of other already existing bud on that same 

plant. The argument here is not whether this independence 

between the events of bud appearance is valid or not, but 

rather that the model should include some integrations of 

the output (i.e. total number of buds per plant duing the 

productive stage) which would immune the model from the 

dependency argument. 

To take care of the above problems, a more inte-

grated model is suggested by the following systems of 

equations: 

k k 
X(k+1) = A L XCi), + B L U(i) (8) 

i=o i=o 

k k 
Y(k) = c L XCi) + D r U(i) (9) 

i=o i=o 
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For example, the size of stem on day 110 (k+l = 

110, k=109) would be: 

xl(llO) = A [xl (109) + x l (108) + xl (107) + 

••.• + xl (3) + xl (2) + xl(l) + Xl(O)] 

+ B r u1 (109) + u1 (l08) + + u l (2) + ul(l) + U1 (0)] 

u2 (109) + u2 (108) + + u2 (2) + u2 (1) + u2 (0) 

whe.re ul and u2 are two inputs i. e., water and nitrogen 

respectively. Notice, in this case B is a 1 x 2 matrix, 

B = [b l b2]T where b l and b2 are constants of proportionally 

for the inputs, in units of [millimeter/gram] i.e., m grams 

of water (ul ) results in n millimeter of expansion in stem 

diameter (xl). 

Similarly, the number of buds on day 109 can be 

found: 

Yl(109) = C [Xl (109) + xI(108) + ••.• + xl(2) + xl(l) + UI(O~ 

+ D 

Again, D is a (lx2) matrix D = [dl d2] where dl and d2 are 

constants of proportionality for the inputs, in units of 
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[number of buds/gram] i.e., m grams of water result in n 

number of buds per plant. A and C are scalars in this case. 

Although the system of equations 8 and 9 seems to be 

adequate enough for describing the input-output relation of 

the plant, there are several major problems associated with 

them: first, the model still lacks the integration concept 

of output (i.e. total number of buds per plant during the 

productive stage). Second, the present values of X(k) and 

Y(k) do not necessarily depend on all the previous inputs 

which were given to the plants (i.e. all the inputs provided 

to the plants starting from the seeding day). Thus index i 

should not start from day zero. Third, even if the present 

values of X(k) and Y(k) depend on all previous nutritional 

inputs in the past, the contribution of recently given 

inputs to the values of X(k) and Y(k) is likely to be more 

important than the contribution of the same inputs given to 

the plant at earlier stages. Equations 8 and 9 indicate 

that, for instance, the nutrients given to the plant on days 

I and 2 and nutrients given to the plant on days 108 and 109 

have equal contributions to the present values of X(k) and 

Y(k). To avoid the last two problems, the A, B, C, D 

matrices must become time dependent in order to make. the 

relations more valid. Thus, the system described by 

equations 8 and 9 will reduce to: 
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k k 
X(k+l) = L A(i) . XCi) + E B(i) . U(i) (10) 

i=k-nl i=k-n2 
k k k 
E Yl(i) = L C(i) XCi) + L D(i) . U(i) (11) 

i=p i=k-n3 i=k-n4 Y2(k) 

where p, n l , n 2 , n3 , and n4 are all integers less than k, 

and p is the day when the first bud appears on the plant 

(beginning of productive stage). Notice that when ~l = n2 = 

n3 = 0, we obtain the right hand side of equations 8 and 9. 

Also i=k-nj (j=1,2,3,4) properly indicates that the propor

tionality constants (A(i), B(i), C(i), D(i» are valid only 

in the intervals k-nj to krespectively. To clarify this 

point, let's assume that nl = n2 = n3 = n4 = 10; and p = 

105, equation 10 suggests that the state variable on day 110 

depends only on all the inputs and previous values of state 

variable starting from day 99 up to day 109, that is: 

X(llO) = A(99) X(99) + A(lOO) X(lOO) + ... + 

A(108) X(108) + A(109) X(109) + 

B(99) U(99) + B(lOO) U(lOO) + + 

B(108) U(108) + B(109) + U(109). 

Of course the n's are not necessarily all equal. Equation 

11 implies the following: 



Y(105) + Y(106) + .... + Y(lOB) + Y(109) = 

C(99) X(99) + C(lOO) X(lOO) + + 

C(lOB) X(lOB) + C(109) X(109) + 

D(lOB) U(lOB) + C(109) U(109). 
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The time dependency of A,B,C, and D matrices has a 

great advantage in emphasizing the amount.of inputs at 

different stages of growth because, for instance, water is 

vitally important during the vegetative growth. However, 

during the productive stage of growth, the plant should go 

through water stress periods to produce more buds. So the 

plant, during the productive stage, should not be given as 

much water as it should be given during the vegetative 

stage. The time dependency of C and D parameters emphasizes 

on the above point because when an input is not needed on a 

specified day, the C and D parameters associated with the 

input should be set to zero. i.e. if the plant should go 

through a 4 day stress period during days 106-109 then: 

cl(106) = cI(107) = cl(IOB) = cI(109) = 0 

dl (106) = dl (I07) = dl(IOB) = dl (I09) = O. 

Recall that cl(k) and dl(k) are associated with u1 (k) which 

was assumed to be the water input. 
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The term L Yl(i) needs a brief discussion. If 
i=p 

Yl(i) denotes the total number of buds which have appeared 

on the plant to day k, then index i=p (where p is the day 

when the first bud appears on the plant indicating the start 

of the productive stage) should be used. This notation 

implies the collection of all buds on the plant since the 

beginning of the productive stage. However, if one is 

interested in the buds which have just appeared on the last 

two days prior to day k, then the notation becomes: 

k 
L Yl(i). Similarly, the number of buds appearing on the 

i=k-2 

plant during the last n days prior to day k would be: 

k 
L Yl(i). 

i=k-n 

This later notation may become necessary if one 

wants to examine the appearance of the buds on certain days 

during the productive stage. Notice that the.left hand side 

of equation 11 remains the same for both of the output 

notations. A summary of the generalized model for the 

plant's Input-Output relation is shown in the form of a 

block diagram in Figure 3.1. 



D 

A 

y ~ 

~ ( 

i:. -p 

Note': A,B,C,D are time dependent, -and XcRn, UcRm, YcRP, 

AcRnxn, BcRnxm, CcRpxn, DcRpxm. 
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Figure 3.1. Block diagram of plant's input-output relations 
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The block diagram summarizes equations 10 and 11; 

k k 
X(k+j) = L A(i).X(i) + L B(i) U(i) (10) 

i=k-n1 i=k-n2 
k k k 
1: Y(i) = L C(i) XCi) + L D(i) U(i) (11) 

i=p i=k-n3 i=k-n4 

Where in the general model X,Y and U are vectors. 

YERpxl is the output vector; i.e. number of buds 

during the productive stage Yl' plant's weight Y2' etc. 

YII 

y = Y2 

YpJ 
XERnxl is the state of plant, i.e. size of stem diameter at 

5 cm above the ground level xl; plant's height x2 ' plant's 

reflection at 500 ~m wavelength x3 ' etc. 

x = 

UERmx1 is the nutritional inputs, i.e. water ul; Nitrogen 

u2' potassium u3 etc. 

U = 
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3.2 A proposed simplified model 

Let the output vector Y consist of only two elements 

Y1 and Y2' Y = r~~] where Y1 is the number of buds during 

the productive stage, and Y2 is the weight of plant through

out the vegetative and productive stages of growth. 

Let .the st0~:e vector X consist of only one element 

x, where x is the size of stem diameter at 5 cm above the 

ground level. Thus the A matrix becomes a scalar. 

Let the input vector U consist of only two elements 

ul and u2; U = [ul u2] where ul and u2 are water and 

nitrogen nutrients respectively. 

Let's assume that the D matrix is a null matrix, 

which means that the present output at time k does not 

depend on the present inputs provided to plants at time k. 

The above assumptions reduces equations 10 and 11 

to: 

x(k+l) = A x(k) + [b l 
b

2
] [:~J 

= A x(k) + B U(k) (12) 

, 
k 
L Yl(i) 

i=p 
= [el c2]x(k) = Cx(k) 

Y2(k) 
(13) 

can be summarized in the following block diagram. 
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Figure 3.2 Simplified block diagram based on 

stem diameter. 

The advantage of this simplified model is that 

x(the stem diameter) is used as an intermediate observable; 

controllable, and measurable variable to relate the plant's 

output (# of buds and plant weight) to the inputs (water and 

nitrogen) • 

Another advantage of this intermediate variable is 

that the index i=p (the beginning of the productive stage) 

can be determined by the state variable x. For example, the 

first bud appears on the plant if and only if the size of 

stem diameter at 5 cm above the ground level reaches the 

value S (in units of millimeter or micrometer). 



The concept can be illustrated by the following 

figure: 

Vegetative Stage Productive Stage 
t------/I/r------+I--,--~,L,-----l 

day p 
beginning of the 
productive stage (i.e. 
the first bud appears) 
when the size of stem 
diameter is S 

Fig. 3.3 Illustration of the index i=p in equation 13 

(Section 3.2) 

42 

The transition from the vegetative stage to the 

productive stage may take several days. However, the above 

formalization indicates that as soon as the average size of 

stem diameter of the plants in the field reaches a specified 

size S, then the productive stage begins and that day will 

be the day p. Moreover, this conditionality of Yl upon x 

makes the integration concept of the output more realistic 

i.e. the grower should expect n number of bolls per plant, 

if the stem size of the plant reaches S. So the grower's 

first priority would be to make the average plant reach the 

stem diameter size S. Then he can expect n number of outputs 

during the productive stage. By average plant 'we mean the 

average stem diameter of 100 plants selected at random from 

the field. The conditionality concept can be summarized in 

the following figure. 
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~ j -;- ~ I (da.~ ) 

harvls r c{Cl-<r 

Figure 3.4 Illustration of conditionality concept based on 

stem diamter 

The conditional distribution function F(ylIS) 

indicates the total number of buds at any time k during the 

productive stage of growth given the fact that stem diameter 

has reached the size S, i.e. F(Y1Ix=S). 

Knowing the F(Y1IS) function the grower should 

expect the following number of buds at the end of the 

productive stage 

co 

co 

,.J ,..J 

(14) 

E is the expected number of outputs Y1 given S, and Y1 is 

the random variable of Y1 and f(ylIS) = ad F(Y1IS) is 
Y1 

called the conditional output density function. 
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The same functions in discrete time domain would be: 

k 
E(y1 !S) = E y1 (i) 

i=p 

This is illustrated by: 

ll ,+._ 

too/: t 
:s I' 
Q._ ! 

..,._ !, 
::! ; 
() i - - -

/ 
ou..tot.~.-t ~ ::.. ·Jl j. 

I 

i ~~ -: ~ . - I · .._ __ ____ v u----·-r-:--v---------J------:=;>-- 'Cit"~~ 

rl~ f __ .... _ 

(15) 

Figure 3.5 Illustration of the conditional expected value 

in discrete time domain o 

The distribution and density functions must be 

determined by frequent experiment s of counting the number of 

buds per average plant during the productive stage. 

P is the conditional probability of y1 = y on day i. 

(Papoulis, 1974) . 

3.3 Consideration of genetic e ffects on the 

simplified model . 

We consider a certain type of cotton as a basic 

model, and then weigh other types of cot ton's system model 
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based on the first model. So the equation of another type of 

cotton based on equations 11 and 12 becomes: 

ql A x(k) + q2 B u(k) (16) 

(17) 
= q3 C x(k) 

where all the q. are weighting constants. 

3.4 A Direct Input-Output Model 

Another method of modeling the system is to 

eliminate the "state" variable and directly relate the out

put to the inputs at different times. In this case, the 

state variable which would act as an intermediate observable 

and controllable variable can be eliminated to yield a 

direct relation between the output and inputs. 

Assuming k is the last day of the productive stage 

just before harvest time, then the number of bolls on that 

day can be related to all of the nutritional inputs given to 

the plant prior to that day (starting from the seeding day 

which is k-120 in our notation). 

Y(k) = Al U(k) + A2 U(k-l) + A3 U(k-3) + 

Y(k) = 

+ .... + Al19 U(k-119) + Al20 U(k-120) (18) 

120 
I: A. U(k-i) 

i=l J. 
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Obviously, if there are m nutritional inputs, then 

Ai is a lxn row matrix Ai £ RIXID. For instance, if the 

water and nitrogen composes are the two inputs of interest, 

then Ai will be a lx2 matrix. 

The last equation can be interpreted in the 

following manner: an average plant in the field can produce 

2 bolls at the end of productive state, right before the 

harvest time, if 1 kg of water (input U1) and 2 grams of 

nitrogen compose (input U2) is provided to the plant on one 

week intervals and 2 week intervals, respectively. Then the 

equation would be: 

Y(120) = [1000 2] + [1000 0] 

+ [1000 2] + [1000 0] 

+ •.•. + [1000 2J + [1000 0] 

Y(120) = 1000 u l (120) + 1000 u l (ll3) + 2-u2 (113) + 

+ 1000 u1 (8) + 1000 u1 (1) + 2 u2 (1). (20) 

Clearly, Y is the total number of buds produced by the plant 

prior to the harvest day. So, substituting k for 120 as. the 

harvest day (k can be less or more than 120, depending on 

which harvest day yields the most number of bolls), the last 

equation becomes: 



Y(k) =1000 ul(k) + 1000 ul (k-7) + 2 u2 (k-7) + ..... 

+ 1000 ul (k-112) + 1000 ul (k-119) + 2 u2 (k-119). 

The linear discrete functions of this form can be readily 

standardized for optimum yield. 
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The purpose simplified model which is based on stem 

diameter is to be determined experimentally in chapter four. 

The advantages of the cotton's input-output relations 

described by equations (10) and (11) are that it facilitates 

a criteria for the computer to control the nutritional 

status of the field. Although the parameters of the model 

are yet to be determined experimentally by the agricultural 

engineers, the model leads the researchers to understand 

what kind of system description is required by the 

electrical engineers for implementing a plant-based control 

scheme. 



CHAPTER 4 

GROWTH CURVES OF COTTON 

As it was stated in Chapter 3, the ultimate objective 

is to model the plant's state of growth as a function of its 

previous states and nutritional inputs. A straight forward 

approach would suggest that growth curves of the crop in 

question (in this case cotton) should be well studied. In 

accordance with the proposed theoretical models of Chapter 3 

(equations 3, 4, 5a, 5b, 6, and 7) the size of stem diameter 

at 5 cm above the ground level was chosen to be the state 

variable of interest (i.e. x). Similarly the weight of the 

plant during the vegetative and productive stage was 

considered to be the output variable (i.e. y). So 

where 

~ 

x(k+1) = A x(k) x(k+1) = f(x(k), k» (1) 

or 
~ 

y(k) = C x(k) y(k) = g(x(k),k» (2) 

x(k) is the state variable - size of stem diameter at 

5cm above the ground level 

y(k) is the output variable - overall weight of the 

plant (y(k) was noted as Y2(k) in Chapter 3). 
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In this chapter, the results of an experiment are 

introduced which help to quantify the parameters of the 

above equations.· 

4.1 PROCEDURE 
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The field was divided into four equal subareas. The 

soil type and other information related to the field were 

presented in Chapter 2. Each week six (6) plants were se

lected. at random from each subareas, giving rise to a total 

of 24 plants. The stem diameter of all of the 24 test plants 

at 5 cm.,above the ground level were marked and measured. 

Also the weight of each plant was measured immediately after 

the excision. These measurements gave rise to the so called 

"wet data". A tag which contained the plant data was assign

ed to each individual test plant. Then the tagged plants 

were allowed to dry out in a green house for seven days. At 

the end of the seventh day, the stem diameter at the marked 

point and the weight of the test plant were measured giving 

rise to the so called "dry data". All the meaSurements were 

taken at around Sunrise approximately 4:00 to 6:30 AM. This 

procedure was repeated for 16 weeks starting from June 1, 

1984 (Julian day 187). The overall weather data are presen

ted on Appendix II. Table 4-1 shows the average size of 

stem diameter and average weight of the 24 test plants along 

with the difference between wet and dry measurements. 
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TABLE 4.1 The Average Data of the 24 Plants During the 16 

Weeks of Growth. 

Julian Average Stem Diameter at Plant D Average Weight 
A daJ!: 5cm above ground level D W 
T Wet Dry Diff. Wet Dry Diff. 
E (nun) (nun) (nun) (g) (g) ( g) 

1 2.036 0.813 1.224 1.288 0.270 1.018 

2 2.460 1.217 1.244 2.185 0.985 1.220 
--.. 

3 3.296 1.813 1. 483 4.667 1.029 3.638 

4 4.613 '2.941 1. 671 ' 15.722 2.329 13.394 

5 5.898 4.102 1.796 25.479 6.369 19.110 

6 7.046 5.635 1.410 47.146 18.133 29.110 

7 8.979 6.942 2.083 106.354 25.063 81.292 

8 9.294 7.360 1.934 123.771 37.604 86.167 

9 10.715 8.272 2.442 232.333 63.104 169.229 

10 11. 788 9.377 2.410 286.396 93.025 193.,371 

11 13.648 11.365 2.283 504.438 193.854 310.583 

12 13.610 11.677 1.933 461.896 185.583 276.313 

13 14.878 12.735 2.142 676.708 327.750 348.958 

14 12.804 10.550 2.254 431.833 168.333 263.500 

15 14.467 12.098 2.369 591. 958 210.896 381. 063 

16 13.402 11. 523 1.879 453.167 203.667 249.500 

Table 4.1 shows the wet, dry, and difference data 

for both stem diameter and weight changes during the 16 

weeks. 
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Linear regression methods were used to determine the 

dependence of wet stem diameter (at 5cm above the ground 

level) on the plant ' s age. Similarly, the regression analy

sis gave rise to a function relating the wet weight of the 

plants to the size of their stem diameter at 5cm above the 

ground level. The results are tabulated below: 

Table 4.2 Results of Least Squares Regression Analysis. 

Function Model Parameters (Regression 

Coefficient) 2 

D(t) (mm) D = A + B.t A = 1.553 (mm) 

vs. 0.922 

time (week) B = 0.912 (mm/week) 

W (g) w = A. (D) B A = 0.114 (g) 
vs. 0.997 

D (mm) B = 3.182 (-) 

The above two equations are plotted in Figure9 4.1 and 4.2, 

respectively. The graphs show the data points with respect 

to the best curve fit equation. Figure 4.3 shows the plants 

weight during vegetative and productive stages of growth. 
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4.2. Description of the System 

As it was stated before, a system of equations must 

describe the state of plant at any given time. The results 

of least square regression analysis can help in achieving 

the time domain description of the system. From Table 4.2 

one can conclude: 

D(k+1) = D(k) + 0.912 

W(k) = 0.114 (D(k»3.182 (- growth equations) 

where k = 1,2, ... ,16 in units of weeks, with k=l is four 

week after the seeding. 

The above two equations are analogous to equations 

1 and 2 

x(k+1) = a x(k) + S09 

y(k) = g(x(k), k). 

where So is the size of stem diameter at 5 cm above 

the ground level three weeks after seeding. 

Let's check the validity of the two equations by 

running some examples at weeks two, five, seven, ten, 

thirteen and fifteen. The percent difference between the 

calculated and measured values of W(k) proves the growth 

equations. 

The wet weight is purely a vegetative parameter. In 

other words, this parameter by itself does not necessarily 

imply an optiumum, cost efficient, and profitable growth. 
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Table 4.3 Comparison of Calculated and Measured Values of 

Plant Weight. 

Week * Measured Calculated Measured Percent 

k D(k) W(k) = .114(D(k)3.182 W(k) Difference 

mm grams grams 

2 2.460 1.999 2.185 8.5 

5 5.898 32.306 25.479 26.8 

7 8.979 123.048 106.354 16.2 

10 11. 788 292.568 286.396 2.2 

13 14.878 613.680 676.708 9.3 

15 14.967 561.344 591.958 5.2 

* k=1 is four weeks after the seeding. 

What ensures profitability of the field is the total number 

of buds per plant during the productive stage of growth. So 

the plant should not be allowed to enhance the duration of 

vegetative growth at the expense of reducing the boll 

production, that is, the plant's mechanism must concentrate 

on bud production after reaching a certain weight. This 

transition of vegetative growth into productive growth puts 

a constraint on the weight of plant at the end of vegetative 

growth to ensure production. 

Secondly, the plant should go under water stress 

cycles to increase the bud production during the productive 
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stage so the plant weight would go through an increase

decrease cycle (as shown in Fig. 4.3) during the productive 

stage (i.e. weeks 11 through 16). 

The above discussions concludes that choosing plant 

weight as an output variable is a proper choice for deter

mining the vegetative state of plant. The weight must be 

monitored during the vegetative stage of growth, to ensure 

that average plant reaches a certain weight before the start 

of productive stage. However, during the productive stage 
.. 

another output variable (i.e. the number of buds, as was 

suggested by equations 3.12 and 3.13) should be considered. 

The average plant in a typical field is represented 

by an ensemble of 80 plants chosen at random from the 

field.* The sample size of 80 plants has the standard 

deviation to mean ratio of almost 0.1 percent that is 
standard deviation 

mean = 0.1% ~ O. The average stem diameter of 

80 plants chosen at random from the field represents the 

stem diameter of "the average plant". 

In conclusion, the average stem diameter of 80 

plants chosen at random from the field, can be plugged into 

the equation W(k) = 0.114 (D(k»3.l82 to yield the weight (a 

vegetative parameter) of an average plant in a non destruc

tive manner. The equation is valid in both vegetative and 

* The number n=80 is extrapolated from equation 8.45, 

Papoulis (1974), pp. 246; given 0
2 = 8% from data. 



productive stage of growth. The W(k) is actually y(k) in 

equation 2 and Y2(k) in the equation 3.13. The W(k) is 

important for est~ation of vegetative state of the plant. 
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The weight equation is extremely valuable from the 

economic point of view, because the grower is interested in 

monitoring the vegetative state of the field. Furthermore, 

he is interested in scheduling irrigation, which is very 

costly. Given an optimum equation relating plant weight to 

stem diameter, such as the one discussed above, the grower 

can estimate the exact water requirements (or other 

nutritional inputs) in order to make. The overall production 

would be more cost effective. 

The mere knowledge of the two discrete time equa

tions can enhance the abilities of the microcomputer to give 

proper commands as to when the irrigation should take place. 

The procedure is simple. The growth equations will be given 

to the computer. The computer constantly monitors the LVDT 

sensors' output. Upon the reception of data,-the computer 

calculates the total weight of the plant, and predicts the 

future rise of the stem diameter. The irrigation would be 

possible if either of the following cases occur, i) The 

plants weight is less than the weight of similar plants at 

the same stage, ii) The plant does not grow into the 

predicted state. 



CHAPTER 5 

ESTIMATION OF TRANSPIRATION RATE FROM 

STEM DIAMETER HEASUREMENTS 

Transpiration rate can be estimated with a high 

degree of reliability via stem diameter measurements. There 

has been interest in estimation of transpiration rate 

because the knowledge of transpiration rate (and ultimately 

evapo-transpiration rate) helps in determination of 

irrigation scheduling. Doorenbos and Kassam (1979) came up 

with an equation for the irrigation in~erva1 (i) in days 

which will allow the crop to transpire at a maximum rate. 

The problem with their equation is that too many variables 

are involved. Secondly, determini.ng the proper values for 

each of these variables is a difficult task. °Idso et.a1., 

(1981) and Rosenberg (1976) tried to estimate evapotranspir

ation rate by canopy reflectance measurements. Jackson et. 

a1., (1981) gave an excellent review of temperature-based 

stress indicies. Ids~, Jackson and Reginato (1977) reasoned 

that crop canopy minus air temperature at mid-day is an 

indication of crop water status. Diaz et a1. (1983) proved 

59 
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that their work could be applied to wheat crops. Blad 

et. al., (1981) also defined similar temperature-based 

stress indicies. The biggest problem with all of above work 

was that factors such as wind, vapor pressure deficit and 

other atmospheric variables would effect measurements, so 

the estimations are not very good indications of plant water 

status. Cost and labor intensity is also a problem. 

The LVDT sensor with high measuring resolution is a 

promising alternative. The objective is to to determine the 

relation between the transpiration rate and stem diameter 

contraction rate on a quantitative basis. The stem diameter 

can then be continuously· and remotely observed on a non

destructive basis by the high resolution LVDT sensors. Stem 

diameter measurements have already been used to explain some 

internal characteristics of the plants under stress 

conditions, i.e., Gensler and Diaz-Munoz (1983); So (1979); 

Brown and Tanner (1983); McBurney and Costigan, (1984). The 

objective was to quantitatively estimate the transpiration 

rate via observations and measurements of stem diameter 

behavior under various stress conditions. Obviously, a 

comprehensive study of stem diameter behavior in relation to 

transpiration rate was required. The objective of this study 

was to quantify this relationship. 

The general procedure began with the excision of the 

plant at the ground level and simultaneous measurements of 
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the stem diameter and plant weight changes. The task of 

understanding the effect of leaves on transpiration rate was 

served by denuding the plants of their leaves either just 

before excision or one day prior to excision. The later 

test indicated the behavior of the plant during the healing 

process and the effect of leaves on the transpiration rate • 

. The results indicated that the stem underwent a non-

homogeneous contraction throughout itself, namely, the 

s'ofter tissues in the upper parts of the plant contracted 

almost 3/2 times more than the harder tissues. The 

transpiration was fully handled by the leaves. Also, the 

transpiration rate was directly proportional to the plant's 

weight and, on the average, a transpiration rate of 0.166 [g 

. -1] 
m~n (i. e. .0469% per minute) corresponded to a 0.535 [llm 

. -1] 
m~n (i. e. 0.003% per minute) contraction rate of the stem 

at 5 cm above the ground level for the first four hours of 

severe stress conditions. 

The interpretation of the later result was that the 

stem contracted rapidly for the preservation of the water 

content. Moreover, transpiration which was vital for the 

survival of the plant took place at the same time when the 

plant had no way of replacing the lost transpired water. So 

the stem had to contract more. This interdependency between 

transpiration and stem contraction determined the ratio of 

transpiration rate to stem diameter contraction 

rate. The ratio turned out to be 0.166 [g min-I] for the 
0.535 [llm min-I] 



first four hours of severe stress condition. Equivalently 
the 

ratio is .04687. per minute 
.0039% per minute· 

5.1 Materials and Methods 
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The cotton field data were discussed in Chapter 2. 

the plant height at the time of study were 85 ± 5 cm. The 

average size of stem diameter was 13860 ± 950 ~m at a point 

four to six cm above the ground level. The plants were 

approximately two to four weeks into the productive growth 

phase at the time of excision. There were no open bolls. A 

minimum of ten plants were used for each experiment. In all 

of the experiments the LVDT's were put on the stem before 

the excision test. A voltage of 5V (peak to peak AC) was 

applied to the primary of the transformer. The secondary 

voltage readings were dc. The plants whose leaves were cut 

off one day prior to excision were called Previously 

Defoliated Plants (PDP's). The plants whose leaves were cut 

off just before the excision were called defoliated plants 

(DP's). The rest of the plants whose leaves were not cut at 

all during the experiment were called With Leaves Plants 

(WLP's). Unless otherwise stated, all the LVDT's were 

hooked to the stem diameter of the plants approximately four 

to six cm above the ground level. 

Experiment A) Short term response of stem diameter 

to stress condition: 
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In these experiments the data acquisitions were made 

in one minute intervals to observe the instantaneous changes 

of the stem diameter. Ten PDP's, ten DP's and ten WLP's were 

selected. Additional LVDT's were hooked up to the softer 

sections of WLP's approximately 30 to 40 cm down from the 

top of the plant. These were called SWLP's (Soft With 

Leaves Plants) whereas LVDT's close to the bottom of the 

plant gave rise to HWLP's data. The dual placement was made 

to indicate the contraction rate of soft and hard tissues 

respectively of the with leaves plant. The initial voltages 

were read off the secondary of LVDT's as a reference then 

the excision tests were made at the ground level, and the 

decreasing secondary voltages were noted at one minute 

intervals. The results are shown in Table 5.1, where the 

average of the values for ten different tested species are 

listed for each set of experiments. Table 5.2 shows the 

results of least squares regression of short term response 

data. The results are plotted in Figures 5.1; 5.2, 5.3 and 

5.4. 

Experiment B) Transient response of stem diameter to 

stress condition: 

In these experiments, the data acquisition lasted 

for 250 minutes after excision. The stem diameter 

contraction as well as plant's wet weight were measured on 

five minute intervals. The LVDT's were hooked up to a 
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Table 5.1 Short Term Response Data of Stem Diameter 

(Experiment A) 

Average stem diameter D(~m) 

Time PDP's DP's HWLP's SWLP's 

0 13860.0 13860.0 13860.0 12750.0 

1 13845.5 13826.0 13835.9 12735.1 

2 13840.0 13823.2 13828.7 12709.1 

3 13832.4 13818.9 13820.3 12694.5 

4 13827.1 13816.5 13812.7 12681.5 

5 13822.6 13812.5 13802.7 12668.2 

6 13816.2 13812.1 13795.1 12651. 7 

7 13808.2 13811.1 13786.4 12641. 5 

8 13800.6 13810.7 13776.8 12627.6 

9 13794.9 13808.9 13767.7 12615.4 

10 13789.6 13807.4 13758.9 12605.9 

11 13783.9 13805.0 13749.2 12596.2 

12 13777.9 13803.4 13749.2 12586 z0 

13 13769.3 13801.7 13731.4 12576.7 

14 13760.9 13799.7 13731.4 12562.2 

15 13797.1 13797.7 13721 12553.1 



Table 5.2 The Results of Least Squares Regression of the 

Short Term Response Data 
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Experiment Linear Equations Parameters R 
. 2 

egress~on 

Type 

PDP'd 

(previously 
Defoliated 
plants) 

DP's 

(Defoliated 
plants) 

HWLP's 

(Hard tisue 
with leaves 
plants 

SWLP's 

(Soft tissue 
with leaves 
plants 

t D(t) = D(o) + dD/dt • t 

D(o) = 13854.86 [m] 

dD 
CIt = -

D(o) = 13833.00 [~m] 

dD 2 61 [11m m;n-1] CIt = -. .. .... 

D(o) = 13848.47 [~m] 

dD = _ 8.81 
at 

D(o) = 12738.85 [~m] 

Coefficient 

0.999 

0.756 

0.995 

0.989 

t Note: D(o) and ~ represent the average size of stem 

diameter at the time of excision and the average contraction 

rate of stem, respectively. 
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point four to six cm above the ground levels. Ten PDP's and 

ten DP's and ten WLP's were used. The results are shown in 

Table 5.3, where again the average of the values for ten 

different test species are listed for each set of experi

ments. Table 5.4 showes the results of least squares 

regression of transient response data. The results are 

plotted in Figures. 5.5, 5.6 and 5.7. 

5.2 Results 

The linear regression curve fitting was used to 

obtain the equations of curves governing each set of data. 

Conventional methods of statistical analysis were used on 

the data in order to come up with the average values, and 

best curves fits. The overall results of regression 

analysis are shown in Tables 5.2 and 5.4 for short term 

response and transient response of the plants, respectively. 
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Figure 5.4 Short term response of stem diameter of SWLP's 

(Soft tissues With Leaves Plants - LVDT at 40 em 

down from the top of the plant) to severe water 

stress. 
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Table 5.3 The Data For Transient Response of Stem Diameter 

of Previously Defoliated Plants (PDP's) 

Time after 

excision 

Average Size of Stem 

Diameter D 

minutes (micrometers) 
o 13860.00 
5 13857.86 

10 13855.15 
15 13852.30 
20 13849.74 
25 13843.61 
30 13839.48 
35 13837.20 
40 13833.35 
45 13829.18 
50 13824.94 
55 13823.09 
60 13820.38 
65 13813.4 
70 13811.98 

--7~5------------~1~806.99 
80 13803.14 
85 13802.14 
90 13798.72 
95 13792.74 

100 13789.75 
105 13785.61 
110 13781.91 
115 13777.07 
120 13775.27 
125 13771.22 
130 13768.37 
135 13763.24 
140 13761.53 
145 13756.67 
150 13752.98 
155 13747.42 
160 13745.29 
165 13742.72 

Average Plant's Weight 

W(grams) 

244.46 
243.08 
241. 95 
241.62 
240.42 
239.98 
239.05 
238.70 
238.11 
237.48 
236.45 
235.65 
234.62 
234.08 
233.87 
233.24 
233.02 
231.97 
231.72 
230.91 
230.25 
229.88 
229.22 
228.87 
228.17 
227.76 
227.03 
226.37 
225.55 
225.07 
223.68 
223.25· 
222.91 
222.45· 
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Table 5.3 The Data for Transient Response of Stem Diameter 

of Defoliated Plants (DP's) 

Time Average Size of Average Plant's Weight 

After Excision Stem Diameter D W(grams) 

(Minutes) (micrometers) 
o 13860 200.56 
5 13848.22 197.45 

10 13843.91 194.74 
15 13844.8 193.82 
20 13843.15 193.34 
25 13841.25 192.52 
30 13843.29 191. 94 
35 13837.07 191. 20 

40 13836.31 190.89 
45 13830.36 190.47 
50 13829.98 190.03 
55 13825.17 189.22 
60 13822.63 188.67 
65 13816.55 188.19 
70 13812.25 187.65 
75 13810.63 187.13 
80 13805.91 186.96 
85 13801.23 186.58 
90 13803.76 185.99 
95 13797.17 184.94 

100 13795.02 184.52 
105 13790.84 183.76 
1io 13786.03 183.52 
115 13783.49 182.28 
120 13780.45 183.78 
125 13777.29 181. 75· 

130 13773.23 181.16 
135 13769.81 180.76 
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Table 5.3 (Continued) 

Time Average Size of Average Plant's Weight 

After Excision Stem Diameter D W(grams) 

(Minutes) (micrometers) 
140 13763.75" 180.34 
145 13761. 58 179.08 
150 13757.4 178.62 
155 13753.98 178.33 
160 13751.7 177.90 
165 13748.79 ·176.68 
170 13743.97 175.97 
175 13742.45 175.56 
180 13741.57 174.82 
185 13739.25 173.86 
190 13735.99 173.52 
195 13733.56 172.73 
200 13729.28 172.02 
205 13725.97 171. 38 
210 13722.31 171. 77 
215 13718.01 170.15 
220 13718.01 169.79 
225 13718.01 169.28 
230 13713.98 168.90 
235 13712.31 167.75 
240 13709.91 167.02 
245 13707.49 165.29 
250 13704.96 164.55 . 
255 13703.10 164.20 
260 13699.72 164.39 
265 13699.12 162.65 
270 13696.00 162.12 
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Table 5.3 The Data for Transient Response of Stem Diameter 

of With Leave Plants (HWLP's) 

Time Average Size of Average Plant Weight 

After Excision Stem Diameter D W(grams) 

(Minutes) (micrometers) 
0 13860 354.21 
5 13835.59 346.05 

10 13826.56 341.00 
15 13820.19 335.98 
20 13812.22 331.96 
25 13804.91 329.52 
30 13795.89 325.63 
35 13784.19 323.01 
40 13778.61 320.80 
45 13765.95 319.38 
50 13756.63 318.21 
60 13740.69 313.63 
65 13731. 28 311.08 
70 13718.65 310.30 
75 13712.85 308.08 
80 13705.54 306.72 
85 13699.46 306.00 
90 13692.90 304.66 
95 13686.63 302.98 

100 13680.08 302.24 
105 13674.28 301.69 
110 13667.82 299.64 
115 13664.31 299.08 

i 

120 13663.55 299.23 
125 13656.80 296.30 
130 13650.53 295.03· 
135 13644.83 293.17 
140 13618.71 292.12 
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Table 5.3 (Continued) 

T D W 

145 13615.10 291. 24 
150 13613.77 290.48 
155 13607.02 288.88 
160 13604.27 288.17 
165 13602.65 286.81 
170 13594.96 285.30 
175 13590.68 284.32 
180 13590.02 283.04 
185 13588.12 281. 40 
190 13584.36 280.17 
195 13580.71 279.13 
200 13578.62 278.30 
205 13570.35 276.82 
210 13570.64 275.69 
215 13553.35 273.67 
220 13554.08 273.07 
225 13551.59 272.03 
230 13548.92 270.80 
235 13545.14 269.63 
240 13542.59 268.83 
245 13548.56 268.09· 
250 13545.37 267.95 
260 13540.82 267.37 
265 13359.04 266.'64 
270 13538.90 266.06 



Table 5.4 The Results of Least Squares Regression of the 

Transient Response Data. 
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Experi- Weight R 
• 2 

egress~on 

ment Model Coefficient 

Stem 

Diameter 

Regression2 

Coefficient 

Type 

PDP's W(o)=243.151[gl 

Model 

dD D(t)=D(O)= Ott 

D(o)=13864.45[~ml 

0.996 0.802 

DP's W(o)=196.620[g] D(o)=13856.86 [~m]' 

0.990 0.973 

HWLP's W(o) = 335.296[g] D(o) = 13820.38[~ml 

or 0.958 0.975 

WLP's dW Ot =-.293[g . -1] 
m~n 

t Note: W(o) and ~ represent the average weight of the 

plant at the time of excision, and water loss rate, 

respectively. 
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diameter of DP's (Defoliated Plants) to severe 

water stress. 
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5.3 Discussion 

Comparing the contraction rate of the WLP's, the 

~mmediate conclusion is that the softer tissues of the upper 

parts of stem contract faster than the harder tissues near 

the ground level. So one definite convention should follow: 

If the stem diameter is to be used as a mean of indirectly 

measuring the plant's water status, then the harder wooden 

tissues near the ground level form a better measureable base 

for observations and experiments, simply because the LVDT's 

can be hooked to the wooden sections of stem easier than 

anywhere else on the plant. As a convention, we selected a 

point approximately 5 cm above the ground level. 

Comparing the contraction rate of stem diameter of 

DP's with that of PDP's in Table 5.3, the indications are 

that when the plants are denuded, the plants started to heal 

the cuts where the leaves' tails were removed, so the 

plants' contraction effort for saving the water inside the 

plants, was propagated throughout the plant. Not only the 

stem diameter was contracting, but also the leave tails were 

contracting to stop water dissipation through the cuts. 

When the same test was carried out on the plants whose 

leaves were cut off one day prior to excision (PDP's) then 

the contraction rate of stem diameter, approached the 

contraction rate of HWLP's. This indicated that the plants 

in this case, concentrated on contracting the stem because 

they had already repaired the cuts to some extent. 



Experiment A which dealt with the short term respons~ of 

plants to severe stress conditions, included the study of 

healing mechanism of the plants for preservation of the 

water content. 

The purpose of Experiment B was to quantify the 
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contribution of the leaves to transpiration rate and stem 

diameter contraction rate. Also the reaction of the plants 

in terms of their healing-ability (contractibility) of the 

plant to a sudden severe stress was important to qu~tify. 

i.e., from Table 5.4. 

Transpiration rate and contraction rate of s~em per 

plant due to leaves: 

O.127[g min-I] - O,12l[g min-I] 
-1 = O.006[g min ] per plant 

O. 7l9[lJm min-I] - O.634[lJm min-·l ] 

= O.085[lJm min-I] per plant. 

The overall results indicated ~hat in a severe 

stress condition, part of the plant's mechanism was 

dedicated to healing the wounds, and preservation of the 

plant's body in a homogeneous effort. Indeed the wa~er 

preservation was secondary. Each plant in average lost 

O.006[g min-I] while its stem diameter contracted at a rate 

of O.085[lJm min-I] due to healing of the cuts on the leave 

tails and the stem. In other words, not all the weight loss 

and stem diameter contraction were due to t~e transp~ration 

rate of O.166[g min-I] which in turn caused the stem 
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contraction rate of 0.535[~m min-I]. Because of the linear 

dependency of the two function on "time" variable, one can 

estimate the transpiration rate of the plants by measuring 

the contraction rate of the stem. For instance, if the stem 

diameter is contracting at the rate of 1 ~m per 10 minutes, 

the observer can conclude that the plant is simultaneously 

losing water at the rate of 0.031[g min-I] or equivalently 

0.31 g per 10 minutes. Mathematically speaking, the 

relation can be shown as: 

dW/dt = 
dD/dt 

0.166[g min-I] 
0.535[~m min-I] 

= .04697. per minute 
.0039% per minute· 

Another application of this ratio would be for 

estimation of the total transpiration rate of all plants in 

one hectare. i.e. considering one square hectare of the 

field in which the distance between the rows are 0.4[m] 

center to center and the distance between two adjacent 

plant's is 0.05 [m]. The transpiration rate of all the 

plants per this hectar will be: 

25xl0 3 [rows]x2xl05 [plants per row]x[0.166 g min- l per plant] 

= 830xl0 6[g min-I] = 83x10 4 [kg min-I] = 830[tons min-I] per 

hectare 



CHAPTER 6 

ESTIMATION OF WATER CONTENT AND WATER POTENTIAL 

FROM STEM DIAMETER MEASUREMENTS IN COTTON 

Cellular water potential plays a major role in 

adapting the plant to water stress, and it can be used as an ' 

indicator of water stress in the plant (Ackerson, 1981; 

'Ackerson et al., 1981; Bielorai and Hopmans, 1975; Bielorai 

et al., 1976; McMichael, 1980; Oliverira and Hsiao, 1980; 

Oosterhuis and Wiebe,1980; Thomas, 1980; Thomas et aI, 

1976). For instance Rutherford and Dejager (1975) 

established that a leaf water potential of -10.5 bars is 

indicative of sufficient stress to result in yield 

reduction. Others tried to relate the water potential to 

transpiration rate. Tomar and O'Toole (1982) indicated 

that wetland rice culture allows the leaf water potential to 

decline to -10 to -17 bars during peak periods of transpira

tion, and that diurnal variations in leaf water potential 

are due primarily to transpiration. So during recovery 

period, leaf water potential increases linearly with 

decreasing transpiration rate. Moreover, the relation 

between leaf water potential and transpiration rate of 
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plants in well watered soil has been used to make inferences 

about the resistance to liquid flow in the soil plant system 

(Newman et al., 1974; Ackerson and Krieg, 1977). In general 

several researches (i.e. Kaufmann, 1976) have used an analog 

of Ohm's law to relate water potential in leaves (~leaf) and 

soil (~soil) to transpirational flux (q): 

q = ~soil - ~leaf 
rsoil - rplant 

where rsoil and rplant are hydralic resistances of soil and 

plant, respectively. Tomar and O'Toole (1982) suggested a 

simpler equation =or well watered rice plants as: 

q = ~leaf 
~l~t 

Gardner and Ehlig (1965) who pioneered the water 

potential research, concluded that water potential is a 

function of relative water content, and gave a table 

relating the turgor pressure range and bulk modulus of 

elasticity E. In cotton, they reported, E = 6.0x107 dyn2s 
cm . 

for turgor pressu~e range less than 2 bars. They also noted 

a marked change in the modulus of elasticity of the leaves 

at a turgor pressure of about 2 bars. 

Hsio et al (1976) and Culter and Rains (1977) 

studied the adaptive mechanism of cotton to water stress 

followed by irrigation. They concluded that field grown 

cotton are examples of crops that exhibit an adaptive. 

mechanism in response to periods of water stress. Grimes and 

Yamada (1982) showed main stem elongation was greater after 
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stress was alleviated by irrigation. They related main stem 

elongation and the midday leaf water potential to find an 

index ·for irrigation scheduling. They stated that high 

yields were obtained when minimum leaf water potential was 

allowed to decline to about -19 bars before elongation. Also 

McBurney and Costigan (1984) came up with a linear relation

ship between stem diameter and water potential. The latter 

implies that the main stem diameter can be used as a non

destructive, remote, and continuous method of estimating the 

water content and water potential of plants. 

In the previous chapters, stem diameter was used for 

estimation of plant's transpiration rate and plant's wet 

weight. The stem diameter was considered to be an inter

mediate, measurable state variable for the estimations. The 

same technique can be utilized for estimating the cellular 

water potential which is an intrinsic property of the plant, 

via stem diameter measurements. Water potential measurements 

indicate the degree of water stress inside the plant. The 

quantified knowledge of cellular water potential along with 

transpiration rate and plant wet weight will give the grower 

a comprehensive data regarding the water stress condition of 

the field. With this in mind, the objectives of this 

chapter were: 

1) to provide a set of experimentally determined 

quantitative relations between the plant's wet weight and 

the size of its stem diameter for 16 days of severe stress 



condition. The result was that changes in the plant's wet 

weight was a linear function of stem diameter changes such 

that AW = 1379.7[g m- 1 ] 1000 p • 
AD 

Moreover, the size of stem 

diameter and ·the plant's wet weight were exponentially 

related to the duration of water stress, i.e. 

D(t) -t = 2470 Exp [6.76 ] + 10570 [pm]·; t [days] 

W(t) = 452.8 Exp [rt] + 172.4 [g] ; t [days] . 
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2) to theoretically determine the plant's water 

potential as a function of stem diameter size. The derived 

equation turned out to be highly non-linear: 

~(t) - Wo = 2 E In D(t) + n D2 [ 1 
D 0 0 DZ(t) 

o 
D ~ ] 

o 

A general observation is that the total water 

content of the plant is related to the plant turgor pressure 

and in turn to the expansion and contraction of the stem 

diameter. This interrelation suggests a measurement 

approach that lends itself to remote electronic techniques, 

namely, the continuous monitoring of the plant stem diameter 

(Chueng, et.al., 1975, Gensler and Diaz-Munoz, 1983, Diaz

Munoz and Gensler, 1983). 1983b). As the plant water 

content decreases, the stem diameter decreases, and vice 

versa. The present investigation is an attempt to quantify 

this relation and to carry the quantification a step further 

and relate stem diameter changes to changes in the plant 
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water potential. This relation can be used to determine the 

relation can be used to determine the change in water 

content from the change in stem diameter. The stem diameter 

change can be measured continuously and non-destructively on 

many plants through the use of low power solar driven 

instrumentation. 

6.1 Materials and Methods 

The basic approach employed to relate water content 

and stem diameter was to excise the whole plant and measure 

simultaneously both variables in the field during the post 

excision period. The plant dried out under normal radiation 

loading and the stem diameter decreased during this drying 

process. 

The average stem diameter was 13860 ± 950 ~m at a 

point four to six cm above ground level. The plants were 

approximately two weeks into the reproductive growth phase 

at the time of excision. There were no open bolls. The 

field was divided into four equal subareas. Four cotton 

plants were selected at random in each subarea giving rise 

to a total of 16 test plants. Previous experiments (Diaz, 

1980) on the same field indicated that statistically, this 

type of random selection would yield approximately a 

normally distributed set of data. Excision occurred on 

Julian Day 231. The stem diameter was measured with a hand 

caliper (American National Form) to a resolution of 10 ~m at 

a point on the stem 5 cm above ground level. Then, each 
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plant was cut at ground level and weighed to a resolution of 

0.1 g. The plant was allowed to dry out after excision in 

basically the same environment as preexcision. 

The same procedure of measuring the stem diameter 

and weight was performed for twelve consecutive days during 

which a gradual loss of water was observed. The measure

ments were taken between 0700 and 0800 hr. each day. 

Data acquisition began aft~r a month of relatively 

moderate rainfall (one inch per month). Weather data during 

the post excision period is given in Table 6.1. Conventional 

"definitions of mean, standard deviation, linear regression 

and linear correlation were used (Papoulis, 1965). Appendix 

I contains the definition of terms. 

6.2. Results 

The average stem diameter and plant weight are shown 

in Table 6.1. Total average diameter change was 3290 ~m: 

average weight loss was 418.7 g. Figure 6.1 illustrates the 

weight and stem diameter plotted against time. 
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Table 6.1. The Average Stem Diameter and Wet Weight 

Variation During Post Excision Period - Long 

Term ResEonse 
Weather Average Average 

Date Julian Condition at dawn stem diameter plant weight 
Aug 84 day rain 

T( °C) (em) D(cm) W(g) 
18 231 19.4 1.68 1.386 591.1 
19 232 19.4 0.99 1.289 509.5 
20 233 19.4 0 2.228 411.4 
21 234 19.4 0 1.197 351.6 
22 235 20.0 0.86 1.189 348.9 
23 236 21.1 0.66 1.174 341.9 
24 237 21.7 0 1.148 266.2 
25 238 21. 7 0 1.110 249.4 
26 239 21.1 0.15 1.218 253.9 
27 240 22.2 0 1.057 220.4 
28 241 21. 7 0 1.129 213.8 
29 242 22.2 0 1.126 172.4 
30 243 24.4 0 1. 093 186.3 

Figure 6.2 shows the plot of weight against stem 

diameter. Table 6.2 gives analytical expressions for the 

weight and stem diameter as well as the mathematical 

relation between these two variables. An analysis of the 

"softness" of the time constants values given in the two 

exponential equations in Table 6.2 indicates that while" the 

regression analysis is valid, that is, it returns the 

optimum fit of the data to the curves, perturbation in the 

values of 'W"D and AWMAX and ADMAX have given high values 
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Table 6.2 The Results of Least Square Regression Of The Long Term Response Data 

Variables 

Diameter (\lm) 
vs. time (day) 

wet weight (g) 
vs. time (day) 

t weight vs. 
diameter 

Model 

D(t)=6DM Exp[- --1--t1+Dd ax TD 

W( t) 1 = 6WM Exp[ - -t1+Wd ax TW 

W(D(t) = A + 6WD(t)) 6D 

Parameters 

6DMax= 2470[\lm1 

TD = 6.75[day1 

Dd = 10570[\lm] 

6WMax= 452.8[g] 

TW = 3.85 [day] 

Wd 174.2 [g] 

A = -1302.3 [g] 
6W = 0.13797 [gIl 
fiD micrometer ] 

t Note: Weight vs. diameter equation is valid if and only if 

D(t) > Dd 

Regression 2 

Coefficient 

0.86 

0.97 

0.92 

\0 
N 



of regression coefficients as well. This indicates the 

values of the time constants TD,TW are probably within ± 1 

day. 

6.3 Discussion 
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The exponential loss of water by the plant indicates 

the phenomenon can be described by a single sto=age element 

and a single resistive element. The regression coefficient 

indicates that these elements remain constant throughout the 

water loss process. A linear first order diffe=ential 

equation based on the exponential equation in Table 6.2 can 

be employed to describe the water loss: 

d 1 [Wet) - Wd] at Wet) = TW 

where TW is 3.85 days, and Wd is 72.4 g. 

The stem diameter changes can be described in the 

same manner: 

~ Det) = - T~ [D(t) - Dd] 

where TD is 6.75 days and Dd is 10570 ~m. This further 

indicates that the oldest part of the stem, namely, the 

portion closest to the ground, acts supple enough to produce 

this linear response. 

The above data can be used to determine =anges of 

stem diameter change indicative of moderate and severe water 

loss. For example, how long does it take for the stem 

diameter of the plant to shrink 200 ~m after excision has 
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taken place? Further, how much water is lost during this 

period? The equation for D(t) in Table 6.2 can be applied 

directly to yield a value of 0.57 days (or 13.7 h). During 

this same period, the equation for W(t) in Table 6.2 yields 

a water loss of 6.23 g or 10% of the weight of the plant (or 

13.8% of its total water content). This indicates a decrease 

in stem diameter of 200 ~m corresponds to a severe loss of 

water. 

The water loss on the first day after excision is of 

interest. The plant lost an average of 103.6 g of weight 

(16.5% of its weight, 22.9% of its total water content) and 

the stem diameter contracted an average of 340 ~m (2.6% of 

its total diameter, 13.8% of its total distensible 

diameter). The first day reaction can also give rise to a 

relation between water loss and stem diameter change valid 

only for the first day after excision, namely, 

W(t i ) - W(t i +1 ) = 0.3046 g 
D(t i ) - D(t i +1 ) 

or in terms of percent 

22.9% 1.66 = = 13.8% --r-

These numbers give rise to a scale of severity of 

water loss in terms of ·a stem diameter measurement. A 

decrease in stem diameter of 144 ~m (6% of its total 

distensible diameter) in the first 10 hours of stress if 

concomitant with a 10% loss in total water content and 
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indicates severe stress. This is almost one half the amount 

of water the plant would lose if it had no means of replen

ishment.If the plant goes one full day without water, these 

conditions ensue. 

Notice that the same kind of calculations could be 

carried out in an easier but less accurate way using ~he W 

vs. D curves in Table 6.2. 

B - ~W _ 1379.7 [g 
- ~D - 1000 

~W = 1379.7 x ~D = 
1000 

For instance: 

1379.7 A- x 100 ~m = 138 [g] 1000 ~m 

The latter states that on the average, the plant 

looses 138 g of water (22% of its total weight) for every 

100 ~m of decrease in the size of its stem diameter. This 

is regardless of when or how long in the stress period the 

plant is. The reason is that W vs. D curve is an implicit 

. function of time, and thus yields less accurate results for 

short term stress conditions. 

The above example illustrates the use of the 

equations in Table 6.2. 

6.4 Relation of Water Potential and Stem Diameter 

Plant water potential has been used as a crite=ion 

of water status. It is difficult to measure the water 

potential remotely and automatically. The stem diameter 

measurement can be made remotely "and automatically. It 

would, therefore, be quite useful to related these twc 
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variables so that the water potential can be inferred from 

the stem diameter measurement (So, 1979). The following is 

a derivation of the theoretical relation between these two 

variables. It is necessary to premise several relations at 

the outset (Nobel, 1974). 

nv = novo = constant 

ljI = p + rr 

dv dp = EV-

Subscript 0 implies the values at full turgor. 

(1) 

(2) 

(3) 

It can be shown that ~ = ( : rr. The objective is 

to derive a relation between ~ and V, where V is the volume 

equal to the cross sectional area of stem per unit height 
2 

V = 3.14 D 4t ) h ; h = unit height (4) 

Notice the V is an implicit function of t. Differentiating 

(1) and (2) 

o = rrdv + vdn 
dljl = dp + drr 

After rearranging the last two equations: 

d1jl = dp - n dv v 

substituting (3) and (1) in (5) 

dv d1jl = E
V 

dv 
v 

(5) 

(6) 



This equation adequately relates the cellular 

potential to its volume. Now, let's assume that the total 

number of cells in the cross sectional area of the stem 

behave like one big cell whose volume is given by (4). 

Thus, (6) becomes: 

n. v. [ 
1 r 2 

3.14 D (t) 
4 
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:~2 = ~2 -novo O.78~ D4 

Define 

0.785 _ 3.14 
vo - --zJ' = .785 2 

Do . 

where x is a dummy variable. 

where 

dx K JX dx - - -Z x 0 x 
Xo 

1/1 - 1/1 = E'lnx o 
llX K -o x x 

E'ln ~ + 1 
1/1 - 1/1 0 = Ko(X-Xo 

o 

L) 
Xo 

Xo = D 2 the stem diameter at 
0 

full turgor 

1/1
0 

the water potential at full turgor 

(7) 
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2€ln (D(t) )+ 2 ( 1 1 1/J - 1/J = TIoDo - :2) 0 
Do D2(t) Do 

1/J(t) 2€ln D(t) + 2 ( 1 1 (8) - 1/J = TIoDo - :-z) 0 
Do D2(t) Do 

the first term in this equation is dominant over the second 

term because 

Therefore, 

€ » TI D 2 
o 0 

1/J(t) - 1/J o (9) 

The validity of this equation can be checked by determining 

the € value from the data for a typical water potential 

change of a stressed cotton plant. 

Assume the following conditions of diameter and 

water potential change between an unstressed and stressed 

plant: 

Do = 1.29 x 10-2m, 1/J o = -500 KPa 

D = 1.27 x 102m, 1/J = -2000 KPa 

where D is stem diameter size after 0.57 days of stress 

condition. Substituting these values in 

(-20 + 5) x 105 = 2€ln 1.27 x 

1.29 x 

equation 

10-2 
) 

10-2 

9 yields 

This value of € is very close to the value of 28DOO 

KPa obtained by Melkonian et.al. (1982) via different 

experimental procedures. 
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Equation 9 can be used to infer the water potential 

at any time from a knowledge of the stem diameter at full 

turgor. It is necessary to make the latter measurements only 

once. 



CONCLUSIONS 

The physical response of stem diameter to various 

stress related reactions of plant was studied. The idea was 

to interpret the water status of the plant from stem 

diameter measurements at different stages of growth. The 

three most important parameters which described the water 

status of plants were water content, transpiration rate, and 

cellular water potential, each of which were related to stem 

diameter contraction and or expansions. 

The stem diameter was also used as an intermediate 

(measurable, controllable and observable) state variable to 

model the plant growth and plant's total number of buds 

during the productive stage of growth. The experimental 

results were statistically analyzed. Regression curves were 

employed to find the best curve fit through the average 

data. Unless otherwise stated, stem diameter at 5 cm above 

the ground level was the basis of all stem diameter measure

ments. 

It turned out that the weight of plant was ·a non

linear function of the size of its stem diameter at sunrise. 

The non-linear function was of the form: 

Wet) = A [D(t)]B 

100 
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where A = 0.144 (g); B = 3.182 (unitless). The units of 

Wet) and D(t) were (g) and (mm) respectively. This formula 

would enable the growth to estimate the water content of an 

average plant in the field. 

The transpiration rate was also related to the 

contraction rate of stem diameter. It turned out that 

during the first four hours of severe stress condition, the 

plant transpires at the rate of 0.166 (g min-I), and at the 

same time, the stem diameter contracts at the rate of 0.535 

(pm min-l). That is .0469% per minute of transpiration rate 

causes the stem diameter to contract at the ratio of .0039% 

per minute. In other words, monitoring stem diameter 

contraction rate can yield the transpiration rate from the 

above ratio. The transpiration rate would allow the grower 

to estimate the water (irrigation) requirements of the 

field. For example, a typical field described at the end of 

Chapter 5 requires 830 tons of water per minute per hectare 

Water potential was another useful parameter which 

was mathematically related to the size of stem diameter via 

the following non-linear equation 

wet) = Wo = 2£ In ~ + 'IT D2(-,~~_ 
lJo 0 D (t) 

1 ) 
T o 

where W, £,'IT, and D are cell's water potential, modulus of 

elasticity of cell's wall. Cell's osmotic potential, and 

stem diameter, respectively. The notation 0 denotes the 



value of the parameter at full turgor. The units are 

presented in Appendix I. 
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The equation would enable the grower to find the 

cellular water potential of the plant which is an indication 

of the severity of water stress in the plant. 

The mere knowledge of plant's water content, tran

spiration rate, and cellular water potential can be used as 

proper indicators of the crop water stress from stem 

diameter measurements. In other words, the stem diameter 

measurements can be helpful for accurate estimation of crop 

water status. This method of estimation complements the 

canopy temperature method (Jackson, 1982) and Electro 

potential method (Gensler and Diaz-Munoz, 1983) which are 

also used for estimation of crop water status. The ultimate 

objective is to come up with a predictive, plant-based 

irrigation scheduling for the crop. The optimum values of 

crop water content, transpiration rate and cellular water 

potential must be first decided and then related to stem 

diameter measurements via equations introduced in this 

dissertation. 

The mathematical model introduced in Chapter 3 

predicts the crop's future state of growth and crop's yield 

from the present state of growth and nutritional inputs. The 

advantage of the model is that the variables are related on 

a quantitative and systematic basis. The nature of the 

model is general. The stem diameter was considered to be an 



observable, controllable, and accurately measurable state 

variable so the stem diameter was selected as an "inter-
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mediate" state variable to relate the crop yield and crop's 

nutritional inputs. 

The general model was stated as: 

k k 
X(k+j) = 1: A(i) . XCi) + 1: B(i) U(i) 

i=k-n1 i=k-n2 
k k k 
1: Y(i) = 1: C(i) XCi) + 1: D(i) U(i) . 

i=p i-k-n3 i=k-n4 

The notation was described in Chapter 3. The proposed 

simplified model was stated as 

x(k+l) = a x(k) + [b I 

k 
1: Yl(i) 

i=p = [c1 
Y2(k) 

b 2 ] f~l (k) lJ' 
u2(k) 

where x, u1 ' u2 ' YI' and Y2 are stem diameter, water input, 

nitrogen input, number of buds per plant, and plant's weight 

respectively. a, b I , b2 cI and c2 are the constants of 

proportionality. The notation i=p implies the beginning of 

the productive stage when the first bud appears on the plant 

k and j are the time indexes. 

The reason stem diameter was chosen to be the 

"intermediate state variable" was that the LVDT (Linear 
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Voltage Differential Transducers) allows accurate measure

ments of stem diameter up to a resolution of 1 ~m. The 

measurements by the LVDT is a plant-based measurement which 

is extremely reliable as well. 

The advantage of the proposed simplified model is 

that it quantifies the nature of input-output relations in 

crops. Moreover, the model can be used extensively by the 

computer to keep track of water status, irrigation and other 

vital nutrients in the field. In addition to accuracy, the 

model can be applied for obtaining the optimum control 

strategy and system simulations. In other words, this type 

of modeling is very proper for the computer related applica

tions such as predictive irrigation scheduling, optimum 

growth and productivity, and cost effectiveness of the crop 

field. 

Finally, stem diameter behavior under various stress 

conditions was studied, it turned out that stem diameter and 

plant weight decreased exponentially as follows. 

D(t) - t = 2470 Exp [6.76 ] + 10570 [mm]; t [days] 

Wet) = 452.8 EXp[~] + 172.4 [g]; t [days] 

The experiment was· performed on julian day 231. The 

result of this experiment and other experiments (short term 

and transient response of plant to severe water stress) 

suggest that the stem diameter and plant weight decay 

exponentially. Further observation of graphs from the short 
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term and transient response data implies that the exponen

tial decays consisted of many small exponential decays which 

altogether resemble one large exponential decay. This 

observation suggests that the plant constantly examines its 

water status and (if needed) adjust its stem diameter to the 

stress for further preservation of its water content. This 

mechanism is another indication that stem diameter 

contraction is a physical response of plant to water stress. 

In general, the stem diameter .constructs a reliable 

and accurately measurable intermediate state variable for 

quantification of crops' input-output and water relations. 



RECOMMENDATION 

1. Irrigation Schedu~ing Experiments: 

The materials presented in this dissertation can be 

extended to other areas of agricultural instrumentation such 

as determination of an optimum irrigation scheduling for 

cotton fields. An accurate knowledge of plant's water 

content, transpiration rate, and cellular water potential 

can provide sufficient information about the water require

ments of the plants. Thus, proper schedule for irrigating 

the field can be proposed. The irrigation scheduling 

concept should be based on the following parameters: 

a. The plant's age: the plant's age is important 

because the water requirements of plants during the 

vegetative stage differs from that of productive 

stage, i.e., plant should not go through any stress 

cycle during the vegetative growth, whereas the 

same plant should examine several water stress 

cycles during the productive stage of growth. 

b. Size of stem diameter at 5 cm above the ground 

level: The stem diameter measurements implicitly 

contains the plant's age information if the growth 

106 
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curve of the stem diameter (i.e. growth curve of 

Figure 4.1) is provided. Secondly, the rate of 

stem diameter contraction shows the transpiration 

rate. Thirdly, stem diameter can be used to 

determine the cellular water potential (via. 

equation 6.8 or 6.9). Finally stem diameter 

measurement can indicate the plant weight (via 

Table 4.2). 

A criteria" should be set for irrigation scheduling 

based on the above parameters; for instance, if the water 

content, transpiration rate, or cellular water potential 

fall below certain values, then irrigation is required. 

Again, it should be mentioned that the values of water 

content, transpiration rate, and cellular water potential 

may vary depending on the vegetative or productive stages of 

growth." So the plant's age should be considered for deter

mination of optimum values of ~yater content, transpiration 

rate, and cellular water potential. The main attraction is 

that the three values can be represented by stem diameter 

measurements. In conclusion, a set of values of stem 

diameter which represent the optimum values of water 

content, and transpiration rate and cellular water potential 

should be determined. The foll~wing experiments may result 

in determination of above parameters: 
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Experiment I: growth curves of an average plant in the 

field: 

BO plants should be selected at random from the 

field. The stem diameter of each plant at 5 cm above the 

ground level as well as the plant weight should be measured 

by hand caliper (to resolution of 10 ~m) and conventional 

scales (to resolution of 0.1 g), respectively on weekly 

basis at sunset. The measurement should be repeated for 16 

weeks. The data should be averaged. This experiment will 

show the stem diameter growth, and plant weight growth as 

functions of time. Moreover, the relation between plant 

weight and stem diameter (similar to the equations in 

Chapter 4) can be established. 

Experiment II: plant height growth: 

100 plants should be selected (and marked) at random 

from the field. The distance between the top most leaf to 

the ground must be measured by conventional ruler (to 
. 

resolution of 2 mm). The stem diameter at 5 cm above the 

ground level must also be measured at sunrise by hand 

caliper (to resolution of 2 ~m). The statistically analyzed 

data should establish a relation between the plant's height 

and its stem diameter. The BO plants should never be 

excised. The procedure should be repeated every week for 16 

weeks. This experiment helps constructing another 

intermediate stat~ variable, namely the plant height. 
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Experiment III: The number of'leaf experiments: 

The same 80 plants used in Experiment I can be used 

in this experiment. Total number of leaves appearing on the 

plant should be counted, while the stem diameter at 5 cm 

above the ground is measured (as discussed in Experiment I). 

The idea is to relate the average number of leaves per plant 

to the size of its stem diameter. The leaves are responsible 

for transpiration and so this experiment along with 

Experiments IV and V can eventually establish relation 

between transpiration and stem diameter. 

Experimertt IV: Transpiration rate experiment: 

The plants of Experiment III can be used in this 

experiment. Transpiration rate of the highest leaf and the 

lowest leaf (i.e. furthest and closest leave to the ground) 

should be measured at dawn, midday and sunset on daily basis 

for the entire 16 weeks. The average transpiration rate of 

the two leaves times the number of leaves (from Experiment 

III) will yield the transpiration rate of an average plant 

at dawn, midday and sunset. The size of stem diameter 

should be measured for 15 minutes intervals at dawn, midday 

and sunset. This helps to establish a relation between 

contraction rate of stem diameter and transpiration rate of 

plants. All the stem diameter measurements must be done by 

LVDT by methods described in Chapter 2 of this dissertation. 

The contraction rate and the size of diameter can let the 



grower estimate the transpiration rate of the plants from 

the results of these experiments. 
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Experiment V: Determination of stem diameter and water 

potential at full turgor: 

The stem diameter and water potential were related 

by the equations presented in Chapter 6 (Equations 6.8-6.9) 

where the stem diameter and water potential at full turgor 

were denoted by Do and ~o in this dissertation. 80 plants 

must be selected at random from the dripped irrigated field. 

On the day after irrigation, the stem diameter of plants 

must be measured at sunset and sundown. One leaf per plant 

must be selected and the water potential of the leaf should 

be measured by the pressure chamber method. The measurements 

at dawn, reveals Do and ~o at different stages of growth. 

The other values will help the deviation of D(t) and ~(t) 

from the full turgor values so the criteria for minimum ~ 

and D can be set for proper irrigation scheduling. The ~(t) 

and D{t) measurements should be repeated until the next 

irrigation when the whole experiment would be conducted 

again. This experiment should include both vegetative and 

productive stage of growth. 

2. System Identification: 

Experiments I, II, III, IV and V dealt with the 

criteria for irrigation scheduling and how to interpret 

plant's water requirements from stem diameter measurements. 
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As it was discussed in Chapter 3, the stem diameter can also 

be used as an intermediate state variable for modeling the 

plant's input-output relations. The idea is to relate the 

contribution of different inputs to the size of stem 

diameter, and then to establish a relation between the 

number of bolls to the size of stem diameter. The 

simplified model presented in Chapter 3 will be used. The 

following experiments will help in identifying the system 

parameters. 

Experiment VI: Modeling the intermediate state 

variables as functions of inputs: Let a typical field be 

segmented into parallel segments. The two inputs of 

importance are water and nitrogen. The nitrogen level of 

the soil should be tested to establish initial condition of 

the field (we assume the fields initial conditions with 

respect to water is zero). The two inputs must be supplied 

to the field at equal time intervals (i.e. every week, every 

other week, .•.• ). The number of plants in each segment must 

be accounted for on the first three segments, we fix the 

amount of water given to the segments, but vary the amount 

of nitrogen to minimum, average and maximums levels. (The 

grower should be collaborated with for these amounts). On 

the next three segments, we fix the amount of nitrogen to an· 

average value, but very the amount of water to minimum, 

average and maximum levels. Experiments I thru V should be 

performed on each one of the segments. The results of 
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Experiments I, II, and III can provide 3 intermediate state 

variables, namely, stem diameter, plant height and number of 

leaves. These three intermediate state variables (xl' x2 ' 

and x3) are assumed to be independent of each other. After 

statistical analysis of the data and finding the best curve 

fit equations, the model should look like the following: 

xi(k+j) all 0 0 xl(k) 

x2 (k+j) = 0 a 22 0 x2 (k) + 

x3 (k+j) 0 0 a33 ~(~ 

b l b 2 ul(k) 

u2 (k) 

where ul(k) and u2(k) are the water and the nitrogen inputs; 

b l and b2 are the weighting factors of ul and u2 (b l and b2 
are presented in the form of data). xl' x2 and x3 are stem 

diameter, plant height, and number of leaves per plant. 

all' a22 and a33 are the weighting factors associated with 

xl' x2 and x3 respectively. The A matrix should be 

constructed by the regression analysis of the data from 

Experiments I, II and III relating the intermediate state 

variables to their future values. The result of this 

experiment and Experiment VII will let the system to be 

completely identified. 



Experiment VII: Modeling the output as a function of 

intermediate state variables: 
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This experiment will relate the number of buds (out

put Y) to the intermediate state variables. The procedure 

is simple. Each of the seg~ents should be carefully watched 

for the appearance of the first bud. The stem diamet'er, 

plant height, and number of leaves of the plant shoulq be 

recorded. The day when the first bud appears' will be the 

beginning of the productive stage denoted by index i=p in 

equation 3.13. From day p until the harvest day, the total 

number of buds per plant should be counted on daily basis. 

This will yield the cumulative distribution function of the 

buds vs. time. The cumulative distribution function F(y,t) 

can be used for finding the expected values of the buds for 

another field under the same condition. The state variables 

Xl. x2 and x3 should be measured by methods described in 

equations I, II and III. The result of the best curve fit 

of the data will give rise to the following equation: 

harvest 
day 
1: Y = rCI 

i=p 

where cl ' c2 and c3 are the weighting factors associated 

with Xl' x2 and x3 respectively. 



This experiment along with the results of experi

ments VI can identify the input-output relation of cotton 

plants completely. 
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The A, B, C matrices can be analyzed by a new soft

ware called IMPACT which is already available on the VAX 

Computer. 



APPENDIX I 

DEFINITION OF TERMS 

In the presentation of the results and discussion, 

the following definitions will be used: 

D(t) = Average instantaneous stem diameter of plants 

during the stress period. D(wet), micrometers. 

Wet) = Average instantaneous weight of plants during 

t 

t. 
~ 

t - t. 
~ 

Dd 

lim D(t) 
t-+-co 

lim Wet) 
t-+-co 

= 

= 

= 
= 

the stress period, W(wet), grams. 

Julian day 

Julian day of excision 

stress period 

Average dry stem diameter of plants at the end 

of drying period 

= Average dry weight of plants at the end of 

= 

= 

= 

drying period 

D(co) = Dd = D(Dry) 

W(co) = Wd = W(Dry) 

Average pre-excision (pre-stress) stem diameter 
of 16 plants 
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= 

= 

= 
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D(ti ) - D(t) = Average change in stem diameter 

of plants in t - ti 

W(ti ) - Wet) = Average change in weight of 

plants in t - ti 

D(ti ) - D(~) = Average maximum distensible 

diameter of plants 

= W(t.) - W(~) = Average maximum wet weight of 
1. 

plants· 

= Average stem diameter of 16 plants at full 

= 

= 
= 

= 

= 

= 

= 
= 

= 

= 

= 

turgor 

Average weight of 16 plants at full turgor 

Cell's wate~ potential at full turgor, KPa 

Cell's·osmotic potential at full turgor, KPa 

Cell's water potential 

Cell's osmotic potential 

Cell's fluid pressure 

Modulus of elasticity of cell wall, KPa 

Cell's volume, ~m3 

Cell's volume at full turgor 

Volume sub tended by the cross sectional area of 

stem per unit height, ~m3 

V at full turgor 



APPENDIX II Field Laboratory Data 

W.R.R.C. EVAP. & RAINFALL DATA 
D 

FIELD LABORATORY 
MONTH June YEAR 

A TINE AIR TEMP RAIN SURF.WIND CONTROL PAN C.P. TEl1P RAIN GAGES 

1984 

T MIN MAX REC. STD R D T R D BIN MAX ABC D 
E 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
II. 

AIR 
TEHP 

IS--U~69 --98- 7032 ':-i:'-o4 4.00 65 86 70 
16 0525 63 98 7098 75 60 3.654 .346 62 90 63 
17 0530 61 96 7136 38 58 3.242 .412 58 92 61 
18 0530 60 98 7188 52" 62 3.888 --- 62 " 90 61 
19 0500 71 98 7233 75 68 3.363 .515 66 90 72 
AX AIL ..... >. 4XX ::Z;R'GR'P: >1 X XXX PIX;X xx >X 20 0515 64 103 7878 45 64 L.OL~ .~qU O~ ~u O~ 
Xi A"XX IX .XX GAX» ~> >X A At. 14k 7X XX >< 
£1 U~£U OU 1UU I~~q ~O ou 2.211 .612 60 89 60 
22 0500 68 98 1387 53 68 3.927 70 
23 
24 
25 
26 640 73 92 ~~ 630 72 93 TRACE m~ 71 3.177 - 65 ----
2 630 76 93 7749 73 2.969 73 98 76 
.2 ~~2 ?~ 2Z ,TRACE 7808 72 2.661 72 83 78 

PP ri. AXPA Z~ 2.258 72 98 78 K qA4 QX xx riP riX ri 77 r ria Iii 
~U o~u 00 ~o 1.~0 .01 fO~1 fL 2.737 72 93 .86.83.86 .82 84 
A4 31 t-' 

tJ 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 
D 

"1630 READINGS" 
FIELD LABORATORY 
MONTH June YEAR 

A TIME AIR TEMP RAIN SURF.WIND CONTOL PAN C.P.TEMP. RAIN GAGES 
T MIN MAX REC.STD R D T R D MIN MAX ABC D 
E 

1984 
AIR 
TEMP. 
-E-

r --16liO---ob 98 6093 55 84 2.723 .499 65 86 96 
2 1635 64 99 6156 63 88 4.000 .550 62 91 95 
3 1630 66 98 6230 74 89 3.526 .542 62 92 91 
4 1630 65 97 6309 79 88 2.996 .530 64 "90 90 
5 1630 70 91 6411 102 82 4.160 .659 61 . 88 86 
6 1640 64 91 6486 75 82 3.637 .523 61 85 88 
7 1630 66 94 6566 80 88 3.052 .505 60 89 92 
8 1645 63 96 6623 57 88 4.188 .545 61 90 93 
x 1,JX 7h xx »FX PX xx x >XP p>x >, xx X4 

.1 V .1 O.J V O.J .L V V 0 I .J V 0 I 00 2. 945 . 680 62 89 - ---~8 
11 1630 66 99 6828 78 88 4 ~ 272 .640 60 90 .' 96 
12 1630 66 100 6896 68 88 3.646 .626 61 89 98 
13 1630 64 102 6949 53 91 3.072 .574 6092 99 
14 1640 67 100 7006 5~ 84 4.235 .631 62 91 97 
15 1630 68 101 7053 47 86 3.700 .535 64 90 97 
1? 1?XF ?X .XX ,.X, FC xx X 'IX FXX ?X xx XP 
.10 .10.D 0..) .1VV /.1U.1 Jq 00 3.142 .538 68 89 ---------yO-
17 1630 61 100 7165 58" 90 4.164 .589 58 92 98 
18 1625 65 99 7210 45 90 3.632 .533 61 91 98 
'x ,pxx >P ~HPj II xx X .iX pxx » x. 19 1630 65 7254 qq 'V ..) • .1.1V • .JLL 00 ,.1 
L~-T630 65 7313 59 90 2.478 .632 63 90 101 
x, "X XI %XX >x ~> xx J ,xx >%n ,. xx X4 

fJ7 21 1635 94 108 7369 JO 00 q • .1VO .0.1L 0.1 'L 
221635 -- 68---103------ -7421-52-9T""3:-OZo-:q82 62 92 100 
23 1630 70 103 7485 64 92 3.015 .611 63 93 95 
Xi 4>XX _1 4_. ___ > 44 AX X xx.; >x X~ AS 

Lq .10")U /~ ~Uq /.J.JO /~ HU 3.881 .675 62 95 96 
25 1640 75 98 7633 77 81 3.547 .340 80 
X? .?XX ~~ xx q??X ,x X. X HXX xx X~ X~ 26 1628 77 99 7662 79 91 j.LL..) • ..)..)" '/ 
Xq 1>aK .. Pi "n .... a' PH Hi Ii *iH., 'H> .. h HJ Xi 
LI .10LU "'0 IILq OL 0.1 2.797 .426 73 "94 84 
~620 76 103 7772 48 98 2.454 .343 72 100 101 
H x 1 > i ,. 1 j 1 X X .. Ii I\? 7' j ,,#\ h ,. 7' .. R 'i'" Ii 1 1\ X n" 
~, .10.10 Iq .LVV 10,,)0 Oq ,..) 2.667 .387 91 99 96 
30 1630 68 90 1.65.81 7877 41 85;2.618 ±551 72 -93 .86 .83 .86 .8289 
~1 3J. 

...... 
..... 
CO 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 
D PONDl (E)-POND 2 (M) POND 3 (W)- ---- N 
AT R Dr R DT R D A 
T M 
E E 

FIELD LABROATORY 
MONTH June YEAR 84 

COMMENT 
~IND DIRECTION: CLOUD COVER 

I 79 1. 721 . OTT7frl-:-355-. 005--80 -r:015-.(n-s-n:L. SW :... CLOUDY 
z-s-rI. 707 .014 80 I-:-N)-.OI2(!21-:-5H7 .028 D.L. SW - VARIABLE-CLOUDS 
~-U-1. 680 • 015----go-r-:-333-. crlu-rr-T30l-:lJ26 D. L. W-SW - CLOUDY 
4 81 1.660 .020 79 1.321 .0f2-g-2~5~029 D.L. SW - CLOUDY - WINDY 
5 78 1.641 .01117O~--:-JIO .011 78 1.497 .030 D.L. S-SE- 40% COVER-SLIGHLY WINDY 
6 78 1.626 .015 75 1.841 79 1.464 .028 D.L. S-SW-CLEAR SOME HIGH CLOUDS 
7 79 1.610 .016 78 1.828 .013 80 1.711 --- D.L. SW - CLEAR 
a---SU-l-:-595--:ITIS-SO-l-:-818--.-0IO--82-r:9A6 --- D. L. W :':--CLEAR 
9-S-2--L 581-. Olit 801-:803 -.015 -83-L 9IS---:U3I D. L. S-SW - CLEAR 
10 SO 1.563 • o 181E1--:-T9T--:lf 12 82 1:880 .035 D.L. S - CLEAR--=--WINDY 
rr-80

U

T-:-543--:02{f78 uL77 5.016 82--1:8-47----:-033 D. L. S- CLEAR 
Tr8-u-J-=-)26u~OIT78-T.7or.OIJ-82T.812 .035 D.L. S - CLEAR 
13-82-1.511-.015 82 -1 ~ 748 - ~ 014 84, 1.785-:02TIT-:L---=----sW----=-GLEAR 
14 80 1:734 ..::..:.. 78 1. 736 .012 82 1. 754.031 n-:-r:-:-S:"SE--=--507.-CL1JUDS 
15-80--1-:925 ---:-- -78 -1.725 • 011 8~1. 724 --.OJO-ILL. S - 6U7. 
TO-80 1.907-.UIEr80--1-:-7T2----:013-72--L696----:lJ2S-D.L. W - CLEAR 
17 82 1.ffff8--:01 g -801:70 1 -:011 8li -1. 66 4 -~-U3 2-n-:-L-:-S--=-CLEAR 
18 84 1.869 .019 82 1~-.OII~1-~5~030 D.L. SW-CLEAR/STARTING TO CLOUD UP 
19 82 1.853 .016 79 1.676 .014 84 1.585 .049 D.L. S - CLEAR 
20 80 1.833 .020 80 1.665 .011 84 1.537 .048 D.L. NW - CLEAR 
21 81 I. 814 • 018 80 I. 652 • 013 84 l-:-4Ylf-:-OqTlJ:L---:---N.:N\~----=--CLOUDy--=-WINDY 
22 84 1. 799 .01~41-:OliU-=-~-01T 86-1:-728 .--- D.L. W - CLOUDY 
23 83 I. 783----=-OTo82-r:026--:01lJ- 84-L900---==-= -D:L-:W ':-CLEAR 
24 82 1.765 .018 82 I.6I~crrz-8q-I.860 .040 D.L. S-=BE· - CLOUDY 
25 81 1. 751 .014 79 1.604 .010 82 1.lf3-S- .025 D.L. E - IITITi.l:LlJUDY 
26 85 1.746 .00-S-1fOI-:)g8-.006-87-1.810---:0IY-J.B.--NW - 907.-CLOUDY 
27 82 1.731 .014 80 1.590 .008 83 1.783 .027 J.B. E - 100% CLEAR 
Z8-ffffl-:-I7ZT----90--10580- 90 1. 756 --J .B:N - PARTLY CLOUDY 
29 84 1.712 84 1.570 87 1.728 J.B. SW - PARTLY CLOUDY 
30 83 1. 794 8O-L-6or- - - 84 1. 791 . D. S. 
J1 

I-' 
I-' 
\0 



APPENDIX II (Continued) 
FIELD LABORATORY 

W.R.R.C. EVAP. & RAINFALL DATA MONTH July YEAR 1984 
D AIR 
A TIME AIR TEMP. RAIN SURF.WIND CONTROL PAN C.P.TEMP. RAIN GAGES TEMP 
T MIN MAX REC. STD R D T R D MIN MAX ABC D 
E 
1 630 70 89 .24 .12 7103 68 2.612 68 93 .. 15 .14 .85 .15 72 
2 630 71 98 .10 .05 7945 40 71 2.316 .296 71 93 .05 .05 .05 .06 73 
x ;sx".. q; xx "AhX »» .. x x Xliii> .. x Rac ac--
~ OL~ 10 ~L I~O~ '1'1 I~ ~.256 73 97 78 
4 620 11 113 8068 79 68 2.845 .. 411 70 96 73 
5 6jo 77 105 8126 58 72 2.299 .546 73 96 81 
6 635 72 105 .04 .02 8159 33 73 3.654 71 101 .02 .02 .02 .02 77 
7 630 75 los .08 .05 8219 60 72 3.155 .509 72 98 .06 .07 .05 .05 76 
n 7~X 1. X1 hh7F '7'~ R q,q J"h 1h XX 1P 

lZ bZ) IZ loU) .)1 H)ZI Hb IZ j.302 .332 71 94 .22 * .22 --:22 75 
.'" ?FlX 11\ XR Ii iP • iX h?Fh "' ..... , J\ XXii XY) *iX X,. :L =I 
.1,,) O")V IE.. '0 L. • .1:1 .1 • .1V 0:1:10 ,,).1 I q ..).028.274 72 96 T T "K --7fT 
iJ rap ,Ii riR Ii riP • KF nfiX, liX &JX R ,liX *iX riP 1 1n 1 XP AF !L q 
.1'f OL.:1 00 OL. L.. V:1 .1. V:1 0:1' I ")':J I V..). 680 70 851.-10- 1. 05 1:-05 * 70 
i P ,." P 'Il"W J a X i n 7 h X XI R "1 I "j > X Ji R X .., .... X • .. ,.. 
.1 :1 0,,) :1 l'i 11.\ , .1 00 L. ':J .l L. I q ..) • 4 60 • 220 7 3 91 - - ... --:"-~-:::,5 
16 630 MIA 93 8690 61 74 2.942 .518 73 96 77 
17 630 66 95 1.16 .53 8795 105 70 2.969 10 93 .62 .60 .66 * 71 
18 630 65 92 1.87 .85 8864 69 69 3.350 72 96 .96 .96 .96 * 70 
19 630 69 92 .82 .38 8917 51 71 3.405 69 96 .44 .44 .42 * 73 
xx ;AX X xx xx X ~ 4X X ,_> xxx _x XP *4X 20 630 70 92 8952 35 72 3 • .1/0 .L.L.~ IL ~~ IL 
x. >xx >x xx xx xx XXHX >x qX X qftX qK x~ Xi Xi XA >X 

Z Z b j) III ~ 1 ~ U if if Z if 14 Z • 486 • 304 73 95----rs 
AA >AX >ft xx .i Pi XAAA i~ q. X XiX .qX q1 XA ~> ~ri F~ £ 

Z4 bj) 11 Hb .14 .UZ ~UZ~ 4U IZ z.432 .388 71 94 .10 .09 .09-~"K 73 
25 635 74 99 9153 24 75 2.084 .348 ·75 96 76 
26 635 74 84 9808 56 58 2.742 .254 68 84 75 
27 630 71 84 9265 56 72 2.510 .232 71 85 73 
riA >KiP .... , X4 Ai .. ,. 11 h. j Th Ape Hi hn 

28 635 74 91 .04 72 2.01'1 O~ ~~ .Uq .Utl .U~ I~ 
29 630 72 93 .14 70 2.124 aO .19 .19 .18 * 71 
30 630 71 89 Trace .01 9351 18 71 1.864 71 93 .02 .02 .02 * 71 
31 635 74 91 85 73; 2.918 73 90 74 

I-' 
tv 
o 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 
D 

FIELD LABORATORY 
MONTH June YEAR 1984 

A TIME AIR TEMP RAIN SURF.WIND CONTROL PAN C.P. TEMP. RAIN GAGES 
AIR 
TEMP 
-E-T HIN MAX REC.STD. ROT R D MIN MAX ABC D 

E 
1 1630 70 97 .24-;TT79JT 92 2.411 .327 70 96 .. 15 .14 .15 .15 95 
2 1630 71 90 .10 .05 7970 38 96 2.106 .355 71 99 .05 .05 .05 .06 98 
3 1630 75 100 8031 61 92 3.036 .611 72 96 97 
4 1630 72 107 8100 69 96 2.547 .481 68 96 98 
5 1630 77 104 8145 45 99 3.944 .532 72 98 104 
, "xx ~, iXi Xi XX "iXX XP XX K iPi iRX ~i .Ki AA AA An A o 10.1U ./OlUq .Uq .UL OlUU .1:>::10 .1.451 .493 71-101-~02- .02 .02 .02 104 

%,~X 4_X xx X_ XXiX 7X XX X % ~xx A X4 x> X x -

lZ Ib]U I':J ':JI .1U .U':> HLJ/4 LJ ':JZ ].112 .468 76 91 • • 14 * .05 .05-9S-
13 1630 71 99 .28 .14 8591 11.7 82 2.842 .410 73 97 .14 .15 .13 * 80 
14 1620 68 91 2.05 1.10 8619 28 92 3.500 .392 70 98 1.10 1.05 1.05 * 91 
"iF i>'ax Ji Xli h7PF ",. h? 1\ XXX IX" .. X H>' XX 
1:> 10LU f::l.1 00:>:> ~0::l0 .1.098 .402 73 96 93 
16 1630 76 95 8744 89 94 2.664 .434 74 95 95 
, .. 1>XX 1R XX.'7 FA hri" 1X fir H ... ;;, iRa >x x.. FA SX» AX 
1/ 10.1U IL ::IL 1.10 .:>.1 0010 IL::IO L.761 .433 69 97 .62 .60 .66 '*. 93 
18 1620 68 92 1.87 .85 8886 70 94 3.193 .418 68 97 .96 .96 .96 * 92 
19 1620 73 92 .82 .38 8931 45 96 3.292 .281 69 97 .44 .44 .42 * 91 
xx 1>' i P 1Ji Xli liX,F J j iC? n xxx RAn '1JC H1· XX LU lOCI IL ::1.1 O'J/:> qL{,O L.990 .302 70 97 . -93 
Hi iPriX PH hi riP 1\Ji aXil, 71 1\7 R Ph" 'xx '1X I\P I\J hi RR :c iiH 
Ll 10LU O'J 'Jl .U~ .Uj 'jUjO 01 'j0 £.530 .490 70 95 .04 .04 .or * - 89-
nli .,nx sq» x. sea ... liP hi it 'riC BY" .,,, x> hri 22 1620 74 91 9071 35 94 2.1:>L • .1/0 1.1 ::10 00 
xx ,>xx ~x x> ., ~. X'X) AX X~ X PAX .Xi 4A AA _> _A PP 5 A> 
L.1 10 LUI L 00 1. 11 • :> 1 ::I 1 U q .1.1::1:> L. 528 . 134 70 99 . 56 . 58 .-5 5- *---80 
24 1620 73 100 .14 .08 9148 44 97 2.202 .406 71 98 .10 .09 .09 * 98 
25 1630 71 100 .36 .19 9191 43 84 2.202 .308 73 96 .22 .22 .22 * 79 
26 1625 72 90 .33 .16 9255 64 85 2.632 .524 67 87 .04 .04 .03 * 85 
x .. 4>AX '4X xx xxx::; x> riP x X_I X:U;X lj X)& AX 
LI lO.1U I~ ::IU ::ILOl LO 0:> L.354 .278 71 95 82 
JiB i;HJ( .. 1 ;ex XI An hXhk ali ICh Ii ii .. hT" In 1rih a, 1\' JiH !L hX 23 1630 71 93 .04 .03 9329 28 98 2.111 .LOI 0::1 lUL .Uq .Uq .U.1 ::1.1 
291615 70 90 .33 .149342 33871.952.295 70 93 .19 .19 .18 * 83 
30 1625 71 95 .01 9379 39 90 1.664 .298 70 96 .02 .02 .02 * 89 

i$l riB •• ,1\i ali iCF h "'1Hh h7 
~l lOUU /.1 ~::I ::IqUl LL ~JiL.738 .306 71 99 94 I-' 

N 
I-' 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 16:30 
n- POND-l (E) POND 2 (M) POND 3 (W) 
A 
T T R DT R D T R D 
1 85 1.79g--- 88-1.663 87 1.775 
r 85--r:-788--:-UIO

n

-87i LoW .oor 88--r:749 • 026 
3 . 86T-:775-~1385 1.65T .OO-r 8S-1. n~OJ6 
Z.-88-T-:762---:-UI3·-881-:o41T--. 011-g-o-T. 651 • 062 

FIELD LABORATORY 
MONTH July YEAR 1984 

N . COMMENT 
A 
M 

Wirur-Ni:-ThuriClerstorm S, Clear N 

,- 9 0 ~--:-7 4 T- .-015 --9-Z I.-oL8 ~ 0 12- 92----r~67i1f . 003 • 032 
~90 1.743 .010 95 1.617 .011 92 1.618 .030 Wind W; partly cloudy 50% 
7 88 1.175 .009 89 1.612 .005 88 1.591~ 
r-S0l-:71J--:-ur2----aq . r:oUZ--:l) I 0 8rl3OU. 031 

f-' 
N 
N 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 
FIELD LABORATORY 

HONTH June YEAR 1984 

J bJU Il. ':J I ':J4b I Zb I Z 2.022---=-334 72--------gg 74 
4 630 80 100 9509 42 73 1.568 .454 73 100 82 
r ,. 1\ X "" 1\ X 1 X *i X) X PH.. .. R '1 X R" • j .. X,.. Wi X x Ii X 1 K j --

J OJU IJ ~.l" .UI .~.. ~JO.l 1£ IU 2.614 .196 70 92 ---~01-- T---:-U4 75 
;s: ;s " x ., x x ,. n. _ ::; X ;(;S x x --- ---- -
o OJU I £ ';II ~o£u J~ I £~-396 72 -96-~- 75 
7 630 75 100 9668 48 78 1.792 71 96 75 
8 630 66 97 1.07 .51 9747 79 70 3.483 "70 96 .47 .48 .52 .53 76" 
h 7>\1\ Fli K9 h1\ 11 R9RH IiX 9R 1\ 111\ .,1\ H .. 
':J bJU btl ':JI .ZJ .11 ':Jltltl J':J IZ J.143 70-98-.10-.Io-.IT.-rr--ro-
4X ;~p 4X AX XAXX X4 4A X XAA 4X X 
1U O.D II. HU ';IHU';I 1.1 II. 2.908 -72--96-- 12 
11 620 71 83 .02 .01 9825 16 74 2.862 74 92 T T .02 .02 71 
12 625 73 89 9855 30 73 2.862 73 95 74 
4 K > X K >" n x x P K 4 X P X X H j X X .. 1 X A> j ;:q .. Xi. a.. H X 4 A A 
l..l {)..lU 00 H';I I..')U LI..) ';IOott '1.';1 /1 2.964 71 94 1.25 1.20-1.30---71 
'i >xx >x ~X PA AX XXtA Ai qt A RXi 41 X AX AA R4 4A 
1tt O..lU 00 ';I..l .,)1. .1.1. ';1';110 ..ltt /1 2.894 71 97 .23 -.22 - .27- --7U 
15 635 68 91 .27 .12 9941 :22 72 2.726 72 92 .11 .09 .14 72 
16 615 71 93 9975 '34 72 2.41,2.284 72 93 72 

i AP X~ AP AXAK AA >x X ARX x>x >x riX xn An AP ,A 17 630 67 85 .07 .05 0003 "28 69 L.I...lU .1.01. 0';1 H';I .UI. .UI. .u.) 0';1 
.n >>ex >'"4 Xn » xx xxx::; .X) ?X h XR' .... x xi XX XX Xli ;X 
10 O..lU 01 ';II. .00 • ..l1. UU..lI .jq 0';1 2.234 69 94 .30 .22 .38 68 
19 615 67 82 .64 .66 0035 18 70 2.149 70 80 .04 .04 .07 70 
xx ",*p >:Uf R? hAXA Xi PX , riJR XXi >X qR ,*4 20 615 67 86 0089 34 69 1.oLfo • ..lU1 0';1 II. 01 

21 620 67 86 0108 19 71 2.982 71 95 68 
xx :rXF >B AF 1\) 1. Xi'P KG siX 1\ 11K 1X x> •• .1 iii ... 22 625 68 95 .34 .14 0145 37 70 L.ILfU IU ';10 .~Lf .11 .~O I~ 
23 610 70 90 .26 .13 0163 18 72 2.515 72 90 .10 .09 .15 .12 70 
Xi hXX 4' ". ><XX"4 JA .. X It APR >SC An Gn 
ztt H';IU 11 H1 UZUI q..l II. 2.252 69 90 79 
25 630 71 95 0226 19 72 2.982 72 100 72 
x> >XA 4X A> A> XP XX» iX >X A ~PP HXX >i' XA AX AX AP An ~X 

1.0 OI.U IU HO .UO .U') UI.OO LtU 00 2.755 .092 68 89 .03 .02 .05 .02 72 
X=; > X X .. n x P X \ n '1 R • .. j R Ii ,. ,. R ,=t Wi J X? *i 1\ 27 630 72 95 0287 21 74 £.JOO .J .. , Itt ~o IJ 

28 625 71 86 0322 35 72 2.005 .341 72 89 72 
R x > X K .... x.... K X J X n x .. x R X j Ii X J R ... ,e ;:c: P '1 " 
1.';1 OI.U 11 ';II U..lLfI. I.V II. 3.048 .242 72 95 72 
AX >,iF .. R .x, XX>X Hi '1' H >h. ..., 1A' 9>\ 
jU 01.) II. 1U1 U..lO..l 1.1 Iq 2.681 74 101 73 
31 640 76 104 0410 47 ~2 2.174 .567 72 98 79 

o. 

...... 

'" W 



APPENDIX II (Continued) 
FIELD LABORATORY 

W.R.R.C. EVAP. & RAINFALL DATA MONTH Aug. YEAR 1984 u--- ----- -------- -- -- AIR 
A TIME AIR TEMP RAIN SURF. WIND CONTROL PAN C.P. TEMP. RAIN GAGES TEMP 
T MIN MAX. REC. STD. R D T R 0 MIN. MAX. ABC D E 
1 1 > 1\ X .. R 1 X X Ie > 1 P X ) Ie J X" h P" H =t H J\ n i > 1 ; • ? !J A H 
.1 .1O')U I,) .1UU .LO • .1,:) 'QLq '0 2.538 72. 99- .16 .16-:-Hi - ~--9S-
2 1635 74 97 .10 .06 9460 36 89 2.142 .456 72 97 .07 .08 .06 * 92 
x .'4K ... iXA x.n, Hi X;C • H •• xx ... " inA AX 3 1610 74 100 9484 24 99 1.011 .~~l IL IVV ~~ 
4 1615 72 102 9538 54 93 1.770 .499 72 100 91 
p .>XP ~F X~ XG x. x'x, >x x> x 'H> xx. ~R xx X. x. I A> 
,:) 10L':) I,:) " .VI .Uq 'OUO 00 '0 2.426 .384 70 99 .01 T .O~ x-gO-
p .7XJD "'J 'iX, x>,> iX X'i 1 XXX JXR q, XX 'AA o 10L':) Iq IVl 'OqO QV ~I 1.928 .498 71 99-- --rou-
7 1620 75 99, 9707 61 94 3.216 .513 71 96 97 
8 1620 67 97 1.07 .51 9756 49 100 3.242 .489 70 99 .47 .48 .52 .53 95 
9 1640 68 90 .23 .11 9801 45 88 3.021 .331 70 98 .10 .10 .12 .12 78 
10 1645 72 87 9818 17 90 2.834 .187 72 95 82 
11 1615 70 89 .02 .01 9841 23 94 2.322 .035 73 95 .02 .02 88 
12 1640 73 92 9872 31 94 1.951 .376 73 102 89 
,~ ,>j~ _n xx X FA , Xr XXnr XX X> X XiX X X 44 X4 riP, XX • AX XX 
.1,) .10q,:) I L ,.) L.,:)U.1. L':) ~O',)I L') ~o 2.842.353 71 97 1. 25 1. 20 1. 30 92 
1 J 1 J'liP 71\ Xi FH liri KHaX I\F 1\1\ R =inn "'ift '11\ Xli ""l Ii" R1 riX .1Q .10£,) 0' ,.1 .,:)L • LL ".)U .)::J ,L 2.790.278 70 92 .23- . 22 --~27-- 9U 
15 1615 72 92 .27 .12 9961: 31 93 2.630 .280 72 98 .11 .09 .14 90 
.:> .. ,. .. ;: 4X xx _x_ =t. xx: xx X x > x X A .. 
10 101':) IL ~L '~'.1 JV ~v 2.276 .354 70 95 85 
.4 .>XA >X H. A~ XF XXiX xx A' x x>. X>H >X A~ xn fiX XP R. 17 1630 69 94 .07 .05 0019 28 94 L.VOq .LOL 00 ~I .VL .VL • v,:) ~l 
18 1650 68 85 .66 .52 0055' 36 80 2.169 .215 68 89 .06 71 
19 1625 70 89 .09 .06 0072 17 92 1.994 .365 69 96 .04 .04 _ .07 83 
AX .;xx >q xx x; x xx XP x xxx xxx ,x XX A4 20 1620 67 92 0100 28 95 ~.UL~ .L~O O~ ~o 01 
21 1615 67 95 0120 20 96 2.710 .319 70 98 94 
xx 474r 4, Xi XI ., X", Ii XX X Ph> h,1 >X XI.. 4. 'n xx 
LL ~O.1,:) /.1 ,q .Jq .~q UIO.1 q.1 'u 2.586 .264 69 94 .14, .11 .18 90 
23 1640 70 94 .26 .13 0193 32 90 2.302 .414 72 96 .10 .09 .15 .12 80 
24 1610 79 96 0229 27 99 2.002 .300 72 100 94 
25 1630 71, 96 0240 29 88 2.724 .335 72 95 78 
26 1615 72 95 .06 .05 0282 42 96 2.578 .196 68 96 .03 .02 .05 .02 94 
27 1620 72 96 0304 22 89 2.118 .460 68 96 86 
riA .,ox GA AX xxx, Afi X •• XXP XXA qA X= x> 
LO lOlU IL ~~ U~~q ~V ~~ 1.835 .283 72 97 96 
29 1625 72 103 0358 24 100 2.857 .433 72 101 101 
30 1610 73 106 0380 22 99 2.466 .391 74 101 104 I 

31 1620 79 102 0432 52! 93 1.936 .510 11 98 96 ~ 
~ 



APPENDIX II (Continued) 

22 99 2. 060-- 88 2. 04-r---· 8~ ~7T2 

FIELD LABORATORY 
MONTH Aug. YEAR 1984 

COMMENT 

2TB8 2-::-uoJ---8o--Z-:-OS0---- Sg-r~77)------- Hoist after a rain 
~o 2.052 90 2.036 94 1.749 Partly Cloudy 
~6 2.042 86 2.227 90 1.735 Slight Rain 
20lJ9~.--uJ5 ---,-89-- -2-:1}19- ---9Ll.7rr- Wind~ 

2T136~ .OZO ~- S6-2-:l)lO-----~ SS~--:-97S--- WinoSE 
28(J1I~-:lJI 7 90 1. 003 nl. 953 Clear - Sunny 
2~I 2.008 91 1.993 94 1.933 Clear - Sunny, Wino NW 
30~1~:9{}7 ---9U--DSZ---- 93 -1 .-gl-U-~-----, Hot ClearCl-Calrn 
3ItJ8~:9ffJ ---- 86 I. 97Z--- 9~~81flt----- - Wind w-;- Overcast .1-' 

t\) 

t.n 



APPENDIX II (Continued) 
FIELD LABORATORY 

W.R.R.C. EVAP. & RAINFALL DATA MONTH Sept. YEAR 1984 
D 
A TIME AIR TEMP RAIN SURF. WIND CONTROL PAN 
T MIN MAX REC. STD R D T R D 

AIR 
C.P. TEHP RAIN GAGES· TEMP 
MIN MAX ABC D 

1 6: 30 75 96 0438 28 74 --u:79U--:-38q-74- -9]--- -----78 
x > ~p YX YF XY XP XI~H IP ?X i h?X ?X HI XX xx xe xx ,x 
£ 0:.),] IU I,] .UI .U,] U .. .)O .. ,] O~ 1.960 69 84 .02 .92 .05 .02 70 
3 6:40 68 88 0541 57 70 3.297 70 84 69 
4 6:20 78 98 0632 91 69 2.745 .552 68 89 19 
5 6:25 68 96 0802 170 61 1.970 .775 61 86 71 
6 6:15 73 95 0949 147 62 2.400 62 85 74 
::; ; ax ;P n; ,XiX 71\ r ... "Aan )\"111 rr ari >F 
1 O:£U 0,] ~O ~U~£ 0,) 0,] 2.028 .372 65 88 65 
H > nh ;1 :nJ "Xx> Ii. >P x xxx IP hi In 
lj O: .. W 01 ~O ~U"'O £LJ 0'] 3.293 65 94 68 
9 6:15 70 96 1064 28 72 2.S17.176 72 94 70 
10 6:35 73 95 1113 49 72 2.405 .409 72 92 74 
1. ,. " F ; h h e 1\ ., 1\ E 1 , 'i n Ji 1 Z h II Ii Ej n ; h Ii Eli" n 'I 11 E 1\ i Z n 
~~ 0:.),] 00 OJ .VI .VJ ~~J' LO 00 2.878 68 85 .02 .03 .05 .01 69 
%A > XP ;4 AX '14A X~ 4A A >XX 'n> YX An ?Y 

16 -0: 20 -- 77 97 1381 112 67 Z • 1 b q .) b b b I lj b I H 
1/6-:10 76 94 1455 ·74 67 3.268 .526 67 88 78 
}86:10 75 94 ]509 ·'S/, 68 2.752 .516 68 86 7b 
19-1)·: 1 0-"6 O--g 0 1560-51 67 2.262.490 67 89 68 
n n ; • h ; F Ii'i , , Ii; at j ; F i Ii Ii ; J 2\; ; E n'1 i E 
£U o:~u 0,] ":JI ~.J":JO "'0 0,] 1.836. l126 65 97 65 
" i J' ,i P > > K 1\ 1 ; i F 1 n ; OJ "" II ; 7 ., n;' ;: 2 
£~ 0:£,] 00 ~~ ~O~.J ~~ 01 3.236 67 92 66 
22 6:35 63 92 .41 .20 1666 51 63 3.053 .383 63 SO .21 .17 .21 .51 66 
a h > • P ,. n h • i .. n R 1\ ,. ;: » "q) J >, n X >' J '1 X . ; h 
£"' O:~,] O£ O~ ~/U£ ,)0 0 .. 2.744 .309 64 79 62 

I-' 

'" m 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 
D POND-l (E)- POND 2 (M) POND 3 (\on - - N 
AT R D T R DT R D A 
T . M 

FIELD LABORATORY 
HONTH Sept. YEAR 

COMMENT 

1984 

1 81, 2.000 83~-=-mro----g)1.908 Clear (b.reeze), progress 
L 84 --2.004- 831. 997 - 86-1.883- ---- --------clear Wind West 
3-------a0l.---g-g6~---______aql-:9L6--~-81rT_=_1r56 Wind N , Clear 
~ 84 1.981 82 1.969 83 1.815 Windy - NE clear 
5 82 1.960 79 1.946 80 1.779 Windy - Clear (N) 
6 82 1.942 82 1.932 80 1.750 clear breeze SE (Light) 
7 84 1.933 84 1.923 86 1.731 Partly Cloudy Wind - S 
8 87 1.928 84 1.914 88 1.714/1.912 Mostly Clear Wind SW 
~~u--J~1 83 1.906 88 1.906 Wind W - Mostly Clear 
10 83 1.916 83 1.893 86 1.887 Wind SW 
n~4 1. 917 87 1. 902 87 1. 881 Clear - Calm 
T2------a6~.9T5--- -lf4 1.8~-- 81rI-:1r64 Cool - Mostly_Cloudy 
r3 -(J8 l--=-nr- -----mJl: 886 91. 1. 850 Mostly Clear - Wind W 
T4~s--J~I 85 1.877 88 1.825 Mostly Clear - Wind SE 
15 82 1.887 81 1.861 84 1.789 Mostly Clear - Wind SE 
T6----slt~.1J76-~-I~-Blffi --- 8qT~T6U- Hostly CI~ar - Windy - NW 
I7~3 1.865 81 1.845 82 1.736/1.992 Partly Cloudy - Wind N 
18 83 1.853 82 1.826 8q' 1.976 Partly Cloudy - Wing W 
T9 ---841 .Blt3 - -1f21. 811.- 841-:-95 q----------calm - Partly __ Cloudy 
L~7fJ.----:-B32 841~ mro--1fOI. 934 Calm - Partly Cloudy 
21------go-J. :-gz4~-nl~7~~-81J~3 Wind W - Partly Cloudy 
22 78--1.837-- T7 -1.813 --- 79-1:916-------- Calm - Overcast 

. Mostly Clear - W-SE 
2J------ao-J..lr.f2 80 1.806 g~ t·~9~ Wind _ S _ Partly Cloudy 24 80 1.824 80 1.796 . 
25-78-1. B44 76 1. 821t 79 1. 902 Drizzle in Progress 
T6---gTJ.---:-957 73 1. 928 74 1. 997 Rain iIi-Progress 
27----SZ1. 964 791~ 84 r:-91JS Mostly---crear--=--WTrurN 
28 82 1. 957 79 1. 922 84 1. 971 Mostly Clear - WfilcrNW 
29 82 1. 947 80 1. 913 84 T.~S-- ----r1osITy-cTear::--WUla-W 
TO/8~.~JT--/7--T:-9UO--8U-L-gJ4-- --- --- -MosEryCIouoy-=-tUild S 

I--' 
N 
...,J 



APPENDIX II (Continued) 

W.R.R.C. EVAP. & RAINFALL DATA 
D 
A TIME AIR TEMP RAIN SURF WIND 
T MIN MAX REC. STD R D 

FIELD LABORATORY 
MONTH Sept. YEAR 1984 

AIR 
CONTROL PAN C.P.TEMP RAIN GAGES TEMP. 
T R D MIN MAX ABC D 

T-IUSO- 70-t]4-.8T . itO- 01162- --- 8it- r:96g-----'3-, gS- .36 .35 .42 .45 72 
2 ·1730 70 91 .07 .05 0527 65 87 3.304 ·.431 68 92 .02 .02 .02 .02 88 

.>pp IX xx \ xa » liX x xxx J\::;> =IX Xh x ... 3 1655 63 99 0593 66 89 L.~OO .J~O IU ~L ~I 
4 1625 79 96 0730 137 85 2.232 .756 68 88 95 
5 1635 70 96 0893 163 84 2.798 .672 60 86 95 
6 1615 74 96 1005 112 87 2.180 .618 60 87 95 
7 1605 65 97 1031 26 93 3.433 .240 65 93 96 
8 1625 68 97 . 1053 22 92 3.098 .335 69 94 95 
9 1610 70 95 1094 41 96 2.662 .436 71 98 94 
10 1600 74 95 1126 32 86 2.928 .334 72 94 85 
••• >xx >x xx 11" ,.» 'x X1 ., 1.X xxx >H ri1 K1 Afi 4K 4A riA 

13 1630 71 101 1202 ,17 95 L.LlfL .1.01. IL ~o ~~ 
.j ,,,iF .,X ,XX 'xx, x, Xi X xxx "X :>x xx xx 
Ilf 101~ IU lU3 lL30 3<f ~1. 3.038 .469 69 93 -99 
15 1605 81 97 1339 U03 86 2.452 .586 67 87 95 
16 1615 78 97 1428 ~ 89 88 1.980 .472 65 90 94 
'c; .>.1* .... xc; ,JXP."*1 1\> n A» RXX >x ax Xi 

,~lbUU 00 ~L .~O .JU l/~~ JU ou 2.276 .188 70 87 .29 .29 .31 .31 80 
i j 'i J H ;: X 1\ .. 1\ J\ 1 X,.. ; 9 Ii n 1 Ii n' r P 26 163-O--o)-----u1 u7. 04-.94- 1848 -- 49 69 J. 1.uu .lua 0 I . OU .1L Ka1n 00 

27 1630 62 84 1860 12 88 3.050 .050 64 89 82 
x in1fi iX fiX x XPX iXX 7P fiX ri1 28 1630 61~ - -- - 1878 18 88 L.O~O .1.~L 0::1 O~ 01 

29 1630 60 91 1893 15 87 2.596 .262 63 88 90 
30 1630 60 93 1933 40 83 2.234 .362 65 87 88 

I-' 
N 
CD 

, 



APPENDIX III 

LVDT SIGNAL CONDITIONER NE5520 
DC ELECTRICAL CHARACTERISTICS TA = 25 D C, VR = V + + lOV 

un1ess otherwise specified 

PARAMETER 
Supply current 
Reference current 
Reference voltage 
range 

Power dissipation 
Oscillator section 
Oscillator output 

sine wave 
distortion 

Initial amplitude 
error 

Tempco of 
amplitude 

Voltage coef. of 
amplitude error 

Initial accuracy 
of OSC. freouency 

Tempco of 
freauency error 

Voltage coef. of 
freouency 

Oscillator output 
load current 

TEST 
CONDITIONS 

Over temp. 
Over temp. 

Over temp. 

Over temp. 

ii9 

NE5520 
Min Typ 

7.0 
5.5 

5 

120 

4 

8 

Max UNIT 
10 mA 

10 mA 

V+ V 
220 mW 

Vrms 

+3 

2.5 "I./V 

20 % 

mA(rms) 
mA(rms) 



Demodulator section 
Linearity error 
Max~um demodulator 

input 

Demodulator offset 
voltage 

Demodular input 
current 

VR/2 ac~uracy 

Auxiliary Output 
Amplifier 

Input offset 
voltage 

Input bias 
current 

Input offset 
current 

Over temp. 

Over temp. 
range 

Over temp. 
range 

Over temp. 

Over temp. 

Over temp. 

Over temp. 
range 

Gain RL=lOkn over 

Slew rate 
Gain bandwidth A =1 v 

VR -0.5 2 

-1000 

-3 

-10 

-500 

-100 

temp. -..... 0 : 

Output voltage 
swing 

RL=10k over temp. 1.5 

Output short 
circuit current 

130 

0.05 0.1 % 

V 
-t40 •5 V 

65 mV 
-300 nA 

+0.5 +3 % 

10 mV 

-300 nA 

100 nA 

100 V/mV 

1.5 V/usec 
1 MHz 

V+ -1.5 V 

50 mA 

NOTE: Rating applies to ambient temperatures up to 70°C 
derate linearly at 7.5mW/oC for the plastic package 
and 7.3mW/oC for the cerdip package. 
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