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ABSTRACT 

Plants under variable water stress exhibit a contraction 

of their stem diameter. This variation can be monitored to determine 

the plant water status which, in turn, will lead us to a method of 

scheduling subsequent irrigation. In this dissertation, the possibility 

of determing the water status in cotton plants by automatically sensing 

their stem diameter variation was explored. A full description of 

the displacement sensor, the electronic circuits used for automatic 

stem diameter monitoring and the data analysis is given. 

Simultaneous measurement of the leaf water potential and the 

stem diameter variation were done for a total of eight days during 

an irrigation cycle. Statistical analysis was performed to infer the 

water status in the plant from the stem diameter variation. It was 

discoverd that the stem diameter variation lags the water potential 

by two hours, and that there was no simple linear correlation between 

them. In fact, it was discovered that the stem diameter variation 

was not only a function of the leaf water potential of the plant 

as it was believed; but indeed, it is also a function of the soil 

water condition. 

According to the results obtained, a basic model to describe 

the relationship between the stem diameter variation and the plant 

and soil water condition was developed. 

xii 



CHAPTER 1 

INTRODUCTION 

Statement of Goals and Objectives 

Water, a vital liquid for the survival of plants and animals, 

has become scarce due to limited resources and an increasing demand 

by urban users and agriculture. The search for new methods to keep 

the water resources from exhaustion has become one of Arizona's major 

objectives. 

Because agriculture consumes 89% of the water in the state, 

recent research has focused on the possibility of directly detecting 

the water status of plants in order to schedule irrigation. A determi

nation of the time the plant needs water will, in the long run, save 

water by avoiding extra irrigation. Recently a new approach to deter

mine irrigation schedules has been devised (Namken et al., 1969; 

Keppler et al., 1971). It is a direct method to determine the water 

status of the plant based on the measurement of the daily stem diameter 

variation. The goal of this dissertation is to determine the relation

ship that exists between the plant water status and the stem diameter 

variation. This will lead eventually to the determination of the 

irrigation schedule of commercial cotton fields. The objectives 

are: to develop an electronic system to sense automatically in situ 

the daily stem diameter variation of the plant, to measure the water 

status of the plant during eight days distributed along an irrigation 

cycle, and to analyze the data obtained to find the relationship 

I 



between the stem diameter variation and the leaf water potential 

which indicates the plant water status. 

Description of the Experimental Method 

2 

To achieve the goal of this dissertation, the overall procedure 

is divided into three well-defined parts: the automatic data acquisi

tion system, the experimental testing in the field and the data analysis. 

Data Acquisition System 

The data acquisition system was built for automatic monitoring 

of the stem diameter variation of the plant. A block diagram of 

the system is given in Figure 1.1. The principal part is the control 

unit which employs a microprocessor to control the operation of the 

system. The design constraints of the unit were low power consumption, 

ability to software adjust the acquisition and computational capability. 

For proper operation the microprocessor requires memory to 

store the program and data. Two memory types were used: read only 

memory (ROM) where subroutines to access the CPU were stored, and 

random access memory (RAM) used to store the system operation programs 

and the data collected. 

To maintain an absolute time schedule, a hardware clock was 

designed such that one count is advanced every minute. The clock 

is monitored constantly by the microprocessor to update its internal 

day, hour and minute counters. 

The data acquisition system developed for automatic stem 

diameter measurements required in addition to the CPU board the 
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4 
following: an interface board to drive and read the displacement 

sensor (LVDT), and interface, to make the analog to digital conversion 

(AID), an interface to keep the absolute time schedule and an interface 

to transmit the data collected to a paper tape punch. Communication 

between the CPU board and the interface boards was done through three 

independent buses: the data bUS, the address bus and the control 

bus. Any information to be transferred from the CPU board to any 

one of the interfaces or vice versa was controlled by using output 

or input instructions to access the desired interface. 

The displacement sensors used to monitor the stem diameter 

variation were linear variable differential transformers (LVDT). 

The devices chosen develop their best performance when they are driven 

by sinusoidal signal in the range of 2 to 10 KHz and 3 Vrms. At 

10 KHz, the reactive input impedance of the LVDT's, XL = 2TIf L, yields 

less power consumption (35 mW) than at 2 KHz (175 mW). Because low 

power consumption was one of the design constraints, it was· chosen 

to operate the LVDTs at 10 KHz where they consume the minimum power. 

A 10 KHz oscillator was built to drive the LVDT primary. To take 

into account the phase information, of the LVDT, the output signals 

of the two secondaries were demodulated independently by an AC to 

DC converter. The converted output amplitude of the two secondaries 

were compared by a differential amplifier with output amplitude pro

portional to sensor displacement and output polarity indicating the 

deviation of displacement. The output of the differential amplifier 

was fed to the AID converter for subsequent digital conversion. 



The data acquisition system was designed not only to measure 

the displacement sensor's output, but also to measure outher signals 

generated in the plant, such as the electropotentials that may have 

5 

a relationship with the plant water stress. However, in this discussion 

the displacement measurements are the only ones considered. A multi

plexer selects one of the many signals coming into it, and feeds 

the signal to the analog to digital converter which consists of a 

differential amplifier and a dual slope AID converter. The AID con

version is controlled by the microprocessor. All timing signals 

and counters are generated internally in the microprocessor. 

Finally, the data obtained is stored on paper tape. The 

link between the microprocessor and the paper tape punch is performed 

through a fiberoptic cable used to isolate the system from the noise 

present in the power line that energizes the paper tape punch. 

Experimental Procedure 

Once the automatic data acquisition system was ready, an 

experimental procedure was developed to take simultaneous measurements 

of the stem diameter variations and the water potential of the plant 

for subsequent correlation of both data. The stem variation readings 

were taken automatically by the system every 15 minutes. On the 

other hand, water potential measurements were taken manually every 

30 minutes day and night. A leaf was cut and inserted within 15 

seconds into a sealed pressure chamber with the petiole as the only 

part of the leaf protruding from the pressure chamber. The internal 

chamber pressure was increased until water emerged from the petiole. 



The internal pressure of the chamber read at that moment, is believed 

to be equal to the water potential of the plant (Jordan, 1970). 

Twelve different leaves from twelve different plants distributed 

over an area of 150 square meters were measured every 30 minutes 

for a total of 8 days during a total irrigation cycle. 

The eight days of the experiment were divided into three 

groups: three days right after irrigation, two days at about the 

middle of the irrigation cycle, and finally three more days that 

included the day before the next irrigation, the irrigation day and 

the day after irrigation. 

Data analysis. Data from the stem diameter variation and 

the water potential of the plants obtained in the field, was brought 

to the University of Arizona campus to be analyzed. Computer programs 

to plot simultaneously both the LVDT data and the water potential 

were developed to compare both signals. Programs to obtain the corre

lations between the LVDT data and the water potential were developed. 

Linear and second-order regression analysis were used to 

see if the stem diameter daily change could be fitted by a statistical 

model. The details will be covered in Chapter 5. 

Dissertation Organization 

6 

This dissertation is organized in six chapters plus an appendix. 

Chapter 1 includes an introduction, the goals of the research, and 

a description of the entire system and measurement method. 

In Chapter 2, there is a description and review of some of 

the current research in this area. It includes methods that relate 



7 
the stem diameter variation with the water potential of the plant, 

and an explanation of the physiological adaptation in the plant when 

it is under water stress. Chapter 3 includes a thorough description 

of the data acquisition system from the point of view of electronic 

design and software. In Chapter 4, the measurement procedure is 

described. It includes the calibration of the system in situ, the 

considerations pertinent to the plant distribution, the type of leaves 

to be measured and environmental aspects. In Chapter 5, the description 

of the data analysis and results are given. Chapter 6 includes the 

conclusions and recommendations obtained concerning this dissertation. 

After Chapter 6, an appendix is given to inulude data specifications 

of the devices used in the data acquisition system, programs, diagrams, 

and other pertinent data related to this project. The appendix is 

followed by a list of cited references. 



CHAPTER 2 

PHYSICAL AND PHYSIOLOGICAL MODIFICATIONS ON PLANTS UNDER 
WATER STRESS--CURRENT RESEARCH 

Plants under water stress show daily physical modification 

of the stem diameter and long-term physiological adaptation. These 

changes and their interactions with the proposed method to measure 

the plant water conditions, as well as a review of the basic plant 

characteristics, are discussed in this chapter. 

Plant Structure 

In order to understand the physical and physiological modifi-

cation occurring in plants under water stress, a review of the basic 

plant structure is covered in this section. The cell itself, cell 

types vascular system and stem are the four major divisions of this 

section. In the cell part, the cell membrane and the organelles 

imbedded in the protoplasma are described. A typical cell model 

is given in Figure 2.1a. In the cell type part a description of 

the different cells that form specialized tissues in the plant is 

given. These tissues perform specialized fUnctions in the plant 

such as water and solute transport, food storage, plant protection 

and plant support. In the vascular system part, a description of 

the two plant major tissues concerned with the water and solute trans-

port is given. These tissues are the xylem and phloem. The xylem 

transport water and dissolved minerals from the roots to the leaves 

8 
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Figure 2.1. Basic plant co~ponents. 

(a) "Typical" plant cell. 
(b) "Typical" stem structure. 
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and the phloem distributes the sugars synthesized in the leaves to 

the rest of the plant. In the last division of this chapter, the 

stem, a description of the different tissues arrangement within the 

stem is given. A typical model of the stem showing the distribution 

of the major tissues is shown in Figure 2.1b. 

Cell 

The plant body consists of morphologically recognizable units, 

the cells, each enclosed in its own cell wall and united with other 

cells, forming cell groupings named. tissues, whose structure depends 

on the component cell and the type of attachment to each other. 
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The arrangement of different tissues in the plant forms its major 

organs and reveals a definite structural and functional organization 

that performs the complicated plant functions. A detailed description 

of the cell can be found in several books, e.g., Esau (1977). 

As an organic unit, the cell has a means of isolating its 

contents from the external environment. A membrane called the plasma 

membrane and the cell wall provides this isolation. A cell can release 

and transfer the energy necessary for growth and the metabolic processes. 

In addition, they can perform functions like synthesis of proteins, 

production of the reserve material and the heriditary role. These 

tasks are held in the cell by different organelles that constitute 

the cell. The principal organelles are the nucleus, cytoplasm, plas

tids, mitochondria, ribosomes, dictyosomes, microbodies, endoplasmic 

reticulum, lipid globules, ergastic substances, and vacuoles (Figure 

2.1.) From all of these organelles, the vacuoles play an important 



role in the plant's stem diameter daily change and are the only ones 

discussed here. 

Vacuoles. In contrast with animal cells, plant cells develop 

an internal aqueous phase, the vacuole, which is bound by a membrane 

called the tonoplast. The vacuole is an important component of plant 

protoplast (protoplasmic and nonprotoplasmic single-cell content, 

except cell wall). It contains water and a variety of organic and 

inorganic substances, some of them in the dissolved state. They 

may be reserve compounds such as sugars, organic acids, proteins, 

or they may be excretory products such as calcium oxalate and tannin 

compounds. Vacuoles not only accumulate metabolic products but are 

part of the senescence and differentiation process and mobilization 

of reserves in the cell. The method by which the vacuole originates 

is not clear; but as the cell enlarges, the vacuoles enlarge also 

and fuse into a single large vacuole that occupies the central part 

of the cell. 

Vacuoles play a very important roll in uptake of water during 

germination and growth and maintenance of water in the cell. Because 

the tonoplast membrane enclosing the vacuole is permeable, it is 

involved in the regulation of osmotic phenomena associated with the 

different concentrations of minerals and sugars within the vacuole. 

Vacuoles are also involved with the maintenance of turgor in the 

cell and consequently in the whole plant. Due to this property of 

vacuoles, plants may squeeze or swell, depending on whether they 

are under water stress or not. 

11 



Cell Types 

Cells do not necessarily have all organelles mentioned before. 

Some of them are not part of mature cells; others are the principal 

cell component. For example, some cells at maturity may lack proto

plasts; others may be highly vacuolated or may have only thick elon

gated cell walls. These differences and the cell functions lead 
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to a cell classi-fication. The main cell types are parenchyma, col

lenchyma, sclerenchyma, tracheary cells and sieve elements. Obviously, 

this is not an exhaustive list of all cell types, but they are the 

principal types (See Esau, 1977). 

Parenchyma. Parenchyma is the main representative of the 

ground tissue that forms continuous tissue in roots, cortex, pith 

of stem, petioles and leaves. Parenchyma is also found in the complex 

tissue system of xylem and phloem. The presence of complete protoplast 

in the Parenchyma cell during all its life allows the cell to perform 

numerous functions at the same time. Wound healing, regeneration, 

formation of adventitious roots and shoots, and union of grafts are 

some examples of these function. 

Parenchyma cells vary in form. They have a polyhedric form 

that is not much longer than wide and may be nearly isodiametric. 

Parenchyma cells have many faces which are in contact with neighboring 

cells, forming well-organized tissues. The arrangement of cells 

varies, depending on the type of tissue. For example, storage tissue 

has abundant intercellular spaces, but in seeds storage tissue is 

a compact tissue with small intercellular spaces, if any. Spaces 



are associated with the requirements for gaseous exchange in photo

synthetic tissue. Another characteristic of parenchyma cells is 

that they are highly vasculated and form lacuna ted tissues found 

in leaves, cortex and phloem. These cells are highly related with 

the plant turgor and ultimately with stem diameter variations. 
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Collenchyma. Collenchyma cells are thick-walled and are 

regarded as supporting tissue. They have complete protoplasts, capable 

of resuming all functions of live cells. Collenchyma cells are similar 

to parenchyma except that collenchyma are longer and thicker. The 

thicker wall is the most distinctive characteristic of these cells. 

This cellulose wall thickening is deposited in several patterns while 

the cell is growing. It is rich in water and sometimes shows trans

verse and longitudinal microfibrils. 

Collenchyma cells are distributed principally in the peripheral 

regions of the stem and leaves (roots rarely have collenchyma). 

The tissue is located beneath the epidermis, forming a continuous 

layer around the stem circumference or sometimes, in the herbaceous 

stems, it occurs in strands. 

Sclerenchyma. Sclerenchyma cells mayor may not retain their 

protoplasts at maturity. They have secondary walls that are deposited 

over the primary when the extension growth is completed. Mechanically, 

sclerenchyma cells are referred to as those that lend hardness or 

rigidity to tissues. They are divided in two categories, sclereids 

and fibers. Sclereids are widely distributed in the plant body and 

vary greatly in shape. These cells have thick secondary walls, 



strongly lignified and with numerous single pits. Sclereids occur 

in epidermis, the ground tissue, the vascular tissue, leaves, fruits 

and seed. 

Like sclereids, fibers may be found in various parts of the 

plant, but are particularly common in the vascular tissues forming 

the phloem fibers and in the xylem wood fibers. These fibers are 

long cells with more or less thick secondary walls that occur in 

strands and serve as supporting elements in plant parts that are 

no longer elongating. 

Tracheary Elements. The tracheary elements are the most 

highly specialized cells of the xylem. They are concerned with the 

water conduction. Tracheary cells are elongated and nonliving at 

maturity. Their walls are lignified with secondary thickening. 

There are two types of tracheary cells: the tracheids and the vessel 

members. The tracheids are longer than the vessels and do not have 

perforations for water conduction. Instead, the passage of water 

from cell to cell occurs mainly through pit (cavity in the cell wall 

not covered by secondary wall) pairs, in which the pit membrane is 

permeable to water and dissolved substances. In vessel members, 

the water passes freely through one or more cell wall perforations 

at each end of the interconnected members. Sometimes, water passes 

from one vessel to another through perforations on the cell wall 

sides. 

14 
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Sieve Elements. Sieve elements are highly specialized cells 

found in the conductive tissue of the phloem. Their principal character

istics are the restricted metabolic activity of protoplasts and the 

close connection with contiguous sieve elements through cell wall 

areas (sieve areas) penetrated by pores. These pores permit the 

interconnection of protop1asts between sieve cells. 

The degree of specialization of the sieve areas and its dif

ferent distribution in the wall of a given cell serve to classify 

the sieve elements into sieve cells and sieve tubes. In sieve cells, 

the cells are not highly specialized and are not markedly aggregated 

on restricted wall parts to form sieve plates. In sieve tubes, how

ever, they have highly differentiated sieve areas with big holes 

interconnecting one cell to another, forming a continuous tube. 

Sieve tubes have developed a higher degree of specialization for 

longitudinal conduction than sieve cells. However, both sieve elements 

are connected longitudinally end-to-end to other elements to form 

functional conducting units named sieve tubes that are the principal 

part of the phleom tissues. 

The cell types mentioned above are the principal components 

of the xylem and phloem tissues. Both xylem and phloem form a com

plicated tube network for water transport in the plant called the 

plant vascular system. 

Vascular System 

The primary vascular system of seed plants is composed of 

the xylem and phloem tissue. It consists of strands variable in 
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size where discrete individual strands are commonly referred to 

as vascular bundles. The phloem and xylem show variations in their 

relative position in vascular bundles. Phloem may occur on one side 

of the xylem or surrounding it. Sometimes the xylem surrounds the 

phloem. But whatever the bundle's relative position, xylem and phloem 

achieve the important function of plant liquids transport. A hypo

thetical model of the water movement in the vascular system is rep

resented in Figure 2.2. 

Under usual conditions, essentially all the water entering 

a plant comes from the soil by way of the root. Water must cross 

the root epidermis, the cortex and then the endodermis to reach the 

root xylem. Water is then conducted by the xylem to other parts 

of the plant where dissolved minerals are anabolized during the photo

synthesis process. In this process, water is lost by transpiration, 

producing a negative hydrostatic and osmotic pressure that, as we 

will see later, is the thing that promotes water movement from the 

soil to the plant. 

The anabolized products must move out of the leaves to other 

parts of the plant such as roots, stems, young leaves, developing 

fruits, and flowers where they will be either metabolized or stored. 

These products move primarily through the specialized tissues of 

the well-organized tube network of the phloem. As in the xylem, 

hydrostatic and osmotic pressure gradients are responsible for the 

metabolic products' movement in the phloem. These gradients will 

be discussed later. 
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Xylem. The xylem is the principal water-mineral conducting 

tissue in a vascular plant. It extends thr.oughout the plant, including 

all branches, stems, leaves and roots. The xylem is produced by 

meristematic cells (reproducing constantly) in a region called the 

vascular cambium. Later the xylem cells undergo a process wherein 

they form the elongated cells with cellulose walls and lose their 

protoplasm at maturity. These dead elements with cellulose walls 

give considerable compression strength to the tubes and prevent them 

from collapsing under the extreme negative tension that often exists 

in the plant. 

Two types of tissues can be identified in the xylem. The 

primary tissue differentiates during the formation of the plant body, 

and the secondary is produced during the second major stage of plant 

development in which an increase in thickness results from lateral 

addition of new tissue. This secondary tissue became the non-function

al hard cell wall that forms the plant WOOd, and this wood performs 

a very important function, namely, the plant support. 

The principal cell types of the secondary xylem (secondary 

tissue) are the tracheary elements, fibers and parenchyma cells. 

Tracheary elements are concerned with the conduction of water and 

substances dissolved in water. They are elongated non-living cells 

at maturity with hard cell walls. The tracheary elements form the 

water-conduction-vessel bundles. The fibers are long cells with 

secondary walls, usually thicker than the walls in the tracheids. 

The fibers retain their protoplast at maturity and are concerned 
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with storage of reserve materials. The parenchyma cells of the second-

ary xylem are represented by the axial parenchyma and the ray paren

chyma. These two kinds of cell complexes are fundamentally alike 

regarding wall structure and contents. 

The xylem shows the presence of two distinct systems of cells: 

the axial or longItudinal system, and the radial .2.!: ray system. 

The axial system contains cells or files of cells with their long 

axes oriented vertically in the stem or the root; that is"longitudinal 

to the main stem or branches. The radial system is composed of files 

of cells oriented horizontally with regard to the axis of stem or 

root (Figure 2.3). 

Phloem. The phloem is the food-conducting tissue of a seed 

plant. It is associated with xylem in the vascular system. Like 

the xylem, the phloem consists of several types of cells and may 

be classified, developmentally, into a primary and secondary tissue. 

The primary phloem is derived from meristemic cells at the time of 

formation of the primary plant, and the secondary phloem that originates 

in the vascular cambium tissue. The phloem tissue is less sclerified 

andless'strong mechanically than the xylem tissue. 

Primary and secondary phloem tissues contain the same category 

of cells. However, the secondary phloem is the only one organized 

in axial and radial tissues (Figure 2.3). The principal phloem cells 

are sieve elements, sclerenchyma, parenchyma and companion cells. 

Sieve elements are highly specialized cells in the phloem. They 

have close connection with contiguous sieve elements through pores 
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Figure 2.3. Block diagram of secondary vascular tissue and its 
spatial distribution (Diaz-Munoz, 1981). 
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in the cell wall, and perform the long-distance conduction of food 

materials. Sclerenchyma fibers are common components of both primary 

and secondary phloem. They occur in the outermost part of the tissue 

and are part of the axial phloem. Sclerenchyma cells are concerned 

with storage of food materials and support. Parenchyma cells contain

ing various ergastic substances, such as starches, tannins and crystals 

are regular components of the phloem. They are classified as radial 

and axial parenchyma cells. The axial cells may occur in parenchyma 

strands or as single fusiform parenchyma cells. The main activity 

of parenchyma cells is storage and radial translocation of food sub

stances. Companion cells are more than likely specialized parenchyma 

cells with regard to the functional association with sieve elements 

regulating the translocation of food. Companion cells have relatively 

large nuclei and nucleoli, contain plastids, large mitochondria and 

endoplasmic reticulum. Most outstanding is the abundance of ribosomes 

and vacuoles in the cell. 

The secondary phloem generated by the cambial tissue constitutes 

the innermost part of the bark. Compared with the secondary xylem, 

the secondary phloem constitutes a much less prominent part of branches, 

trunk and root because successive increments of the xylem accumulates 

in the branch, trunk or root whereas the old phloem is crushed. 

Compared to xylem, phloem is not a rigid tissue but is rather 

considered a soft tissue. This makes sense because the cell components 

of the phloem are highly vacuolated and have little cell wall ligni

fication and, although they do not collapse under the extreme negative 



hydrostatic and osmotic pressure developed in the plant, they undergo 

a small shrinkage. This shrinkage is proportional to the pressure 

gradient in the plant that forces water in the vacuoles to move in 

or out of the cell. 

Stem 

The stem consists of three tissue systems, the vascular, 

the fundamental, and the dermal. The vascular system described in 

previous paragraphs is composed of the xylem and phloem tissues. 

The fundamental tissues are all tissues other than the vascular and 

dermal systems. The dermal tissues are formed by the dermis and 

epidermis, the latter providing the external stem protection layer. 

The vascular system shows variation in the relative position 

of the xylem and phloem. The prevalent arangement is collateral, 

in which the phloem occurs in one slice of the xylem. The vascular 

bundles may be also concentric in which either the phloem surrounds 

the xylem or the xylem surrounds the phloem. The vascular system 

extends to leaves and branches with one or more vascular bundles 

that diverge from the cylinder of strands in the stem toward the 

leaves or branches. These extensions from the vascular system in 

the stem are referred to as traces. The branch traces extend through 

variable distances in the main stem, and all are connected to the 

main vascular system. 
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The fundamental system includes tissues other than the vascular 

and dermal tissues that, in a sense, form the ground substances of 

the plant but at the same time, shows various degrees of 



specialization. The main ground tissues are parenchyma in all its 

varieties, collenchyma and sclerenchyma. These cells form the pith, 

the intervascular region (pith ray) and the cambial tissue. 

The pith is the ground tissue in the center of the stem while 

the pith ray is the tissue region located between the vascular bundles 

in the stem. The pith is commonly composed of parenchyma, which 

may contain chloroplasts. In many stems, the central part of the 
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pith is destroyed during the plant growth. Frequently this destruction 

occurs only in the internodes (part of the stem where leaves or bundles 

are attached). Sometimes plates of tissue remain in the internodes. 

The pith has prominent intercellular spaces in the central part. 

The peripheral part has compactly arranged small cells with greater 

longevity. 

Cambial tissue is a lateral meristemic tissue that produces 

the secondary vascular tissues. It occupies a lateral position in 

the stem and is a continuous sheath about the xylem of stem, roots 

and branches. The cells of the vascular cambium do not have dense 

cytoplasm. 

Old cells have relatively few small vacuoles, but the active 

ones are highly vacuolated. Morphologically, these active cambial 

cells occur in two forms, called fusiform initial and ray initial. 

The fusiform initials and their derivatives consitute the axial 

vascular system,and the ray initials the radial system. 

When cambial initials produce secondary xylem and phloem 

cells, they are produced at one time toward the xylem and at another 



time towards the phloem, although not necessarily in alternation. 

During this cambial activity period, cell additions occur so rapidly 

that older cells are still meristematic when new cells are produced 

by the initials. Thus, a wide zone of cell accumulation is formed. 

This soft cambial tissue zone is designated as the cambial zone. 

Covering the vascular and fundamental tissues is the dermal 

system. This system is composed of the periderm and epiderm tissues. 

The periderm is a protective tissue of secondary origin replacing 

the epidermis in stems and roots that increase in thickness by growth. 

Periderm formation is also an important stage in the development 
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of protective layers near injured or dead tissues resulting by mechani

cal wounding or invasion of parasites. The principal cell components 

of the periderm are the phellogen, the phellem and the phelloderm. 

The phellogen are meristemic cells that produce the periderm. They 

have only one form, rectangular and radially flattened cells. 

The phellem is commonly called cork. The cork cells are 

characterized by having irregular form and arranged compactly with 

non intra-cellular spaces. The cells are in the outer part of the 

phellogen. At maturity, they are non-living cells but may have fluid 

or solid contents, some colorless, others pigmented. The main phellem 

function is to provide protection and isolation to the stem. 

The phelloderm is the innermost tissue of the periderm. 

It is a living parenchyma tissue positioned in the same radial files 

as the phellen cells of stems and roots. 



The other major tissue of the dermal system is the epidemis. 

The epidermis is a set of different cells in structure and function, 

that constitutes the cover of the plant body. The epidermis consists 
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of a ground mass of unspecialized cells with specialized oells dispersed 

through the mass. Ground cells have living protoplasts and may store 

plant products. Specialized epidermal cells are represented, first 

of all, by the guard cells of the stomata, by epidermal appendages 

called trichomes, and by cells containing tannins, oils and crystals. 

In previous sections, the basic plant structure from the 

cellular level to the tissue level was developed. Water and minerals 

were found to be the fundamental components needed for plant growth. 

Furthermore, there exists a complete vascular system to carry these 

components to all parts of the plant. Now consideration will be 

given to the physical mechanisms that, without moving parts, force 

the water and dissolved minerals to move. 

Physical Water Transport Mechanism 

Whenever a plant grows, it faces water and mineral requirements. 

It must maintain a water and mineral balance with its surroundings. 

The dissolved substances (minerals) are in the soil and must be trans

ported to the metabolizing plant that is in the atmosphere where 

leaves, during the photosynthesis process, exhange gases, absorb 

sunlight, and lose water by evaporation (transpiration). The energy 

required in this transport mechanism is supplied by the photosynthesis 

process. 



Free Energy and Chemical Potential 

Photosynthesis process converts the plentiful radiant energy 

from the sun into free energy needed to perform the biological work 

that keeps the plant alive. Lack of this free energy generation 

will lead the plant to energy equilibrium and eventually to death. 

The free energy generated during the photosynthesis process is stored 

in an intermediate energy storage like ATP (adenosoine triphosphate) 

that will bond to CO2 and H20 to form carbohydrates. This process 

brings the plant from stage "A" of lower energy to a stage "B" of 

higher energy and is reversed whenever the plant needs energy to 

perform a specific task. 

The total free energy available is the superposition of the 

free energy per mole of each chemical component 1 that changed its 

energy level from stage A to stage B. This quantity is called the 

chemical potential of species 1 and is given the symbol].1.. During 
J 

the transition from stage A to stage B, the element j changes its 

chemical potential from l-'j to )Jj and the maximal amount of work that 

A B can be done per mole of species j is ].1j - ].1j' This difference has 

an important role in discussing fluxes of element j from one region 

to another. One can say that the chemical potential difference of 

element j between two locations is the driving force for the movement 

of that element. Thus, the bigger the chemical potential difference, 

P~ - ].1~, the larger the flux of species j from region! to ~. 

The chemical potential of a substance mainly depends 'on its 

chemical composition, but it is also influenced by other factors 
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such as hydrostatic pressure gradients, the electric potential that 

affects the chemical potential of charged particles, and concentration 

gradients that produce movement of substances by diffusion. Finally, 

another contributor to chemical potential is the work performed against 

gravity that must be expended to move the substance j upwards. An 

expression for the chemical potential of an element 1 that takes 

into account all of the above factors is given by the following equation 

(Nobel, 1974): 

(2.1) 

* where ~. = reference level, RT~na. = energy due to the solvent activity 
J J 

o a. (R = universal constant of gases, T = temperature in K), V.P 
J ' J 

= effect of pressure on chemical potential (V = partial molal volume, 

P = gauge pressure), ZjFE = influence of electrical potential (Zj 

= charge number, F = Faraday constant, E = electric field), m.gh 
J 

= potential energy (m =mass, g = gravity acceleration, h = height). 

Water Potential 

The focus of this investigation is with the water movement 

in plants; therefore, one must examine what happens to the chemical 

potential equation if the element j is water. For this special case, 

the following assumptions were made. 



w = j; the subscript ~ refers to water 

zWFE = 0 (there is no electric charge in water) 

RT~naw = -VwTI; water activity per molal volume 

Rearranging Equation 2.1, we get: 

* 

28 

~w - ~w = V P - V TI +m gh w w w (2.2) 

* The term ~ - ~ represents the work involved in moving one w w 

mole of water from some point in a system (at constant pressure and 

temperature) to a pool of pure water at atmospheric pressure and 

the same temperature and gravitational level as the system. 

VwP, in Equation 2.2, expresses the effect of pressure on 

the chemical potential of water. V is the partial molal volume w 

of water expressed in cm3/mole. In the case of pure water V = 18.0 w 

cm3/mole. P is the hydrostatic pressure of the aqueous solution 

in excess of the ambient atmospheric pressure. The units of Pare 

MegaPascal (MPa = 106 N/m2 ) or dimensionally equal to jOules/cm3. 
-Then the units of the product V P are joules/mole. 

w 

The term -V w TI expresses the effect due to the presence of 

solutes in an aqueous solution that tends to decrease the activity 

of water (a). When solutes are added to water, the concentration w 

of water becomes less because the water molecules are displaced by 

those of the solute, lowering the chemical potential of water. Vw 

is the partial molar volume of water expressed in cm3/mole and 1T is 

the osmotic pressure in MPa that depends on the presence of solutes. 
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To explain the term osmotic pressure, let us assume that 

one ideal membrane only permeable to water exists. When pure water 

is placed on one side of the membrane and some solution in the other, 

there exists a net diffusion of water from the side of higher water 

concentration toward the side with the solutes which have lower water 

concentration. To counteract this tendency and establish equilibrium, 

a hydrostatic pressure has to be applied to the solution side. This 

pressure is called the osmotic pressure, but is better known as the 

osmotic potential. In our case, an increase in the concentration 

of solutes raises the osmotic potential and decreases the water activity 

a , so they change in opposite directions, giving a negative sign 
w 

for the expression -V TI whose units are joules/mole. 
w 

The last term involved in the chemical potential of water 

is m gh. This term expresses the influence of gravity on one mole 
w 

of water when it is lifted to a height, h. The units are joules/mole. 

where 

Now, if Equation 2 is divided bY'Vw we get: 

)l )l * 
w 

V 
w 

w 

m 

= ~ = P - TI + p gh w 

w 
Pw = -- = 

V 
water density 

w 

The left side of Equation 2.3 is well known as the water 

potential (represented by~). Its units are joules/m3 or Pascal, 
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which are units of pressure. We see from Equation 2.3 that the water 

potential in the plant depends only on three factors: the hydrostatic 

pressure, the osmotic potential, and the gravitational potential. 

Hydrostatic Pressure in the Plant. In addition to being 

involved in the support of the plant, hydrostatic pressures are important 

for the movement of water and solutes in the xylem and probably also 

in the phloem. To predict in what direction water will move, one 

needs to know the water potential in the various compartments under 

consider-ation, e.g., pressures inside the tracheary elements, vacuoles 

and cytoplasm. For example, when water is in equilibrium across 

the vacuole membrane (tonoplast), the water potential is the same 

in the cytoplasm and the vacuole. In fact, the cytoplasm and the 

vacuole essentially have the same value of P (hydrostatic pressure) 

all the time. 

Because the plant cells are highly vacuolated (they occupy 

about go percent of the total volume of the plant body), the vacuoles 

play an important role, providing large, relatively simple, compart-

ments in which hydrostatic pressure leads to the cellular turgidity 

necessary for support of the plant. The hydrostatic pressure is 

transmitted to the vessel bundles of the xylem across the cell wall. 

As one may suspect, there exist different hydrostatic pressures between 

different organs of the plant. For example, typical values of hydro

static pressure for a plant 10 m high are: .6 MPa (0.6X106 Pascal) 

at the leaves and 0.5 MPa at the roots. This difference produces 
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a·pressure gradient between the roots and leaves that forces the 

water to move. 

Osmotic Potential in the Plant. For many purposes in plant 

physiology, it is convenient to relate .osmotic potential directly 

to the concentration of solutes instead of expressing TI in terms 

of water activity a • w Any factor which influences either the water 

or solute content of a plant cell will have an effect on the magnitude 

of the osmotic potential of that plant cell. 

The water content of the plant as a whole, and hence of its 

constituent cells, is controlled principally by the different rates 

of water loss by transpiration and water reabsorption. This process 

is influenced mainly by the water content in the soil.. More negative 

osmotic potential is developed when the plant is growing under drought 

conditions than when it is growing with a favorable water supply. 

The solute content of the cell sap is controlled by the specific 

metabolic processes of the plant and by absorption of mineral salts 

by the plant from its environment. Photosynthesis is an important 

factor in influencing the osmotic potentials within the cells, particu-

larly those of the leaf tissues. Increases in sugar content, resulting 

from the photosynthesis process, result in more negative osmotic 

potentials. Inherent metabolic processes affect the concentrations 

of the various types of soluble organic compounds present in cells, 

such as carbohydrates, organic acids and amino acids. Another factor 

involved is a decrease in the growth rate of the plant, which often 
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permits an acumulation of mineral salts and soluble foods, creating 

a big negative osmotic potential. 

Osmotic potential is the main component of the water potential 

because of its significant magnitude. Values of osmotic potential 

between -0.2 to - 4 MPa are common. In the same plant, different 

organs or tissues may differ widely from one to another in the osmotic 

potential of their cells. Leaf cells, for example, almost invariably 

are more negative in their osmotic potential than the root cells 

of the same plant. For a plant 10 m high, typical osmotic potential 

in the leaves is -1.7 MPa and -0.9 MPa at the roots. As one can 

see, this big difference in potential causes the water movement from 

the roots to the leaves. 

Gravitational Potential. Gravity produces pressure due to 

the weight of the water column in the plant. Its effect is opposite 

to the water movement from the roots to the leaves. This effect 

becomes important only in tall plants because a positive pressure 

of 0.1 MPa is generated when a mole of water is lifted 10 meters. 

For short plants, like cotton, the gravity effect may be neglected. 

Water Flux. When water potential inside a cell differs from 

that outside, the water is no longer in equilibrium and one can expect 

a water movement toward the region of -lower water potential. Our 

attention here will be specifically focused on water flow into and 

out of plant cells. This volume flux of water, J , is assumed to w 
be proportional to the difference in water potential, 6~, across 

the membrane or membranes restricting the flow. The proportionality 



factor indicating the permeability to water flow at the cellular 

level is expressed by a water conductivity coefficient, L , then: w 
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o = L ('I' -w (2.4) 

In Equation 2.4, J w represents the average flux of water 

moving across the barrier being considered, '1'0 is the water potential 

i in the external solution, and 'I' represents the water potential· 

in the vacuole. 

Now, if we generalize Equation 2.4 to the point in which 

'I' 0 and 'I'i are the water potential of the root and leaves, respect

ively, and L t = L 1/L . equal to the equivalent water conductivity 
w j WJ 

when the series of all barriers from the leaves to the roots are 

considered, a good approximation for the water flow in the plant 

can be obtained: 

J L ( 'I' root - 'I'leaves) 
wt = wt 

Typical value for the water flux is J wt = 0.1 cm/sec in the xylem 

with Lwt about 0.05 cm/MPa-sec. 

We have already indicated- that certain diurnal changes in 

the plant produce a water potential between the roots and leaves 

that forces the water to overcome the resistance of the membranes 

to produce a water flux. We also indicated that when the rate of 

transpiration is high, the plant cannot take enough water from the 

(2.5) 
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soil; so the plant loses water from the vacuoles, thereby producing 

a high negative tension in the xylem, the phloem and companion tissue. 

Under this high tension, the hard non-vacuolated tissues of the xylem 

do not suffer an appreciable deformation; but the soft vacuolated 

tissues of the phloem, the companion tissue and cortex lose their 

turgidity, producing a slight decrease in diameter of the plant stem. 

Stem diameter variation in plants is important because it 

is related to their water potential. In our case, our interest is 

in the stem diameter variation of cotton plants and its relationship 

to water stress. The following section considers this problem. 

Physical Modifications Occurring in Cotton Plants 
Under Water Stress--Current Research. 

Water potential, ~, is the best measure of the state of 

water in the plant. It depends on complex interactions between demands 

from the soil-plant-atmosphere system, but mainly on the rate of 

leaf transpiration and the rate of water absorption through the roots. 

When the soil is saturated the plant does not have any trouble compen-

sating for the water loss by transpiration, but as the soil becomes 

dry there is not enough water uptake, then the plant uses water avail-

able in xylem vessels, phloem, cambial tissue, cortex and associated 

tissues to meet the demand created by the lag in absorption. Under 

this condition, a high negative water potential is developed in the 

leaves and because of the good interconnection of leaves and xylem, 

approximately the same water potential change can be detected as 

plant stem diameter shrinkage due to a decrease of cell turgidity. 
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In cotton plants, the measurement of the stem diameter shrink-

age and its relation to water stress has been extensively studied 

by researchers. Namken, Bartholic and Runkles (1969) and Klepper, 

Browning and Taylor (1971) performed experiments using LVDT's to 

continuously monitor the stem diameter variations in cotton plants 

during the day. They detached leaves periodically (generally hourly) 

and measured their water potential. They concluded that with a time 

lag, T , the stem variations followed very closely the water potential 
p 

variations in the leaves (see Figure 2.4). 

Molz and Klepper (1972) made an attempt to determine the 

relationship between the stem diameter variations in cotton plants 

and the water potential. They used a non-destructive technique based 

on the radial propagation of water potential in stems. Several assump-

tions concerning the stem and water potential were made: the xylem 

was considered as a continuous rigid ring with outer radiUS, r 1; 

the phloem and associated tissues as an external ring, concentric 

with the xylem, described the variable radius r 2(t). Because of 

the relatively low resistance to water flow of the xylem vessel bundles, 

the water potential gradient in the xylem was considered sufficiently 

small such that the water potential gradient between the xylem and 

phloem is approximately equal in any part of the stem. Furthermore, 

the water flow velocity in the phloem is assumed radial. The final 

assump-tion was that the stem diameter contraction took place only 

in the phloem and assciated tissue. All these assumptions are summar-

ized in Figure 2.5. 
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With such assumptions, Molz and Klepper (1972) obtained three 

equations that relate the water potential at any radial distance, 

r, to the cumulative volume of water flow per unit length and the 

stem diameter. 

First: 
a'Y 1 a a'Y 
--E. = - - (rn--;E-r) at r ar 0 

(2.6) 

This is the Fick's second law for diffusion expressed in cylindrical 

coordinates, and governs the water potential distribution in the 

phloem and associated tissues. 

Second: 

Q = - f t[2nrl Dw ::p 
to 

]dt 
r=r 

1 

This equation represents the cumulative volume of water per 

unit length across the xylem-phloem boundary. The flow direction 

depends on the water potential value in the phloem with respect to 

the xylem. 

The last equation of the three gives the stem diameter value. 

If the volume of a unit length of the phloem at io is V(to) then 

at any time t > t , the phloem and companion tissue volume is given o 

by the third equation: 
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Then the stem diameter is: 

) 1/2 
+ r 1 

(2.8) 

where 

~ = water potential (MFa) at any radial distance, 

r = radial distance from the stem center (cm), 

t = time (sec), 

D = coefficient for diffusion of water potential (cm2/sec) , 

Q = cumulative volume of water flow per unit length 

(cm3 cm-1), 

to = initial time, 

D = water self-diffusion coefficient relating water flow w 
to water potential gradient (cm2/MPa • Sec)., 

a~ I 
arP r=r = water potential gradient at the xylem-phloem boundary, 

1 

Sd = stem diameter (cm) 

veto) = volume of phloem and related tissues at to (cm3/cm). 

To evaluate Equations 2-.6, 2.7, and 2.8, Molz and Klepper 

used numerical methods and proper boundary conditions. The results 

for the predicted values of ~ L~ ~pl _ ,Q and Sd are in Figures 
r-r1 

2.6a and 2.6b. On Figure 2.6a, one can see that the most negative 

water potential ~ L is reached in about 12.30 hours while the maximum 

value for Q is reached 1.5 hours later. Using the computed values 
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for ~L' Q and the ratio Dw = D/75, the theoretical stem diameter 

was evaluated for three different values of D, as shown in Figure 

2.6b. For D = 8 x 10-7 cm2/sec, the theoretical and measured values 

showed good agreement; thus there exists a good correlation between 

the stem diameter variation and the water potential. 

To prove that the stem diameter deformation is mainly due 
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to the phloem variations, Molz and Klepper (1973) performed an experi

ment to determine the swelling percentage of the xylem and phloem. 

They forced the stem to shrink by drying the soil. A high negative 

water potential was developed (about 1.4 M Pa). When wilting symptoms 

became apparent, the soil-root system was saturated with distilled 

water, and the phloem and xylem swelling were measured. The results 

are shown in Figure 2.7. 

Molz and Klepper (1973) found that the 92 percent of the 

stem variation had occurred in the phloem and only 8 percent in the 

xylem. This 8 percent was the upper bound because a few bits of 

phloem and cambial tissue were found between the measurement device 

and the xylem that could contribute significantly to the slight expan

sion recorded in the xylem. 

Later Huck and Klepper (1977) proposed two methods to evaluate 

the water potential in cotton plants by measuring their stem diameter. 

The first method, called the "Shrinkage Modulus Method," involves 

determination of an arbitrarily calibrated shrinkage modulus, w, 

which relates a measured diameter change to a corresponding water 

potential, ~(t), where: 
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and 

'!'(t) - '!'(t ) c 0 
w = ------~----~~-----

TI [S2
d
(t ) - IS2

d(t )] 
7; C C 

where 

'!'(t) = water potential (MPa) at time t 

Sd(t) = stem diameter (cm) at any arbitrary time t 

ISd(t) = interpolated diameter (cm) at time t, and 
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(2.9) 

(2.10) 

'1'(0) = water potential at equilibrium (MPa) updatead each time 
the system is recalibrated. 

To evaluate the shrinkage modulus, two water potential readings 

are necessary, one at time t and another at t (about 6 hours later). o c 

'!'(tc )' Sd(tc ), ISd(tc ) corresponds to water potential and stem diameter 

at t • c 

The second method, called "Dynamic Flux Method," involves 

an iteration procedure which estimates the xylem water potential 

required to produce observed changes in the stem diameter. 

Although both methods are simple, neither of them takes into 

account the time lag, Tp' that elapses from the time the water potential 

in the xylem changes until it is sensed by a diameter variation in 

the stem. This may produce disagreement between the calculated water 

potential and the true one. 

A method to determine the water potential in cotton plants 

that takes into acount the time lag, was developed by So (1979). 

He made an anology with the method to measure the soil water potential 



using tensiometers proposed by Kute and Gardner (1962), and assumed 

that the phloem and living tissues around the xylem have the same 

water potential ~. The equation obtained by So that relates the 
p 

xylem and phloem water potentials and takes into account the plant 

response time, is as follows: 

where 

~L = leaf water potential (MPa) 

~x = xylem water potential (MPa) 

~ = phloem water potential (MPa) , p and 

T = plant's time constant (time lag) p (hours) 

The assumption is that ~ '" ~ is necessary 
L x 

(2.11) 

to keep the 

analysis simple. In fact, this is a good assumption because as was 

stated by Slatyer (1967), "there appears to be a relatively little 

resistance to liquid flow through the xylem so the tension in the 

water is presumably approximately equivalent to the water potential 

in the leaves." The Equation 2.11 can be written as follows: 

where 

~ (t) 
L 

d~ dSd 

= ~ (t) + Tp F . dt 
P d 

Sd = 2r2(t) = stem diameter (cm) at time t 

d~ 
..-.-E. - "phloem sensitivity" (MPa/cm) 
dSd -

(2.12) 
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= rate of stem diameter change (cm/sec) 

So (1979) assumed that the phloem tissue is fully elastic 

and that its volume changes are equal to the volume of water entering 

or leaving the phloem tissues. This assumption of fully elastic 

material implies that: 

dll' 
---.E. = C 
dQ 

then the phloem tissue volume Vet) at time t is given by: 

vet) = veto) + Q • 

Differentiating Equation 2.14 with respect to Sd' we obtain: 

Taking differentials of Equations 2.13 and 2.15, we obtain: 

then 

dll' = CdQ; p 

d II' = CdV (t) p 

dV(t) = dQ 

Combining Equations 2.15 and 2.16, we obtain: 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

45 



46 
d'l' 

P 
dS ' two measurements of the leaf water potential must 

d 
To evaluate 

be done at different times, one at predawn (t
1

) and the other about 

noon (t2). Then, 

(2.18) 

The last term to be evaluated before we use Equation 12.12 
dS 

is the rate of stem diameter change, ___ d 
dt 

to find the water potential 

Sd(tl + ~t) - Sd(tl ) 

(tl + ilt) - tl (2.19) 

None of the previous publications reported long run experiments 

and most of them were done in controlled environment chambers. Klepper 

et ale (1973), and Grimes and Yamada (1982), reported results of 

long run experiments. KIeper et ale measured water potential at 

0800 once a day in cotton plants over 28 days in a semi-controlled 

environment, and Grimes and Yamada reported water potential measure-

ments taken between 1200 and 1400 PST in field grown cotton. 

The Klepper et ale (1973) experiment was done in a semicontrol-

led environment chamber where soil and plant water status can all 

be characterized for large, mature plants growing under conditions 

approaching those found in the field. Two 70-days old plants were 

subjected to a 26-days dehydration starting July 7th. Plant water 

potential was determined at 0800 with a pressure chamber. The diameter 
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of the main stem of one plant undergoing the drying cycle was measured 

continuously with a linear variable differential transformer (LVDT) 

located 60 cm above ground level. The results are summarized in 

Figures 2.8a and 2.8b. 

Figure 2.8b shows how the stem diameter shrinkage is very 

small at the beginning of the cycle when the soil was wet (-0.05 

MPa according to Figure 2.8a). As teh soil became dry, the stem 

shrinkage became larger and larger. On July 21, there was a rain 

and the stem diameter did not shrink too much during the next two 

days, but began shrinking again in the following day. The plant 

was watered on July 27 and the stem shrinkage decreased to a minimum. 

The shrinking process was started again for the next drying cycle. 

Grimes and Yamada (1982) performed an experiment in field 

grown cotton for three consecutive growing seasons (1975, 1976 and 

1977). Plants grown in two different soil types were studied (Panoche 

clay loam and Wasco sandy loam). Leaf water potent~al was measured 

in leaves in the 3rd or 4th node down from the top with a portable 

pressure chamber between 1200 and 1400, when a minimum is approached. 

A typical curve of the diurnal fluctuation of the water potential 

was obtained, as shown in Figure 2.9a. 

To evaluate the potential usefulness of ~ as an index for 

scheduling irrigation, Grimes and Yamada measured the change of ~ 

in subsequent days after irrigation, then, they evaluated a linear 

regression fitting line between the day number after irrigation (day

one = irrigation day) and the plant water potential as shown in Figure 
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1.9b. Grimes and Yamada also stated that for optimum yield, the 

irrigation has to be scheduled when the water potential is between 

-1.8 to -2.0 MPa. 

Physiological Modifications on Plants Under Water Stress 

50 

Plants under water stress not only show the physical modifi

cations outlined in the previous section, but also undergo a physio

logical adaptation that includes stomate osmotic potential adjustment, 

change in diffusion resistivity of leaves, and change in solute concen

tration. Some, if not all plant adaptations, may be responsible 

for the non-consistency of the stem diameter measurements, as we 

will see in Chapter 5. 

Osmotic Potential Adjustment 

Plants under water stress lose water stored in the vacuole 

and increase the solute concentration producing an osmotic adjustment 

in cells that keep the plants turgidity. Several factors influence 

the degree of osmotic adjustment, namely rate of stress development, 

degree of stress and environmental conditions. 

Rate of development of stress. It was observed by Hsiao 

et ale (1916) that sorghum leaves kept full turgor when the water 

potential decreased at a rate of 0.008 MPa/day, whereas Jones and 

Turner (1918) observed only partial turgor maintenance when the water 

potential of sorghum leaves decreased at a 0.1 MPa/day. Furthermore, 

James and Rawson (1919) found that osmotic potential adjustment of 

0.5 to 0.6 MPa occurred whether the rate of drying was 0.15 to 0.1 



MPa/day, but no osmotic adjustment ocurred when drying ,was as rapid 

as 1.2 MPa/day. 

Degree of Stress. In cotton plants, an experiment performed 

by Brown et al. (1976) showed osmotic potential adjustment on the 

stomates guard cells of the abaxial leaf surface. They used two 

plant groups. One group called the control plants were watered con

stantly to keep the leaf water potential at about -1.2 MPa. The 

second group was preconditioned by withholding irrigation until the 

leaves showed signs of wilting (about -3 MPa). This process was 

repeated eight times. After the preconditioning period, both plant 

groups were water deprived and the leaf water potential was measured 

at the time the stomates were closed. It was found that the precon

ditioned plants group closed their stomates about -3.6 MPa while 

the control plants group did it at about -2.7 MPa, so there was an 

0.9 MPa osmotic adjustment. Similar results were obtained by Jones 

and Turner (1978) in sorghum plants. The osmotic adjustment found 
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by them was approximately 0.7 MPa. This shows that there exists 

osmotic adjustment in plants under water stress although the adjustment 

does not necessarily have to be by the same amount for different 

plants. 

Envirnomental Conditions. In addit'ion to the effects produced 

by the rate of soil drying, plants apparently develop osmotic adjust

ment due to temperature and light as was shown by Johnson (1978). 

He showed that grass plants in controlled environment chambers with 

temperature daily variation from 50 C to 100C had higher water potential 



than when the temperature variations were between 10 0 C to 15 0 C, night 

and day. 

Osmotic adjustment is an important mechanism in the drought 

tolerance of plants. It helps to maintain the leaf stomates open 

at higher negative water potential allowing the plant to keep the 

gases interchange (C02) and perform photosynthesis. 

Change in Diffusion Conductance 

Another important adaptation in plants due to water stress 

is the stomated conductance (g ) adjustment that facilitates the s 

carbon dioxide uptake for photosynthesis. This is an interesting 

point because plants are faced with a dilemma: to lose water to 

facilitate gas exchange (C02) for survival and to avoid dehydration. 

To reconcile this dilemma, the plants have in the leaves a turgor 

operated valve called stomate. This valve provides the means of 

controlling assimilation and transpiration through the size of the 

stomated pores. 

In the limitation of water uptake by roots due to soil dry-

ness, the plant produces a more negative water potential status by 

modification in stomates conductance. Thus the relationship between 

stomated conductance, and leaf water potential is a key functional 

response in understanding how stomates react to stress and how they 

exercise their regulatory role. In addition, environment humidity 

also exercises a stomate regulatory role. 
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Stomatal Response Adjustment to Leaf Water Potential. Evidence 

for the existence of stomatal adjustment to leaf water potential 



comes from two sources. First, Thomas et ale (1976) potted plants 

and subjected them to a series of drying and rewetting cycles. A 

shift to a more negative water potential value needed to close the 

stomates (~~,gs~) was found. Simmelsgaard (1976) found that in 

wheat plants grown at -0.07, -0.4 and -0.7 MPa, the corresponding 

~~e,gs+O were -1.37, -1.5 and -1.92 ,MPa respectively. 

Second, Jordan and Ritchie (1971) found that the threshold 

potential for stomatal closure is more negative for plants grown 
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under field conditions than for those grown under controlled conditions, 

see Figure 2.10a. This effect may be because plants under controlled 

conditions decrease their water potential in two or three days, while 

the plants under field conditions need several weeks to reach a high 

negative water potential allowing the plant to adjust for the effects 

of developing water deficits. 

Stomatal Adjustment to Environmental Humidity. Plant leaves 

cells cannot withstand water potentials below -3 to -10 MPa (= 98 

to 92 relative humidity). They are exposed to relatively high water 

potential in the atmosphere, e.g. 50 to 20% relative humidity = 

-100 to -200 MPa (see Ludlow, 1980). This high leaf-air vapor pressure 

difference (LAVD), is responsible for the water flow (as a vapor) 

from the plant to the atmosphere. A highly humid environment will 

prevent the plant from the CO2 water vapor interchange. However, 

there exists evidence that the leaf stomatal conductance increases 

for high air humidity (see Ludlow 1980, and Schultze et al., 1972). 

The results are shown in Figure 2.10b. 



Figure 2.10. Physiological modifications in plants. 

(a) Field plants close stomates at higher water potential than 
those in greenhouse (Jordan and Ritchie, 1971). 

(b) Conductance adjustment due to environment humidity 
(Schulze et a1., 1972; Ludlow, 1980). 

(c) Stomatal resistance difference between preconditioned and 
control plants (Brown et a1., 1976). 
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Using a diffusion porometer to measure stomatal resistance, 

an experiment was performed by Brown et al., 1976, which showed that 

in cotton plants the stomatal resistance for the abaxial surface 

of the leaf was lower for preconditioned plants than for the control 

ones (see Figure 2.l0c). Their conclusion was that preconditioned 

plants allowed the stomates on the abaxial surface of the leaves 

to remain open to a leaf water potential about 1.4 MFa lower than 

in similar non-stressed plants. 

Solute Concentration Adjustment 

Water deficits in plants produce an increment in the solutes 

concentration in the leaves and apical meristem cells. This was 

investigated by Munns et al., 1979 and Cutler et al., 1977. Mumms 

et al., in their experiment, used potted wheat plants grown in a 

controlled environment chamber. The plants were irrigated daily 

up to the 15th day after germination. The plants were then stressed 

by withholding water to change the osmotic potential from -1.2 to 

-4.0 MFa with a rapid decline in the first three days. Accumulation 

of several low-molecular-weight solutes was measured in the developing 

floral apex and leaves of stressed plants. The data is reported 

in Figure 2.11a. The accumulations of organic solutes in the apex 

and leaves were very similar except that the maximum solute accumu

lation occurred on day 8 in leaves and on day 10 in the apex. Sugars 

and amino acids accumulation are very similar but the free amino 

acids concentration began to increase until day 3. 
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Cutler et ale (1977) performed an experiment to determine 

the solutes concentration change in plants under low water stress 

and plants under high water stress. Plants were planted in a field 

in the San Joaquin Valley in California. Measurements of sugars 

and inorganic solutes were done. The results were plotted for two 

consecutive days as shown ~n Figure 2.11 b1 and 2.11 b2. 

Figure 2.11 b1 depicts the diurnal variation in the concen

tration of several solutes in cotton leaves. Neither K nor Na con

centrations varied appreciably over the 24 hours time interval illus

trated. Nitrate, Ca and Mg concentrations were also measured and 

followed similar to K and Na. 

The concentration on a dry weight basis of sugar (the sum 

of glucose, fructose, and sucrose) exhibit a significant diurnal 

variation. For both treatments (wet and dry), the concentration 

of sugar was low at night, increasing after sunrise to a maximum 

in the late afternoon and thereafter steadily decreasing to predawn 

values. Leaves on the dry treatment had 25 to 43% greater concentra

tions of sugar than leaves of the wet treatment. 

Cutler et ale (1977) also measured the concentration of some 

organic acids like citrate and malate. They found that the concen

tration was different for both the stressed and wet plants as shown 

in Figure 2.11 b2. Both sugar and malate concentration is believed 

to play an important role in maintaining the cell turgor and in the 

osmotic adjustment phenomenon (Dhindsa et al., 1975). 
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After-Effects on Previously Stressed Plants 

Osmotic and conductance adjustments in plants play a very 

important role in the drought tolerance mechanism. Both are directly 

related to the control of the stomates aperture such that the CO2-

water vapor interchange is allowed at low water potential. A good 

explanation of exact adjustment mechanism is still not clear; however, 

Ludlow (1980) suggests that the osmotic adjustment within the leaf 

and particularly in the guard and subsidiary cells in stomates of 

plants undergoing stress, assists the maintenance of turgor by partial

ly affecting the decline in water potential and allowing partial 

stomatal opening. Evidence to support osmotic adjustment in guard 

cell was provided by Brown et a1. (1976). They measured the osmotic 

adjustment in cotton plants and found a 0.7 MFa adjustment in guard 

cells and 0.9 M Pa in the whole leaf. 

Osmotic and conductance adjustments in stomates is expected 

to disappear as the plant is watered. The process, though, is not 

very rapid. Jones and Rawson (1979) showed that osmotic adjustment 

takes several days to normalize. They found that in sorghum prestres

sed plants, within three days after watering, the osmotic adjustment 

decreased to 0.15 MFa from an initial value of 0.5 MFa, and within 

11 days the osmotic adjustment had completely disappeared. 

If the plant does not recover immediately after irrigation, 

we may expect the stomates to remain widely open due to the previous 

osmotic adjustment, and the conductance to remain high such that 

the plants lose a lot of water keeping the leaf water potential low 

at least for a few days after irrigation. 



The solute concentration adjustment due to a water deficit 

investigated by Cutler et ala (1977) and Munns et ala (1979) showed 

that indeed there exists a higher solute concentration in plants 

under water stress than in plants well watered. 

According to Munns et al., it took 7 days for the plant to 

develop the high solute concentration after the plant was water de

prived, as shown in Figure 2.lla. If we rewater the plant, it may 

be expected that the solutes concentration decays in the same fashion 

as it was developed (taking several days to return to its normal 

level), although this author could not find any published evidence 

that proves the above statement. 

If both the high solute concentration and high stomate con

ductance remain for several days after rewatering, then we may expect 

lower water potential readings in the few days after irrigation while 

the plant recovers •. This may explain the low leaf water potential 

readings we obtained immediately after plant irrigation, as will 

be seen in Chapter 4. 

The work presented in this chapter summarizes what was done 
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by other researchers in the past. It covers both physical and physio

logical modifications occurring in plants under water stress. This 

will allow us to interprete our results as presented in Chapter 

5. The discussion now shifts to the electronic circuit design. 



CHAPTER 3 

ELECTRONIC INSTRUMENTATION 

Taking data day and night in the field requires an enormous 

effort if the task were not done automatically by electronic instru-

ments specifically designed for this purpose. However, in order 

to first check the feasibility of the method, a manually operated 

prototype system was designed and utilized prior to the automatic 

one. 

Prototype Data ACquisition System 

Using linear variable differential transformers (LVDT) to 

measure the stem diameter variation of cotton plants was reported 

previously (Namken et al., 1965; Klepper et al., 1971; Jordan and 

Ritchie, 1971). These methods require quite heavy devices that could 

not be permanently attached to the plant. 

Linear Variable Differential Transformer 

The linear variable differential transformer (LVDT) shown 

in Figure 3.1 a is the single most important device used in this work. 

It is a mutual inductance element used to measure displacement. 

The LVDT produces an electrical output proportional to the displacement 

of a separate movable core. AC carrier exitation is applied to the 

primary. Two identical secondaries, symetrically spaced from the 

primary, are connected externally in a series-opposition circuit. 
60 
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Motion of the magnetic core varies the mutual inductance of each 

secondary to the primary which in turn determines the voltage induced 

from the primary to each secondary as shown in Figure 3.1a. If the 

core is centered between the secondary windings, the voltage induced 

in each secondary is identical and in series opposition so there 

is no net output. If the core is moved off the center, the mutual 

inductance of the primary with one secondary will be greater than 
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with the other, and a differential voltage will appear across the 

secondaries in series. For core displacement within the operation 

range, the output voltage is essentially a linear function of displace

ment. 

The LVDT's have several features that make them useful for 

displacement measurements (Herceg, 1972). Among them, linearity, 

sensitivity, resolution and repeatibility are the most important 

features for our purposes. 

Linearity. The output voltage of an LVDT is a linear function 

of core displacement within a specified range of motion, usually 

it is expressed as a percent of full range output. The linearity 

of the LVDT used in this application (Schaevitz model 050 MHR) is 

± 0.15 percent of full scale. 

Sensitivity. Sensitivity is specified in terms of normal _ 

full scale output. This is the LVDT output voltage with the core 

positioned at full scale displacement divided by the primary exitation 

voltage. The Schaevitz model 050 MHR has a maximum linear displacement 

of ±1270 ~m, and a sensitivity of 0.13 mv/~m/input volt at 10 KHz. 



In our system the exitation voltage was 1.5 V rms, so the maximum 

output voltage will be (0.13 x 1270)/2.5 = ±66.04 mV rms. 

Resolution. The smallest core displacement change which 
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can be observed at the LVDT output is called resolution. Since infini

tesimal changes in core position can be observed, the resolution 

is only limited by the electronics resolution. The resolution in 

our system is the maximum displacement divided by the maximum counts 

of AID converter (1270/1024 = 1.24 ~m/count for the prototype system 

and (2 x 1270/1024 = 2.48 mlcount for the automatic system). 

Repeatability. The ability the LVDT's have to reproduce 

the same voltage for repeated trials at the same core positon is 

called repeatibility. This is a desirable feature that permits the 

LVDT's to be used on critical displacement measurements over extended 

time intervals. 

Our first attempt to develop an automatic system was to design 

both a lightweight LVDT housing that could hold the LVDT firmly attached 

to the plant without loading it and a manually operated LVDT driver

meter. The details are in Diaz-Munoz (1980), and Diaz-Munoz (1981); 

however, a brief description is given here. 

In Figure 3.1b, the housing holding the LVDT is attached 

to the plant. A light, stable and strong epoxy bonded fiber glass 

(type G10) was used to build the housing. The housing weighed only 

19 grams and was fixed to the stem by four screws working in two 

opposite pairs to hold the stem. The LVDT was placed in the housing 

center. The LVDT mobile core was exerting a force of 3 gr against 



the stem by a stainless steel spring. Stem swelling or shrinking 

displaced the LVDT core with respect to its body, producing an output 

voltage that is linearly related to the core displacement. 

Prototype System 

The LVDT itself is a transformer with two secondary windings 

each of whose output voltages is proportional to the Core position. 

A system to drive the primary and read the secondary voltage was 

designed (see Figure 3.2). The primary was driven by a sinusoidal 

wave of 10 KHz and approximately 2.5 Vrms amplitude. The oscillator 

was built using an-integrated circuit function generator--ICL 8038-

made by Intersil, which has a very stable frequency but unfortunately 

the output voltage amplitude was power supply dependent. Measurement 

of the LVDT output voltage with a nonsophisticated RMS voltmeter 
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was not easy at 10 KHz, so it was decided to build a AC to DC converter 

and use a DC voltmeter to take the readings. 

As mentioned before, the primary voltage amplitude changes 

with the power supply input voltage. This obviously produces an 

error in the output reading. To avoid that problem and since the 

amplitudes of the primary and secondary voltages were so different, 

another AC to DC converter was built to monitor exclusively the primary 

voltage amplitude. Knowing the primary amplitude changes, one can 

make corrections to the output voltage to eliminate the error intro

duced by changes in the primary amplitude. Then the transduction 

equation is as follows: 



OSCILLATOR 
10 KHz 

, +12V 

POSITIVE TO 
IO.5V NEGATIVE DC 

SECONDARY 
AC TO DC 

CONVERTER 

PRIMARY 
AC TO ,DC 

CONVERTI:R 

LVDT 

OUTPUT 

SECONDARY 

OUTPUT 
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V A (Kl -K2)Vi ASd = A 0_ . - A(K,-K2) 
Vi v. 

l. 
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where 

ASd = change in stem diameter in llm. 

A = proportionality constant in llm. 

V. = primary voltage, volts. 
]. 

Vo = output voltage, volts. 

K, and K2 = Transformer ratio between the 
the two secondaries. 

primary and 

Twelve LVDTs were placed on different plants and the voltage 

readings were taken by passing sequentially from one LVDT to another. 

The switching was done manually with a rotary switch that connected 

simultaneously the LVDT primary to the driver output, and the secondary 

to the AC to DC converter. 

The results obtained during the '979 summer (see Diaz-Munoz, 

'980) proved the feasibility of the system as a stem diameter monitor. 

This conclusion led to the construction of an automatic stem diameter 

monitoring system. 

Automatic Data ACquisition System 

The Microprocessor Control Unit 

Since its introduction in the early '970s to date, microproces-

sors have been converting fairly complicated "one purpose" electronics 

control systems into a more powerful programmable ones. The micro-

processor ability to make decisions and change its operation mode 



only by software and little or any hardware has been exploited by 

engineers to build powerful yet cheap electronic instrumentation. 

MOS and CMOS are the principal integrated electronics tech

niques to build microprocessors because of the low power dissipation. 

However, high speed, high power dissipation bipolar techniques are 

used too. The speed of operation vary with construction techniques, 

CMOS being the slowest and bipolar the fastest. One pm-ler supply 

microprocessors are preferred over the double power supply ones. 
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In addition, power dissipation in microprocessors becomes very important 

when the power supply energy available is limited. 

The operation instructions set are different for each micro

processor type and so is the internal architecture. Performing a 

specific task can be done by any microprocessor, however, some can 

do it better and faster than others because of their internal configur

ation. Selecting the "right" microprocessor depends not only on 

its desired application performance, but also in other factors that 

constrain our freedom to choose them. Power dissipation became impor

tant in an agricultural system where the energy is supplied by solar 

cells during the day and is backed up by a battery during the night. 

One power supply operation has preference over others. Speed is 

important for real time analysis or control of high frequency signals. 

In agricultural applications, it is possible to neglect speed because 

one is dealing with signals that rarely change in one minute. Arith

metic in microprocessors can be BCD or pure binary and frequently 

both can be performed in the same device. BCD is preferred over 



the pure binary because we are more accustomed to it. Peripherals 

availability for interfacing the microprocessor with transducers, 

printing or reading devices and data acquisition systems is another 

important consideration that we have to take in account at the time 

we select the microprocessor. Finally the word length of the instru

ctions set and CPU, deals with calculations accuracy, instruction 

power and execution speed. Obviously 16 bit microprocessors have 

advantage over its 8 bit counterparts on the above matters. However, 

8 bit microprocessors are very popular because they can handle a 

lot of computation and control with cheap configurations. Sixteen 

bit micro-processors are reserved mainly for fairly powerful micro

computer systems where speed and arithmetic accuracy are the most 

important matter. 
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In this application, the main constraints in choosing the 

microprocessor were low power consumption and peripheral availability. 

The only alternative for low power consumption restriction was the 

use of a CMOS microprocessor. From the CMOS microprocessor available 

in 1980 (RCA CDP 1802, 8 bit; Intersil IM6100, 12 bit; Sharp SM4, 

4 bit) the RCA Cosmac CDP 1802 was the one that had the most peri

pherals already available in addition to only one power supply needed. 

So a CDP 1802 based system located on a single microboard, RCA part 

number CDP 18S601, was chosen. 

The microboard CDP 18S601 is a versatile computer system 

on a single card, as shown in Figure 3.3a. It contains a CDP 1802 

CPU as the central processor, a crystal controlled clock, read-write 
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memory, parallel I/O ports, a serial communication system, power

on reset, and expansion interface. Because of its CMOS design, the 

power dissipation is minimal and does not require cooling systems. 

It can be· interfaced with other devices or systems via a general 

microboard bus interface that consists of three independent buses, 

the control bus, the address bus and the data bus. These buses are 
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the only available lines to control and handle the information gathered 

by the different interfaces connected to the system. 

Data, Address and Control Bus Organization 

Connecting the microprocessor to the different interfaces 

built to perform different tasks in the system required a good organi

zation of the different lines that carry data or control signals. 

Our system was organized in three independent buses, the control 

bus, the address bus, and the data bus. The three bus lines were 

common to anyone of the interfaces, see Figure 3.3b. In this way 

we can interchange the interface board's position without any risk. 

In addition, this parallel bus configuration allows us to add new 

interfaces that may be desired in the future. 

Hardware 

Proper operation of the microprocessor controlled data adquisi

tion system required several interfaces. Among them were the micro

terminal interface that allowed one to introduce and modify the opera

tion program, the clock interface that kept the right time even when 

the ~p was performing another task, the fiber optic link interface 



that sends the final data to the paper tape punch through a fiber 

optic cable, the LVDT interface that controls the LVDT operations 

and the analog to digit31 converter (AID) interface that converts 

the analog input signal from the LVDT's and the electropotential 

probes into a digital code. 

A thorough description of the LVDT Driver-Meter and AID inter

faces are given here, and the other ones, microboard, clock and fiber 

optics will be described with less detail, because they were designed 

by other persons. 

LVDT Driver-Meter Board 

The LVDT Driver-Meter board, shown in Figure 3.4, performs 

basically three things. It generates the appropriate sinusoidal 

wave with the amplitude frequency and power required to drive one 

LVDT at a time. It provides two types of multiplexes to drive and 

read the same LVDT selected at one time. One multiplexer is made 

of relays to handle the current (about 15 ma) needed to drive the 

LVDT primary. The second multiplexer is a solid state type whose 

function is to select among all LVDT secondaries the desired signal 
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to be fed into the AC-DC converter. The third part of the LVDT Driver

Meter board consists of an AC-DC converter that converts the AC signal 

amplitude from the LVDT secondary into a DC signal which is easily 

converted to a digital code by the analog to digital converter inter

face. 

The interface itself needs a negative voltage for proper 

polarization of the operational amplifiers used in the AC-DC converter. 
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Due to lack of a negative voltage source, a +DC to -DC converter 

was built to provide the negative voltage to the operational amplifiers. 

A more detailed decription of the LVDT board circuitry now 

follows. 

Oscillator. The oscillator was built using a Wein bridge 

oscillator with FET amplitude stabilization (see Figure 3.5c). If 

we derive the gain equations for the Wein bridge oscillator assuming 

that the input is in the non-inverting input of the operational ampli-

fier, then the transfer function according to the circuit in Figure 

3.5c will be 

Knowing that the amplifier is non-inverting, the oscillation 

condition is such that ,the phase shift between input and output has 

to be 0, 2TI , 4TI ••• 2nTI ; n=O, 1, 2 •••• If in addition, we set the 

values of R6~R7=R and C4=C5=C, then the gain equation will be 

G(jw) = l_w2C2R2 + 3jWCR 
jwRC 

1 
The oscillation condition will be met when 2 TIfo = wo = CR; if fo 

= 10 KHZ, and we choose C=0.001 ~ f, then R = 15.8 K. That means 

that the gain should be equal to 3. The oscillation will not start 

if the non-inverting amplifier gain is exactly equal or slightly 

lower than 3. The gain has to be slightly bigger than 3 to start 
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the oscillation. However, if the gain is slightly bigger than 3, 

the oscillator output amplitude will increase constantly until it 

reaches the maximum amplitude permitted by the power supply. This 

of course, is an undesired effect if we want a constant amplitude 

oscillator. So, we must provide an automatic mechanism that sets 

the gain slightly above three at the beginning and· once the desired 

amplitude is reached, keeps the gain at three. The description of 

this circuit will be given in the constant amplitude control section. 

As we mentioned before, we only have one power supply to 

drive the system, so, in order to get the maximum output amplitude 

from the oscillator, we built a voltage divider with resistors R4 
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and R5 to adjust the DC level to 1/2 of the power supply. A capacitor 

C3 = 470 ~f was used to short to ground the 10 KHz signal of the 

Wein bridge network R6 and C4. The DC level of the output was decoupled 

with a capacitor C11 = 470 ~f. 

The operational amplifier used to build the oscillator had 

to provide enough current to drive the LVDT primary, usually above 

10 mao We chose the National semiconductor operational amplifier 

LM13080 that can drive enough current well above 10 ma, which is 

the limit of most operational amplifiers. The network C16 - R17 

was added to the circuit as recommended by the operational amplifier 

manufacturer to compensate for capacitive loads (such as the DC to 

DC converter). 

Constant Amplitude Control. As was mentioned before, the 

gain of the non-inverting amplifier used in the Wein bridge oscillator 



should be 3 to keep the amplitude constant, slightly bigger than 

3 if we want the amplitude to be increased or slightly lower than 

3 if we want the amplitude to be decreased slowly. To explain the 

method to control the amplitude, let us write the well known gain 

equation for a non-inverting amplifier 

Where 

G = (1 + ;) 
G 

RF = feedback resistor 

RG = resistor from ground to the inverting input of the OPe 

amp. 
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For a gain of 3, RF is equal to 2RG• If we change slightly the value 

of RG, the gain will certainly change, so if we adjust RG automatically 

each time the oscillator amplitude varies, we will have an automatic 

amplitude control. 

One device that can be used as a variable resistance is a 

JFET. This device changes its channel resistance depending on their 

input voltage applied to the gate. If the JFET is operated in the 

ohmic or triode region, then the channel resistance is a predictable 

variation with gate bias voltage. All the curves pass through the 

origin, and the parameter is fully bilateral for small excursions 

of VDS (Figure 3.6). 

An approximation for the channel resistance evaluation exists 

(see Teledyne, 1977), as: 

r 
DS 
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where 

r
DS = channel resistance, 

r = channel resistance when VGS = 0, DSO 

V
GS = voltage between gate and source, and 

V = pinch off voltage. p 

If we examine Figure 3.6a for small changes in VDS ' the bi

lateral excursion is approximately linear. To approach theis JFET 
" 

characteristic, we want a small voltage, VDS ' This can be done if 

we put a resistance RG in series with r DS to give the value RG = 

R'G + r DS ' If R'G is much bigger than r DS ' the voltage VDS across 

r DS will be smaller and given by the expression 

where 

r DS Va 

3 RG 

v = desired oscillator peak output amplitude. 
o 

If in our design we choose 

then 

RF = R9 = 8.06 K 

RG = 4.03 K 

R'G = 3.16 K 

r DS = (4.03-3.16) = 870 ohms 

Vo max = ±3.5 volts peak 

and ± V
DS 

max = 0.870 x 3.5 = ± '0.25 V max. 
3 x 4.0 

78 



We see here that, according to Figure 3.6a, VDS is still 

in the linear bilateral region, so using a JFET as a voltage control 

resistance is acceptable to control the oscillator amplitude. 

To decouple the DC voltage level equal to 1/2 of the power 

supply that must be present in the inverting input of the operational 

amplifier, we used capacitor C6 = 4.7 ~ f. 

The gate voltage is controlled by an error amplifier which 

has a gain of 100. It oompares the output voltage from the half 

wave AC to DC converter, whose amplitude is proportional to the oscil

lator output amplitude, with a reference voltage provided by a preci

sion 5 volt integrated circuit regulator PMI 02. This reference 

voltage is adjusted by R39 to set the desired oscillator amplitude. 

The AC to DC converter will be explained thoroughly in a 

later section. Here it is described briefly. It is a precision 

half wave rectifier (see Figure 3.6b) whose output is filtered by 

capacitor c8 = 0.33 ~f to provide a DC level proportional to the 

AC amplitude. The operational amplifier was improved by a feed-for

ward capacitor C9 = 560 pf as recommended by the manufacturer of 

the operational amplifier LM 108A. 

DC to DC Converter. This converter may be considered part 

of the oscillator, because it is driven directly from the output. The 

function of this converter is to multiply the oscillator signal by 

two and according to the diode polaraties it provides a negative 

DC voltage to be used in the operational amplifiers. The current 

driven by the DC to DC converter will never reach 10 ma because the 
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LM 108A devices are low power consumption units. The output amplitude 

of the DC to DC converter is nearly constant because the oscillator 

amplitude does not change. The circuit diagram is shown in Figure 

3.5a. 

Multiplexer~. During the stem diameter measurement, we are 

going to select only one LVDT at a time. This means that the oscil

lator has to be connected to the primary of the desired LVDT while 

the output of the same LVDT should be connected to the AC to DC con

verter to make an AID conversion. 

The LVDT primary consumes more than 10 ma at 10 KHz so it 

is not practical to use a solid state switch to build the multiplexer, 

because of the internal resistance inherent in those devices that 

may produce errors in the displacement evaluation due to a voltage 
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drop across that resistance. It was necessary to build the multiplexer 

with relays because the contact resistance is almost zero and no 

error is produced. 

The LVDT output has two secondaries whose outputs must be 

compared in a differential mode to evaluate the core displacement. 

This improved design uses the differential mode to use the full linear 

range of ± 1270 ~ m. Two of the LVDT output wires are attached to 

the system common, while the remaining two are brought from the field 

to the AC to DC converter. To select which wires have to be connected 

to the AC-DC converter, a differential multiplexer was used. To 

build the differential multiplexer, solid state devices were used 

because the input impedance of the AC-DC converters is very high 



(200 K ohms) compared to the internal resistance of the multiplexers 

(about 1 K ohm max), and the error due to a voltage drop across the 

1 K resistance is minimal. 

In order to set the multiplexers to a desired position, an 

appropriate code is generated in the microprocessor and stored in 

the LVDT board input register (see Figure 3.7) where it will remain 

until it is changed again via the microprocessor. The output of 

the register goes to two parts, one to the decoders of the relay 

multiplexer and the other to the secondary differential solid state 

multiplexer. The output of the relay multiplexer is buffered to 

drive the relay coil (see Figure 3.7). The physical configurations 

of the relay multiplexer is in Figure 3.8. Each relay has a double 

pole single thread switch (DPST) and is selected twice during a data 

acquisition cycle, but relay number 11 determines which one of the 

poles is going to be connected to the LVDT primary. 
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In Figure 3.9 we see the physical configuration of the solid 

state multiplexer. Five control lines from the latch register are 

enough to drive the differential multiplexer. Notice that the two 

multiplexer outputs go to different inputs of the differential AC 

to DC converter. 

AC-DC Converter. Due to the relative high frequency operation 

of the LVDT, (10 KHz), its output signal could not be converted to 

a digital code by the dual slope AID converter being used. To overcome 

this problem a precision AC-DC converter was designed to demodulate 
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the AC carrier signal. In order to use the maximum linear range 

of the LVDT's, we had to build a differential AC-DC converter (see 

Figure 3.10) such that if the LVDT core is at the center, bot.h secon-

daries will have the same output voltage, so the output of the AC-

DC converter will be zero. If the core moves towards the LVDT rear, 

the AC-DC converter output will be positive. If the core moves towards 

the front, the AC-DC converter will produce a negative voltage. 

This negative voltage is undesired, so we add an offset voltage with 

resistor R23 to the amplifier 22A to shift the output voltage towards 

the positive side. In this way, the core at the center pOSition 

always will produce a positive voltage, and when the core reaches 

the maximumm linear displacement towards the LVDT front (-1270 microm-

eters), the AC-DC converter will read zero. 

The first stages in the AC-DC converter are half-wave precision 

rectifiers. Both work with the negative part of the input sinusoidal 

cycle. During this part, as soon as the input voltages e1 or e2 

reaches a negative value, the output of the operational amplifiers 

14A and 14B became positive thereby forward polarizing the diodes 

D9 and D11. The high open loop gain of the operational amplifier 

eliminates the non-linearities of the diode, so the gain is 

Rl9 
G1 = - RI8 = 

R32 
- R31 

If R19 = R18 and R31 = R32, then GI = 1 = G2 • 
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During the positive sinusoidal cycle, the outputs e3 and 

e4 becomes equal to zero due to the strong feedback across diodes 

D8 and D9. The LM 108A are not fast operational amplifiers, but, 

according to Dobking (1969a, 1969b), by adding the capacitor C18 

and C28 for feed-forward compensation the slew rate is increased 

to about 10V/~ sec. extending the usefulness of the device ~o fre-

quencies one order of magnitude higher. 

The second stage in the AC to DC converter is a modification 

of the well-known instrumentation differential amplifier (see Tobey, 

Graeme and Huelsman, 1971). The modification consists in using opera-

tional amplifiers 22A and 22B as low pass inverting amplifiers. 

If the resistors R21 = R24 = R25 = R34 = R35 = 36= = R = 20K, R28 

= R30 = R37 = R38 = 20K and C29 = C25 = 10 ~f, it can be shown that 

the output voltage of the differential amplifier is 

e3 - e4 
V = --~~~--------~ + 

o RC4[S + ~~~'~O+R)J> 
R40/R e4 - e3) 

2 2 R40/R }2 
C (2R40+R) S+ C(2R40+R) 

and the gain at 10 KHz can be adjusted with potentiometer R26. The 

differential amplifier was built using high quality operational ampli-

fiers, the LM108A. Connecting capacitors C29 and C25, a low pass 

filter was added to both input stages of the differential amplifier 

to integrate the half cycles from the previous stages and obtain 

a DC level whose value was proportional to the amplitude of the input 



sinusoidal signal. As was mentioned previously, a DC offset can 

be added by just adjusting potentiometer R23. The offset will always 

be toward the positive side. 

AID Converter Board 

Data from the LVDT's AC-DC converter output, the reference 

level signals, and the electropotential generated on the plants were 

provided as analog signals, which had to be converted into a digital 

code before its proper manipulation in the microprocessor. In order 

to perform the above task, a complete data acquisition board was 

developed. A block diagram of the AID board is given in Figure 3.11. 

It consists of a multiplexer that select the desired input signal 

to be converted into a digital code, a differential amplifier with 

very high input impedance to minimize the common mode signal and 

a dual slope AID converter. The multiplexer and AID converter, and 

also the power supply for the AID board are controlled by the micro

processor. An explanation of the three main parts of this AID board 

is given below. 

Multiplexer. The data acquisition system was designed not 

only for the analog ot digital conversion of LVDT's output, but also 

to make an AID conversion of the electropotential generated in cotton 

plants during the day. An explanation of how this electropotential 

is generated and its relationship to water stress of the plant is 

not the topic of this dissertation. For those interested in this 

subject, see Gensler and Diaz-Munoz (1983), and Gensler (1974). 

Here it will be mentioned only that the Thevenin equivalent model 
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of the electropotential signal generataed :i.n the plant consists of 

a voltage generator with amplitude between 0.1 to 0.1 volts and a 

Thevein source resistance above 100 M ohms (Gensler, 1974). The 

electropotential is measured by inserting paladium electrodes into 

the plant and running wires to the AID converter board located in 

one side of the field where they are connected to the input channels 

of the multiplexer. 

To build the multiplexer, the possibility of using solid 
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state switches was considered because they are already built in a 

single integrated circuit and consume little power. From the different 

solid state multiplexer~ available in the spring of 1980, the best 

specification available only provide, in the "off" state, a maximum 

isolation of 100 M ohms between the input and output, this isolation 

is very g~od for most applications but in the case of the plant electro

potential signal with a internal resistence of 100 M ohms the solid 

state isolation was not enough to ensure noninterference in the electro

potential by other signals arriving from other channels. Because 

of this problem, it was decided to build the multiplexer using relays 

which have a theoretical infinite isolation between input and output. 

The relays have two switches that are normally open (double pole 

single thread, DPST). The coil needed to bring the switches to the 

"on" (close) position needs 5 V and 25 mao 

The process to drive one of the relays begins with a latch 

register that accepts the code generated in the microprocessor. 

The access to the latch register is controlled by an output instruction 



that sets the I/O commands of the microprocessor to a code that corre

sponds to the AID board. This code is decoded by a three to eight 

line decoder that enables the latch register to accept the information 

in the data bus, as shown in Figure 3.12. This information is given 

in eight bits (DO to D7). Six of them (DO to D5) are used to control 

the multiplexer, one (D5) is used to control relay B28 that selects 

the common to be used, the last one (D7) is used to control the slope 

of the AID converter. An extra bit, generated in the same board, 

enables the multiplexer and power supply of the AID board. From 

the six bits used to control the multiplexer, the four least signifi

cant (DO, D1, D2, D3) are decoded by a CMOS four to sixteen line 

decoder. The maximum output current of this CMOS decoder is not 

enough to drive a relay, so bipolar transistor buffers were used. 

The buffers were arranged in two sets (see Figure 3.13). Set #1 

consisting of sixteen buffers drives the sixteen relays of bank 1 

(from A1 to A16), while set #2 drives relays of bank 2 (A12 to A30, 

B29 and B30). 

Data bus line D4 controls which one of the two buffer sets 

is going to be enabled. At the beginning of the data acquisition 

process, D4 is equal to "1", transistor TB2,2 is "on" enabling buffer 

set #1 during the first sixteen channels (CHO to CH15). For the 

following sixteen channels (CH16 to CH31), data line D4 is "0", tran

sistor TB2,2 is "off" and TB2,1 is "on" enabling buffer set #2. 
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For these first 32 channels, data bus line D5 was zero and relay 

B20 was "off" enabling only one of the relay switches to be connected 

to the amplifier input. Up to here, 32 channels were selected and 

to select the remaining 32 (CH32 to CH63), the previous procedure 

is repeated except that data bus line D5 is now "1" setting relay 

B20 to the "on" position enabling the second relay switch to be con

nected to the amplifier. A detailed connection diagram for the de

coder, buffers and relays is given in Appendix A. 

Differential Amplifier. The signal coming from the plant 

is troubled by noise induced in the long wires used to bring the 

signal from the plant to the data acquisition system. To minimize 

this common mode' nOise, a differential amplifier is recommended and, 

if it has very high input impedance, then common mode signal rejection 

ratio (CMRR) will be improved because it does not load the circuit 

and no voltage drop is produced in the source internal resistance. 

As was mentioned before the equivalent source resistance of the plant 

electropotential generator model was about 100 M ohms, so we need 

an amplifier with input resistance well above 100 Megs. Operational 

amplifiers which have MOSFET transistors differential input such 

as the CA3130 manufactured by RCA, were used in this design, because 

besides its high input impedance (as high as 1.5 Teraohms) and low 

bias current (50 pA max), the CA3130 had the output stage made of 

a complementary-symmetry MOS (COS/MOS) transistor-pair, capable of 

swinging the output voltage to within 10 mV of either supply voltage 

for high load impedance values, which was desired in this design. 
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The differential amplifier used in the system is the type 

called "instrumentation amplifier" (see Figure 3.14). It consists 

of three operational amplifiers, two of them (B24A and B24B) are 

used as voltage followers to provide the desired high input impedance 

and the third one (B22) is used in the differential amplifier stage. 

The differential amplifier gain is two and given by the ratio of 

R6/R5 = 200K/100K = 2 (that is true provided that R5 = R7 and R6 

= R8). We notice in the circuit that R8 is not tied to ground as 

is normal, instead it is tied to pin 11 and 2 of the dual slope AID 

converter. Pin 11 is a reference output voltage of two volts and 

is used to shift the DC level to an appropriate value needed to drive 

the input pin 2 as recommended by the dual slope AID converter manu

factured. The output voltage of the differential amplifier is shifted 

to a DC voltage equal to the reference level on pin 11 of the AID 

converter. 
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Due to the high input impedance of the voltage follower stages, 

a high induced voltage can be generated if one of the input wires 

is floating. This may damage the operatio~al amplifier. To prevent 

this problem, diodes D1, D2, D3, D4 and resistors R3 and R4 were 

added to the circuit. Zener diode B21-1 was additionally connected 

to prevent damage and latch up of the AID converter. Capacitors 

C1, C2 and C3 were used for frequency compensation of the operational 

amplifier. 

Dual Slope AID Converter. The last of the three parts of 

the aiD converter board is the dual slope AID converter. The device 
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used for the AID conversion is an integrated circuit MC1505L manu-

factured by Motorola. This device has internally nearly all that 

is needed to generate a dual slope AID conversion; few things had 

to be added externally (as shown in Figure 3.1ij). One had only to 

add a 10 ~f capacitor between pins 6 and 7 to perform the integration 

and a 10K resistor between pins ij and 5 to make offset corrections. 

The operation is totally controlled by the microprocessor by setting 

pin 1ij to "0" or "1", depending if the desired slope is negative 

or positive. The unknown input voltage is fed through pins 1 and 

2, where pin 1 is the inverting input and pin 2 is non-inverting. 

To compare the integrator output voltage against a very stable voltage 

reference level, a very stable 5V voltage regulator chip, PMI02, 

was used and the reference level was connected to pin 1ij of the dual 

slope AID converter. 

Performing an AID conversion is very simple. To explain 

this procedure, let us refer to Figure 3.15. First, the microprocessor 

data line D7 is set to "0" to produce a negative slope. As soon 

as the integrator voltage is below the reference, the data line D7 

is changed to "1" and a positive slope is initialized. When the 

integrator voltage approaches the reference level from below at time 

T , the unknown input voltage, Vx1, is integrated for 0.25 sec. (from o 

To to Ta ). At Ta , the maximum voltage Va is approached and is pro-

portional to the input voltage. 

Vxl 
Va = RxC (Ta-To) where Rx = 10 KQ and C = 10 ~f. 

Ta-To = 0.25 sec. 
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At T , the integrator's slope is changed to a negative value a 

and is proportional to a reference voltage Vref • The integrator 

voltage takes a time Tb to cross the reference level from above. 

This time Tb is proportional to the unknown voltage Vx1. 

then . 

V 
a 

V ref =--
RxC 

Tb = Vxl Ta 
RxC 

Tb = Vxl Ta 
Vref 

If a counter is started at Ta' and stopped at Tb seconds 

later, then the counts will be proportional to the unknown voltage 

Vx1. The counter is generated by software in the microprocessor 

increasing one count every 0.25 m sec. 

Clock Generator 
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The data acquisition system was designed to perform one acquisi-

tion at preassigned time intervals. The date, hour and minute of 

the acquisition beginning is punched in tape. In the long time run 

experiment, to keep the time as accurately as possible, an external 

clock generator was designed. This clock consisted of a crystal 

oscillator, a frequency divider, and a counter whose outputs are 

buffered by a three-state buffer, as shown in Figure 3.16. The oscil-

lator was built using an integrated circuit CD4060 which is in con-

junction with a crystal, oscillates at the crystal resonance frequency. 
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The second part of the oscillator is a binary counter that divides 

14 the frequency by 2 • 
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The second part of the clock generator consists of a presetable 

frequency divider. This divider is preset such that the output fre-

quency is 1/60 Hz. The third part of the clock generator consists 

of a binary counter whose eight outputs (Ql to Q8) are connected 

to three-state buffers. These three-state buffers are used to allow 

the counter outputs to access the data bus every time a clock reading 

is performed by the microprocessor. All other times, the three-state 

buffers are in the high impedance state. A reset button is provided 

to reset all counters/dividers any time is desired. 

Fiber Optic Link 

The data block obtained every data acquisition has to be 

stored on paper tape. The link between the microprocessor and the 

paper tape punch is done through a fiberoptic cable. The fiber optic 

link designed, consists essentially of a transmitter and a receiver 

(as shown in Figure 3.17). The transmitter is accessed and completely 

controlled by the microprocessor, and the receiver is controlled 

only by high pulses emitted by the transmitter. The link between 

transmitter and receiver is done by a fiber optic cable. 

Before any data transference to the paper tape punch, the 

microprocessor turns on the power supply of the transmitter by closing 

a relay. The data then, is transmitted in 8 bits series (bit by 

bit). The receiver recognizes those pulses by means of a universal 

asynchronous receiver transmitter (UART) and converts them into a 
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parallel word. Once eight bits are receive, the code is punched 

in paper tape and the receiver gets ready to receive the next eight 

bit sequence. 

The micro-terminal interface is not discussed here because 

it was designed by RCA and was part of the micro-computer system 

sold by this company. 

Software 

The software in the stem diameter data acquisition system 

was divided into a main program, three subroutines (LVDT-A/D, fiber 

optic link, clock) and 'two nested subroutines (AID and LVDT). 

Main Program 

The main program controls the microprocessor activity in 
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the field. It calls the different subroutines whenever it is necessary 

and makes the decision to either initiate a new data acquisition 

or stay idle. The main program flow diagram is given in Figure 3.18. 

At the very beginning, it removes power from the following boards: 

Analog to digital (AID), Linear variable differential transformer 

(LVDT), and Fiber optic link (FOL). In this way, it is assured that 

any electronics circuit not needed at that moment is not consuming 

energy. The second task the main program does after starting is 

to send the control to the LVDT-A/D subroutine for a complete data 

acquisition of the LVDT's, the electropotential probes inserted in 

the plants and the different reference voltages needed to correct 
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the data and system performance analysis. The control is returned 

to the main program after the data acquisition is completed. 
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The third step in the main program is to set the stack pointer 

of the FOL subroutine to the first memory location of the data stack 

to be punched. In'the fourth step, the main program jumps to the 

FOL subroutine to punch on a paper tape the data of the memory locations 

selected by the stack pointer. The FOL subroutine advances the stack 

pointer to the 'next memory location before it returns the control 

to the main program. 

The memory stack has a finite number of coherent data that 

is updated every time the system performs a data acquisition. To 

avoid overriding the memory size, the main program in the fifth step 

checks if the last stack memory location was punched. If not, the 

main program returns the control to the FOL subroutine for punching 

data. If yes, the main program continues to the sixth step to cut

off ~he energy from the FOL board. After that, the main program 

goes immediately to the seventh step which sends the control to the 

clock subroutine. 

The clock subroutine checks a hardware counter against a 

memory location where the previous counter reading was stored. Every 

time the memory data and the hardware counter are different, the 

minute is updated in the memory location and also the hour and day 

whenever it is needed, then the control is turned to the main program. 

The difference in minutes between the previous reading stored in 

memory and the hardware counter is added to a microprocessor's internal 
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counter. When the count (in minutes) of the internal counter reaches 

the number of minutes desired between data acquisitions, step seven 

of the main program transfers the control the the LVDT-A/D subroutine 

for a new data acquisition, otherwise the control is transferred 

to the clock subroutine. 

LVDT-A/D Subroutine 

The'LVDT-A/D subroutine is the first one called by the main 

program and controls the data acquisition from the plant electropoten

tial electrodes, the LVDT's, the power supply and reference voltages. 

It uses two nested subroutines, the AID, which performs the ·analog 

to digital conversion of the input data, and the LVDT nested subroutine 

which mainly implements a time delay for the LVDT reading to settle 

down and checks if all the LVDT readings were done. The LVDT-A/D 

flow diagram is sketched in Figure 3.19. 

The first step in the LVDT-A/D subroutine is to set controls 

and counters to a proper value and restore the energy to the AID 

board before any conversion. The controls are set as follows: 

Q+O 

R (xh-4E4E 

R(2).0+ 00 

Q=O is needed to access AID and LVDT boards 

Index register pOints to a scratch memory 

location (4E4E). 

Low byte of register 2 is used as a channel 

counter and receives zeros before any data 

acquisition. 



lrst 

LVDT-A/D CONTROL SUBROUTINE 

SET CONTROL NUMBERS IN 
REGISTERS; Q~O ;R(x)=4E4E 
R(2).0=00; R(6).0=08;R(7)=0000 
RESTORE ENERGY TO AID BOARD 

AID CONVERSION r--"l.-.... 

LVDT NESTED 

SUBROUTINE 
NESTED SUBR OU
TINE 

R(2)+0 IF AT LEAST ONE LVDT IS NOT 
DONE;R(2)+1 IF ALL LVDT WERE DONE 

NO 

4th. RESET LVDT BOARD AND INCREMENT 
CHANNEL NUMBER 

NO 5th 

RESET AID BOARD 6th 

Figure 3.19. LVDT-AjD subroutine. 
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R(6) .0+ 08 Low byte of register 6 is used as LVDT's 

counter. Receives 08 for proper control 

of LVDT board multiplexer. 
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R(7) + 00 00 Register 7 is used as offset correction 

counter. Only one time every new data aquisi

tion cycle. 

In step two, the current input channel is tested for corres-

pondence to the one assigned as the LVDT input. If yes, the contro~ 

goes to the LVDT nested subroutine. If not, then the control goes 

to the AID nested subroutine to perform the analog to digital conver

sion from the current input data. In step three, once. the control 

is returned from the AID nested subroutine, the program can check 

to see if the AID input channel corresponding to the LVDT primary 

voltage was read. If yes, then program pontinues to step four, which 

turns off the energy to the LVDT board and increments the AID input 

channel counter. If not, the control is transferred to step five. 

In step five, the LVDT-A/D subroutine program checks to see 

if the last AID input channel was done. If not, the control is re-

turned to step two for a new analog to digital conversion. If yes, 

the data acquisition was completed and the control passes to step 

six to cut off the energy to the AID board. 

Fiber Optic Link Subroutine 

The fiber optic link subroutine (see flow diagram in Figure 

3.20) is called whenever data from a memory location is to be transfer

red and stored on paper tape. 
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Figure 3.20. Fiber optic link subroutine. 
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The first step sets the transmitter power supply on, the 

initial condition of the register R(x), and set Q line to "one". 
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On step two, eleven idle "ones" are transmitted to start a data trans

fer cycle. The "ones" are recognized by the receiver to apprise 

the system that a new data stack is going to be punched. 

In step three, a new word is obtained from the memory stack 

and a bit indicating the start of a word is transmitted. To allow 

proper operations of the fiber optic link system, a 9.2 m sec delay 

is required between bits. 

In step four, a word bit corresponding to D7 (MSB) is transmit

ted first and then the word is shifted to the left. The control 

then moves to step five where it check to see if the eight bits of 

the word were transmitted. If not, the control returns to step four, 

otherwise it continues on to step six. 

In step six, two stop bites are transmitted to "tell" the 

UART that a complete word was transmitted. The control then moves 

to step eight, where it checks to see that all the words in the data 

stack were transmitted. If it is true, the control returns to the 

main program. If it is not true, the control goes to step three 

for a new word transmission. 

Clock Subroutine 

The clock subroutine is used to keep the time updated at 

minutes whenever time is called. See the flow diagram in Figure 

3.21. 



CLOCK SUBROUTINE 

lrst 
SET INITIAL CONDITIONS 
R(x)=R(B) 

2nd 

4th 
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8th 
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3rd 
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CE BETWEEN NEW-OLD MINUTE READING 
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7th NO 
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DAYS COUNTER 

STORE MINUTES,HOUR AND DAY IN 
MEMORY STACK 4F02 TO 4F05 

Figure 3.21. Clock subroutine. 
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The first step sets the initial conditions for counters and 

index register as follows: 

R(x) = R(B) 

R(x) 4FFO 

R(B) is used as index register 

The index register points to the scratch 

memory location 4FFO where the last progres-

sive binary count of minutes was stored. 

The second step takes data from the hardware clock counter, 

which is incremented one count every minute. The third step compares 

the reading just taken with the one stored in memory location 4FFO. 

If there is no difference between them, then the control goes to 

step two for a new reading of the hardware counter. However, if 

there exists a discrepancy between both data, the difference between 

them is obtained and used for two purposes in step four. First, 

it adds to the minute counter to update it and, secondly, it stores 

in register R(C) for subsequent evaluation in the main program of 

the data acquisition time. Notice here that if the clock subroutine 

was called after the data acquisition and paper tape punching cycles, 

the difference between the old data stored in M(4FFO) and the data 

read from the hardware clock counter may be several minutes, because 

of the time used during the data acquisition process. In the other 

case, the maximum difference in data will be only one count. 

In step five, after the minute counter was updated by adding 

the difference between the data in M(4FFO) and the hardware counter, 

the program checks if the count is not equal or over 3B16 (60 10 ). 
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If yes, we go to step six where a 3B16 is substracted from the minute 

counter and one count is added to the hours counter. ~f not, the 

program continues on step seven. steps seven and eight are simila.r 

to steps five and six, except that the program checks if the hour 

counter is above 1716 (23 10 ) to add one count to the day counter 

and reset the hour counter. On step nine, just before the control 

is returned to the main program, the data from the days, hours, and 

minutes counters is stored in stack memory locations 4F02, 4F03, 

4F04, 4F05 respectively. The day data uses two memory locations, 

M(4F02) and M(4F03). Memory location M(4F02) stores the day's most 

significant values (from 00 10 to 03 10 ) and the location M(4F03) stores 

the least significant day's values (from 00 10 to 99 10 ). 

AID Nested Subroutine 
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The AID nested subroutine was designed to control the operation 

of the AID board during an AID conversion. It sets the relay's input 

signal multiplexer to the desired channel, controls the dual slope 

integrator during the AID conversion, keeps the count internally 

in the microprocessor register, checks if the input signal is negative, 

performs an automatic DC offset correction and stores data in the 

memory stack. See flow diagram in Figure 3.22a. 

In step one, the AID nested subroutine gets the number of 

the input multiplexer channel whose input signal is going to be refer

red to ground (power supply, reference voltage, LVDTS, etc.), and 

sets the input multiplexer to the input channel desired. In step 

two, the subroutine checks if all channels referred to ground were 
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acquired. If not, it goes to step three to "set" relay B28 which 

switches the differential amplifier negative input to ground. If 

yes, the subroutine continues to step foul', where relay B28 (mentioned 

beforc) is reset such that the differential amplifier negative input 

is now tied to a reference voltage, to which the electropotential 

generated in the plant is going to be referenced. In addition, in 

step foul' the AID input multiplexer is advanced to the next input 

channel and the number needed for offset correction is loaded into 

register one (R(1» from register seven, R(7) (0000 if the input 

channel is the zero one,. and whatever is calculated for DC offset 

corrections after that). In this step, the AID converter slope is 

also set to a negative value to assure the integration voltage reaches 

the right position before the dual slope integration is started (see 

Figure 3.22b). 

In step five, the subroutine goes to a 50 m sec. delay loop 

to allow the AID board relays to settle down and then passes to step 

six where it checks if the integrator output voltage is below the 

reference level. If not, it waits until the above condition is met 

before the program continues to step seven. Once the program knows 

that the integrator's output voltage is below the reference level, 

the integrator's slope is changed to a positive one, where the slope's 

magnitude is going to be proportional to the unknown input voltage. 

This is the first step in the dual slope analog to digital conversion 

(See Figure 3.22b). 
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steps eight and nine are closely related to the time the 

integrator's voltage approaches the reference level from below. 

If the input voltage is positive, the integrator's output voltage 

sooner or later will approach the reference level and the normal 

process will continue to step ten; however, in case the input voltage 

is zero or negative, then the integrator's output voltage will never 

reach the reference level and the process will never continue. To 

prevent this problem, step nine was implemented such that if the 

integrator's voltage does not approach the reference level after 
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0.5 sec., the input voltage is considered as zero even if it is nega

tive and the control goes to step nineteen, where the counter register 

H(l) is set to zero. 

If the process goes right, the program sequence continues 

with step ten. In this step, a delay loop is inplemented to allow 

the unknown input voltage being integrated during Ta = 0.25 sec. 

After Ta, in step ten, the integrator's i?put current is switched 

to a reference one such that it changes the slope to a negative one 

in step eleven. As soon as the slope changes sign, the program moves 

to step twelve, where one count is incremented to the counter register 

H(1) every 250 microseconds until the integrato!'s output voltage 

approaches the reference level from above and is detected in step 

thirteen. At this time, the count stored in register H(1) is propor

tional to the unknown input voltage. 

When the system design was started, it was considered making 

four AID conversions and then divide the result by four to take the 



average as the result. In step fourteen, the program checks if the 

four AID conversions were done. If not, the control goes to step 

seven to initiate a new AID conversion. If yes, the control moves 

ahead to step fifteen., In this step, the program checks if the input 

channel is the zero one, which is tied to ground. If it is true, 

then the DC offset compensation number to be subtracted from the 

counter register R~1) is evaluated in step sixteen by decreasing 

one count from register R(1) and adding a negative one to auxiliary 

register seven R(7) until R(1) approaches zero. The negative number 

will be available on register R(7) where it will be called every 

time the AID nested subroutine passes over step four. In case the 

input channel is different from zero, then the control moves to step 

seventeen, where the counter R(1) is divided by four by shifting 

R(1) two times to the right, before the control,soes to step eighteen. 

In step eighteen, the count stored in register R(1) is tested 

to see if it is a negative number, which may be possible for very 

low input voltages and a shift in the DC offset. If that is the 

case, the register R(1) is set to zero before continuing to step 

twenty. If R(1) is positive, then the program sequence continues 

on to step twenty. In step twenty, the data from register R(1) is 

stored in the memory stack in two consecutive locations. The first 

one stores the upper byte of register one (R(1).1), and the second 

memory location stores the lower byte of the counter register R(1).O. 

After this step, the control is returned to the LVDT-A/D subroutine. 
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LVDT Nested Subroutine 

The LVDT nested subroutine controls the LVDT board operations. 

It restors the energy to the board, checks if ~ll LVDT's were done 

and implements a delay loop to allow the LVDT's output reading from 

the AC to DC converter to settle down. The flow diagram is in Figure 

3.23. 

In step one, the power is restored to the LVDT board for 

proper operation of the electronic circuits. The current count from 

the LVDT counter register R(6) is stored on LVDT board registers 

before the register counter, R(6), is advanced one count. Tqen the 

control passes to step two. In this step, the program checks if 

all twelve LVDT's were read. If so, the channel counter register, 

R(2), is advanced one count in step three, and the control is returned 

to the LVDT-A/D subroutine. If at least one LVDT reading is still 

remaining, then the control goes to a delay loop in step four before 

it returns to the LVDT-AD subroutine. 

Probably the most important part here is the delay loop. 

This delay was implemented to allow the very low frequency low pass 

filter (f3db = 0.31 Hz) from the AC to DC converter to settle down. 

A fourteen second delay loop was implemented using a nested delay 

loop with two counters. One is set to specific value (OB in our 

case) and is decreased until it reaches a zero value. It takes about 

3.95 m sec. to be cleared out. Each time the above counter is zero, 

a count is ~ecreased from the second counter (R(9) in our case) which 

was previously set to a convenient value (ODOO, in our case). If 
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Figure 3.23. LVDT nested subroutine. 
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the second counter is not zero, then we set the first counter to 

DB and start the process again. Once the second counter approaches 

zero value, then the total delay will be: 

Time delay of first counter x counts in second counter = 3.95 

m sec x DD00 16 = 3.95 m sec. x 358ij = 14.156 sec. 

Notice here that the product of .3.95 m sec x 256 = 1.01 sec. and 

we know that any number in the upper byte of a register is multiplied 

by 256, so we set the upper byte of register R(9) to the desired 

delay in seconds. 

In this chapter, an analysis of the electronic instrumentation 

(hardware) and the programs (software) was done in detail. The system 

was tested in the field under "normal operation conditions with satis

factory results. A description and analysis of the data obtained 

is the topic of the following chapter. 
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CHAPTER 4 

MEASUREMENT PROCEDURE 

The measurement of stem diameter variation and water potential 

was performed in a 0.2 hectare cotton field at the Water Resources 

Research Center Field Laboratory of the University of Arizona in 

Tucson. The cotton (Delta pine 61) was planted by April 16, 1981 

in north to south rows. Three irrigations were done before the experi

ment was started on August 3 (Julian day 215). The average plant 

height was 90 cm, and the average plant stem diameter was 1.4 cm. 

The stem diameter measurements were done automatically for 

a period of 40 days, while the water potential measurements were 

taken manually for a total of 8 days arranged in three periods to 

cover an irrigation cycle: three days after irrigation, two days 

at the middle of the cycle, and three more days at the end of the 

irrigation cycle. These latter three days covered one day previous 

to the next irrigation, the irrigation day, and the following day. 

The data acquisition system obtained automatic stem's diameter 

values every 15 minutes, and the water potential readings were taken 

every 30 mi.nutes. In this chapter, the measurement procedure and 

the data obtained will be discussed. In addition, comments on the 

environmental conditions that existed at the time of the water poten

tial readings will be given. 
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LVDT'S CALIBRATION 

Calibrations of the LVDTs were done in the laboratory to 

check the system linearity in the ± 1270 ).l m range. A special device 

was designed for this purpose, and an additional calibration was 

done at the time the LVDTs were attached to the plant. 

Calibration Device 

Checking the system's linearity became an important parameter 

to be evaluated because it is directly related to the accuracy of 

the measurements. To accomplish this evaluation, a special calibration 

device machined from a solid aluminum piece was built. A schematic 

of this device is shown in Figure 4.1. This device uses a micrometer, 

calibrated in 25.4 ).lm (0.001 inch) per divi.sion. During the cali

bration process, the micrometer tip could not directly drive the 

LVDT core because the tip displaced the core not only axially, but 

also towards the sides, due to a non-concentric coupling. The non

concentric coupling problem arose mainly because it was difficult 

to align the LVDT core with the micrometer axis. The problem was 

solved by using a piston like rod made of brass, centered with the 

micrometer rotation axis. This piston moves back and forth without 

rotation and the axial displacement is the same as the micrometer. 

The other end of the piston drives the LVDT core. Even if the core 

is not centered, it will move only in the longitudinal direction 

of the piston. 

The LVDT body is attached to the calibration device in the 

opposite side of the micrometer and is held by tightening the "LVDT 
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holding screwll • A spring pushes the LVDT core against the piston 

(see Figure 4.1). ' 

Once the LVDT was mounted in the calibration device, the 

output voltage of the system was measured as the micrometer was turned 

back and forth to cover all the ± LVDT linear range. The procedure 

was repeated 10 times and the linearity of the system was 0.25% of 

the full range. TQe output of the system was calibrated to give 

from 0.0 to 1.023 volts when the LVDT range was varied from -1270 

to +1270 1l m. 

Calibration in Situ 

Once the data acquisition system was tested and calibrated 

in the laboratory, it was installed in the field and the LVDTs were 

attached to the plants, as shown in Figure 3.2a. 

To bring the driving signal from the system to the LVDT primary 

and the output LVDT signal back to the system, long wires with average 

distances of 7, 10, and 15 m were used. To check if there was any 

change in linearity, due to any effect produced by the wires, the 

calibration device was used to check one by one the 12 LVDTs. The 

same linearity was repeated and no readjustments were done to the 

acquisition system. 

The next step was to run a pair of wires from the differential 

AC to DC converter to the LVDT location and connect them to a DC 

voltmeter. The voltmeter reading will correspond to the output voltage 

of the LVDT being-measured. The desired LVDT was selected by a 
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modification in the LVDT subroutine that allowed the operator to 

select sequentially each of the LVDTs. 

As we saw in Chapter 2, the plant stem not only shrinks during 

the day, but also undergoes a net growth. This growth in diameter 

sooner or later will be larger than the linear range of the LVDT. 

For this reason the LVDTs were calibrated in a position that allowed 

one to measure the daily stem shrinkage and at the same time take 

measurements for several days before the stem growth caused an out 

of range condition. 

The calibration procedure was as follows: 

1. Use a pair of wires running from the acquisition system to 

measure the output voltage of the desired LVDT with a volt-

meter. 

2. Adjust the output voltage reading to about 150 mV. when 

the calibration is done about 2 PM, when the stem shrinkage 

is about maximum. 

3. Allow about 250 mV if the in situ calibration is done in 

the morning about 8 AM. 

The fine adjustment was accomplished by turning the threaded 

LVDT core such that it moves back and forth until one achieves the 

desired output voltage that corresponds to the desired position. 

One then moves to the next LVDT and repeats the above procedure. 

Measurement Procedure 

Field Plant Distribution. Measuring both water potential and 

stem diameter for several days in the same plant was impossible because 



the water potential measuring process required freshly cut leaves 

every half hour. This destructive process, performed in the same 

plant where the LVDT was attached, sooner or later will kill the 

plant thereby making the stem diameter measurement impossible. To 

avoid this problem, it was decided to cut only a few leaves from 

the plant with the LVDT and the rest "in neighboring plants chosen 

randomly within two meters from the plant holding the LVDT. It was 

assumed that good correlation of water potential existed between 

different plants. This turned out to be a valid assumption as will 

be shown in Chapter 5. 

In our measurements, 12 LVDTs were attached to the main stem 
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of 12 different plants about 5 cm from the ground. The LVDT's distribu

tion was that shown in Figure 4.2, distribution A. This covered 

an approximate area of 150 m2• Each LVDT location and immediate 

neighborhood where the leaves were cut was called a "region", and 

the total number of regions were twelve. 

During the first three days of water potential measurements, 

at least 1728 leaves were cut leaving the plants in the LVDT's region 

neighborhood deprived of leaves. Therefore, for the following two 

days of measurements at the middle of the irrigation cycle, we were 

forced to moved to a different area in the field to look for fresh 

plants. The LVDTs were left in the same plant where they were attached 

at the beginning of the experiment, but twelve new "regions" were 

chosen to the left side of the first LVDT distribution, as shown 

in Figure 4.2, dlstribution B. 
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For the last three days of water potential measurements, 

a new twelve region distribution C was located to the right side 
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of the LVDTs, as shown in Figure 4.2. In the eight days of the experi

ment, at least 4600 leaves were cut and measured. 

During the water potential measurement process, it was expected 

that the soil would be muddy right after irrigations. To avoid walking 

in mud, access ramps to the plants were built using 2 x 6 wooden 

boards placed on top of the beds. 

Type of Leaves Measured. It was stated by Jordan (1970) 

that in cotton plants there exists a water potential gradient of 

about 0.5 M Pa between the bottom and top leaves, with higher negative 

water potential in the top leaves. An auxiliary experiment involving 

12 leaves from the same plant cut from the top and bottom did not 

shown a significant gradient between bottom and top leaves. There 

was only 0.07 M Pa differential. Dr. J. Mauney (USDA, Phoenix) recom

mended measuring leaves at the fourth node from the top of the plant. 

In view of the above suggestion, and the data obtained in the auxiliary 

experiment, it was decided to use fully developed young leaves cut 

about the fourth node. These leaves were exposed to the sun and 

were chosen randomly. To avoid possible plant damage, no more than 

six leaves from the same plant were excised. 

Environmental Conditions 

Weather conditions in Tucson, Arizona during the summer are 

favorable for cotton., The days are normally sunny and hot. The 

average maximum temperature during June, July and August is about 



41 0 C and minimum is about 26 0 C. There are thunder storms starting 

about the second week of July, lasting through August. The annual 

average rainfall is 30 cm., and the average rainfall during July 

and August is about 10 cm. 

The summer of 1981 was characterized by "heavy" rains at 

the end of July through the middle of August, with a total rainfall 

of 15 cm. Rainfall records for one season were broken. During the 

course of the experiment, unusual low air temperatures of 200 C were 

recorded in three different days. A summary of the environmental 

conditions during the eight days of the water potential measurement 

experiment is given in Figure 4.3a. Air temperatures were recorded 

and plotted in Figure 4.3b. 

Soil Type 

The plants were seeded on sandy soil (Comoro sandy loam) 
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with moderately rapid permeability. In irrigated areas, the available 

holding capacity is 17 to 20 cm. Roots can penetrate to depths of 

more than 1.5 meters. Comoro sandy loam is one of the Arizona soils 

used for cotton crops as well as sorghum, alfalfa, pecans, barley 

and pasture. 

Water Potential Measurement Procedure 

Water potential measurements were performed using the pressure 

bomb method describeQ by Jordan (1970). The pressure bomb used in 

this experiment was built by PMS Instrument Co., at Corvallis, Oregon. 

It consists of a sealed pressure chamber with a two way valve that, 
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in one position allows a high pressure gas to raise the internal 

pressure of the chamber, and in the other position allows the internal 

pressure to be released. An extra controller is placed in series 

with the gas inlet tube to control the pressure rate to a desired 

level. A pressure meter is used to monitor the pressure of the chamber. 

The gas used in the measurements was nitrogen bottled in metal cylinders 

with initial pressure of 17 MPa. A gas pressure regulator was used 

to reduce the pressure to a constant 3.5 MPa. 

The pressure bomb has a removable cap that attaches and seals 

the pressure bomb perfectly during the measurement process. This 

cap has a hole in the center wherein is placed the leaf mounted in 

a rubber stopper. The cap hole and the rubber stopper join in such 

a way that the higher the chamber pressure, the better the chamber 

seal. A hole was drilled in the rubber stopper to accommodate the 

leaf petiole such that the leaf remained in the pressure chamber 

while the petiole popped out of the chamber. 

Once the pressure bomb was fitted to the nitrogen bottle 

with high pressure hoses, it was placed on a table in one side of 

the field. The measurement procedure is as follows: 

1. Obtain a healthy leaf from a plant chosen randomly at the 

fourth node. 

2. Using a razor blade, cut the leaf petiole to about 5 to 8 

cm long and move quickly to the pressure bomb. 



3. Insert the leaf petiole into the rubber stopper hole. Place 

the stopper in its place in the pressure chamber cap and 

attach the cap tightly to the pressure chamber body. 

4. Increase the chamber pressure at a desired rate and check 

the petiole tip. When the chamber pressure is high enough, 

water will be forced out of the petiole. At the moment the 

water is seen coming out of the petiole, the inlet valve 

is closed immediately to stop increasing the pressure. 

5. The chamber pressure is read from the pressure meter and 

recorded. Then the chamber pressure can be released, leaving 

the system ready to start another measurement. 

The time needed to perform a measurement has to be as short 

as possible to avoid changes in water potential in the leaf. This 

water potential change is due to the fact that the leaf ·continues 

losing water after being cut. Jordan (1970) showed that in cotton 

leaves, in the first minute and one-half after the leaf was cut, 
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the leaf water potential changed a little bit, but after that the 

water potential of the leaf starts increasing rapidly. In the present 

water potential measuring method, a low pressure rate of about 0.01 

MPa/sec. was used in the first three nights when the water potential 

readings were below 1 MPa. During the day, a high pressure rate 

of about 0.028 MPa/sec was used. The time needed to take one water 

potential reading since the moment the leaf was cut, oscillated between 

25 to 55 seconds. The total time needed to measure the twelve leaves 

was below 17 minutes, with an average of 13 minutes. A comparison 



of the Jordan measuring method and the present method is given in 

Table 4.1. 

Data Obtained 

Data obtained from LVDT and water potential measurements 

are plotted in Figure 4.4a and 4.4b respectively. In Figure 4.4a, 

the average values obtained from the LVDTs is plotted for a period 
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of 20 days during the irrigation cycle. Before obtaining the average, 

the LVDT measurements first were normalized to an initial diameter 

of one cm. 

In Figure 4.4b, the water potential average is plotted. 

One can see in this figure the eight measurement days distributed 

along the 20 days of the irrigation cycle. A copy of the water potential 

raw data is included in Appendix A. 



Table 4.1. Water Potential Measurement Method. 

Pressure Time per Experiment 
Rate Measurement Performed in 

Jordan's 0.02-0.03 60 sec. Greenhouse 
Method (1970) M Pa/sec. or less 

Ours 0.01-0.028 25-55 Cotton field 
seC. 

Leaf Type 
Measured 

Uppermost 
expanded 

4th node 
from top 

Time to Measure 
12 Leaves 

Not applicable 

10-17 minutes 
with average of 
13 minutes 
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CHAPTER 5 

DATA ANALYSIS AND RESULTS 

The subject of this chapter is to explain the data analysis 

procedure and the results inferred from such analysis. It is divided 

into two sections, the data analysis and the results section. In 

the data analysis section, a description of the different ways used 

to analyze the information obtained in the field is done. Only a 

few comments about the important results obtained after analyzing 

the data with a particular method are done in this section. All 

the results obtained from the data analysis are listed in the results 

section. 

In this chapter, to help the data analysis and results descrip

tion, terms like measuring days, region, water potential average, stem 

diameter average, and correlation average are used. A definition of 

each term is given below: 

Measuring days. This term is used to designate the 8 days when 

the water potential was measured. A subscript j=1,2, ••• 8, will 

be used in all subsequent calculations to designate the measuring 

day as follows: 

j = 1 = JUlian day 215, 

j = 2 = JUlian day 216, 

j = 3 = Julian day 217, 

j = 4 = Julian day 224, 

j = 5 = JUlian day 225, 
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j = 6 = Julian day 231, 

j = 7 = Julian day 232, and 

j = 8 = Julian day 233. 

Resion. This is the term used to designate an area of about 

10 m2 where one leaf was cut every 30 minutes. There were twelve 

regions where leaves were cut every 30 minutes. The region's dis-

tribution was outlined in Chapter 4. The subscript k = 1,2, ••• 12, 

will be used to designate the region number, i.e., k = 1 = Region 

1, k = 2 = Region 2, ••• k = 12 = Region 12. 

Measurement number. During the experiment, data was obtained 

every 30 minutes starting at 0000 hours and ending at 2330 hours 

after N = 48 measurements. The subscript i = 1,2, ••• N is used 

to indicate the progressive measurement number during one measuring 

day, i.e., i = 1 = first reading at 0000 hrs, i = 2 = second 

reading at 0030 hrs., ••• , i = 48 = 48th reading at 2330 hours. 

Water potential averase. This term is used to designate the 

mean of the twelve water potential readings obtained every time 

(30 minutes) a data acquisition was performed. If the symbol 

~ is used to designate the water potential, then the water potential 

average for every measurement will be 

"Y. = 
J I 

L~ik 
k 

12 

where 
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i = 1,2, ••• 48 = measurement number, and 

k = 1, 2, ••• 12 = region number. 

Stem diameter average. This term is used to designate the mean 

of the twelve stem diameter measurements obtained every time a 

stem diameter acquisition was performed. If the symbol Sd is used 

to designate the stem diameter measurement, then the stem dia-

meter average for every measurement will be 

where 

i = 1,2, ••• 48 = measurement number, and 

k = 1,2, ••• 12 = region number. 

Correlation average. This term is used to designate the mea'n 

of several correlation coefficients. If the subscript m = 1,2, 

3, ••• M is used to indicate each correlation coefficient and M 

is total number of correlation coefficients involved in the cal-

culation of the average, then the correlation average is indicated 

by the following equation: 

L rm r =_m __ _ 
M ; m= 1,2, ••• M. 

An explanation of how many (M) correlation coefficients are involved 

every time the term correlation average is used is given in 

the text. 
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Before we continue with the data analysis section, recall some 

of the important facts in regard to the measurement procedure outlined 

in Chapter 4. First, 12 leaves and 12 LVDTs were measured every acqui

sition time. Second, the data acquisition period was 15 minutes for 

the LVDTs and 30 minutes for the leaf water potential measurements. 

Third, the stem diameter measurements were taken from the Julian day 

215 (August 3) to the Julian day 257 (September 14), while the water 

potential measurements were taken in three periods which covered an 

irrigation cycle. The first period covered JUlian days 215, 216, 217 

(August 3, 4, 5) right after the field was completely wet; ·the second 

period covered Julian days 224 and 225 (August 12, 13) at about the 

middle of the irrigation cycle, and the last period covered Julian 

days 231, 232 and 233 (August 19, 20, and 21) which covered the day 

previous to the next irrigation, the irrigation day, and the day after 

irrigation. 

Data Analysis 

Leaf water potential and stem diameter data obtained during 

the summer of 1981 were analyzed during statistical methods to check 

both the validity of the data obtained using only 12 regions and 

the possibility to infer the plant water potential from the stem 

diameter measurements. This statistical analysis includes the evaluation 

of the correlation between the data obtained and first and second 

order regression analysis. The correlation coefficient evaluation 

is a measure of the similarity of two signals and is evaluated using 

the Pearson product-moment correlation efficient given by the equation: 
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r 
(5.1) 

The first and second order regression analysis allows us to 

infer the value of one of the two signals at any point by knowing the 

value of the other signal at that particular point. In this case, 

it is desired to infer the water potential value from the stem diameter 

measurements. The equations for the first and second order fitting 

lines are as follows: 

First Order 

y = a + bx (5.2) 

Second Order 

y = A + Bx + Cx2 

In Equations 5.1, 5.2 and 5.3 the value of N is 48, because 

the evaluation of this equation is over 48 measurement points taken 

every 30 minutes during 24'hours. 

To make the data analysis simple and understandable, the 

following evaluation sequence was followed: 

1. Evaluation 'of the correlation of water potential of each 

region against itself every other region for everyone of 

the measuring days. 

2. Evaluation of the mean and standard deviation of the water 

potential for every 30 minutes during the eight measuring 

days. 



3. Correlation of water pote'ntial average against each region 

for all measuring days. 
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~. Correlation of the stem diameter average against the stem 

diameter of each plant upon which an LVDT was place. This 

correlation was evaluated only for the 8 days of water potential 

readings. 

5. Linear and second order regression analysis between the water 

potential average and the stem diameter average calculated 

for every measuring day. 

6. Correlation of water potential average against stem diameter 

average shifted in time to the left by ~t, where ~t = 15, 

30, ~5, ••• 2~0 minutes. 

7. Evaluation of the optimum shifting time ~t at which the water 

potential average and the stem diameter average shifted in 

time have the highest correlation. 

Following the above evaluation sequence, consider each one 

in more detail. 

Leaf Water Potential between Regions 

At the beginning of the experiment, it was assumed that a good 

correlation in water potential existed between different plant leaves 

at different regions. This assumption was necessary to avoid plant 

damage by cutting excessive leaves from the same plant. The data obtained 

during the experiment cycle was analyzed using the Pearson product-

moment correlation coefficient. The correlation coefficient was calculated 

for every day of measurement starting at 0000 and ending at 2330. 
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A total of 48 points were used in the correlation evaluation between 

one region against itself and each one of the eleven remaining regions. 

The correlation coefficient is calculated using Equation 5.1~ 

Where 

j = 1,2, ••• 8 = measuring day 

k = 1,2, ••• 12 = region number 

1 = 1,2, ••• 12 = region number 

i = 1 ,2, ••• 48 = measurement number. 

The results are given in Table 5.1. In this table, both the 

horizontal and vertical axis are marked with the region numbers. In 

this way, to find the correlation coefficient between any two regions, 

one checks for the value of r at the intersection point of the horizontal 

and vertical lines corresponding to the two desired regions. One can 

see from the table that all the values of r are very close to 1.0, 

indicating that all measurement regions are high correlated. 

Water Potential Mean and Standard Deviation 

One interesting point to address in the data analysis procedure 

is to check if the water potential measured in one region is representa-

tive of the water potntial of the rest of the region. We saw above 

that"the water potential in the different regions have a high 
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correlation. Now the mean of the 12 regions as well as the standard 

deviation, 0ji' is calculated for every 30 minutes during each one 

of the measuring day.s. The mean and standard deviation was calculated 

using the following equations: 

I'Y·· k "i': . = ___ k __ J_l __ 

Jl 1 2 
(5.5) 

(5.6) 

where 

j = 1,2, ••• 8 = measuring day 

k = 1,2, ••• 12 = region number 

i = 1,2, ••• 48 = measurement number. 

The data obtained was plotted in Figure 5.1a to 5.1d. One 

can see immediately from the figures that the standard deviation is 

lower at the beginning of the irrigation cycle, when the soil is soaking, 

and increases mainly during the night by the end of the irrigation 

cycle, when the soil is dry. This is probably because at the end of 

the irrigation cycle, when the soil water potential is highly negative, 

the water intake-water outtake balance in the plants is more measurement 

critical then when the soil is wet and the plant does not have problems 

for recovering the water loss. 



Figure 5.1. Diurnal variation of the water potential average (D) and standard 
deviation ([) for each measuring day. 

(a) Julian days 215 and 216. 

(b) Julian days 217 and 224. 

(c) Julian days 225 and 231. 

(d) Julian days 232 and 233. 



14 6 

~ 
~ 
('.1 

~ 
0 
('.1 

\~ 
~8 

I 

~ej 
\0 ~(LI 
~ o-

I N 

z >- I · 

CJ 
c::( 

wo 0 
~~ z 
~ c::( 

H 
_j 
~ 

g I') 

CXI 

8 ... 

0 
0 

os·z- oo·r- OS '£- /'""'. Ob·o os ·o- 00'1- 09 ' 1- oo·z-
C"d 

os·o 
~d ~ NI l~IlN310r-l ~3ltfN .:ltf3l '-" 

~ 
~ 
('j 

~ 0 
~ 
0 .. -... 

I ~ : 
I B I U)O 

I ~ Cl::~ 
tJ\ I I 8::: I ~l.ll 
~ o-

I .. 3% :r: N 

z >-
~ c::( 

w8 0 
I B~ ~~ z 

~ c::( B I BB H 
_j 

:I gl ~ 
0 I') ,_ 
0 

I 81 CXI 

I 8 81 
~ 

g 
... 

CJ 
CJ 

o ~ · o Ob· o os·o- 00" 1- 09 '1 - oo·z- os·z- 00 ' £- 09 ' £-t:ld ~ NI lt:l I 1N310d ~3ll:lt1 .:ltf3l 



0 
II) 

0 

gliOO A.OO 
TIME IN HOURS 

8 .00 12.00 16.00 
0 

0 
In 

0 
I 

0 
an a: . 

Q..""j' 

E 

~0 
0 

-...JN 
a:' 
........ 
tz 
w 
1-0 
oan 
:LN 

I 
0::: 
w 
t
a: 
:::S::o 

0 u..... 
a:7 w 
_J 

0 an 
C"l 

I 

JULIAN DAY 217 

~ 

Figure 5.1.--Continued. 

20.00 21.00 

0 
II) 

0 

81100 
0 

0 

"' 0 
I 

0 
~ 

I 

0 an a: . 
Q..""j' 

:.c 

zo 
-~ 
_JN 
a:• ....... 
t-z w 
1-0 
oan 
J....N 

I 

0::: 
w 
t-
a: 
~0 

0 u..... 
a:7 
w 
_J 

0 
II? ,.., 

I 

(b) 

TIME IN HOURS 
•. 00 8 .00 12.00 lS.OO 

JULIAN DAY 224 

~ 

20.00 24.00 

1-' 
~ ...... 



148 
~ 
• ('I 

,.*; 
~ 

I 8 B I 
~ 

I I !S 
,0 

18 I 

DID tng I 

~ I I cr:. 
:JUI ....--i o- t<\ ~ ,' :I: N 
z 

.~ 
>-

w8 c:::( 

!;~ 
0 

~ z 
c:::( 
H 
_j 

8 
:J 
r) 

18 
0 I 

I 
CD § 

8 .. 
8 ,...... 
oo·o os·o os ·o- 00'1- OS ' 1- oo · ~- os·~- 00 ' £- OS ' £- C) 

~d w NI l~l1N310,-1 ~31t!N jtf3l '-" 

~ .. 
('I 

~ 

~ a 
C-< 

U)O ~I 
0:::~ 

Ill§ :JUJ o- 1..{\ 
:I: N ~I z N 

~~I 
w8 >-

c:::( I 0 I 

=~ 0 1.-...fr-'~ 
1- z r c:::( 

"d H 
_j (l) 

0 :J ~ 
0 r) ~ 
Cl!l •r-l 

+.1 
~ 
0 
u 

8 I 
I ... 

M 

1..("'1 

8 (l) 

1-1 
os·o tro·o os ·o- 00 ' 1- os · 1- oo · z- os·z- 00 ' £- OS ' E- ~ 

~d · W NI l~I1N3!0,-1 ~31t!M jtf3l bD 
· r-l 
~ 



c 
v. 
c. 

TItlE ItJ HOURS gJlro A.UJ 8.00 12.00 16.00 20.00 2'.00 
C. I I I I I I 

o 
"! 
c. 
I 

o 
~ 
I 

o 

'" a: . 0..., 
1:: 

Z 
..... 0 

c 
-IN a: I 

I
Z 
W 
1-0 
O,,! 
:1... ... 

I 
~ 
W 
Ia: 
~c 

c:: LL.. • 
0:";' 
UJ 
-I 

o 
"! .., 

I 

JULIAN DAY 232 

Figure S.l.--Continued. 

~ 
ci 

TIME HI HOURS 
glloo A.oo 8.00 12.00 16.00 20.00 2'.00 
ci I I I I I I 

o 
II? 
c 
I 

8 , 
o 
ID a: . 0..., 

1:: 

Zo ..... ~ 
-I ... a: I -
~ 
1-0 
O"! 
:1... ... 

I 
0:: 
w 
I
a: 
~o 
LL..~ 
ffi'7 
-I 

o 
II? .., .... 

I 

(d) 

JULIAN DAY 233 

~ 
~ti 

f~r~~~ f:llL'f[ -

..... 
~ 
\0 



Correlation of the Water Potential 
Average Against the 12 Regions 

An additional analysis involving only leaf water potential 

data was the calculation of the correlation betwee'n the leaf water 

potential average against each one of the 12 regions for each one 

of the measuring day. Equation 5.1 is used for this purpose. 

and correlation average is given by 

L r' k k J 

12 
where 

j = 1,2, ••• 8 = measuring day, 

k = 1,2, ••• 12 = region, and 

i = 1,2, ••• 48 = measurement number. 
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(5.8) 

The data obtained for r jk and rj is given in Table 5.2. The 12 

correlation coefficients obtained for every measuring day were averaged 

and given in the right most side of the table. This correlation 

average, r ., is plotted in Figure 5.2. In this figure, the verical 
J 

axis corresponds to the correlation coefficient rj and its square 

- 2 r .• The numbers in the horizontal axis correspond to the eight 
J 

measuring days. 



Table 5.2. Water potential correlation of each region against the average water 
potential for every measuring day. 

JULIAN MEASURING REGION 
DAY 1 2 3 4 5 6 7 B 9 10 11 U 

215 .951 .959 .975 .965 .93' .9"6 .867 .950 .951 .9~Z .952 .951e 

216 .978 .9U .950 .970 .97" .962 .971 .969 .981 .922 .971t .969 

.217 .916 .9U .911 .980 .947 .954 .982 .953 .96" .976 .972 .9!18 

224 .9't1 .985 .960 .961 .9f:0 .931 .965 .967 .858 .862 .81el .812 

225 .914 .953 .916 .823 .91;1 .921 .939 .808 ~927 .852 .923 .797 

231 .956 .922 .921 .969 .967 .96" .953 .968 .951 .9 ~7 .958 .906 

232 .914 .9"2 .956 .94b .961 .9ft5 .957 .957 .962 .9 le5 .955 .935 

233 .961 .968 .937 .936 .961 .972 .959 .968 .903 .lIZ6 .830 .86Z 

I AVERAGE 

.9leb 

.~bb 

.'165 

• C;Z 1 

.898 

.950 

.9"8 

.92" 

f-' 
V1 
f-' 
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Figure 5.2. Average of the correlation between water potential 
-average and each one of the measuring regions 
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Correlation of the Stem Diameter Average 
Against the Stem Diameter of the Plant 
Holding the LVDTs and the Minimum Maximum 
Difference Analysis 

Correlation Analysis. Stem diameter measurements were taken 

continuously for 40 days after August 3, 1981 (Julian day 215). 

However, in order to check in the different measurement regions have 

similar behavior, the correlation analysis to compare the average 

153 

of the stem diameter Sdji measurements with respect to the stem diameter 

Sd jki for each of the 12 regions was limited only to the eight measuring 

days when the leaf water potential was measured. Equation 5.1 is 

used for this purpose. 

and 

where 

r °k= sJ 

j 

k 

i 

= 1,2, ••• 8 

= 1,2, ••• 12 

= 1,2, ••• 48 

= measuring day, 

region, 

= measurement number, 

s indicates stem. 

(5.9) 

(5.10) 

and 

The correlation coefficients r sjk obtained for each one of the eight 

days as well as the correlation average r 0 are'given in Table 5.3. 
SJ 

The correlation coefficient average for each measuring day is plotted 



Table 5.3. 

JULIA 
DAY 1 

215 .967 

216 .915 

217 • 98ft 

224 .985 

225 .9H 

231 .985 

232 .962 

233 .977 

Correlation of each stem diameter measurement against the average stem diameter 
measurement for every measuring day. 

MEASURING REGION I AVERAGE 
2 3 4 5 6 7 8 9 10 11 12 

.99,. .8b7 .980 .95" .989 .991 .99b .99b .99b .99b .99" .971 

.989 .899 .991 .95~ .990 .991 .991:1 .998 ."191 .997 ."IY5 .9tH 

.980 .85" .991 .91H .993 .99b .998 .99b .9YU .997 .997 .9Ul 

.986 .981 .999 .983 .997 .9YO .993 .995 .9118 .996 .99b .992 

.971 .961 .993 .168 .997 .99" .975 .973 .99t1 .• 995 .993 .9b't 

.982 .980 .990 .960 .992 .995 .99b .9b9 .91:11 .991 .995 .9tt5 

.995 .969 .950 .Y38 .933 .970 .996 .983 .9" 3 ."Ib1 .989 .9bb 

.98ft .93" .990 .980 .988 .993 .99" .930 .91:11 .990 .985 .918 

f-' 
VI 
~ 



in Figure' 5.3. In this figure, it is easy to visualize the h'igh 

correlations existing between the 12 different plant stem diameter 

measurements. 
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Stem Diameter Maximum and Minimum Differences. Another analysis 

performed in the stem diameter measurements was the comparison of 

the daily average minimum and maximum difference. During the firs·t 

days of the experiment after irrigation, the difference between the 

maximum and minimum was of the order of 150 ~m, but as the soil started 

drying, the difference became bigger every day until it reached a 

value of 250 ~m the day before the field was irrigated. This data 

is plotted in Figure 5.4. In this plot, the average is represented 

by a "square" and the standard deviation is represented by vertical 

lines. 

If one takes a look at Figure 5.4, however, it will be clear 

that maximum and minimum difference increases with time as the soil 

becomes dry, and is decreased every time the soil rehydrates after 

rain or irrigation. 

After separately analyzing the leaf water potential and the 

stem diameter measurements, the next step was to evaluate the similarities 

existing between them. Before performing any mathematical analysis, 

a visual investigation of the similarities was done by plotting the 

averages of the diurnal change of the leaf water potential (~ L) 

and the stem diameter (Sd) versus time. A second plot was obtained 

by plotting stem diameter measurement in the x axis versus water 

potential in the y axis. The set of plots obtained are displayed 

in Figure 5.5a through Figure 5.5h. In these figures, the stem diameter 
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PRINCE ROAD 

~~----+-----~----~-----~14 224 234 244 254 
TIME. JULIAN DAY 

Figure 5.4. Mean (D) and standard deviation ([) of the 
maximum diurnal difference in stern diameter 
for all twelve LVDTs. 
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Figure 5.5. Diurnal variation of both the water potential (~L) and stem diameter (Sd) 
average, and plot of the point correspondence between them for each 
one of the measuring days. 

(a) Julian day 215. (g) Julian day 232. 

(b) Julian day 216. (h) Julian day 233. 

(c) Julian day 217. 

(d) Julian day 224. 

(e) Julian day 225. 

(f) Julian day 231. 
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measurement was zeroed every midnight to eliminate the plant growing 

effect and how only the diurnal change of the stem diameter. By 

looking at the plots, at first glance one could appreciate that the 

data obtained could be used to infer the water potential value from 

the stem diameter measurement. A mathematical analysis was made 

in three different ways: correlation analysis, linear regression 

analysis, and second order regression analysis. 

Correlation between Water Potential Average 
and Stem Diameter Average, rs~ 

The correlation analysis was done to check the similarities 

existing between the stem diameter and water potential measurements. 

This analysis was done using Equation 5.1 where the x and y components 

were stem radius average and leaf water potential average respectively. 

The correlation coefficient was evaluated over 48 pOints for every 

day of water potential measurements as follows: 

(5.11) 

~r III" 
J SrJ 

8 (5.12) 

where 

j = 1,2, ••• 8 = measuring day 

i = 1,2, ••• N = measurement number (N = 48). 

The results are given in Table 5.4. 



Table 5.4. Correlation between Water Potential and Stem Diameter Measurements. 

Correlation Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 

r .779 .729 .728 .729 .712 .781 .882 .819 

Average 

.768 

..... 
'" -...J 



First and Second Order Regression Analysis 
between Water Potential Average and 
,Stem Diameter Average 

The first and second order regression analysis were done 

to check the possibility of inferring the water potential values 

from the stem diameter measurements. Equations 5.2 and 5.3 were 

used for this purpose and the coefficients a, b, A, Band C were 

evaluated for each measuring day as follows: 

d..,j = 
L Sd .. 

f J1 

N 

L"Y .. 
(3 - i J1 

j - N 
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(5.13) 

(5.14) 

(5.15) 
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(5.17) 
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Where 

j = 1,2, ••• 8 = measuring day 

i = 1,2, ••• N = measurement number (N=~8). 

These linear and second order fitting lines were calculated' 

over ~8 points per measuring day, starting at 0000 to 2330 hours during 

the eight days of water potential measurement. 

The values obtained for the coefficients a
j

, b
j

, and A
j

, B
j 

and C
j 

are given in Table 5.5 

Because the first and second order lines cover about the same 

points, to present a clear picture of the regression fitting lines, 

only the eight lines corresponding to the first order analysis were 

plotted (see Figure 5.6). In this figure, each line is marked with 

a number that corresponds to the measuring day. The actual "y" values 

of the line corresponding to the water potential average were calculated 

by substituting the "x" values by the stem diameter average measurement. 



Table 5.5. First and Second Order Regression Coefficients. 

Coefficients Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 

a -.994 -1.100 -1.060 -1.243 -1.180 -1.47 -1. 56 -1. 53 

b .0146 0.0124 0.110 .0075 .0104 .0087 .016 .021 

------------------------------------------------
A -1.01 -1.13 -1.10 -1.27 -1.20 -1. 52 -1.6 -1.6 

B .0135 0.0123 .0123 .063 .081 .009 .016 .030 

C -1. 55x10-5 3.7x10-5 -5 -6 -5 2.18x10 -9.5xlO -3.3xlO 1.4x10 -5 1.8xlO -5 1.9x10 -4 

I-' 
-...) 

I-' 
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Figure 5.6. First order filling lines for each one of the 
measuring days. 

Number in lines indicates the measuring day. 
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Correlation between the Water Potential 
Average and the Stem Diameter Average 
Shifted in Time to the Left by /). t 

173 

The data analyzed up to this point was as it was obtained in 

the field. By checking the data in Table 5'.4, one can see that the 

correlation average between the water potential and the stem diameter 

measurement was not a very high number. Keeping in mind this result 

and the fact that with a "time lag", the stem diameter follows the 

water potential variation (So, 1979), correlation between the water 

potential and the stem diameter shifting /). t minutes to the left 

was investigated. Assuming that the stem diameter data obtained 

in the field was Sd(t), then the data shifted to the left can be 

represented by Sd(t+ /). t) where /). t is incremented by 15 minutes, 

so /). t takes values of 15, 30, 45, ••• , 240 minutes. For each /). t 

increment, the correlation coefficient was calculated for each one 

of the 8 measuring days, j, then an average of the correlation coefficients 

was calculated by adding the eight individual coefficients and dividing 

the result by 8. To calculate this correlation coefficient, Equation 

5.1 was used and the symbols r /). t' and §all t were used to indicate 

the correlation coefficient and stem diameter average shifted in 

time to the left by /). t minu tes. 

~'ljiSd6tji (~'l'ji ~Sd6tji )/N 
r6tj= -:~--I~----------I------~I~------------

rr~Yj~ (~'l'ji)iN ][~SdAtji(~MjJ,!N]P ~ I I I I 

(5.20) 
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(5.21) 
8 

Where 

j = 1,2, ••• 8 = measuring day, 

i = 1,2, ••• N = measurement number (N=48). 

The correlation average r~t was plotted against shifting time 

for every ~t = 0, 15, 30, 45, •••• 240 minutes as shown in Figure 

Evaluation of the Time Lag at Which the 
Water Potential and Stem Diameter are 
Highly Correlated 

Looking at Figure 5.7, one can see that the average of the 

maximum correlation is obtained when the stem measurements were shifted 

in time to the left between 105 and 135 minutes. The point envelope 

gives the maximum at 120 min (2 hours). The high correlation coeffi-

cient obtained encourages the author to repeat the plot of Figure 5.5a 

to 5.5h, but this time with the stem diameter average shift in time 

by 120 minutes to the left, to see if better linear and second order 

regression analysis could be obtained. The plots are shown in Figure 

5.8a to 5.8h. 
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Figure 5.B. Diurnal variation of both the water potential (~L) and stem diameter (Sd) 
average shifted in time by 120 minutes to the left, and plot of the point 
correspondence between them for all measuring days. 

(a) Julian day 215. (g) Julian day 232. 

(b) Julian day 216. (h) Julian day 233. 

(c) Julian day 217. 

(d) Julian day 224. 

(e) Julian day 225. 

(f) Julian day 231. 
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First and Second Order Regression Analysis 
with the Stem Diameter Average Shifted in 
Time by 120 Minutes to the Left 

The first and second order regression analysis was repeated 

using in this occasion the stem diameter values shifted in time 120 

minutes to the left, Sd(t+120 min). Equations 5.13 to 5.19 were 

184 

used to evaluate the first and second order coefficients of the regres-

sion analysis but in this time Sd ji was substituted by Sd~tji for 

~t = 0,,15, 30, ••• 240 minutes. As in the case when the stem diameter 

time shifting was zero (~t = 0), the only lines plotted were the. 

ones corresponding to the first order regression analysis as shown 

in Figure 5.9. The line number corresponds to the experiment day. 

Looking at Figure 5.6 and 5.9, the linear fitting lines look 

alike and do not show a marked difference between the one obtained 

with zero time shifting and the one with 120 minute shifting. However, 

looking at the plots of Figures 5.5 and 5.8, one can see that the 

points of ~L vs Sd plots of Figure 5.8 and be better represented 

by a line than their counterparts of Figure 5.5, which can be better 

represented by an elipse rather than a straight line. 

From the statistical data analysis performed to the leaf 

water potential and stem diameter measurements in this section, only 

few comments on the results obtained were made. It was preferred 

by the author to concentrate all the results in one section which 

will follow ahead, instead of giving them right after each data analysis. 
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Figure 5.9. First order regression analysis fitting lines 
with stem diameter data shifted in time to 
the left by 120 minutes. 

Number in lines indicates the measuring day. 
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Results 

Appropriate Time to Take Readings 

Measuring the leaf water potential every half hour during 

the eight experimental days required the combined effort of seven 

persons working at different shifts. This effort was necessary to 

gather the most data possible to make an appropriate analysis. However, 

from the practical point of view, it is desired to take measuremnts 

only at the time the data obtained gives us the necessary information 

to infer the plant water status. Working with the data obtained, 

a summary for the recommended time to take the maximum and minimum 

values for IjI L and Sd, is given in Table 5.6. The differences between 

the maximum and minimum for both the leaf water, potential, IjIL' and 

the stem diameter, Sd, was also obtained for every experimental day. 

From this table, the following results were obtained: 

1. Recommended time to take the maximum value of the leaf water 

potential is 0600. 

2. Recommended time to take the minimum value of the leaf water 

potential is 1230. 

3. Recommended time to take the maximum stem diameter measurement 

is 0630. 

4. Recommended time to take the minimum stem diameter measurement 

is 1500. 

The recommended time to take the maximum and minimum readings 

for the stem diameter was corroborated by plotting the time at which 



Table 5.6. 

Time of 
Maximum 
Water 
Potential 

430 

430 

430 

630 

430 

530 

300 

530 

Summary of recommended measuring time for water potential and stem diameter. 

Recollllllended Time of RecOlIIIIIended Time of Time of Reeo_nded 
Early Morning Minimum Afternoon Reeol!lllended 

Maximum Early Horning Hinimum Afternoon 
Measurement Water Measurement 

~'I'L 
Radius Heasurement Radius Heaaurement 

Time Potential Time Heasurement Time Keaeureaent Time ~ Sd 

600 1230 1230 -1.59 630 600 1530 1530 98.2 

630 1330 1300 -1. 627 630 630 1630 1600 107.6 

600 1130 1200 -1. 709 700 630 1500 1530 124.7 

630 1430 1200 -1.67 730 630 1530 1500 168.9 

630 1130 1200 -1. 567 630 700 1200 1200 121.4 

600 1200 1200 -1.611 700 700 1600 1600 153.9 

530 1130 1200 -1. 645 630 700 1700 1500 88.03 

530 1200 1200 -1.657 600 700 1600 1600 86.16 

600 1230 Average 650 1530 1500 
1.634 

M Pa 

...... 
(Xl 
-...J 
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the maximum and minimum occurred during forty days as shown in Figure 

5.10. 

Constant Leaf Water Potential Difference, ~~ L' between 
Maximum and Minimum Values 

Looking at the column corresponding to ~~ Lin Table 5.6 

and the water potential data plotted in Figure 4a and 4b, one can 

see that although the water potential is more negative as the soil 

becomes dry after irrigation, the difference ~~L remains constant 

at an average of 1.634 M Pa. This is an interesting result, not 

well address before in the current publications. 

Leaf Water Potential Correlation 

From the data displayed in Table 5.1 and summarized in Figure 

5.2, one can see that in the worst case, the correlation is still 

0.9. This high correlation tells us that any fully developed leaf 

excised about the fourth node, can represent the water status of 

the plants in an area of at least 150 m2• 

Stem Diameter Correlation 

A summary of the average of the stem diameter correlation 

between the 12 plants holding the LVDTs was plotted in Figure 5.3. 

One can see there that even in the worst case, the correlation is 

still above 0.95. This indicates to us that the contraction of the 

stem diameter of any plant in an area of 150 m2 is in phase with 

the stem contraction of the rest of the plants. 
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Figure 5.10. Mean (0) and standard deviation ([) of the time of stem 
diameter maximum and minimum •. 

The top line is the time of sunset, MST. The middle 
line is' the time of solar noon, MST. The bottom 
line is the time of sunrise, MST. 
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By checking Figure 5.4 which plots the mean of the maximum 

daytime difference ~ Sd, it was found that there exists a high standard 

deviation, 0, that averages ± 30% of ~ Sd. This high number for the 

standard deviation tells us that although the stem diameter contraction 

of the different plants is in phase, the contraction amplitude is 

different. From the data obtained, it could not be ascertained if 

the contraction difference was due to bad attachment of the LVDT 

housing to the plant or due to the plants themselves that contract 

differently~ This is a problem that requires further investigation. 

Two Hour Time Lag in Stem Diameter Response 

In Figure 5.7, the correlation of IjI Land Sd for different 

shifting time intervals t. t was plotted. One can see that for ~ t= 

0, the correlation between IjI Land Sd is poor (about .77), but the 

correlation coefficient reaches its maximum value (about 0.94) when 

~t = 120 min (2 hours). The correlation coefficient decreases again 

when ~ t > 120 minutes. This data tells us that both the IjI L (t) and 

Sd (t + 120 Min) reaches the maximum "in phase" condition when the 

stem diameter measurements are shifted in time to the left by 2 hours. 

This result reinforces that the statement about the "time lag" made 

by Klepper et ale (1971) and So (1979) is true and that the stem 

diameter variation indeed follows the water potential variation by 

about two hours later. 



First and Second Order Fitting Line Uniqueness 

At the time that the water potential and stem diameter data 

were analyzed, it was thought that there existed a unique linear 
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or second order relationship between ~L and Sd. From the data outlined 

in Table 5.5 and the Figures 5.6 and 5.9, it is evident that the 

relationship between ~L and Sd is represented by a substantially 

different line each particular day. This tells us that no unique 

linear or second order relationship exists between ~L and Sd. 

No Immediate ~ L Recovery After Irrigation 

Looking at Figure 4.4, which shows a display of the water 

potential and stem diameter behavior for a 20 day period, one can 

see that the stem shrinkage is small when the field is irrigated 

and becomes bigger and bigger as the soil drys out. After irrigation 

on JUlian day 232 (August 20) the stem shrinkage recovers almost 

immediately showing a small shrinkage thereafter. On the other hand, 

the water potential started with a minimum average value of 0.5 M 

Pa measured at 0600 and decreases to an average value of 1.3 M Pa 

the day before irrigation. After irrigating the field, the water 

potentia.l does not return immediately as may be expected. The reasons 

why the pla,'I); does not have an immediate recovery in ~ L are not known. 

Probably an important factor that keeps the water potential to a 

high negative value right after irrigation is the plant's physiological 

adaptation outlined in Chapter 2. 
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Proposed Model 

From the data obtained, it is evident that the stem diameter 

reacts not only to the water potential developed in the leaf, but 

also to the water potential developed in the soil. This evidence 

comes from the fact that the shrinkage of the stem diameter decreased 

substantially after irrigation, when the soil and water potential 

magnitude was decreased, while the leaf water potential remained 

about the same as the day previous to irrigation. Having this evidence 

in mind, a tentative model that relates the water potential'~L and 

soil water potential, ~s' to the stem diameter shrinkage was developed. 

The model is given in Figure 5.11. In this figure ~ Land ~ are s 

considered independent potential sources. ~ Lwill be generated 

at the time the stomates open and are modulated by the environmental 

conditions. ~ will depend on the soil dryness. ~ is not a con-s s 

stant value, it indeed has daily variations as was shown by Klepper 

et ale (1973) (see Figure 2.8a). The resistors, R1 and R2 are the 

inherent internal flow resistance of the plant xylem. The transfer 

function is an equation that relates the stem diameter with the effective 

stem water potential of the plant, ~stem' This transfer function 

can be derived from equations 2.7 and 2.8, which are rewritten here 

again. 



stem 

-. 

2rlDw 

11 

-. 

1 
s 
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INITIAL CONDITIONS 

120sSd(s) e 

Figure 5.11. Basic model for the stem diameter variation forced 
by leaf and soil water potential. f-' 

\.0 
W 



Q(t) = -

Sd(t) 

where 

Vet ) + Q(t) 
2[ 0 

7T 

r=r2] dt 
1 

Q(t) = The cumulative volume of water per unit length flowing 

3 -1 across the xylem-Phloem boundary (em • em ). 

r = xylem radius 
1 

a'l' ( ) I p t ( 
ar r=r='l'stem t) 

1 
Water potential at the xylen-phloem 
bound.ary which is equal to 'I' t (t). 
( s em M Pa) at any time t. 
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(2.8) 

D = Water self-diffusion coefficient relating water flow to water w 
2 -1-1 potential gradient (em • (M Pa) sec ). 

Vet )= volume of phloem and related tissue per unit length at o 
3 -1 t (em • em ). 

o 

The results indicate that the stem diameter variation follows 

the water potential variation with a time lag of 2 hours so then 

the stem diameter in Equation 2.8 has to be shifted in time by 120 

minutes. Then: 



Sd(t - 120 min) = stem diameter at any time t shifted by 

2 hours (em) 

then .combining Equations 2.7 and 2.8, and using the fact that 

a'l'p(t) 0/ = 
a r r 'l'stem(t), r= 1 
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one came out with the transfer function that relates the stem diameter 

variations with the water potential developed in the stem. 

Sd(t-120 min) 
V(t ) 

= 2 [ 0 
1T 

V(t ) 
o 

1T 

2 + r 1 = initial conditions. 

T 

J 

t 1/2 
'I' (t)dt] 

t stem 
o 

This transfer function is the one used in our basic leaf 

water potential-soil water potential-stem diameter model of Figure 

5.11. 

(5.1) 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The goal of this dissertation was to explore the feasibility 

of using the daily stem diameter variation as an indicator of the 

plant water status in order to schedule irrigation in cotton fields. 

The objectives were threefold: to develop an electronic system to 

sense automa.~ically the daily stem diameter variation; to measure 

the water status of the plant at different days along an irrigation 

cycle, and to analyze the data obtained to see if a relationship 

exists between the water status of the plant and the stem diameter 

variation. 

I maintain that the three objectives were fully met. However, 

according to the results of the data analysis, to accomplish the 

overall goal of this dissertation, more investigation is required. 

The first objective, the automatic data acquisition system, 

after being designed and debugged during the 1980 summer, has been 

working satisfactorily for two consecutive years with little maintenance. 

A new interface board to measure humidity was added to the system 

in 1981 causing no interference at all to the rest of the aquisition 

system. 

The second objective, which was to measure the plant water 

status during the irrigation cycle, was completed during the summer 

of 1981. During the eight days of the experiment, at least 4600 

leaves were cut and their water potential measured. 
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The third objective, the data analysis, was performed by 

using statistical methods to find if there was a direct relationship 

between the stem diameter variation and the plant water status. 

It was found that no unique relationship exists; infact, it was found 

that the stem diameter variation also depends on the soil water con

dition. 

According to the results obtained from the data analysis, 

the overall goal of this dissertation was not completed because it 

was found that th stem diameter variation is also a function of the 

soil water status and not only a function of the plant water status 

as it was thought at the beginning of this dissertation effort. 

For future research in this area, I recommend performing 

another experiment with simultaneous measurement of leaf water poten

tial, soil water potential, and stem diameter variations, that will 

eventually allow us to come out with a good model. Address the problem 

of why the stem diameter shrinkage apparently is different from plant 

to plant, and to determine what causes such differences. In the 

case of the LVDT housing, I recommend redesigning the housing such 

that instead of measuring the radius, one could measure the entire 

stem diameter variations. 

With respect to the automatic data acquisition system, I 

have only one recommendation. Change the dual slope analog/digital 

converter to another with faster conversion like the simultaneous 

approximation type, and reduce the settling time for the LVDTs AC 

to DC converter. Accomplishing this suggestion will rel'ease the 



microprocessor from controlling the AID conversion and the delay 

loops needed for the AC to DC converter. With the microprocessor 
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free from these tasks, it will be capable of performing more algorithm 

calculations that without a doubt will be necessary in the evaluation 

of the irrigation schedule a few years from now. 



APPENDIX A: 

LEAF WATER POTENTIAL MEASUREMENT RAW DATA 
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TIME LEAF WATER POTENTIAL PER REGION IN MPzI TEMP 
SQ YR DAY HRS 2 3 4 5 6 8 9 10 11 12 DC 

1!1 215 0000 -.10 -.60 -.60 -.61 -.60 -.60 -.65 -.70 -.70 -.60 -.60 -.1:5 0.00 1 
1!1 215 0030 -.60 -.65 -.65 -.70 -.65 -.70 -.65 -.60 -.70 -.11 -.60 -.65 C.CO 2 
81 2H 0100 -.66 -.66 -.60 -.61 -.60 -.63 -. " -.64 -.60 -.71 -.60 -.57 O.to 3 
81 215 0130 -.55 -.61 -.50 -.66 -.55 -.60 -.67 -.60 -.60 -.50 -.60 -.70 O.CO 4 
111 215 0200 -.70 -.65 -.60 -.56 -.56 -. '2 -.60 -.60 -.60 -.66 -.55 -.66 0.00 5 

.B 1 215 0230 -.5B -.60 -.'5 -.58 -.65 -.56 -.54 -. " -.64 -.70 -.61 -.5e 0.0:) b 
H 215 0300 -.52 -.55 -."5 -."5 -.65 -.65 -.56 -.52 -.54 -.56 -.60 -.1:5 o.ec 7 
e1 Z15 0330 -.50 -.56 -.50 -.53 -.55 -.56 -.60 -. ~2 -.5Z -.56 -.58 -.1:0 o.CO B 
81 215 0400 -.60 -.65 - ... 0 -.53 -.61 -.56 -.60 -.52 -.50 -.82 -.50 -.60 O.CO ; 
81 Z15 0430 -.106 -."8 -."6 -.60 -.52 -.60 -.52 -.51 -.48 -.~, -.53 -.62 0.00 10 
81 215 0500 -.63 -.51 -.58 -.54 -.55 -.57 -.52 -.58 -.~5 -.62 -.49 -.54 o.elc 11 
1'1 215 0530 -.62 -.58 -."9 -.55 -.59 -.62 -.62 -.6"3 -.68 -.67 -.1:5 -.6" O.CO 12 
81 215 0600 -.51) -.61 -.57 -.55 -.63 -.55 -.59 -.53 -.56 -.70 -.61 -.5Z 0:00 13 
81 2H 0630 -.!l8 -.60 -.69 -.77 -.61 -.e7 -.B2 -.98 -.8e -1.04 -1.:16 -.b 8 <i.00 1" 
~1 215 0700 -.72 -.96 -.94 -1.22 -.84 -.98 -1.34 -1.22 -1.23 -1.01 -.99 -1.0b o.OJ 15 
et 215 0730 -.85 -.82 -1.39 -1.31 -1.13 -1.18 -1.310 -1."'5 -1.20· -1.38 -.95 -.99 C.OC 1~ 
e1 215 OBOO -.98 -1.17 -1.12 -1.22 -1.21 -1.02 -1.41 -1.64 -1.65 -1.32 -1.30 -l.5" 0.('" 17 
Bl 215 0830 -l.ze -1.32 -1.19 -1.39 -1.17 -1.47 -1.74 -1.54 -1.73 -1.76 -1.106 -1.73 0.00 1a 
Bl 21~ 090C -1.27 -1.4Z -1.56 -1.41 -1.26 -1.Z7 -1.88 -1.87 -1.70 -1.t;o4 -1.6" -2.05 0.0(: 1'< 
Bl 215 0930 -1.0B -1.55 -l.U -1.67 -1.20 -1.76 -1.60 -1.70 -Z.OO -1.70 -1.67 -2.03 0.00 zo 
n Z15 1000 -1.13 -1.43 -1.81 -1.69 -1.35 -1.40 -1.76 -1.7 .. -1.100 -2.45 -1.89 -2.06 0.00 21 
81 215 1030 -1.33 -1.62 -1.65 -1.85 -1.63 -1.63 -1.61 -Z.06 -1.60 -l.tll! -1.90 -z.n O.OJ Z2 
81 215 1100 -1.51 -l.BO -1.91 -1.75 -1.50 -1.90 -Z.OO -1.81 -1.90 -1.80 -2.10 -2.17 O.tO 23 
81 Z15 1130 -1.55 -1.65 -1.61 -2.00 -2.60 -1.67 0.00 -1.70 -1. e7 -2.103 -1.7C -2.50 o.ec 24 
81 215 1200 -1.82 -1.18 -1.85 -2.03 -1.S4 -1.710 -2.18 -2.17 -2.08 -1.98 -1.92 -2.68 o.CO 25 
1'1 215 1230 -1.81 -1.B3 -Z.'3 -1.65 -1.61 -Z.60 -Z.50 -Z.20 -Z.30 -Z.15 -1.93 -2.30 0.00 Zb 
81 215 1300 -1.61 -1.63 -2.01 -1.93 -1.98 -1.96 -Z.73 -1.98 -1.t? -Z.37 -2."0 -3.00 o.ce 27 
e1 215 1330 -1.62 -1.64 -2.06 -Z.O 5 -1.65 -Z.05 -Z.16 -1.90 -2.16 -2.~0 -1.97 -2.50 C.CO 2~ 
PI 215 1400 -1.71. -1.B6 -2.05 -1.87 -1.70 -1.75 -1.85 -2.10 -1.90 -z.n -Z .10 -2.1~ 0.:)0 2'1 
n 215 11030 -1.73 -1.97 -l.B 5 -Z .70 -1.50 -1.50 -1.B8 -2.Z5 -2.13 -2.'2 -Z .2E -2.57 o.co 30 
81 215 1500 -1.8e -1.98 -2.U4 -1.94 -1.65 -1.90 -1.97 -2.0Z -<,.18 -2.05 -1.97 -2.56 O. (II) 31 
e1 215 1530 -1.80 -1.86 -1.95 -2.13 -1.68 -2.22 -2.38 -2.38 -2.Z3 -2.100 -1.63 -1.9b O.tO 32 
Bl 215 1600 -1.82 -1.b8 -2.07 -2.23 -1.87 -1.78 -1. B4 -1.105 -1.78 -1.a9 -2.08 -1.610 0.00 l3 
81 215 1630 -1.97 -1.113 -1.86 -2.48 -1.78 -2.06 -2.19 -1.48 -1.93 -1.17 -2.20 -1.92 0.00 )4 
n 2U 1700 -1.'2 -1.B2 -1.88 -1.77 -2.18 -1.83 -1.87 -1.83 -1.58 -2.07 -1.E3 -2.65 :l.co :;~ n 215 1130 -2.09 -2.23 -2.03 -1.B2 -1.'8 -1.63 -1.73 -1.93 -1.1:1 -1.~7 -1.47 -1.7~ o.oe 3 ~ 
81 215 1800 -1.6" -1.48 -1.52 -1.91 -1.53 -1.47 -1.85 -1.7" -1.43 -1.~2 -1.78 -1.5b 0.00 37 n 215 1830 -1.57 -2.09 -1.710 -1.57 -1.55 -1.7" -1.62 -1.37 -1.1,10 -1.,,5 -1.13 -1.79 o.OJ 3e 
81 215 1900 -1.03 -.96 -1.06 -1.08 -1.0 .. -1.02 -1.06 -.83 -1.20 -.98 -.!5 -.8b 32. ~~ H 
81 215 1930 -.95 -.87 -1.00 -.90 -1.02 -1.02 -.87 -.91 - .93 -.~1 -.91 -.75 0.00) loG 
U 21' 2000 -.92 -.9B -.93 -.98 -.82 -1.02 -.86 -.83 -.90 -.1/7 -.93 -.eo 30.70 lol 
81 215 2030 -.79 -.98 -.80 -.80 -.85 -.77 -.75 -.85 -.70 -.08 -.80 -.80 Z9.00 42 
81 215 2100 -.10 -.82 -.B2 -.84 -.90 -.75 -.90 -.90 -.87 -.08 -.80 -.95 29.00 43 
81 215 2130 -.90 -.80 -.81 -.B2 -.113 -1.00 -1.00 -.65 -.80 -.90 -.75 -.62 28.50 44 
Bl 215 2200 -.B8 -.73 -.74 -.73 -.ao 0.00 0.00 0.00 o.CO 0.00 0.00 0.00 C.CO '" 81 215 2230 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.CO 0.00 0.00 0.00 C.tu H 
81 215 2300 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.cc . 47 ·n 215 2330 -.7' -.62 -'.70 -.'0 -.78 -.74 -.85 -.7' -.60 -.(10 -.~5 -.75 2b. :)0 ,,~ 

III 216 0000 -.110 -.8' -.85 -.78 -.78 -.75 -.75 -.70 -.6b -.(17 -.65 -.71 27.10 "9 
81 216 0030 -.70 -.60 -.5B -.60 -.70 -.66 -.70 -.66 -. tlo -.15 -.70 -.65 27.ce 50 
!1 216 0100 -.6~ -.77 -.51 -.60 -.63 -.10 -.60 -.70 -.b5 -.~, -.71 -.~7 21o.5e 51 
81 216 0130 -.BO -.72 -.56 -.'4 -.710 -.60 -.75 -.71 -.65 -.72 -.b5 -.bt 2".5e 52 
III 216 0200 -.70 -.6B -.60 -.65 -.68 -.70 -.72 -.b" -.b5 -.f;7 -.76 -.~2 23.5';; 53 
81 216 0230 -.6' -.65 -.67 -.6' -.63 -.70 -.70 -.30 -.62 -.,2 -.bO -.75 23.50 ~4 
81 216 0300 -.70 -.6' -.10 -.62 -.63 -.68 -.61 -.56 -.63 -.61 -.55 -.55 23.b':' 55 
81 216 0330 -.65 -.55 -.74 -.1' -.70 -.67 -.66 -.65 -.b5 -.70 -.61 -.6" Z3 .b~ 50 
111 216 0400 -.68 -.60 -.74 -.60 -.10 -.65 -.66 -.6b -.6'.> -./l4 -.b8 -.bO 23.oe 57 
n 216 01030 -.60 -.60 -.511 -.70 -.'5 -.70 -.58 -. b2 -.58 -'b8 -.76 -.57 22.00 5a 
81 216 0500 -.10 -.71 -.63 -.6 e -.71 -.61 -.67 -. eo -. tlo -.71 -.72 -.bb 21.50 ~9 
111 216 0'30 -.71 -.12 -.63 -.66 -.70 -.60 -.62 -.b9 -.710 -.(19 -.73 -.71 o.uv ~j 

n 216 0600 -.70 -.68 -.1' -.79 -.7e -.69 -.65 -.68 -.6b N.e2 -.71 -.79 23.00 e.l 
81 216 0630 -.69 -.11 -.72 -.68 -.81 -.66 -.78 -.610 -.71 -.1:7 -.63 -.77 25.\.t b2 
111 216 0700 -1.11 -.911 -1.22 -1.13 -1.09 -1.32 -1.24 -1.13 -.99 -l.lob -1.04 -1.27 2b.tC b3 
B1 216 0730 -1.18 -1 ... 6 -1.01 -1.3" -1.00 -1.69 -.95 -1.33 -1.010 -1.36 .. 1.32 -1.0" 27.20 !>" 
11 216 01100 -1.61 -1.19 -1.61 -1.29 -1."9 -1.68 -1.52 -1.48 -1.77 -1.81 -1.4b -1.69 28.10 ~5 
81 216 ono -1.30 -1.211 -1.28 -1.65 -1.26 -1.67 -1.97 -l.B a -1.72 -2.20 -1.910 -1.91 o.ee. bb 
n 216 0900 -1.62 -1.58 -1.'8 -1.61 -1.40 -1.82 -1.92 -1.80 -1.87 -2.09 -2.00 -2.05 31.00 b7 
111 216 0930 -1.110 -1.92 -1.6Z -l.BO -1.14 -2.01 -2.31 -2.03 -2.11 -2.17 -2.210 -2.31 310.70 be 
81 216 1000 -1.15 -l.S' -1.80 -1.95 -1.62 -1.82 -1.98 -1.90 -1.75 -2.0b -2.11 -1.60 36.0).) b9 
n 216 1030 -1.'0 -1.'0 -1.9' -1.71 -1.75 -1.76 -1.79 -1.95 -1.88 -z .10 -1.610 -1.70 39.5e 70 
81 216 1100 -2.15 -1.'0 -1.75 -1.96 -1.70 -1.60 -1.70 -1.90 -1.65 -1.70 -Z.lC -Z.30 "l.eo 71 
111 216 1UO -1.70 -1.91 -1.50 -1.91 -1.79 -2.08 -1.80 -2.16 -2.23 -2.55 -Z .11 -2.10 "0.00 72 
III 216 1200 -2.03 -2.00 -2.20 -2.29 -1.63 -1.97 -2.23 -2.35 -2.21 -2.~0 -2.105 -2."0 41.50 73 
11 216 1210 aZ.OO -I .... -1.93 -1.S7 -1.87 -2.3" -2.32 -2.25 -1.95 -2.12 -2.15 -<,.40 39. ~o) H 
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81 216 1300 -2.03 "1.90 -2.13 -1.95 -1.70 -1.90 -2.26 -2.15 -1.95 -3.1,2 -2.30 -2.25 ~l.OC 7~ 
81 Z16 1330 -Z .21 "'2.37 -1.79 -Z.100 -2.13 -2.1,5 -2.37 -2.19 -Z.~5 -2.111 -Z.2C -2.30 H.C' 76 
111 216 1400 -Z .011 "Z.06 -Z.73 -Z.73 -1.98 -1.B7 -2.77 -1.111 -1.113 -1.82 -2.46 -2."" 37.0e 77 
111, 216 H30 -1.96 "'1.73 -2.62 -2.62 -Z.23 -2.0& -Z.Ol -Z.33 -1.'04 -Z.51 -Z.57 -Z.08 37.20 79 
111 216 1500 -z.1II ",l.IIZ -Z.15 -Z.411 -1.1I! -2. Z8 -Z.08 -Z.51o -2.13 -2.57 -2.Z5 -2.72 37.1!:0 7" 111 216 1530 -1.77 "'1.67 -1.8e -2.107 -1.87 -Z.08 -2.Z3 -1.98 -1.112 -2.08 -2.13 -Z.65 36.N ~c n ZH 1600 -1.1l!! "1.95 -Z.38 -Z.10 -2.18 -Z.12 -2.te -Z.38 -Z.35 -1.810 -Z.OZ -2.30 37.00 31 n 216 1630 -1.11] "'l.BB -2.03 -Z.'Z -1.81 -2.58 -Z."7 -1."0 -1.86 -1.20 -1."8 -2.21 36.7C ez 
III 211> 1700 -2.12 wl.6Z -2.13 -2.08 -2.07 -2.Z2 -1.112 -2.06 -2.02 -1.73 -2.B -2.22 36.50 93 
81 216 1730 -1.6Z "'1.53 -1.27 -1.95 -1.62 -1.53 -Z .1'0 -2.18 -1.65 -1.!2 -Z.22 -2.2t 35.50 8~ 
111 216 1800 -1.78 w1.71 -1.610 -1.72 -1.58 -1.31 -1.97 -1.88 -1.107 -1.107 -1.107 -1.23 35.20 e5 
B1 216 1830 -1.65 w1.38 -1.25 -1.18 -1.18 -1.32 -1.100 -1.98 -1.30 -1.36 -1.48 -1.85 34.50 St: 
et 216 1900 -1.08 ""1.0" -1.02 -l.Zl -1.21 -.97 -1.02 -1. 1ft -1.08 -1.11 -1.24 -1.1:1 33.40 e7 
III 216 1930 -.98 "1.04 -1.08 -1.04 -.115 -.95 -1.07 -.98 -1.e2 -.94 -1.00 -1.13 31.30 c~ 
III 216 2000 -1.02 ""1.04 -.96 -.98 -1.15 -1.03 -.98 -1.04 -.93 -.91 -1.16 -1.08 31.0;:' ~ .. 
111 216 20]0 -.76 -.B8 -.93 -.B8 -.90 -.90 -.910 -.83 -.88 -.113 -.78 -.93 3C. ~o GO 
81 216 2100 -.118 -.86 -.87 -.92 -.83 -.118 -.IlZ -.84 -.1l0 -.84 -.8~ -.~o ze.90 91 
81 216 2130 -.113 -.89 -.94 -.72 -.82 -.86 -.89 -.84 -. 7~ -.82 -.84 -.111 28.01l <'2 
el 21f: 2200 -.1l0 -.93 -.88 -.811 -.e6 -.88 -.113 -.87 -.87 -.84 -.117 -.87 27.~u <'3 
e1 Z16 2230 C.OO 0.00 0.00 0.00 o.oe 0.00 0.00 0.00 0.00 0.00 o.cc 0.00 o.Ot 94 
81 ZH 2300 -.88 -.80 -.75 -.75 -.81 -.85 -.!6 -.77 -.74 -.711 -.81 -.75 28.8C ;5 
81 216 2330 -.85 -.85 -.86 -.80 -.74 -.7e -.7~ -.75 -.75 -.72 -.01 -.92 2a.6~ Qe 
III 217 0000 -.85 -.87 -.74 -.80 -.74 -.70 -.610 -.75 -.80 -.70 -.6E -.66 27.CC ~7 
et 217 0030 -.77 -.78 -.1l5 -.85 -.77 -.83 -.B8 -.60 -.e5 -.80 -. 7~ -.75 27.0" lie 
111 217 0100 -.71 -.80 -.67 -.70 -.71!: -.70 -.7~ -.80 -.70 -.90 -.78 -.92 27.10 G. 
81 217 0130 -.70 -.66 -.67 -.72 -.68 -.64 -.710 -.77 -.74 -.78 -.70 -.70 26.5 C lCO 
81 217 0200 -.6' -.72 -.76 -.70 -.68 -.73 -.70 -. '70 -.78 -.70 -.80 -.72 25.80 ,01 
81 217 0230 -.6' -.65 -.67 -.74 -.8Z -.68 -.73 -.68 -.66 -.69 -.69 -.73 25.10 IJ2 
!1 217 0300 -.79 -.80 -.88 -.71 -.89 -.72 -. 5~ -.75 -.78 -.69 -.b6 -.72 25.,)0 103 
111 21'7 0330 -.8e -.65 -.66 -.77 -.61 -.86 -.65 -.75 -.eo -.73 -.78 -.80 25.00 10~ 
81 217 0"00 -.70 -.80 -.60 -.69 -.65 -.66 -.67 -.77 -.71 -.72 -.66 -.72 25.10 l'~ 
111 217 0"30 -.70 -.6' -.60 -.62 -.63 -.76 -.76 -.6B -.1:8 -.72 -.65 -.72 25.80 10~ 
111 217 0500 -.65 -.76 -.77 -.73 -.68 -.70 -.64 -.63 -.66 -.71 -.69 -.75 25.00 107 
!1 217 0530 -.79 -.83 -.71 -.79 -.77 -1.01 -.65 -.81 -.t6 -.78 -.70 -.e3 25.0;' IJ~ n 217 0600 -.61 -.78 -.77 -.86 -.72 -.68 -.511 -.80 -.76 -.74 -.7~ -.91 25.(." lOG 
81 217 0630 -.82 -.77 -.88 -.53 -.77 -.98 -.68 -.79 -.75 -.85 -.71 -.73 25.00 lle 
e1 217 0700 -.83 -.8Z -.83 -1.04 -.77 -.81 -.83 -.90 -.91l -.1l5 -.PS -1.07 2 e. 3e : 11 
81 217 0730 -.93 -.80 -1.22 -1.11 -.99 -1.03 -.94 -1.31 -1.18 -1.11 -1.10 -1.56 .Z8.Z0 112 
81 117 oeoo -1.30 .. 1.29 -1.30 -1.48 -1.28 -1.27 -1.30 -1.02 -1.02 -1.60 -1.b1 -l.~O 2B .ee 113 
Pi 217 0~30 -1.28 "1.40 -1.58 -1.56 -1.39 -1.~3 -1.30 -1.38 -1.56 -1.50 -1.39 -1.31 30.1" II" 
81 217 0900 -1.70 -1.63 -1.611 -1.111 -1. " -2.00 -1.81 -2.31 -1.96 -1.93 -1.80 -z .21 31.1(, ll~ 
81 217 011]0 -1.88 "1.64 -1.85 -1.86 -1.710 -1.59 -1.91 -l.BIl -1.117 -2.211 -2.1 E -2.71 31.IH' Itt 
e1 217 1000 -1.75 "1.61 -1.73 -1.75 -2.20 -2.35 -1.85 -1.95 -1. 'i7 -2.17 -2.13 -2.~0 H.40 117 
III 217 1030 -2.35 -Z.41 -1.117 -1.1l4 -1.77 -2.03 -2.01 -2.16 -1.75 -2.13 -2.51 -2. EO 33dO :H 
81 217 1100 -1.1110 -1.85 -2.27 -2.01 -1.97 -1.61 -1.71 -1.711 -1.81 -2.00 -2.17 -2.31 34.0C 11, 
111 217 1130 -2.45 '·2.05 -2.31 -2.33 -2.105 -2.09 -2.20 -2.70 -2.70 -2.10 -2.411 -2.81 35.00 120 
111 217 12CO -Z.08 -2.06 -2.50 -l.'Ie -2.1e -1.81 -2.10 -2.61 -2.70 -2.25 -2.0~ -1.60 36.'::0 121 
III 217 1230 -2.50 -2.33 -2.10 -2.~, -2.1c) -2.20 -2.36 -2.107 -2.20 -2.05 -2.03 -2.60 36.eO lZ2 
111 217 1300 -2.0' -2.04 -1.89 -2.10 -1.97 -2.U: -2.37 -2.111 -2.~6 -2.110 -2.06 -2.81 3b.50 12~ 
81 217 1330 -2.26 -2.38 -2.24 -2.12 -1.61 -1.119 -Z.Io6 -2.52 -2.02 -2."6 -2.02 -2.02 37.00 124 
81 217 1"00 -Z.18 -2.011 -2.12 -2.04 -1.92 -2.87 -2.41 -2.65 -2.28 -2.00 -2.101 -2.~7 3b.80 12~ 
81 217 1'030 -Z.03 -1.64 -2.22 -2.1Z -2.65 -2.15 -2.0~ -2.33 -2.41 -1.112 -1.1l1 -2.39 36.90 12b 
111 217 1500 -1.92 -1.77 -1.79 -1.75 -1.6e -Z.43 -2.01 -3.08 -1.71 -2.22 -1.92 -2.20 36.2' 127 
. 81 217 1530 -1.611 -1.60 -2.04 -2.18 -1.52 -2.30 -Z.55 -1.78 -2.~8 -Z.03 -2.6P -2.33 36.~C 12e 
!l 217 1600 -2.20 -2.23 -Z.23 -1.8Z -2.13 -1.116 -2.33 -1.83 -2.22 -2.18 -2.49 -Z.13 3t..OO lZG 
Pl 217 1630 -1.6~ -1.57 -2.16 -1.'18 -l.te: -1.117 -1.78 -1.88 -2.0:! -Z.OO -2.28 -2.18 36.40) 13 J 
Pi 217 1700 -2.01 -2.60 -1.62 -1.75 -1.117 -1.86 -1.8E -2.20 -1.87 -1.83 -2.06 -1.117 35.~0 131 
81 217 1730 -2.03 -1.83 -1.93 -1.70 -1.37 -1.112 -1.85 -1.110 -1.P? -2.08 -Z.O~ -1.73 35.2" 132 
!1 217 1800 -1.57 -1.57 -1.25 -1.57 -1.14 -1.87 -1.45 -1.45 -1.10 -1.66 -l.lE -1.7~ 35.00 1 3 ~ 
Pi 217 1830 -1.57 -1.35 -1.16 -l.U! -1.27 -1.05 -1.25 -1.38 -1.32 -1.1e -1.2Z -1.42 34.00 IH 
81 217 HOO -1.16 -.96 -.97 -1.1" -1.0f: -1.01 -1.03 -1.33 -1.10 -1.20 -1.18 -1.24 33.Il'; 13 ~ 
e1 217 1930 -1.00 -.97 -.89 -1.13 -.97 -.91 -.e8 -.95 -.113 -.'13 -1.07 -1.02 az.eo lH 
81 217 2COO -.9~ -.75 -.115 -.11 6 -.85 -.75 -.77 -.1l7 -.~1 -.93 -.93 -.93 31.50 137 
III 217 2030 -.9Z -.76 -.118 -.92 -.87 -.96 -.82 -.85 -.92 -.~3 -.94 -.97 29.50 13E 
111 217 2100 -.'10 -.97 -.87 -1.10 -.118 -. P7 -.78 -.82 -.&7 -.93 -.90 -. 116 30.00 139 
81 217 2UO -1.1Z -.94 -.92 -.93 -. e5 -.1l8 -1.02 -.93 -.95 -.83 -.84 -.811 30.CO 14C 
III 217 2200 -1.02 -.70 -.1111 -.92 -.lIt -.87 -.1l3 -1.03 -.e8 -.76 -.85 -.o;c 28.50 141 
111 224 0030 -.95 -1.00 -.90 -1.10 -.80 -1.06 -.80 -.89 -.85 -.86 -.8B -1.0' 26.00 l~Z 
111 22" 0100 -.99 -1.00 -1.02 -1.06 -.90 -.81 -.95 -.90 -.B8 -.90 -.9B -.94 25.C" 143 
e1 ZH 0130 -.97 -.98 -.811 -1.20 -.80 -.92 -.97 -.93 -.80 -.75 -.90 -.92 25.6.) 1~4 
n 224 0200 -.90 -1.06 -.76 -1.15 -.8C -.85 -.98 -.e8 -.elo -.76 -1.04 -1.08 25.50 145 
81 224 0230 -.99 -.90 -1.06 -1.19 -.ee -.116 -.9~ -.92 -.86 -.811 -.82 -1.20 25.6" IH 
81 ZZ4 0300 -.95 -1.06 -.72 -1.13 -.9" -.110 -.92 -.86 -.7t: -.81 -.80 -1.05 25.50 147 
e1 2Z4 0330 -.82 -1.05 -.711 -1.08 -.80 -.82 -.80 -.74 -.65 -.76 -.110 -1.07 24.6C 14! 
III 224 0400 -.90 -.811 -.110 -.96 -.75 -.eo -.97 -.92 -.86 -.81 -.910 -.810 25.00 14 <, 
111 Z24 0430 -.90 -1.011 -.111 -1.05 -.eo -.76 -.112 -.80 -.84 -.68 -.92 -l.CIo 25.20 15" 
111 224 0500 -.99 -1.08 -1.02 -1.00 -.1111 -.94 -.B8 -.96 -.84 -1.02 -.'16 -1.13 25.30 IH 
n ZZ~ 0510 -1.1Z -1.0' -.111 -.IIB -.62 -.66 -.eo -.70 -.1:9 -.e5 -.'12 -.81 2C.3C U2 
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81 224 0600 -.19 -.119 -.98 -.75 -.13 -.88 -.91 -.B9 -.B8 -.81 -.68 -.90 21~00 153 
111 224 0630 -.61 -.IIB -.1111 -.91 -.87 -.79 -.9" -1.03 -.87 -.69 -.43 -.9ft 20.50 1 ~ ~ 
11 U" 0700 -.119 -1.21 -.86 -.7B -.B2 -.90 -.92 -.112 -.Bl -.80 -.92 -.79 20.10 155 
11 U4 ono -.96 -.119 -.91 -.9" -.96 -1.07 -.91 -.69 -.66 -.96 -.9" -1.2B 20.BO 15b 
111 '210 01100 -1.211 -1.6B -1."9 -1.119 -1."2 -1.63 -1."0 -1.31 -1.39 -1.57 -1.31 -1.3B 2".bO 157 
11 Z24 01130 -1.64 -1.63 -1.6' -l.B" -1.31 -1.67 -1."9 -1.89 -l.U -1.50 -1.31 -1.32 25.BO 158 
111 224 0900 -1.911 -2.'8 -1.3 .. -1.90 -2.1B -1.57 -1.98 -2.17 -1.90 -1.'6 -1.78 -2.01 27.70 15q 
11 224 0930 -2.0e -2.'6 -1.92 -1.93 -1.88 -3.03 -1.B7 -2.2B -2.02 -1.B6 -1.99 -2.24 29.BO HO 
81 22 .. 1000 -Z.70 -Z.17 -1.93 -1.7' -2.1' -1.87 -1.95 -1.83 -2.07 -2.26 -1.90 -2.33 30.50 Ibl 
11 224 1030 -2.Z0 -2.30 -1.114 -Z.15 -2.00 -2.11 -2.12 -2.03 -1.85 -2.30 -1.El5 -2.29 31.50 Ib2 
11 224 1100 -Z.31 -2.Z1 -1.117 -1.115 -2.17 -2.0 .. -2.19 -2.05 0.00 0.00 0.00 0.00 32.50 Ib3 
111 22 .. 1130 -2.17 -2.30 -Z.25 -1.87 -2.07 -2.20 -2.31 -2.15 -2.06 -2.31 -2.15 -2.27 33.00 Ibt, 
111 "U" 1200 -2.Z5 -Z.Z7 -2.30 -2.21 -2.10 -Z.Ol -2.15 -2.70 -Z.60 -Z."5 -2.20 -2.15 35. bO Ib5 
81 2Z .. 1230 -2.20 -2.31 -2."0 -2.32 -2.13 -2.0Z -2.21 -2.U -2.17 -2."7 -2.32 -2.23 35. BO 1bb 
111 224 1300 -2.13 -2 ... 3 -2.25 -2.37 -2.26 -2.25 -2.103 -2.50 -2."" -2.35 -2.37 -2.32 36.20 1b7 
81 2210 1300 -2.'2 -2.109 -2.42 -2.109 -2.06 -2.21 -2.16 -2.19 -2.51 -2.38 -2.", -2.16 35.00 IbB 
81 224 HOD -2.103 -2.'1 -2.48 -2.30 -2.410 -2.23 -2.00 -2.57 -2.32 -2.27 -2.05 -2.49 35.00 169 
111 2210 IUD -2.10 .. -2.65 -2.68 -2.102 -2.46 -2.33 -2."11 -2.28 -2.5B -2.511 -2."3 -2.57 35.40 170 
81 U" 1500 -2.10. -2.54 -2.Z7 -2.Z5 -1.88 -1.58 -1.B7 -2.13 -2.07 -2.17 -2.59 -2.00 37.00 171 
111 2Zfo 1530 -2.20 -2.37 -2.26 -Z.Io3 -2.B8 -2.211 -2.12 -1.93 -2.08 -2.26 -2.'6 -1.80 33.80 172 
81 22 .. 1600 -2.28 -2.'7 -2.05 -2.1 .. -2.05 -2."B -2.10 -2.U -2.22 -2.03 -2.62 -1.75 3tt .00 173 
81 2210 1630 -Z.'7 -2.27 -2.07 -2.13 -1.75 -2.28 -2.01 -2.1It -1.63 -2.0" -2.05 -2.05 H.80 114 
81 Z210 1700 -2.107 -2.10 -2.13 -1.92 -1.58 -1.110 -1.3B -1.68 -1.5B -1.58 -2."3 -1.9B 35.00 175 
81 ZZIo 1730 -'.102 -2.13 -1.73 -1.72 -1."7 -1.91 -1.3B -1.7B -1,"8 -1.95 -2.19 -1.57 310.70 176 
81 '24 1800 -1.3~ -1.610 -1.8Z -1.'9 -1.81 -1.35 -1.46 -1.72 -1.66 -1.70 -1.51 -l.BB H.OO 177 
111 ZZ" 1130 -2.13 -1." -1.50 -1."5 -1."0 -1."5 -1,"0 -1."5 -1.35 -1."5 -1.50 -1."0 32.50 178 
III ZZIo 1900 -1.100 -1.'0 -1.'0 -1.Z0 -1.10 -1.Z0 -1.12 -1.05 -1.20 -1.38 -1."5 -1.30 31.50 IH n n" Inti -1.0' -l.ZlI -1.30 -1.18 -1.10 -1.05 -1.18 -1.12 -1.10 -1.20 -1.10 -1.18 31.00 180 
111 ZZ .. 2000 -1.27 -1.20 -1.40 -1.10 -1.15 -1.30 -1.40 -1.10 -1.10 -1.20 -1.00 -1.25 30.20 181 
81 2210 Z030 -1.35 -1.100 -1.10 -1."0 -1.30 -1.35 -1."0 -1.10 -1.20 -1.20 -1.10 -1.00 29.00 le2 
81 2210 2100 -1.2a -1.48 -1.55 -l.Z! -1.35 -1.38 -1.15 -1.30 -1.15 -1.10 -1.23 -1.15 28.50 183 
81 Z24 2130 -1.Z8 -1.'0 -1.33 -1.28 -1.18 -1.38 -1.100 -1."0 -1.13 -1.00 -1.05 -1.25 25.00 16" 
111 U .. 2200 -1.20 -1.30 -1.50 -1.00 -1.12 -1.33 -1.18 -1.23 -1.10 -1.13 -1.20 -1.22 22.00 195 

"81 " .. 2230 -1.32 -1.102 -1.~0 -1.10 -1.21 -1.16 -1 ... 3 -1.26 -1.20 -1.25 -1.21 -1.10 24.00 19 b 
111 Z210 2300 -1.10 -1.28 -1.26 -1.3Z -1.31 -1.1" -1.1Z -1.15 -1.12 -1.13 -1.10 -1.31 23.00 lE7 
81 ZZIo 2330 -1.01 -1.16 -1.33 -1.13 -1.06 -1.15 -1.05 -1.16 -1.00 -1.20 -1.Z2 -1.00 22.00 196 
111 225 0000 -1.010 -1.Z0 -1.17 -1.00 -1.02 -1.1B -.97 -.88 -.95 -1.0B -1.16 -1.10 Z3.50 18q 
III 225 0030 -1.02 -1.30 -.97 -1.0Z -1.12 -1.00 -.87 -1.08 -.96 -.96 -l.lIt -1. lit Z2.~0 190 
PI 2Z5 0100 -1.15 -1.06 -.95 -1.06 -.86 -1.25 -.95 -.96 -.86 -.96 -.9" -1.19 23.00 1~ 1 
B1 225 DUO -1.02 -1.Z0 -1.00 -1.1Z -.115 -.91 -.96 -.98 -.95 -1.15 -.98 -1.25 23.00 1 q2 
81 ZZ!I 0200 -1.05 -1.0Z -.99 -1.02 -.99 -.86 -.8" -1.00 -.66 -.90 -1.02 -1.10 22.10 H3 
III 225 0230 -1.00 -1.02 -.77 -.98 -.86 -.96 -.9" -1.04 -.90 -.79 -.95 -.81 2Z.00 1q4 
III 225 0300 -.95 -1.01 -.78 -1.09 -.9" -.85 -.95 -.7" -.eo -.83 -.87 -.90 21.80 1 q 5 
III ZZ5 0330 -.911 -.86 -.78 -.85 -.75 -.7" -.B3 -.90 -.B2 -.B6 -.91 -.97 21.20 Hb 
n 225 01000 -.112 -.8" -.7' -.95 -.110 -1.00 -.80 -.115 -.66 -.95 -.116 -.89 21.00 In 
111 225 0 .. 30 -.90 -.110 -.7!I -.80 -.77 -.8" -.76 -.90 -.72 -.116 -.91 -.95 20.50 l~ 8 
81 Z25 0500 -.96 -.9Z -.811 -1.1" -.89 -.88 -1.01 -.90 -.9B -1.03 -.IIB -.91 19.qO 1:;'; 
111 225 0'30 -.95 -1.03 -.99 -.70 -.98 -.88 -.86 -.77 -.91 -.81 -.78 -1.03 19.BO 2jJ 
111 225 0600 -.9Z -1.13 -.119 -.9Z -1.06 -.98 -.119 -.96 -.910 -.88 -.92 -1.02 19.90 201 
81 22!5 0630 -.110 -1.12 -.81 -1.0" -.114 -.91 -.82 -1.06 -l.Cl -.92 -1.0" -1.07 21.60 202 
111 ZZ5 0700 -1.25 -1.1 .. -1.03 -1.38 -1020 -.96 -1.31 -1.21 -1.10 -1.31 -1.05 -1.36 23 .10 203 
81 225 0730 -1.61 -1.73 -1.47 -1.61 -1."0 -1.37 -1.56 -1.53 -1.'9 -1.38 -1.14 -1.7" 25.20 2:14 
81 225 0600 -1.87 -1.96 -1.50 -l.IIZ -1,"7 -1.B3 -1.56 -1."4 -l.tO -1.31 -1. BB -2.11 26.90 ZJ5 
111 "5 0830 -Z.09 -Z.Ol -1.'1 -1.111 -1.98 -1.56 -Z.04 -2.10 -1.99 -1.96 -l.BO -2.0B 28.20 20 ~ 
111 ZZ5 0900 -2.28 -2.26 -1.118 -1.97 -1.8Z -1.91 -l.BO -1.69 -1.71 -1.61 -1.92 -2.51 29.50 ZC7 
111 225 0930 -1.95 -1.1110 -Z.ZO -1.91 -2.23 -1.97 -Z.ZO -Z.15 -1.98 -Z.03 -2.25 -2.0b 31.70 206 
81 225 1000 -2 ... 0 -Z.OO -Z.31 -Z.05 -Z.06 -1.98 -Z ... O -2.39 -2.06 -2.01 -2.53 -2.03 33.50 20'1 
111 225 1030 -2.35 -2.109 -3."3 -1.97 -Z.Olo -2.13 -Z.17 -Z.45 -2.35 -2.20 -2.35 -2.100 3<t.50 210 
111 225 1100 -Z.49 -Z.45 -Z.35 -Z.13 -2.30 -Z.35 -Z ..... -Z.07 -2.01 -2.39 -2."0 -2.37 3".50 211 
III 2Z5 IUD -2.5' -2.60 -Z.39 -Z.63 -2.32 -Z.15 -2.50 -2.36 -2.13 -Z.39 -2.29 -2.45 35.00 Z12 
81 225 1200 -2.20 -2.IoZ -Z.15 -Z.35 -2.05 -2.16 -2.Z7 -2.00 -2.10 -1.95 -2.19 -2.15 31.00 Zl3 
81 ZU IUD -2.21 -2.15 -1.8' -2.49 -1.99 -1.35 -1.105 -1.25 -l.U -l.U -1.f07 -1.95 30.50 21~ 
81 Z25 1300 -1.'9 -1.51 -1.3Z -1."7 -1.31 -1.30 -1. Z2 0.00 -1.32 0.00 -1.73 0.00 28.00 215 
111 225 1330 -1.52 -1.Z3 -Z.02 0.00 -1.35 -1.33 -1.21 0.00 -1.10 -1.05 -1.45 o.Cle 28.00 Zlb 
n 22' 1400 -1.107 -1.111 -1.10 -1.16 -1.12 -1.25 -1.63 -1.03 -1.12 -1.09 -1.28 -1.C7 27.IoCI Z17 
111 22' 1"30 -1.52 -1.13 -1.63 -1.08 -1.28 -1.52 -1.19 -1.12 -1.31 -1.18 -1.03 -1.27 24.80 Z19 
III 225 1500 -1.30 -1.02 -1.Z3 -.97 -1.32 -1.22 -.98 -1.03 -1.41 -1.22 -1.33 -1."8 25.50 21 q 
111 ZZ5 1530 -1.43 -1.3" -1.7Z -1.37 -1."7 -1.46 -1.3" -1.27 -1.14 -1.t,] -1.117 -1.23 27.20 220 
n 225 1600 -1.33 -1.111 -1.82 -Z.15 -1.32 -1.52 -1.30 -1.29 -1.2" -1.3" -1."8 -1.24 2Q.OO 221 
e1 ZZ5 1630 -1.36 -1.611 -1.78 -1.29 -1.33 -1.37 -1.60 -1."2 -l.ZB -1.17 -1.73 -1 ..... 29.50 222 
111 "5 1700 -1.27 -1.69 -1.26 -1.53 -1,"2 -1.35 -1.26 -1.17 -1.04 -1.01 -1.3" -1.23 29.30 223 
e1 2Z5 1730 -1.2Z -1.23 -1.62 -1.Z0 -1.03 -1.17 -.98 -1.14 -1.15 -1.14 -1.08 - ... 7 28.70 Z 2 ~ 
111 225 11100 -1.110 -1.Z5 -.96 -.96 -.97 -.85 -1.0" -1.20 -1.03 -1.09 -1.12 -1.23 Z8.40 225 
III 225 11130 -1.0Z -.98 -.15 -.117 -.89 -.93 -.116 -.80 -.92 -.98 -.77 -1.0Z 27.100 22b 
81 ZZ!I 1900 -.9' -1.12 -.93 -1.10 -.90 -.95 -1.0t -1.00 -.92 -1.00 -.82 -.95 26.50 227 
111 ZU 1930 -1.00 -1.07 -1.0' -.97 -.e~ -1.00 -.90 -.9' -.90 -1.00 -1.20 -1.05 27.00 zze 
B1 225 2000 -1.10 -1.0' -.9' -1.05 -.90 -.95 -.93 -1.03 -.92 -.95 -1.10 -1.00 26.00 229 
111 225 2030 -1.0' -1.10 -.95 -1.05 -1.00 -.96 -1.20 -.98 u.95 -.90 -1.00 -1.05 25.20 230 
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81 225 2100 -.1S5 -.9' -.9' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 231 n 2!1 0000 -1.24 -1.53 -1.56 -1.10 -1.25 -1.30 -1.25 -1.36 -1.13 -1.05 -1.16 -1.10 29.00 232 
IS1 231 0030 -l.n -1.64 -1.76 -1.12 -1.20 -1.45 -1.23 -1.25 -1.31 -1.00 -1.14 -1.00 27.70 233 
111 231 0100 -1.~0 -1.'6 -1.72 -1.2' -1.19 -1.26 -1.13 -1.41 -1.10 -1.00 -1.16 -1.20 27.70 23~ 
11 2n 0130 -1.36 -1.59 -1.'3 -1.22 -1.20 -1.40 -1.33 -1.32 -1.15 -.90 -1.13 -1.05 211.00 235 
111 231 0200 -1.33 -1.'0 -1.70 -1.26 -1.23 -1.28 -1.30 -1.3!l -1.811 -1.01 -1.20 -1.12 211.00 236 
IS1 231 0230 -1.30 -1.311 -1.'0 -1.11 -1.1' -1.16 -1.53 -1.21 -1.05 -1.00 -1.30 -1.10 27.90 237 
81 231 0300 -1.20 -1.10 -1.25 -1.30 -1.12 -1.25 -1.21 -1.25 -1.00 -1.00 -1.20 -1.11 27.00 2311 
81 231 0330 -1.16 -1.23 -1.19 -.9B -1.18 -1.12 -1.'~ -1.10 -1.00 -1.02 -1.07 -1.06 27.20 239 
111 231 01000 -l.lt, -1.66 -1.22 -1.04 -1.10 -1.13 -1.~6 -1.17 -.99 -.86 -1.13 -1.011 27.70 2t,0 
111 231 0430 -l.U -1.12 -1.210 -1.19 -.92 -.98 -1.55 -l.Z' -1.010 -1.19 -1.00 -1.111 27.10 2101 
81 Z31 0500 -1.16 -1.25 -1.46 -1.11 -1.211 -1.15 -1.3' -1.40 -1.11 -1.12 -1.21 -.9' 26.Z0 2102 
81 231 0530 -1.11 -1.13 -1.106 -1.04 -1.21 -.119 -1.~1 -1.20 -.99 ·.9' -1.09 -1.11 2' .90 Z'3 111 231 0600 -1.31 -1.41 -1.40 -1.15 -1.22 -1.1' -1.3!l -1.36 -1.11 -1.17 -1.21 -1.12 Z6.80 2"" n 231 0630 -1.38 -1.6' -1.31 -1.19 -l.Z' -1.16 -1.100 -1.'11 -.98 -.91 -1.105 -1.11 27.10 210' 111 Z31 0700 -1.36 -1.6' -1.61 -l.Z' -1.21 -1.67 -1.76 -1.711 -1.~2 -1.39 -1.110 -1.'9 211.'0 2106 
81 231 0730 -1.'9 -1.66 -1.92 -1.'11 -1.'~ -1.67 -1.91 -2.0' -1.59 -2.0Z -1.66 -1.61 Z9.60 241 
I!l 231 01100 -2.17 -2.37 -2.35 -2.08 -1.76 -1.54 -1.99 -1.76 -1.89 -1.18 -Z.41 -2.Z9 30.00 248 
81 231 0830 -2.16 -2.9' -2.36 -2.14 -1.6' -2.1' -2.14 -2.21 -Z.OIo -Z.OO -Z.26 -Z.11 32.60 H9 
III 231 09 CO -Z.'l -3.00 -2.Z7 -2.76 -1.9' -1.99 w2.29 -2.311 -2.18 -2.50 -Z.70 -2.56 3ft .90 250 
81 231 0930 -2.61 -2.26 -2.66 -2.35 -2.54 -2.~' -2.51 -2.~8 -2.41 -2.29 -2.103 -2.1' 33.'0 251 
I!l 231 1000 -3.35 -2.36 -2.63 -2.60 -2.49 -2.'3 -2.80 -2.71 -2.63 -2.51 -2.31 -2.20 34.20 2'2 
f!1 231 1030 -2.63 -2.03 -2.63 -2.5' -2.52 -2.65 -2.13 -2.67 -2.1,3 -2.72 -2.53 -2.34 3'.10 Z53 n 231 1100 -2.62 -2.72 -Z.76 -2.50 -2.93 -2.77 -2.110 -2.114 -2.63 -2.65 -2.72 -2.62 35.'0 Z", 
81 231 1130 -2.70 -2.47 -2.IIZ -2.47 -2.60 -2.71 -2.66 -2.6Z -2.92 -2.52 -2.26 -2.76 36.50 2" U 231 1200 -2.68 -2.511 -2.77 -2.95 -2.94 -2.98 -2.83 -2.87 -2.52 -2.'5 -2.61 -2.65 37.20 256 n 231 1230 -2.60 -2.116 -2.73 -2.71 -2.65 -2.57 -2.111 -2.GO -2.'7 -2.76 -2.111 -2.611 38.00 257 
81 231 1300 -2.72 -2.60 -2.IIZ -2.94 -2.67 -2.65 -2.62 -2.71, -2." -2.75 -2.52 -2.411 37.10 258 
81 231 1330 -2.110 -3.13 -2.65 -2.60 -2.16 -2.70 -2.67 -2.75 -2.72 -2.74 -2.62 -2.60 36.80 259 
81 231 11000 -2.78 -2.66 -2.48 -2.41 -2.76 -2.72 -2.82 -2.90 -2.86 -2.411 -2.98 -2.107 39.00 260 
el 231 11,30 -2.114 -2.1,7 -Z.92 -3.25 -2.66 -2.33 -2.48 -Z.7' -2.37 -2.26 -2.36 -2.'3 37.80 261 
III 231 HOO -2.113 -2.67 -2.34 -2.74 -2.60 -2.48 -2.72 -3.10 -2.00 -2.7' -2.41 -2.113 37.110 26Z 
81 231 1530 -2.47 -Z.1I6 -2.37 -2.94 -Z.8B -2.83 -Z.62 -3.20 -2.'8 -Z.38 -2.711 -2.103 37.1,0 263 
111 231 1600 -2.'6 -Z.1I8 -2.79 -2.1,6 -2.71 -2.73 -2.31 -2.94 -2.22 -2.60 -2.48 -2.28 37.50 Z61, 
81 231 1630 -2.76 -2.76 -2.78 -2.68 -2.101 -2.65 -2.98 -Z.91o -2.52 -2.10 -2.78 -1.91 36.1,0 265 
81 231 1700 -2.98 -2.60 -2.111 -2.62 -2.30 -Z.ll, -Z .00 -2.12 -2.106 -1.95 -2.53 -2.23 36.30 266 
!1 231 1730 -2.73 -2.12 -2.53 -2.36 -2.07 -2.101 -2.57 -1.97 -2.53 -2.00 -1.78 -1.61 35.6e. 267 
81 231 1800 -2.36 -2.010 -2.1d -2.12 -1.79 -1.86 -1.B3 -1.68 -1.'2 -1.107 -1.98 -2.108 35.30 268 
el 231 lelO -1.94 -1.611 -2.01 -1.311 -1.25 -2.211 -1.97 -1.83 -2.11 -1.31 -1.66 -1.33 310.60 269 
PI 231 1900 -1.82 -1.63 -2.IoB -1.65 -1.65 -1.38 -1.46 -1.53 -1.32 -1.24 -1.17 -1.1010 33.60 270 
81 231 1930 -1.61 -1.6' -2.25 -1.53 -1.62 -1.102 -1.58 -1.105 -1.56 -1.35 -1.15 -1.105 32.50 271 
e1 231 2000 -1.30 -1.98 -2.13 -l.I,B -1.104 -1.410 -1.5" -1.35 -1.28 -.95 -1.37 -l.lB 31.80 272 
el 231 2030 -1.15 -1.107 -1.102 -1.23 -1.37 -1.25 -1.88 -1.01, -1.32 -1.36 -1.0B -1.23 30.50 273 
81 231 2100 -1.51 -1.56 -1.76 -1.101 -1.108 -1.61 -1.31 -1.100 -1.21 -1.210 -1.70 -2.70 30.80 274 
81 231 2130 -1.50 -1.39 -1.78 -1.55 -1.1o~ -1.1o~ -1.35 -1.60 -1. 2~ -1.18 -1.24 -1.106 30.~0 275 
Pi 231 2200 -1.32 -1.01 -1.35 -1.31 -1.'1 -1.60 -1.103 -1.106 -1.105 -1.39 -1.35 -1.~0 29.9e. 276 
el 231 2230 -1.80 -1.68 -1.107 -1.50 -1.3' -1.30 -1.100 -1.29 -1.38 -1.210 -1.58 -1.25 30.100 277 
ISl 231 2300 -1.43 -1.5' -1.103 -1.'0 -1.105 -1.109 -1.1010 -1.'2 -1.20 -1.21 -1.35 -1.110 30.00 271S 
el 231 2330 -1.55 -1.53 -1.310 -1.102 -1.101 -1.107 -1.109 -1.51 -1.20 -1.17 -1.111 -1.27 29.60 279 
91 232 0000 -1." -1.65 -1.31 -1.20 -1.25 -1.50 -1.31 -1.26 -1.27 -1.21 -1.01 -1.11 28.50 21S0 
fl 232 0030 -1.100 -1.22 -1.33 -1.29 -1.25 -1.33 -1.95 -1.100 -1.15 -1.0' -1.10 -1.00 28.00 2IS1 
81 232 0100 -1.50 -1.35 -1.65 -1.35 -1.20 -1.22 -1.30 -1.36 -1.16 -1.16 -1.30 -1.22 27.,0 28Z 
~1 232 0130 -1.99 -1.31 -1.11 -1.107 -1.06 -1.10 -1.23 -1.37 -1.15 -1.06 -1.21 -1.10 27.00 283 
el 232 0200 -1.66 -1.66 -1.37 -1.10 -1.17 -1.26 -1.33 -1.37 -1.20 -1.13 -1.22 -1.07 27.30 2810 
!1 232 0230 -1.73 -1.30 -1.57 -1.36 -1.10 -1.27 -1.26 -1.20 -1.110 -1.1S -1.17 -1.26 27.00 285. 
81 232 0300 -1.60 -1.23 -1.12 -1.12 -1.09 -1.11S -1.2' -1.2' -1.13 -1.16 -1.22 -1.26 27.00 286 
e1 232 0330 -I." -1.16 -1.18 -1.50 -1.15 -1.3~ -1.101 -1.32 -1.30 -1.10 -1.11 -1.10 26.50 287 
el 232 01000 -1.55 -1.103 -1.310 -1.35 -1.11 -1.22 -1.28 -1.13 -1.27 -1.22 -1.02 -1.26 26.30 288 
81 232 0430 -1.83 -1.26 -1.20 -1.20 -1.210 -1.29 -1.29 -1.25 -1.06 -1.18 -1.26 -1.03 26.10 2B9 
81 232 0500 -1.31 -1.'8 -1.17 -1.32 -1.26 -1.37 -1.29 -1.22 -1.28 -.99 -1.18 -1.16 26.10 290 
!1 232 0530 -1.58 -1.58 -1.39 -1.100 -1.28 -1.30 -1.22 -1.35 -1.19 -1.08 -1.21 -1.08 26.00 291 
e1 232 0600 -1.Z9 -1.'4 -1.'1 -1.30 -1.3' -1.101 -1.'0 -1.2B -1.16 -1.29 -1.32 -1.310 25.80 292 
!1 232 0630 -1.311 -1.71 -1.83 -1.63 -1.103 -1.36 -1.100 -1.56 -1.'2 -1.'4 -1.100 -1.52 26.~0 293 
81 232 0700 -1.118 -1.89 -1.76 -1.81 -1.81 -1.69 -1.109 -2.08 -1.36 -1.38 -1.61 -1.62 27.30 291, 
111 232 0730 -1.91 -1.73 -1.92 -2.28 -1.810 -1.91 -1.911 -2.06 -1.61 -1.98 -1.76 -1.90 29.20 295 
!1 232 0800 -1.61 -2.01 -2.20 -2.46 -1.116 -2.76 -2.111 -2.50 -1.96 -1.90 -2.33 -2.25 31.00 296 
!1 232 0830 -2.76 -2.36 -2.22 -2.'10 -2.03 -Z.76 -2.63 -Z.56 -2.50 -2.18 -2.'Z -Z.57 31.80 297 
n Z32 0900 -Z .20 -2.71 -2.39 -2.56 -2.107 -Z.60 -2.110 -2.93 -Z.18 -Z.35 -2.Z6 -2.60 3ft .00 298 
!1 232 0930 -Z.73 -2.5' -Z.70 -2.710 -Z.60 -Z.63 -2.80 -2.75 -Z.73 -Z.'5 -Z.60 -2.70 35.10 Z99 
e1 232 1000 -2.53 -Z.100 -2.10' -2.6' -2.67 -2.6Z -2.67 -2.63 -2.67 -2.~3 -Z.62 -Z.73 36.00 300 
et 23Z 1030 -2.63 -2.80 -2.90 -2.73 -2.75 -2.65 -2.9' -2.7' -2.90 -2.52 -Z.62 -3.15 36.90 301 
~1 232 1100 -2.75 -2.810 -3.32 -Z.105 -2.87 -2.00 -Z.87 -2.93 -2.83 -3.Z0 -2.73 -2.20 37.Z0 302 
81 232 1130 -2.73 -3.~5 -3.15 -2.50 -2.95 -2.87 -Z.72 -2.85 -3.20 -2.105 -'.05 -2.83 38.00 303 
81 232 1200 -2.'2 -3 .01 -2.74 -2.75 -1.97 -2.62 -Z .89 -2.72 -2.66 -Z.7Z -2.78 -2.810 37.20 301, 
U 232 1230 -2. loIS -2.89 -2.109 -2.53 -Z.71o -3.38 -3.36 -2.5Z -2.57 -Z.50 -2.87 -2.77 38 .50 305 
81 23Z 1300 -2.67 -Z.66 -2.70 -2.71 -2.610 -Z.52 -Z.72 -2.67 -2.82 -2.50 -2.75 -Z.88 38.00 306 
111 Z3Z 1330 -3.12 -2.83 -2.53 -3.26 -2.55 -2.60 -2.6~ -3.52 -2.63 -2.37 -2.30 -Z.103 37.50 307 
fl 232 11000 -2.'Z -3.52 -Z.67 -2.96 -Z.70 -2.65 -2.65 -2.510 -Z.10 -2.35 -Z.67 -1.71 39.80 3011 
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n 232 10\30 -2.23 -2.57 -2.'8 -2.72 -2.70 -2.1a -Z.79 -Z.38 -2.5" -2.'2 -2.08 -2.40 39.30 309 
III 232 1500 -2.58 -3.01 -3.07 -2.50 -2." -2.48 -2.63 -2.70 -2.16 -2.5" -2.n -,.85 39."0 310 n 232 1530 -Z.43 -Z.77 -2.42 -2.56 -2.40 -2.46 -2.43 -2.95 -Z.26 -2.07 -2.Z6 -,.01 39.30 311 
n 23Z 1600 -2.118" -3. lit -Z.30 -2.2a -2.38 -2.23 G2.3' -2."7 -2.46 -2.ZZ -2.37 -2.'6 39.30 312 
n 232 1650 -2.07 -2.6Z -2.'3 -Z.31 -Z.55 -2.47 -Z.17 -2.13 -2.38 -2,'4 -Z." -z.u 111.80 113 
U 232 1700 -Z.28 -1.98 -2.26 -2.31 -Z.60 -2.60 -2.U -2.34 -1.97 -2.94 -z.n -1.13 38.70 3 lit 
n 232 1730 -2.32 -2.4' -2.77 -Z.38 -2.03 -2.07 -1.113 -1.110 -1.52 -1.68 -2.15 -1.118 31.00 315 
n 232 11100 '-1.96 -2.09 -2.17 -2.01 -2.40 -2.32 -1.91 -1.77 -1.65 -I." -2.23 -1.67 311.00 316 
III 232 1830 -1.75 -l.U -1.76 -1.70 -1.87 -1.92 -1.64 -1.78 -1.77 -1.51 -1.42 -1.92 36.10 317 
U 232 1900 -1.52 -1.7' -1.46 -1.50 -1.55 -1.20 -l.U -1.73 -1.58 -1.27 -2.10 -1.10 35.00 318 n 232 1930 -1.15 -1.35 -1.46 -1.65 -1.10 -1.40 -1. It' -1.73 -1.33 -1.52 -1'''3 -1.50 33.70 319 
n 232 2000 -1.'0 -1.10 -1.,,3 -2.10 -1.36 -1.35 -1.50 -1.32 -1.30 -1.25 -1."0 -1.45 31.60 320 
III 232 2030 -1.30 -1.40 -l.U -1.60 -1.26 -1.30 -1.50 -1.26 -1.20 -1.20 -1.50 -1."8 30.50 321 
III 232 2100 -1.17 -1.10 -1.2' -1.85 -1.30 -1.20 -1.30 -1.30 -1.13 -1.35 -1.30 -1."6 29.30 322 
III 232 2130 -1.,,5 -1.45 -1.35 -1.32 -1.40 -1.10 -1.26 -1.3' -1.1' -1."0 -1.,,0 -1.25 29.00 323 
U 232 UOO -1.4' -1.00 -1.35 -1.35 -1.22 -1.1' -1.1' -1.15 -1.20 -1.4' -1.30 -1.1' U.80 3 ZIt 
n 232 2230 -1.30 -1.10 -1.30 -1.28 -1.20 -1.2' -1.10 -1. 00 -1.25 -1.20 -1.20 -1.20 27.'0 325 
U 232 2300 -1.20 -1.15 -1.30 -1.3' -1.20 -1.20 -1.00 -1.00 -1,"0 -1.40 -1.,,0 -1.3' 27.00 326 n 232 2330 -1.20 -1.30 -1.23 -1.30 -1.33 -1.17 -1.15 -1.50 -1.20 -1.311 -1.15 -1."0 28.00 327 
U 233 0000 -1.15 -1.10 -1.27 -1.0' -1.06 -1.29 -1.28 -1.30 -1.2' -1.20 -1.30 -1.10 29."0 328 
U 233 0030 -1.30 -1.13 -1.3" -1.29 -1.15 -1."9 -1.35 -1.11 -l.Z' -1.20 -1." -1.13 29.~0 3Z9 
n 233 0100 -1.23 -1.2' -Z.26 -1.30 -1.12 -1.15 -1.32 -1.16 -I.", -1.2' -1.26 -1.20 29.70 no 
\!1 233 0130 -1."0 -l.ltO -1.30 -1.36 -1.1" -1.16 -1.18 -1.10 -1.52 -1.,,0 -1.10 -1.27 29.30 331 
n 233 0200 -1.31t -1.25 -1.38 -1.26 -1.30 -1.~0 -1.32 -1.06 -1.28 -1.27 -1.16 -1.30 29.20 332 
III Z33 0230 -1.U -1.15 -1.32 -1."2 -1.27 -1.22 -1.Z0 -1.Z7 -1.20 -1.16 -1.28 -1.00 29.80 333 
U 233 0300 -1.20 -1.16 -1.10 -1.36 -1.06 -1.26 -1.00 -1.17 -1.26 -1.03 -1.22 ... 99 28.00 331t 
n 233 0330 -1.16 -1.20 -1.26 -1.15 -1.09 -1.14 -1.20 -1.10 -1.20 -1.16 -1.1' -1.17 26.10 n5 
u 233 0"00 -1.26 -1.31 -1.'0 -1.15 -1.30 -1.50 -1.22 -1.10 -1.,,0 -1.,,5 -1.06 -1.10 26.'0 336 
~l 233 0430 -1.22 -1.10 -1,"1 -1.5' -1.11 -1.10 -1.28 -1.10 -1.05 -1.Z5 -1.12 -1.12 27.00 337 
U 233 0500 -1. lit -1.23 -1.111 -1.33 -1.38 -1.37 -1.07 -.98 -1.10 -1.02 -1.15 -1.14 26.60 338 
III 233 0510 -1.20 -1.22 -1.26 -1.11 -1.29 -1.18 -.96 -1.08 -1.03 -1.08 -1.17 -1.05 25.20 339 
U 233 0600 -1.01 -1.21 -1.23 -1."0 -1.26 -1.38 -1.29 -1.'2 -1.06 -1.Z6 -1.2" -1.20 25.60 HO n 233 0630 -1.36 -1.33 -1.78 -1."" -1.3" -1."7 -1.30 -1,"6 -1.39 -1.27 -1.29 -1.28 26.70 HI 
e1 233 0700 -1.88 -2.10 -2.16 -1.8" -1.68 -1.57 -1."0 -1.117 -1.2" -2.01 -1.67 -2.22 211.50 31t2 n 233 0730 -1."1 -2.22 -1.85 -2.3" -1.'" -1.80 -1.76 -1.'0 -1.56 -Z.10 -1.67 -2.22 28.50 31t3 
n 233 0800 -1.75 -2.Z3 -2.48 -1.63 -1.C7 -2."3 -Z.20 -2.16 -1.89 -1.77 -1.63 -1.82 30.00 3It" 
111 233 0830 -1.96 -Z.l" -2.27 -2.09 -Z.16 -1.87 -2.26 -1.90 -2."" -2.6" -1.86 -1.99 32.10 H5 
U Z33 0900 -z.n -2.00 -Z.49 -Z.13 -Z.Ol -2.16 -2.48 -2.26 -Z.30 -1.79'-2.15 -2.80 H.OO H6 
n 233 0930 -2.'" -2.66 -2."6 -2.97 -2.76 -2.27 -2.5" -2.71 -2.45 -2.15 -2.30 -2.73 35.10 H7 
U 233 1000 -3.20 -2.57 -2.51 -2.42 -2.92 -3.1' -2.7" -2.66 -2.73 -2.39 -2.6' -2.53 36.20 H8 
U 233 1030 -2.73 -2.'3 -2.78 -2.6' -2.73 -2.72 -2.66 -2.68 -2.69 -2.66 -2.70 -2.79 36.50 3"9 
U 233 1100 -2.52 -2.7" -2.'3 -2.67 -2.97 -2.56 -3.B -2.8' -2.3" -2.91 -2.56 -2.9' 37.50 3'0 n 233 1130 -2.68 -2.'6 -2.'1 -3.3" -2.99 -2.73 -3.13 -2.67 -2.,,5 -2.~1 -Z.76 -2.'3 38.00 3'1 
III 2!3 1200 -2.'6 -2.73 -2.63 -2.70 -2.88 -3.16 -3.04 -2.79 -2.76 -2.86 ~Z.7' -2.66 38.20 3'2 
Sl 233 1230 -3.07 -2.94 -2."0 -3.80 -2.81 -Z.8' -2.54 -2.73 -2.79 -2.64 -2.24 -2.32 39.00 3'3 
III 233 1300 -2.68 -3.12 -2.60 -2.90 -2.23 -2.'2 -2.57 -2."6 -Z.'3 -Z.10 -2.17 -2.'4 38.50 3", 
n 233 1330 -3.05 -2.8" -2.73 -2.49 -2.25 -2."8 -Z.66 -2.~' -2.79 -3.27 -2.12 -2.56 38.50 3'5 
111 233 1400 -2.77 -2.80 -2.70 -2.18 -2.70 -2.82 -3.05 -2.50 -2.92 -3.18 -2.,,0 -Z.60 39.60 356 
U 233 H31l -2.70 -2.711 -2.60 -2.87 -2.70 -2.6" -2.6' -3.20 -2.58 -2.58 -2."" -2.98 39.30 3'7 
\Il 233 1'00 -2.6' -3.00 -2.70 -2.62 -2.80 -3.00 -2.62 -2.80 -2.30 -2.70 -2.50 -2.88 ,,0.80 358 
U 233 IUD -Z.8' -Z.90 -2.75 -3.00 -3.~5 -3.05 -2.90 -2.50 -2.6" -2.40 -2.40 -2.75 39.20 359 n 233 1600 -2.", -2." -3.02 -2.9" -2.85 -2.90 -2.60 -2.8' -2.80 -2.5' -2."0 -2.9' ,,0.00 360 
~l 233 1630 -2.6b -2.80 -2.80 -2.90 -2.35 -2.32 -1.87 -2.06 -2.13 -2.72 -3.00 -2.'5 ~o.oo 361 
n 233 1700 -2.35 -Z.,,' -Z.52 -Z.5" -2.", -2.,,0 -1.55 -2.2' -1.70 -2." -2.~5 -2.50 39.80 36Z 
U 233 1730 -2.14 -2." -2.20 -2.00 -1.80 -2.50 -2. '0 -2.30 -3.90 0.00 0.00 0.00 0.00 363 
81 233 1800 -2.60 -2.,,0 -Z.30 -2.40 -1.70 -2.15 -1.85 -2.70 -1.80 -2.1' -2.'0 -1.90 38.00 3e." n 233 1830 -1.'0 -1.80 -1.'0 -1.70 -I.", -1.6' -1. It!! -1.6' -1.1' -1.60 -1.70 -1.50 14.00 36' 
III 233 1900 -1.25 -1."6 -1.26 -1.40 -1.30 -1.00 -1.10 -1.33 -.96 -1.16 -1.35 -1.0' 32.'0 366 
e1 U3 1930 -1.11 -1.13 -1.7' -1.13 -1.00 -1.00 -1.00 -1.00 -.95 -1.11 -1.20 -.95 31.20 367 
n 233 2000 -1.63 -1.18 -1.28 -1.28 -.92 -1.06 -1.07 -.98 -.97 -1.22 -1.08 -1.08 30.'0 368 
fJl 233 2030 -1.25 -.92 -1.22 -.97 -1.42 -1.18 -.97 -.91 -1.15 -1.~0 -1.12 -1.02 29.70 369 
U 233 2100 -1.10 -1.08 -1.26 -1.30 -.98 -.8, -.88 -.97 -1.20 -1.0B -1.08 -1.22 31."0 370 
III 233 2130 -1,"2 -1.78 -1.87 -1.16 -.97 -1.26 -1.22 -1.23 -1.03 -1.21 -1.0' -1.01 32.50 371 
'n 233 2200 -1.30 -1.15 -1.29 -1.1" -.97 -1.20 -1.08 -1.17 -1.8' -1.30 -1.25 -1.17 31.'0 372 
\!1 233 2230 -1.39 -.93 -.911 -1.08 -.9" -1.05 -1.02 -1.12 -1.1~ -1.16 -1.16 -1.0e 32.00 373 
n 233 2300 -1.10 -1.31 -1.13 -1.0' -1.38 -1.08 -1.22 -.86 -1.32 -1.'4 -1.18 -l.U 30.80 3H 
U 233 2330 -.94 -1.27 -1.05 -1.13 -1.18 -1.00 -1.02 -1.15 -1.00 -1.1' -1.10 -1.13 29.30 375 
PI 2H 0000 -l.H -1.38 -1.07 -.96 -.9f: -1.03 -1.17 -1.0' -1.28 -1.42 -1.17 -1.18 29.00 376 
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MICROCOMPUTER CODING SHEET 

NAME FIDEL 1>181-

206 

Page --1- o'_J_ 

DA TE _-'I1 ____ A .... y ..... ~ __ I __ '..;:;8'""O_ 

PROGRAM ____ ~~~A~I~N~P~R~Q~6~g~A~t1~ __________________ __ 

HEX MNEMONIC 

Op INST. COMMENTS 

Add, ••• Cod. Operand LABEL CODE OPERAND 

IIJ.IJ.O() 7A GCP1 REG 
01 (,t:, OIlT'~ S{;7 ~7~~ LOJlA.lT-t:IC 
02 ER S,£XII ANb M ~"'IJLY lOt:ATJlW 7" [) 
03 FR LDI iI '/-E A 1'lE5IlU.f) VA L liE. S • 
O~ 11,1.1: 
05 BB PHIl! 
III. AA PLOII 
01 FB LDX iJ. '20 
Oi 2D 
Oq 58 STR 
OA ~I ()U~ iF~ET I..V~T 80A~~ 
DB 'Z.B I>~C.A 
DC. '78 5ElY 
00 ,z. nVLZ ~fr EP_~Botl~l> 
OF cy. NOP 
of Clf Aloe 

1''110 co '/0100 ~P2 L8R LVI I B~IIAJ(J.I TD LVDT-Ab svftLJnJlr;~", .. 
13 c.II- MOP 
IIj. c.1J. NOP 
1.5 '-I#- _ND"-

II=R LJ:lr # IJ.E ,Jirr 57AtJ( POJAlT£!?3 
7 /fIE P18 TJL~~;:F 
B SF PJ.llr: 
q F8 LI>l #- FF 

III I='F 
,8 AI=' PLDF 
Ie. c.o 11-300 GC.P3 Lall gARr TUMP TO 1=nL S{)8~U7j.iJG 
IF SF GLOF 

11J¥20 FB )(~I # 'Ie. 
2.1 I q c. 
2'2. 3A Ie. BAli GCP3 
2~ ~ 2. Ourl. RE~E/ FOL eOA!?!) 
2.5 ~A LDI -JJ 00 
2' 00 
27 A7 ~L07 
28 c.o 1+020 GCP¥ L.BR. c.LOele _TUMP ID C lOe}: SlJ8RtJlI7/,f/E 
ZB fl." (;CPS ~LO' 
2C 32 2.8 Be- GCP4J. 
'2.1: 17 INC. 7 JAJCtEHEAlT Rl")JLN~_CJJ~ 
2F 87 GLllJ It: IS -rIME I=D~,q //JEW 

~_1}3D Fa )(oRI I;J 07 [) .4/.Q A~QV15InOAJ. 
31 07 
32 32 JO B~ c;c.PZ 
3".. 26 PEC.~ 
"3$ 30 28 B~ GCPS 
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MICROCOMPUTER CODING SHEET 

NAME' FJl>EL DNJJ DATE M/iY-I'l80 

PROGRAM LVbl- AI!) SUBROuTlALE 

HEX MNEMONIC 

Op INST. COMMENTS 

Addr ••• Cod. 0p.'lnd LABEL CODE OPERAND 

IlI-lDO EQ ~;;XA ..S.rr~: Ie(R) 
01 F8 LI>:t # II~ 
02 If~ 

03 85 PUJ'S- It'l51 = II-F {)(. 
0'1- FB LDT :IJ O~ 
OS Of, 
Of, AS PLOs 
D7 7A R';lJ 
oa F8 LDI #(JE 
oq /I.E .K..0'1 = !tt:/i.G 
OA B~ purR 
n8 IJ PLOt:! 
oc. F LDJ t!OR 
OD 0 R ('1,,= oe 
oE IA6 ELO~ 
01= 1=R LPI TI: 00 

IIJ.I 10 !OO ..K(2).n = QQ. 
, J !A2 PL02 
12 1(31 PUI, R17.l-....flO 00 
13 1=p. LoD.! 11: OD 
I~ 00 
IS 1.<1 PLO, 
16 59 STR. 
17 (,c- t""JIJTS EAlERGltGAll) .F.OIlRl1 
I~ 123 DE"C.A 
1'1 1~2 (:,1 (')7. 

JA 1=8 }foe t; 03 
18 O~ 
Ie. 32 co B~ L-r j 
IE CO '+1 If 0 tBIl (A/I))", JU MP If) A/I) Alf.s.7£l) !IlMQY~ 

111.12.1 gZ t;;LD2 
22 FS )(D~ 7J 0 I; 
23 OlJ-
2lJ 3A 28 BAJ-e LV~ 

"L FA L.bI 7J.2D 
27 2.0 
'8 SR STR. 
If L.I o lIT 1 ~e:SET L lIbT BOAI2.1i 
Jl 2S ])~CA 
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