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This study sought to explore the relationship between spatial scale and canopy

chemistry through the use of remotely sensed videography data and total nitrogen content

of potato petioles. A range of broad band spectral indices were employed along with

standard red and green wavelengths to define an optimum scale or range of scales in

which the accuracy of predicting leaf canopy chemistry could be improved.

Difficulties inherent within video imagery due to the method in which the

National Television System Committee's (NTSC) analog signal is comprised were

studied. Spectral quantification of the video signal was not possible within the study,

instead attention centered on showing the consistent and well correlated results that could

be obtained using such data.

Spectroradiometer measurements were also obtained for comparison with video

response. Correlation between the two sensors was low, primarily due to the nature of

the respective signals. Multispectral imagery was obtained from SPOT for spatial

resolution comparison.

The light research aircraft employed to collect the aerial video imagery proved to

be a versatile and cost effective alternative to traditional remote sensing platforms. The

data produced within the study support the project objectives in defining regions of high

to low prediction accuracy. A reduction in spatial scale increases the ground area

represented by an individual pixel and reduces the quantity and quality of information

available to the sensor. The study illustrated a possible spatial resolution breakoff point

at which nitrogen content prediction accuracy is greatly diminished.
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Spatial Analysis of Potato Canopy Nitrogen Content Using Remotely Sensed
Reflectance Measurements

INTRODUCTION

The use of remotely sensed data in agriculture has been studied for the last thirty

years. Special emphasis has been placed on these studies since the inception of the

Landsat program in 1972. The satellite coverage has proven to be quite valuable in large

area change detection and for certain mapping procedures such as soil mineral

identification and climate change that does not require high spatial resolution. However,

for stress detection studies involving vegetation, much higher spatial resolution is

required. The highest spatial resolution commercially available is a ten meter

panchromatic pixel from the SPOT Image Corporation. It has been documented that for

early stress detection in agriculture and forestry a pixel resolution on the order of one

meter may be required (Stevens, 1993). This leaves the option of building higher

resolution sensors or utilizing alternative platforms on which to employ currently

available remote sensing hardware. The production of new space based sensors that

employ higher resolution hardware are at least five years away. To date, the cost of

satellite imagery has prohibited greater public and private use. Cost affects the use of

satellite imagery in primarily two way, the first being the significant expense of the

imagery itself. High resolution commercial imagery costs between two and five

thousand dollars per image. Repetitive coverage throughout vegetational growing

seasons make satellite imagery a significant investment. In addition, the speed in which
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satellite data are downloaded and processed is directly dependent on the money invested

in fast transmission rate network connections and high speed image processing hardware.

Without these expenditures, the satellite to customer response time is not adequate for

applications requiring near real-time response. The option of using different platforms

should be explored. Aircraft are the likely candidate and historically a large amount of

remotely sensed data have been obtained using such platforms. However, the cost of

flight time for conventional aircraft can be quite high. When repetitive coverage is

required throughout a growing season these costs can become prohibitive. That brings us

to the platform used in this study, referred to as a light research aircraft or what has been

traditionally known as an ultralight. This aircraft enables data collection at low altitudes,

low speeds and in restrictive flight paths that would prohibit the use of conventional

aircraft. The new generations of ultralights are much safer, have greater flight range and

are easily modified for a variety of sensor hardware. Throughout this study a variety of

equipment was carried, including a video camera, spectroradiometer, global positioning

system (GPS) and thermal sensor. The light research aircraft enabled data collection at

virtually any scale required.

This study looks at the relationship between canopy nitrogen content, land based

spectroradiometer data and correlating these sources to airborne video imagery.

Particular interest has been taken in the correlation of nitrogen and video reflectance

measurements at differing spatial resolution. Ultimately an optimum spatial resolution

needs to be identified to maximize the ground coverage included on each video image.

Video imagery obtained within the visible spectrum has been shown to be a

viable data source for stress detection studies within the field of agriculture. Video has
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the advantages of being relatively low cost and of having the great benefit of near real

time monitoring. Quantification of the actual video signal into its red, green and blue

components has proven to be quite complex. The response of the video camera CCD to

different color backgrounds have been looked at in some detail.

The study was conducted using potato plants near Hermiston, Oregon. Different

nitrogen fertilizer treatments were applied to potato plots which in turn affect the

chlorophyll content of the leaves. The basic premise is that a higher nitrogen application

rate will enable a plant to utilize a greater proportion of the incoming radiation in the

visible spectrum. Chlorophyll is needed to convert incoming solar radiation into sugar

for plant metabolism and growth. Therefore, a higher nitrogen application rate will

produce more chlorophyll per leaf area. A leaf high in chlorophyll will utilize more of

the incoming visible solar radiation when compared with a yellow leaf that has a lower

chlorophyll content. The reflectance from the potato leaves was measured using a

spectroradiometer and video equipment throughout this study. Correlations were

performed between petiole total nitrogen content and canopy reflectance.

SPOT multispectral imagery was obtained over the Hermiston area for July 12,

1993. One pixel of the SPOT imagery is approximately twice the size of the potato

subplots within the study, prohibiting a direct correlation of satellite response to nitrogen

values in the same manner as the video analysis. SPOT and Thematic Mapper data are

currently being used for potato crop stress detection on 120 acre center pivot irrigation

fields within the Columbia Basin. This study illustrates the inadequacy of remotely

sensed imagery from satellite based hardware to address stress detection concerns on

smaller vegetational units.
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In summary, this study will:

1. Define a relationship between image spatial resolution and the ability to predict

canopy chemistry parameters.

2. Compare the response and utility of CCD video cameras and hyperspectral

spectroradiometers.

3. Illustrate the need for low cost remote sensing platforms that enable the collection of

high resolution imagery.

4. Show how the entropy of an image is directly related to the accuracy of the

information it contains.



Basic Principles

LITERATURE REVIEW

History and basics of spectral studies

5

There has been a great deal of work done, especially since the early 1970's, to

utilize spectral data in agriculture and forestry. The hope was to link the reflection of

light in specific wavelengths to individual physiological phenomena. This would enable

scientists to measure the reflectance in certain spectral bands and diagnose stress or

define the general health of a plant. Murtha (1978) states that one of the effects of

damage in vegetation is a change in the spectral signature. The identification of

reflectance parameters caused by a certain stress is not easy. Throughout the light

spectrum, reflection varies greatly and is generally affected by a number of physiological

and morphological parameters. Extensive work has been done in the visible and near

infrared spectrum to determine what affects absorption, transmittance and reflection

(Knipling, 1970, Gausman and Allen, 1973, Billings and Morris, 1951, Brenchley, 1968).

These three parameters account for 100 percent of the light that is received by the plant.

Visible spectrum

The visible spectrum occupies the 400 to 700 nanometer (nm) region broken up

into blue, green and red bands respectively, of approximately 100 nm width. 700 to 1300
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nm is often referred to as the near-infrared region. The spectrum between 400 and 900

nm is of primary interest in this paper. A paper done in 1970 by Knipling defines many

of the basics in visible and near-infrared reflection from vegetation. Reflection from

green vegetation, between 400 and 700 nm is governed primarily by chlorophyll and

carotenoids in the leaf. Reflection in the blue (400-500nm) and red (600-700nm)

spectrum is usually in the neighborhood of 5%, while the green region (500-600nm) can

be as high as 15%. This higher value is caused by reflection of the green wavelengths by

the green pigment of the chlorophyll. Chlorophyll primarily uses the light in the blue and

red wavelengths when producing sugars for plant metabolism. Therefore, chlorophyll is

often an excellent indicator of plant health and is highly correlated to other parameters

indicating plant vigor, such as vegetation density and nutrient availability. Reflection

values in the visible spectrum will often provide an excellent tool for assessing plant

health.

Near-infrared spectrum

As one progresses from the red wavelengths to the near-infrared, a drastic

increase in reflection occurs in a narrow spectral range, commonly referred to as the red

edge. At 800 nm reflection values will often be as high as 50 to 60 percent. Reflection

in the near-infrared is governed by the structure of the leaf, particularly the number of

air-cell wall interfaces. Air and plant cell walls have different refractive indices (1.0 and

1.4 respectively) that cause light to be scattered out of the plant tissue (Knipling, 1970).
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The near-infrared region is good for detecting the density of vegetation and for detecting

severe physiological changes that are resulting in structural modification of the plant

(Grant, 1987). During senescence, cell membranes pull away from cell walls creating

additional refractive surfaces increasing reflection (Grant,1987). Buschmann and Nagel

(1993) found that the number and size of intercellular spaces increases with the aging of

leaves.

Red Edge

The red edge phenomena has received a good deal of attention in the literature

(Buschmann and Nagel, 1993, Demetriades-Shah et al, 1990, Horler et al, 1983, Ferns et

al, 1984). This is the region of the spectrum where light reflectance progresses from low

chlorophyll dominated values to high, structure dominated values of the near-infrared

(650 750 nm). The position of the maximum slope of this transition zone has been

shown to be correlated to the amount of chlorophyll in the leaves (Horler et al, 1983,

Yoder, 1992). As chlorophyll content increases, the position of the red edge shifts to

longer wavelengths. Derivatives have been used to locate the point of maximum slope

on the red edge (Demetriades-Shah et al, 1990). The first derivative will show the

maximum slope as the highest point on the curve, while the second derivative will note

the red edge at the point where the slope is zero. Horler et al (1983) found the red edge

to be insensitive to variations in vegetation ground area coverage. The ability to assess

only vegetation is a distinct advantage in remote sensing applications. To locate the red
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edge position, a narrow band or hyperspectral imaging device must be used (2-5nm

width). Horler et al (1983) concluded that red edge measurements may be particularly

sensitive for detecting slight chlorophyll changes in leaves and may be valuable for early

stress detection. A study using the red edge reflectance as an indicator of total

chlorophyll content and chlorophyll concentration in coniferous evergreen needles was

done by Yoder (1992).

Vegetation Indices

Studies using spectral data have commonly employed what are known as

vegetation indices (Plummer, 1988, Demetriades-Shah et al, 1990, Chappelle et al, 1992,

Buschmann and Nagel, 1993, Huete, 1988). Two of the most common are the red ratio,

and the normalized difference. The red ratio is defined as the near-infrared wavelengths

divided by the red wavelengths (NIRJR). The normalized difference vegetation index

takes the form of the near-infrared minus the red divided by the near-infrared plus the red

wavelengths [(NIR- R) /(NIR +R)]. Ratios and differences are used to discern signals of

interest in a spectral band from background disturbances or noise. Demetriades-Shah et

al (1990) explains the use of indices well; "methods used for reducing the errors due to a

turbid matrix are to take the ratio or the difference at two wavelengths. With this

technique the analytical signal at a wavelength in an absorption band of the species of

interest is normalized by the signal at another wavelength where there is no specific

absorption, close to the analytical wavelength. Any level background signal or
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absorption will be similar at both wavelengths and will be eliminated when the ratio or a

difference is taken". This study is particularly interested in ratios between the green and

red spectrums. Studies using the green and red spectrums have also been performed by

Yoder (1992) and Everitt et al (1990).

Spectral Manipulation

Narrow band reflectance and panel referencing

There are several methods available for studying narrow band spectral data. The

simplest entails looking at the raw digital number response on a one bandwidth basis.

This method can prove problematic when the data are to be compared throughout a

period of time. This method does not allow for correction due to differing light

conditions such as time of day, time of year or varying atmospheric conditions. Most

studies therefore employ what is known as a reference panel (Buschmann and Nagel,

1993, Card et al, 1988, Christensen and Goudriaan, 1993). The reference panel that is

most commonly used is a barium sulfate plate that has a 99% reflectance surface on

which measurements are made at the time the vegetation study is conducted. The

researcher will then ratio the reflectance data to the panel data at each respective

wavelength (study reflectance / panel reflectance). The panel reflectance will always be

greater than the study reflectance and will produce a value between 0 and 1. Reflectance

comparisons can then be made on a 0 to 100 percent scale. This enables the researcher to

have a constant datum to operate from, implementing work done at different dates, times
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and atmospheric conditions to be compared directly. This is commonly referred to as

"normalizing" the data. It is general practice among researchers to ratio all

spectroradiometer data to a reference panel. A reference panel may be used with both

narrow and broad band instruments.

Derivative spectra

Taking the derivative between two or more reflectance measurements is also

commonly done (Li et al, 1993, Demetriades et al, 1990). This yields the slope at a

narrow point on the spectrum. The derivative can be found by subtracting the higher

bandwidth number reflection value (0 1.0) from the lower bandwidth number reflection

value and dividing by the bandwidth between the two points. For example, if the use of a

spectroradiometer is being employed with 2 nm resolution, a line with slope "x" of 2 nm

width would be obtained. The slope within a defined spectral bandwidths can indicate

changes occurring within the plant due to specific parameters that affect light absorption,

reflection and transmittance in particular wavelengths. As indicated in the section

concerning red edge reflectance, higher order derivatives can be found by repeating the

derivative process. Second and third order derivatives have also been used to reduce the

signal to noise ratio occurring in spectral data. However, as higher order derivatives are

calculated, the change between points within the signal of interest is also decreased. The

optimum differentiating interval depends on the level of noise in the data and the spectral

bandwidth of the signal (Demetriades-Shah et al, 1990).
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Equivalent radiance spectra

The equivalent radiance or integral is often employed to find the area under the

reflection curve in specified wavelengths. Spectroradiometer data can be broken down

into visible and non-visible constituents and by finding the area under the reflectance line

an average value can be obtained for the blue, green, red and near-infrared regions or

other spectrums of interest. This can be done simply by multiplying the reflectance value

at each scan position by the width of that band and summing up the resulting values for

the region of interest. An alternative method would be to use the equation for the

reflection line that can be found by employing curve fitting techniques. Using integral

calculus an area value can be obtained within specified limits (i.e. 500-600nm).

Equivalent radiance values can be especially useful when relating narrow band data from

spectroradiometers and filter photography to broad band data such as satellite and video

imagery.

Videography

History and uses of videography

Video imagery has been used to some degree in agricultural, forestry and natural

resource assessment studies for the past fifteen years (Meisner, 1986, Repic et al, 1991,

King, 1991, Everitt et al, 1991, Greene, 1988, Everitt et al, 1990, Marsh et al, 1991).

Video imagery provides an inexpensive and real time data source for many studies. The
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need for speed in processing data cannot be overstated especially in environments such as

agriculture where farmers can reduce expensive crop damage by receiving timely

warnings. When obtaining imagery in isolated locations the ability to assess the ground

coverage of the data on site is of prime importance. In the past a major detraction to the

use of video data was its relatively poor resolution of approximately 240 lines per screen.

In the late 1980's with the advent of S-VHS or Super VHS the resolution was increased

to 400 horizontal lines per screen.

Videography hardware and theory

Video imagery taken from aircraft can provide an intermediate data source

between ground measurements and satellite imagery or can be used as a stand alone data

gathering and remote sensing tool. The utility of satellite imagery for many agriculture

uses has not met with expected results due to its coarse spatial resolution. Video data, on

the other hand, can be collected at whatever height is dictated by the study. Video

equipment has been flown from many different platforms including balloons, varying

types of aircraft and even the space shuttle. Many video cameras today include zoom

lenses which allow for different spatial scales at one altitude to be obtained. Video

imagery can be monitored as it is collected to ensure proper coverage is being obtained.

The high frame speed of video (30 frames per second) guarantees extensive overlap

between images. Video imagery can be downloaded directly into many image processing

systems (i.e. Erdas, Decision Images) for manipulation similar to that of satellite

imagery. This is usually achieved with the use of a "frame grabber" that consists of a
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computer board that converts the analog video signal from the respective video bands

(usually red, green and blue) to digital numbers that are saved as a numeric file. These

files can then be manipulated to obtain vegetational indices similar to equivalent radiance

spectroradiometer data. Video cameras can be outfitted with infrared sensors and filters

can be employed for narrow band assessment (King, 1991, Repic et al, 1991).

CCD videography

There are two primary types of video hardware; those that use video tubes and

those that employ solid state detectors. This paper focuses on solid state video

equipment due to its use in the collection of this study's data and current industry trends.

Solid state detectors are also referred to as charge couple devices or CCDs. These

devices consist of an array of photodetectors etched onto a computer chip by integrated

circuit technology. The resolution of a CCD camera is determined by the number of

photosensitive elements on each chip (Inglis, 1993). Each photodetector creates a charge

proportional to the amount of reflected light at that point on the image. This charge is

then transferred in sequence to the encoding device and recorded as an analog image. To

create a color image three photosensitive chips are used, one for each color component

(red, green and blue). A hardware cost saving method that is often used involves the use

of a color filter on each photodiode that enables the generation of a red, green and blue

signal from one computer chip (Trundle, 1992). Solid state cameras offer advantages of

compactness, shock resistance, low power consumption and perfect geometry (Meisner,

1986).
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Biologically Related Reflectance Parameters

Nitrogen and chlorophyll reflectance relationships

Paramount importance to this study is the link between the nitrogen and

chlorophyll level in plants and the reflectance values from vegetative surfaces. Several

studies have been done exploring these relationships (Chappelle et al, 1992, Buschmann

and Nagel, 1993, Jensen et al, 1990, Ferns et al, 1984, Demetriades-Shah et al, 1990,

Everitt et al, 1990, Thomas and Gausman, 1977, Nixon et al, 1984). Nitrogen is a

primary component required for plant growth. Plants use nitrogen and other nutrients to

produce proteins, chlorophyll and other necessary components (Strand et al, 1986).

Several studies have used different nitrogen fertilizer levels to vary the chlorophyll

content of the plants being studied providing the basis for the current study (Everitt et al,

1986, Thomas and Gausman, 1977, Demetriades-Shah et al, 1990, Jensen et al, 1990,

Yoder, 1992). Chlorophyll in plant parts serve to convert radiant sun energy into

chemical energy. This chemical energy takes the form of sugars the plant uses for

general metabolism and growth. As previously stated, chlorophyll primarily absorbs

radiant energy in the blue and red wavelengths (400-500nm, 600-700nm). Chlorophyll is

a green pigment and generally a darker green a plant part will indicate a higher

chlorophyll content. A healthy green leaf will absorb most of the light in the visible

spectrum and reflect only 5-15 %. It has been shown that the reflectance values from

many agricultural crops will be highly correlated with chlorophyll levels in leaves



15

(Buschmann and Nagel, 1993, Chappelle et al, 1992). A sensor such as a

spectroradiometer will record these low reflectance levels as low digital numbers. The

converse is true for areas of high reflection such as the near-infrared.

Reflectance relationship to stress

Many diseases and deficiencies affect plants by reducing the chlorophyll level in

leaves and stems producing what is commonly called "chlorosis". Therefore, by studying

the relationship between chlorophyll and reflectance, a number of plant ailments may be

detected at an early stage. This project deals primarily with the green and red

wavelengths and their indices because of their strong relationship with chlorophyll. Blue

wavelengths are also strongly absorbed by chlorophyll, but they are not generally studied

due to the significant scattering the atmosphere causes in this spectral region. The near-

infrared region has not proven to be good for determining chlorophyll content since

virtually all the near-infrared light is reflected or transmitted by the plant. Several studies

concerned with chlorophyll/reflectance relationships have looked at the visible and near-

infrared wavelengths and found the green and red along with various ratios and

differences to be superior for chlorophyll monitoring (Chappelle et al, 1992, Buschmann

and Nagel, 1993). A study by Chappelle et al (1992) found significant correlation at

675nm, 650nm and 500nm since these are the absorptance maxima for chlorophyll a,

chlorophyll b, and the carotenoids respectively. Chappelle et al (1992) also stated that

700nm was the chlorophyll a absorption minima and no photosynthetically active

radiation occurred beyond 750 nm. Buschmann and Nagel (1993) have provided a table
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that gives the amount of chlorophyll in micrograms per square centimeter versus the

dominant corresponding wavelength. They found the best correlation between

chlorophyll and reflectance occurred at 550nm. High correlations were also attained

using several red and green indices. Low correlations between chlorophyll and near-

infrared wavelengths were also found by Buschmann and Nagel (1993). It was stated

that the normalized difference vegetation index or "NDVI could be useful to distinguish

vegetation from non-vegetation but should not be applied for determining the chlorophyll

content of leaves." Everitt et al (1990) used a green/red ratio when studying grass plots

with an airborne video system and obtained highly significant results. Nixon et al (1985)

found that red and green video bands rendered the best results when distinguishing pea

plants with chlorotic blackeye from non-diseased plants.

Potato nitrogen partition

The manner in which the potato plant utilizes the nutrients it assimilates

throughout its life is of importance to this study. Potato plants have been used in leaf

reflectance and nitrogen status studies in the past (Brenchley, 1966, Doll et al, 1971,

Jacks, 1972, Manzer and Cooper, 1982). It has been shown that for approximately the

first 60 days after emergence the nutrients received by the plant are used almost

exclusively for vegetative growth, primarily the leaves and stems. After this time the

emphasis switches within the plant from the leaves and stems to potato tuber production.

At 90 days the tubers and tips are receiving approximately the same amount of nutrients.

The above ground vegetative growth ceases at this point and nutrients stored in these
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tissues begin to be transported to the tuber (Strand et al, 1986). When the plant reaches

120 days of age the vast majority of plant nutrients are sent to the tuber. After this period

the leaves begin to senesce and all available nutrients are transferred to the tuber. This

enables the remote sensing scientist to measure plant nutrient parameters through

reflectance measurements for approximately three months. After this time the nutrient

status of the plant is not accurately depicted by leaf reflectance measurements. A study

done by Mead (1982) showed a decrease in leaf petiole nitrogen from 60 to 120 days

after planting with constant fertilizer applications throughout the period. Jacks (1972)

found that 70 days after planting, petiole nitrogen content of plants in all fertilizer

treatments dropped to less than one half the amount found at a sampling date 54 days

after planting and continued to decrease throughout the growing season until harvest.

The potato plants used within the study were sampled at approximately 80 and 120 days

after emergence. Issues concerning nutrient partitioning are dealt with further in the

DISCUSSION section.

Light Research Aircraft

A concern to most monitoring systems is the cost and availability of the sensor

platform. Conventional aircraft flight time can be prohibitively expensive and most

aircraft are not modified for use with video or spectroradiometer equipment. The

alternative that was employed for this study was the use of a light research aircraft

(Center for Airborne Environmental Analysis, 1993). Ultra lights or microlight aircraft
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have been used to a limited extent in the past for airborne resource assessment (Gregoire

et al, 1988, Graham et al, 1985). However, due to the general misconception of an

ultralight being highly dangerous and used only for recreational purposes its use as a

viable remote sensing platform has been overlooked. The Federal Aviation

Administration has prohibited the commercial use of light research aircraft and only

limited work has been done at public institutions such as universities that have been

granted special waivers. During the summer of 1994, some ultralights will be

reclassified under traditional aircraft regulations enabling some commercial use,

including remote sensing. This study, through special FAA permission, employed the

use of a GT500 light research aircraft made by Quicksilver to obtain video imagery from

varying heights over potato fields near Hermiston, Oregon (Figure lb).
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Length 6.2 meters
Height 2 meters
Wingspan 9.1 meters
Empty Weight 190 kilograms
Load Capacity 195 kilograms
Horsepower 65

Fuel Capacity 32.2 liters
Takeoff Distance 45 meters
Landing Distance 45 meters
Maximum Altitude 4210 meters
Maximum Speed 165 km/hr
Seating Capacity 2

Figure 1. a) Spectroradiometer boom. b) GT500 Ultra light and specifications.
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Remote sensing can be defined as the acquisition of information about the

condition and/or state of a target by a sensor that is not in direct physical contact with it.

Many vegetative characteristics can be studied with remotely sensed data which include

the identity of the plant, phenological stage, plant physical condition, biomass or leaf

area index (LAI), the architecture and orientation of the plant and the spatial distribution

of the plant. To conduct reflectance studies from any remote sensing platform or sensor a

systematic approach is needed which combines remotely sensed data with a better

understanding of underlying causes of variations in the spectral signature of vegetation

canopies. Canopy structure, properties of the leaf and light attenuation within the canopy

all affect remotely sensed reflectance. Isolating any one of these parameters requires

knowledge of the remote sensing equipment being used and an understanding of the

plant-soil-atmosphere relations. This study has focused on nitrogen induced changes in

leaf chlorophyll and the effect it has on reflected solar radiation. This is only a small part

of the plant's chemical and physical system, but it has proven exceedingly complex. The

drawback when using one parameter such as reflectance to predict stress in a plant lies in

the fact that plant systems are very complex and are dependent on a plethora of variables.

Scientists must improve the accuracy of the information they obtain. In this study there
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has been an effort to define ground pixel spatial resolutions of higher leaf nitrogen

prediction accuracy through the use of remotely sensed video imagery.

Relationship Between RGB and NTSC

Confusion exists within much of the remote sensing community concerning the

conversion from the red, green and blue or RGB color system to the National Television

System Committee (NTSC) that employs luminance (intensity), hue and saturation.

RGB video consists of separate signals for the red, green and blue components of a color

image. NTSC signal employs a single time encoded composite of the red, green and blue

color components. The NTSC signal is encoded at the recording device and later

decoded prior to display, to utilize only one transmission line for all three color

components. The RGB system can be thought of in terms of rectangular coordinates in

which each axis (x,y,z) is represented by one of the colors (See Figure 2). The NTSC

signal is most easily depicted with cylindrical coordinates. Luminance occupies the

center vertical axis, saturation increases radially outward from the center and hue

encircles the cylinder. Interchanging values between the two systems can be likened to

the conversion from rectangular coordinates to cylindrical ones. Rectangular coordinates

are more commonly used, although the composite color produced is not easily identified.

In addition rectangular coordinate mathematics require less computation. Cylindrical

coordinates on the other hand have the advantage of presenting color as perceived by the
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observer. Hall (1989) has provided equations to relate the luminance (I), hue (H) and

saturation (S) to RGB.

I = .299R + .587G + .144B,

H = .596R + (-.275G) + (-.321B)

S = .212R + (-.528G) + .311B.

Understanding the relationship between the RGB and NTSC color spaces is important for

the successful use of video equipment in remote sensing applications.

Spatial Analysis

Previous studies concerned with the accuracy of the information from remotely

sensed spectral measurements at differing spatial scale are virtually nonexistent. Most

past spectral reflectance studies concerning agriculture have looked only at temporal

change, ignoring spatial issues. Spatial studies using satellite imagery are not possible

unless comparisons between different sensors are made. Other hardware specific

variables, such as the spectral bandwidth recorded, array type and sensor specific

calibration procedures complicate matters. With the altitude and ground swath

determined before launch, multiscale spatial resolution studies are not possible. It is

obvious that more information can be obtained about a 100 square meter area using

Thematic Mapper data (30 meter resolution) than using Multispectral Scanner data (80

meter resolution). A large scale image produces more information about a square meter

of ground than a smaller scale image taken of the same area. Aerial remote sensing at
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one meter above the ground may yield the most information about a crop, but is

obviously not feasible due to the low altitude and narrow coverage of each image. A

compromise between the ground area an image entails and the accuracy vegetative

reflectance parameters can be predicted must be achieved. By defining the optimum

spatial scale or range of scales for remotely sensed vegetation stress detection, the most

efficient use of flying and sensor time can be obtained. The key is to obtain the

maximum coverage per flight line while ensuring a high degree of accuracy within the

imagery. With a reduction of the number of flight lines, the total flight time and the

number of images to process will be reduced. This decreases the cost to the farmer who

chooses to utilize such tools.

Information Content

The concept of entropy ( H) or information energy provides the means to validate

the spatial scale breakoff point that was developed in this study from biologically based

reflectance criteria. The entropy yields a purely objective result. It is completely

independent of any biological phenomena. Entropy measures the amount of information

contained within a specific data set. A maximum entropy value would be obtained where

all signal responses are evenly distributed along the dynamic range of the sensor. The

equation used to find entropy is H =
i=0

F(i)P(i)log2 P(i), where P(i)
total# ofpixels

F(i) is the number of pixels that occur at each 0 through 255 digital count. Video colors

are broken down into a range between 0 and 255. The video and satellite data used in
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this study are eight bit information having 256 possible values for each band (red, green

and blue). The scale runs from 0 being dark to 255 representing a very bright response.

For the data obtained in this study a maximum entropy of eight can only be achieved if

there are at least 256 pixels in the field of view and each of the 256 pixels has a unique

value. In terms of digital number histograms, a sharper bell shape yields a lower entropy.

For most CCD based optical equipment in use today, an entropy response of eight is not

likely due to the narrower dynamic range that most sensors operate within. This study

will illustrate that entropy levels have a direct effect on the ability in which accurate

prediction of leaf nitrogen contents can be made.
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Site location and data collected
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The study was conducted using plots of Russet Burbank Potatoes at the Oregon

State University, Hermiston Agriculture Research and Experimental Station, located near

Hermiston, Oregon. Data were collected on July 15 and August 25, 1993. One site of

potatoes was sampled in July that is referred to as the "Pivot Plot". In August the "Pivot

Plot" was sampled along with two other plots noted at the "Random Plot" and "Desert

Plot" (Figures 3 and 4). Sampling consisted of three parts, petiole removal along with

concurrent acquisition of ground spectroradiometer data and airborne video imagery.

Satellite data were also obtained on July 12 from SPOT.

Spectroradiometer

The data were collected using a SE590 hyperspectral spectroradiometer (Spectron

Engineering). This device measures the reflected electromagnetic energy from a given

field of view. It samples the visible and near-infrared wavelengths (400-1100nm) in 250

discrete spectral bands with an average bandwidth of 2.8 nm. The spectroradiometer

employs an solid state array of 250 photodetectors similar to those used in a CCD video

camera. Reflected solar radiation is electronically separated into 250 narrow
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Scale 1 : 100,000

Figure 3. Hermiston, Oregon and vicinity. (a) Location of Pivot and Random Plots. (b)
Location of Desert Plot. (c) Airport. (Adapted from USGS, 1984)
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Desert Plot 45 m

15 m

3-E 6-D 9-A 12-C15-A18-E21-C

2-G 5-B 8-G 11-F14-C17-E20-D

1-B 4-A 7-F 10-D 13-B16-G19-F

12 m

12m

12 m

Random

Pivot Plot

105

Hinkle Rd.

36

m

Hermiston

TREATMENTS
AW = Amount of Water
FW = Frequency of Water
AN = Amount of Nitrogen

m {AW,FW,AN}
A = {n,n,n}
B = {L,n,n}
C = {H,n,n}
D = {n,L,n} L = low

36.rn E = {n,H,n} n = normal
F = {n,n,L} H = high
G = {n,n,H}

Office Area

3-A 6-F 9-G

2-G 5-F 8-A

1-A 4-G 7-F

Plot

36 m

OSU Experimental Station

Figure 4. Relative locations and dimensions of potato plots.
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wavelengths. Each of the separated wavelength pulses are directed to one of the

photodetectors through a grating system. The digital numbers represent the amount of

energy received by each diode in a relative scale. The absolute reflectance can be

obtained by ratioing the energy reflected off the vegetation to the energy reflected from a

standard reflectance panel. The spectroradiometer data were acquired at a height of

approximately 1.3 meters above the potato canopy. The spectroradiometer was

suspended from a boom mounted on a tripod (See Figure la). The spectroradiometer was

connected to a data logger which served as an intermediate storage before the spectral

data can be downloaded to a laptop computer through a RS232 port. A leveling system

on the tripod and boom maintained the spectroradiometer at a fixed viewing angle.

Special care was taken to remove any shadow within the spectroradiometer's field of

view. Reference spectral measurements were taken from a Barium Sulfate (BaSO4)

reflectance panel periodically during the time of sampling.

Video equipment and light research aircraft

The video camera used in this study was a Sony TR5 CCD camcorder. The

camera was attached to a mounting system designed specially for the light research

aircraft. The camera was mounted to maintain a nadir view during the flight. A GT500

light research aircraft (Quicksilver Enterprises, Temecula, CA Figure lb) was used in this

study as the remote sensing platform. Specifications of the GT500 platform are listed in

Figure lb.
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Petiole sampling
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The fourth petiole from the growing tip of the potato plants was removed for total

nitrogen concentration analysis in the lab (Doll et al, 1971). The total nitrogen analysis

was performed by Agri-Check inc. (Umatilla, Oregon) (Table 1). Each individual potato

subplot was treated at different nitrogen fertilizer application rates, causing variations in

petiole nitrogen levels. The "Pivot Plot" had varying nitrogen fertilizer treatments while

water was maintained at the same level for all subplots throughout the growing season.

The "Desert Plot" contained subplots in which both nitrogen and water supply were

varied. Nitrogen treatments were also varied within the "Random Plot". The nitrogen

and water treatment schedule for the respective plots is explained within Figure 4.

Spectroradiometer data analysis

All spectroradiometer data were converted to reflectance by taking the ratio of

potato digital numbers to panel digital numbers in to reduce the effects of varying

illumination due to different geographical locations, times and atmospheric conditions.

Only the spectral wavelengths consisting of the green (500-590nm), red (610-680nm) and

near-infrared (790-890nm) were included, which allowed for a direct comparison

between ground spectral data and SPOT satellite imagery. A total of 89 bands out of the

250 spectral bands were used in this study to simulate SPOT satellite imagery (Table 2).
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Table 1. Total leaf petiole nitrogen values for July and August sampling dates.

Pivot Plot
Plot Id.

July Sampling Date

Total Nit. %
1A 5.29
3A 5.57
8A 4.72
5F 4.76
6F 4.45
7F 3.91
2G 5.59
4G 5.27
9G 5.37

Pivot Plot
August Sampling Date

Plot Id. Total Nit. % Plot Id. Total Nit. % Plot Id. Total Nit.
Rep. 1 Rep. 2 Rep. 3

1A 5.96 1A 5.13 1A 5.95
3A 5.17 3A 4.88 3A 4.27
8A 5.25 8A 4.10 8A 5.25
5F 5.17 5F 4.02 5F 5.49
6F 4.35 6F 4.31 6F 3.90
7F 4.97 7F 4.47 7F 5.05
2G 4.88 2G 4.21 2G 5.01
4G 5.01 4G 5.75 4G 6.16
9G 4.06 9G 4.15 9G 5.29

Random Plot
Scan # Total Nit. %

1 5.44
2 3.65
3 4.31
4 4.97
5 4.68
6 5.05
7 5.09
8 4.82
9 4.49

Desert Plot
Plot Id. Total Nit. % Plot Id. Total Nit. % Plot Id. Total Nit. "Yo

3E 4.31 20D 3.65 1B 4.49
6D 5.17 17E 4.88 4A 5.54
9A 2.75 14C 3.32 7F 3.44
12C 4.43 11F 2.57 10D 5.42
15A 4.68 8G 4.02 13B 5.46
18E 3.00 5B 5.60 16G 4.43
21C 4.10 2G 5.99 19G 4.08
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Table 2. SE590 Spectroradiometer Spectral Calibration Curve

Band # Spec (nm) Band # Spec. (nm Band # Spec. (nm) Band # Spec nm) Band # Spec (nm)
1 368.4 S I 502.8 101 646.7 151 795.3 201 953.2

2 371.0 52 505.6 102 649.6 1S2 798.3 202 956.4

3 373.6 53 508.4 103 6523 153 801.3 203 959.5

4 376.2 .54 511.2 104 655.5 154 804.3 204 962.7

5 378.8 55 514.0 MS 63.4 155 8074 205 965.8

6 381.4 56 536.8 106 661.4 156 810.4 206 968.9

7 384.0 57 519.6 107 664.3 157 813.6 207 972.1

8 386.6 58 522.4 108 667/ 158 816.8 208 975/
9 389/ 59 525.2 109 670.2 159 820.1 209 978.4

10 391.7 60 527.9 110 673.1 160 823.3 210 981.5

11 394.3 61 530.7 111 676.0 161 826.5 211 984.7

12 396.9 62 533.5 112 t!Pk 162 829.5 212 987.8

13 399.5 63 536.3 113 681.9 163 832.9 213 991.0

14 402.1 64 539.1 114 684.9 164 836.1 214 994.1

15 404.7 65 541.9 115 687.8 165 839.3 215 997.3

16 407.3 66 544.7 116 690.7 166 842.5 216 1000.4

17 409.9 67 547.5 117 693.7 167 845.7 217 1003.6

18 412.5 68 550.4 118 696.6 168 848.8 218 1006.7

19 415.1 69 533,3 119 699.6 169 852.0 219 1009.9

20 417.7 70 556.1 120 702.5 170 855.2 220 1013.0

21 420.3 71 559.0 121 705.5 171 858.4 221 1016.2

22 422.8 72 561.9 122 708.5 172 861.5 222 1019.3

23 425.4 73 564.8 123 711.5 173 864.7 223 1022.4

24 428.0 74 567.6 124 714.4 174 867.9 224 1025.6

25 430.6 75 570.5 125 717.4 175 871.1 225 1028.7

26 433.2 76 573.4 126 720.4 176 874.2 226 1031.9

27 435.8 77 576.2 127 723.4 177 877.4 227 1035.0

28 438.6 78 5791 128 726.3 178 880.6 . i, 228 1038.2

29 441.4 79 582.0 129 729.3 179 883.7 229 1041.3

30 444.2 80 585.0 130 732.3 180 886.9 230 1044.5

31 4470 81 587.9 131 735.3 181 #5v.1 p 231 10476

32 449.8 82 590.9 132 738.2 182 893.3 232 1050.8

33 452.6 83 593.8 133 741.2 183 896.4 233 1053.9

34 455.3 84 596.7 134 744.2 184 899.6 234 1057.1

35 458.1 85 599.7 135 747.1 185 902.8 235 1060.2

36 460.9 86 602.6 136 750.1 186 906.0 236 1063.4

37 463.7 87 605.5 137 753.1 187 909.1 237 1066.5

38 466.5 88 608.5 138 756.1 188 912.3 238 1069.7

39 469.3 89 611.4 139 759.0 189 915.4 239 1072.8

40 472.1 90 614.4 140 762.0 190 918.6 240 1075.9

41 474.9 91 617.3 141 765.0 191 921.7 241 1079.1

42 477.7 92 6211.2 142 768.0 192 924.9 242 1082.2

43 480.5 93 6.2 143 771.1 193 928.0 243 1085.4

44 483.3 94 626.1 144 774.1 194 931.2 244 1088.5

45 486.1 95 629.0 145 777.1 195 934.3 245 1091.7

46 488.9 96 632.0 146 780.1 196 937.5 246 1094.8

47 491.6 97 634.9 147 783.2 197 940.6 247 1098.0

48 494.4 98 637.9 148 786.2 198 943.8 248 1101.1

49 49.2 99 640.8 149 789.2 199 946.9 249 1104.3

SO 500.0 100 643.7 150 792.2 200 950.1 250 1107.4

251 1110.6

252 1113.7
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Three reflectance/nitrogen content correlation procedures were implemented

using the spectroradiometer data. The direct correlation of the panel ratioed reflectance

value at each narrow bandwidth with the nitrogen values of each subplot was calculated.

The slope of the first derivative line between each reflectance value calculated. The first

derivative was also correlated to nitrogen values. The final method involved calculating

the integral of the reflectance curve. This entails multiplying a bandwidth by the

reflectance value and summing bandwidths within spectral wavelengths to obtain the area

under the curve. This enables narrow bandwidth data from the spectroradiometer to be

compared with data from broad band equipment such as video and satellite imagery. The

integral or as referred to in this study equivalent radiance spectroradiometer data proved

to be a crucial link between the different data sources in this study.

Video data analysis

The scenes of interest from the video were "frame grabbed" using a frame grabber

board that employs a NTSC decoder to convert the analog signal into digital numbers

between 0 and 255. Each original "frame grabbed" image is 512 by 512 pixels in size.

Three files were created for each scene, the products of the red, green and blue

components of a color image. Pixel values for each potato subplot were sampled using

Decision Images and average red and green pixel values were determined. These

average pixel values were then correlated with the corresponding subplot nitrogen values.
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Spatial resolution

Resampling of alternate pixels from the original images was done to study the

effects of different spatial resolution on nitrogen content prediction accuracy. For

example, the first reduced image obtained was one half the size of the original 512 by

512 scene. A reduction factor of sixteen should be used if a one sixteenth scale image is

desired which results in a 32 by 32 pixels image. As the scale of the image is reduced

each pixel represents a larger area on the ground. During this study each of the three

original images (71004, 71003, 7940) was reduced until each potato subplot could be

represented by one pixel (Figures 5, 6, 7). Averaging and correlation of the video data

were computed at each scale to study the effects of spatial resolution. The number of

scale reductions made was determined by the scale of the original video scene. The

larger the potato plot was on the original image, the more scale reductions that were

possible. The reduction factor was often determined by the way individual pixels

covered the potato subplots. To ensure that an equal number of pixels per subplot were

sampled and to guard against pixel overlap from one subplot to another, non-standard

reduction factors often had to be employed. Therefore a 1, 1/2, 1/4, 1/8, 1/16, 1/32 type

scale reduction was not always possible. A pixel ground resolution was calculated at

each scale by dividing the dimensions of the potato subplot by the number of pixels it

contained. Each of these images had the plots they contained broken down into subplots

and these were then analyzed on the basis of their red and green digital numbers. In

addition to the average red and green values obtained for each subplot, green/red,

red/green and red+green indices were also calculated. These values were correlated



--Full Scale, 114 X 120
Pixel Window.
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- -1/2 Scale, 60 X 60 Pixel Window.
256 X 256 Image Size.

- -1/4 Scale, 36 X 36 Pixel Window.
128 X 128 Image Size.

-1/8 Scale, 21 X 28 Pixel Window.
64 X 64 Image Size.

-1/16 Scale, 9 X 9 Pixel Window. 32 X 32 Image Size.

- -1/24 Scale, 6 X 6 Pixel Window. 22 X 22 Image Size.

--1/48 Scale, 3 X 3 Pixel Window. 11 X 11 Image Size.

Figure 5. Relative scale reductions and pixel data for image 71004.



- -Full Scale, 111 X 105
pixel window. 512 X 512
image size.

-1/2 Scale, 54 X 51 pixel window. 256 X 256
image size.

- -1/4 Scale, 30 X 30 pixel window. 128 X 128 image size.

1/8 Scale, 15 X 15 pixel window. 64 X 64 image size.

- -1/13 Scale, 9 X 9 pixel window. 40 X 40 image size.

- -1/32 Scale, 3 X 3 pixel window. 16 X 16 iimage size.

Figure 6. Relative Scale reductions and pixel data for image 71003.
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--Full Scale, 39 X 48 Pixel
Window. 512 X 512
Image Size.

- -1/2 Scale, 21 X 36 Pixel Window.
256 X 256 Image Size.

- -1/4 Scale, 12 X 12 Pixel Window.
128 X 128 Image Size.

- -1/6 Scale, 6 X 9 Pixel Window. 86 X 86 Image Size.

-1/8 Scale, 6 X 6 Pixel Window. 57 X 57 Image Siize.

- -1/15 Scale, 3 X 3 Pixel Window. 30 X 30 Image Size.

Figure 7. Relative Scale reductions and pixel data for image 7940.
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against nitrogen and against corresponding spectroradiometer data. The correlations

were repeated for each of the reduced scale images.

Reflectance measurement time constraints

Maintaining reflectance measurements within a narrow window of time around

solar noon during both aerial and ground sampling was a primary consideration for this

study. The solar radiation reaching the surface of the Earth is affected by primarily two

factors, sun angle and atmospheric conditions. Sun angle encompasses time of year, time

of day and geographic location while atmospheric conditions include cloud cover,

atmospheric aerosol content and other airborne particulate matter that can reflect and

scatter incoming radiation. Reflectance studies attempt to normalize as many of these

factors as possible. Making reflectance measurements within approximately one hour of

solar noon maintains a relatively constant radiation path through the atmosphere

minimizing differences in scattering by aerosols and other particulates. "Referencing"

the study data to a reflectance panel also serves to reduce noise within the data caused by

atmospheric differences.



Sampling Date July 15, 1993

Airborne sampling
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Equipment that was mounted on the light research aircraft included video,

spectroradiometer and thermal equipment. The video imagery is the only airborne data

of interest in this study. The sky was clear and sunny, reaching a high of about 27

degrees Celsius by late afternoon. The potato plots are located less than eight kilometers

from the airport (Figure 3). The light research aircraft began collecting aerial data at

approximately 1130 hours. The light research aircraft was flown at three different

altitudes over the plots while video taping was in progress.

Ground sampling

The spectroradiometer and tripod mounting system were transported to the "Pivot

Plot" location. The Pivot plot consisted of a three by three matrix of subplots each 12

meters square. The spectroradiometer was equipped with a 15 degree field of view for

sampling. A total of five scans were taken randomly within each potato subplot. Scans

were saved under the corresponding subplot name on the laptop computer. A reference

panel scan was recorded before scanning each subplot. Spectroradiometer scanning

commenced at approximately 1300 hours. and was completed by 1345 hours. A random

sampling of the fourth petiole of several plants within each subplot was conducted after

each scan. Stem material was removed to achieve an accurate "leaf' nitrogen content.
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These samples were placed in paper bags marked with the corresponding subplot number

and stored in a cooler to prevent chemical decomposition. The sampled petioles were

transported to the Agri-Check lab within one hour after sampling.

Sampling Date August 25, 1993

Airborne sampling

The weather was slightly overcast early but the clouds had burned off by 1100

hours. The airborne video imagery was collected in the same manner as has been done

on the earlier date. However, three potato plots were flown instead of one. There was a

plot directly adjacent to the "Pivot Plot" referred to as the "Random Plot" and one other

plot about a mile away known as the "Desert Plot" that was also sampled (Figures 3 and

4). The flight commenced at 1100 hours and required about a hour to complete. Several

different altitudes were flown over the potato plots.

Ground sampling

Between 1200 and 1300 hours a few stray strato-cumulus clouds passed through

requiring a delay in ground spectroradiometer sampling. Spectroradiometer sampling

began shortly after 1300 hours at the Pivot Plot. The spectroradiometer used in July was

not available, an alternate that was used employed a 1 degree field of view. Three scans

from each subplot were collected. In contrast to the July data, as each scan was taken a
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petiole sample was collected from the plant or plants being scanned. Twenty-seven

spectroradiometer scans and twenty-seven petiole samples were collected for nitrogen

analysis. The Random Plot was sampled in the same manner as the Pivot Plot except

there were no defined subplots within it. Nine random scans were taken within the plot

and petiole sampling of the scanned vegetation was conducted. The "Desert Plot"

consisted of a 3 by 7 matrix of 15 meter square plots. One scan was taken within each

subplot and corresponding petiole samples were obtained. Reference panel

measurements were recorded throughout all sampling. Sampling was completed at

approximately 1430 hours.
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Comparisons made within the study include red (R), green (G), green/red (G/R)

and red +green (R+G) video versus the spectroradiometer R/G ratio, R, G, G/R and R+G

video versus R, G, G/R and R+G spectroradiometer data and R, G, G/R and R+G video

versus a near-infrared spectroradiometer indice (NIR/R or RNIR-R)/(NIR+R)]).

July "Pivot Plot" spectroradiometer results

The July spectroradiometer "Pivot Plot" data have a limited number of significant

correlations. The data came from the average of three spectroradiometer scans within

each subplot that was correlated to the corresponding nitrogen reading. The total

nitrogen content of the petioles for both sampling dates are listed in Table 1. The straight

reflectance data have no correlation coefficients ( r ) above 0.60. The first derivative data

contain one r equal to 0.77 at 661 nm and one r equal to 0.75 at 807 nm. Both of which

were significant at 0.05. The R/G, G/R and R-G/R+G indices within the broad band

equivalent radiance data are significant at less than 0.05 and have correlation coefficients

of 0.75, -0.75 and 0.75 respectively. Other equivalent radiance indices that were

calculated for the spectroradiometer data included; NlR/R, NIR-R/NIR+R and R+G along

with the basic green, red and near-infrared reflectance.
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August "Pivot Plot" spectroradiometer results

Correlations within the August sampling date spectroradiometer data were also

limited. The "Desert Plot" and "Random Plot" were also sampled on this date along

with the "Pivot Plot". The "Pivot Plot" data, which includes an average of three nitrogen

and three spectroradiometer readings within each of the nine subplots had no correlation

coefficients above 0.60 in either the straight reflectance or the equivalent radiance data.

The first derivative data contain three correlations significant at 0.01 ; r equal to 0.61 at

801 nm, r equal to -0.63 at 852 nm and r equal to 0.62 at 855 nm.

August "Random Plot" spectroradiometer results

One spectroradiometer scan and one nitrogen reading for each of the nine

sampling points made up the correlation data within the "Random Plot". No correlation

coefficients above 0.60 were found in the straight reflectance data or the equivalent

radiance results. The first derivative data contain two values which are significant at

0.05. The first significant correlation occurs within the green wavelengths centered at

556 nm with a correlation coefficient of 0.72. The second significant correlation occurs

in the near-infrared spectrum at 880 nm with a correlation coefficient equal to 0.67.

August "Desert Plot" spectroradiometer results

The "Desert Plot" contained twenty-one subplots which were sampled with one

spectroradiometer scan and one corresponding petiole nitrogen reading. The "Desert
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Table 3. August, 1993 " Desert Plot" , SE590 straight reflectance values.

Shading

SE590 Band #

denotes significance .05

Correlation
Coefficient (r) SE590 Band #

Correlation
Coefficient (r)

50 0.1357 100 -0.0563
51 0.1304 101 -0.0619
52 0.1265 102 -0.0672
53 0.1201 103 -0.0711
54 0.1136 104 -0.0738
55 0.1109 105 -0.0732
56 0.1169 106 -0.0760
57 0.1262 107 -0.0713
58 0.1356 108 -0.0702
59 0.1531 109 -0.0685
60 0.1714 110 -0.0695
61 0.1892 111 -0.0626
62 0.1992 112 -0.0570
63 0.2115 150 0.6852
64 0.2208 151 0.6853
65 0.2267 152 0.6848
66 0.2280 153 0.6844
67 0.2297 154 0.6815
68 0.2308 155 0.6806
69 0.2280 156 0.6800
70 0.2237 157 0.6799
71 0.2200 158 0.6808
72 0.2146 159 0.6817
73 0.2073 160 0.6822
74 0.1929 161 0.6828
75 0.1790 162 0.6814
76 0.1598 163 0.6819
77 0.1404 164 0.6800
78 0.1171 165 0.6796
79 0.0999 166 0.6780
80 0.0838 167 0.6779
81 0.0684 168 0.6769
82 0.0560 169 0.6767
89 0.0057 170 0.6756
90 -0.0042 171 0.6752
91 -0.0125 172 0.6746
92 -0.0216 173 0.6741
93 -0.0264 174 0.6742
94 -0.0322 175 0.6719
95 -0.0368 176 0.6702
96 -0.0397 177 0.6710
97 -0.0421 178 0.6685
98 -0.0472 179 0.6672
99 -0.0522 180 0.6644

181 _.0.6670
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Plot" has the strongest correlations among all the sampled plots. The straight reflectance

data have significant correlations at all thirty-two near-infrared bands (792-890 nm). All

correlations are significant at 0.01 and r values range from 0.66 to 0.69 (See Table 3).

The first derivative data contain seven green bands which are significant at 0.01; r equal

to -0.64 at 570 nm, r equal to -0.76 at 573 nm, r equal to -0.63 at 576 nm, r equal to -0.66

at 579 nm, r equal to -0.63 at 582, r equal to -0.63 at 585 and r equal to -0.69 at 588 nm.

One red band (r equal to -0.61) at 617 nm was also significant at 0.05. The near-infrared

region when correlated to nitrogen within the equivalent radiance data, were significant at

0.01 (r equal to 0.68).

Correlation of Video vs. Nitrogen Content

Three video images from the July sampling date were used in the analysis,

images 71004, 71003 and 7940. The image numbers are represented by the month

followed by a time code set within the video camera before initiation of data collection.

Original scale correlation matrices are included in Table 4 for images 71004, 71003 and

7940. Reduced scale correlations are listed in Appendices A, 1-6.

Image 71004

Image 71004 has a ground resolution of approximately 0.3 meters (per pixel) and

a subplot window size of 38 by 40 pixels. The red band has a correlation coefficient of
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0.83 while the green band has an r equal to -0.88. The red + green index also has a r

equal to -0.88. All three are significant at 0.05.

Image 71003

Image 71003 has a 37 by 38 pixel window for each subplot and a ground

resolution of a little over 0.33 meters. Correlations are not as high with only the green

and red + green values being significant at the 0.05 level. The green pixels have an r

value of -0.71 and the red + green pixels have an r equal to -0.68.

Image 7940

The ground resolution for image 7940 is approximately 0.85 meters with a

window size of 13 by 16 pixels. The only significant correlation (< 0.05) of video versus

nitrogen is in the red + green index with an r value of -0.70.

Correlation of Spectroradiometer vs. Video

The original scale video imagery show some significant correlations to the red and

green indices of the spectroradiometer data. In image 71004 the strongest correlations

occur between the green video and the red/green indices of the spectroradiometer (R/G,

G/R, R-G/R+G), with correlation coefficients of 0.82 significant at 0.05. The red and red

+ green video data versus the spectroradiometer R/G are also significant at 0.05 with r



Table 4, Correlation matrices for original scale images. SE590 data are
equivalent radiance values, red (610-680nm), green (500-590nm) and
near-infrared (792-890nm).

.:j:Witig; denotes significance at .05

Image 71004 Full Scale Correlation Coefficient ( r )

NitrogenP 0.639
Green SE590 -0.164 0.112 0.303 -0.309
Red SE590 -0.464 -0.192 0.549 -0.555
NIR SE590 -0.438 -0.260 0.483 -0.471
NIR/R SE590 0.362 0.109 -0.437 0.459
NIR-R/NIR+R SE590 0.340 0.076 -0.426 0.447
R/G SE590 0.579 -0.577
G/R SE590 0.762 0 823 -0.593 0.590
R-G/R+G SE590 0.583 -0.581
R+G SE590 -0.236 0.043 0.364

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen
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-0.642 -0 879 1.000
-0.036
0.242
0.377

-0.063
-0.040
0 748
4),755

-0.370 -0.147 0.028

-0.073
-0.386
-0.392
0.287
0.260

-0.
0.8

Image 71003 Full Scale

Nitrogen -0.627 41 0.361 -0.354 5 1.000
Green SE590 0.314 0.564 -0.018 -0.025 0.430 -0.036
Red SE590 0.199 0.350 -0.037 -0.005 0.270 0.242
NIR SE590 -0.131 0.099 0.292 -0.324 -0.039 0.377
NIR/R SE590 -0.463 -0.456 0.380 -0.345 -0.477 -0.063
NIR-R/NIR+R SE590 -0.466 -0.475 0.368 -0.332 -0.486 -0.040
R/G SE590 -0.377 -0.024 0.035 -0.514 0.748
G/R SE590 0.385 0.015 -0.025 0.522 -0.755
R-G/R+G SE590 -0.379 -0.022 0.032 -0.516 0.750
R+G SE590 0.291 0.521 -0.023 -0.021 0.398 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 7940 Full Scale

Nitrogen -0.662 -0.634 0.431 -0.420 696 1.000
Green SE590 0.446 0.602 -0.156 0.147 0.545 -0.036
Red SE590 0.286 0.368 -0.111 0.112 0.341 0.242
NIR SE590 0.290 0.169 -0.289 0.283 0.258 0.377
NIR/R SE590 -0.140 -0.410 -0.145 0.136 -0.266 -0.063
NIR-R/NIR+R SE590 -0.156 -0.436 -0.137 0.130 -0.286 -0.040
R/G SE590 -0.531 0.188 -0.159 -0.651
G/R SE590 0.535 0 x'24; -0.193 0.164 0.654
R-G/R+G SE590 -0.532 0.189 -0.160 -0.652
R+G SE590 0.414 0.555 -0.148 0.140 0.504 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen
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values of approximately 0.75 and 0.80 respectively. Image 71003 has no video versus

spectroradiometer correlations that were significant at 0.05. Image 7940 has significant

correlations between the green video data and the R/G, G/R and R-G/R+G

spectroradiometer data with r equal to -0.72, 0.72 and -0.72, respectively.

Spatial Analysis

Image 71004

A decrease in the correlation coefficient with a reduction in scale is clearly

evident within image 71004 for the video versus nitrogen and the video versus the

spectroradiometer R/G ratio (Figures 8, a and b). Trends are not very clear for the video

versus the corresponding spectroradiometer bands or the video versus NDVI data

(Figures 8, c and d). Some semblance of a bell shaped curve is evident within the video

versus the NDVI spectroradiometer data.

Image 71003

The reduction in correlation coefficient for image 71003 follows the same general

trends as image 71004, but with much less clarity (Figure 9). The video versus nitrogen

comparison shows a general decreasing trend with evidence of several irregularities as

scale decreases. The graphs illustrating the video versus corresponding

spectroradiometer and video versus NDVI spectroradiometer show a trend to start low,



49

rise near the middle scales and then decrease at smaller image resolutions (Figure 9d).

No trend is evident within the video versus the spectroradiometer R/G ratio data (Figure

9c).

Image 7940

Image 7940 shows a generally decreasing trend within the video versus nitrogen

data, although the curves are not smooth and one notably prominent peak occurs at 1/6

scale (Figure 10a). No trend is evident within the video versus corresponding

spectroradiometer data (Figure 10b). The video bands versus the spectroradiometer R/G

ratio data shows an unusual high, low, high, low, high curve (Figure 10c). The video

versus spectroradiometer NDVT data show a generally low to high to low graph, similar

to image 71004 and 71003 except the bell shape is not evident (Figure 10d). Scale

reduction data concerning window size and pixel dimensions is included in Table 5.

Entropy

Entropy ( H ) values were calculated at each scale for image 71004, 71003 and

7940. The highest entropy value was obtained for the red band on the largest scale image

(71004) at 5.6 (Figure 11 a). This value resulted from the sampling of 25,032 pixels. The

lowest entropy value is 2.5 obtained from a sample of 9 pixels (one from each subplot).

The entropy values for the red, green and blue bands were calculated at each scale,

ground pixel resolution and number of pixels for each image (Figure 11, a, b and c).

Each band within the images show a general reduction in entropy with decreasing scale
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Table 5. July video imagery scale specifications. Scale is relative to the
orginal 512 X 512 scene. Window size corresponds to subplot dimensions.
Ground resolution determines pixel dimensions. Image size is the pixel
dimensions of the entire video screen. a) Image 71004. b) Image 71003.
c) Image 7940.

a. Image 71004
Scale Window Ground Res. Image Size

Full 38 X 40 0.3m 512 X 512
1/2 20 X 20 .61 m 256 X 256
1/4 12 X 12 1.0 m 128 X 128
1/8 7 X 6 1.9m 64 X 64
1/16 3 X 3 4.05m 32 X 32
1/24 2 X 2 6.1 m 22 X 22
1/48 1 12.Om 11 X11

b. Image 71003
Scale Window Ground Res. Image Size

Full 37 X 35 0.34m 512 X 512
1/2 18 X 17 0.7 m 256 X 256
1/4 10 X 10 1.2m 128 X 128
1/8 5 X 5 2.4m 64 X 64

1/13 3 X 3 4.05m 39 X 39
1/32 1 12.0 m 16 X 16

c. Image 7940
Scale

Full
Window Ground res.
13X 16 0.85m

Image Size
512 X 512

1/2 7 X 9 1.5 m 256 X 256
1/4 4 X 4 3.0 m 128 X 128
1/6 2 X 3 4.9m 86 X 86
1/8 2 X 2 6.1 m 64 X 64
1/15 1 12.Om 34 X 34
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and a sharp drop occurring at a spatial resolution of approximately 50 pixels. Red, green

and blue digital number breakdown for each image is included in Figures 12, 13 and 14

for images 71004, 71003 and 7940 respectively.

Lab Test

A series of tests were performed using two video cameras (Sony TR5 and Sony

TR101) and a SE590 spectroradiometer under controlled lighting and at fixed heights.

These tests were conducted to investigate the relationship between the CCD video

cameras and a hyperspectral spectroradiometer. The Sony TR5 video camera had been

used throughout the study while the Sony TR101 was used primarily for CCD signal

response comparison. The spectroradiometer used during the August sampling date was

employed for the test. A series of fifteen colors and a Barium Sulfate reflectance panel

were imaged using the three devices under controlled lighting (Tungsten @ 3200 K).

The objectives were to see if any relationships exist within and or between sensors. Red

and green video bands were studied along with the equivalent radiance of the green (500-

600 nm) and red (600-700 nm) wavelengths from the spectroradiometer.

Video response

Each color standard sheet was imaged and frame grabbed. An average pixel value

was calculated for each of the bands (red and green) from a 512 X 512 pixel frame.

Linear regressions were calculated using the average values for the TR5 red versus TR5
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green and TR101 red versus TR101 green (R
2
equal to 0.79, R

2
equal to 0.70

respectively), TR5 red versus TR101 red (R2 equal to 0.99) and TR5 green versus TR101

green (R equal to 0.91) (Figure 15). The video cameras exhibited strong similarities in

response.

Spectroradiometer response

The referenced and unreferenced spectroradiometer values were analyzed as

individual data sets. Equivalent radiance values were obtained for the red and green

2
wavelengths and then regressed against one another. The R values for the unreferenced

red versus green and referenced red versus green data are 0.46 and 0.19 respectively

(Figure 16). Spectral reflectance curves are plotted for each of the fifteen referenced

colors within the green and red wavelengths (Figure 17).

Comparison of video and spectroradiometer

The TR5 video data were correlated against both the unreferenced (or raw values)

and referenced (or reflectance) spectroradiometer data (Figure 18). The referenced

2
SE590 red versus the TR5 red yields an R of 0.58, while the unreferenced data have an

R2 R of 0.42. The green TR5/SE590 comparison produced virtually no correlation, yielding

2 2
an R equal to 0.03 for the referenced data and R equal to 0.02 for the unreferenced

values.
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Satellite Imagery

The SPOT 512 X 512 multispectral image that was acquired for July 12 has a

pixel resolution of twenty meters (Figure 19). The "Pivot Plot" could be identified within

the image, but is not registered. The nine pixels that most closely represented each

subplot were correlated with July sampling date total nitrogen values. Correlations were

low between the satellite data and nitrogen content. The satellite imagery was also

correlated against video and spectroradiometer data. No significant results exist between

the satellite imagery and video or spectroradiometer data.
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Figure 19. July 12, 1993 SPOT multispectral 512 X 512 scene of the Hermiston,
Oregon area. Pixel ground resolution 20 meters. Lower box denotes Pivot Plot.



DISCUSSION

Hermiston Potato Plot Data
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The major emphasis for this study was to investigate the possibility of using

spectroradiometer or videography in different scales to estimate the nitrogen content in

potato leaf canopies. The discussion is focused on the equivalent radiance

spectroradiometer data which relate the SE590 data to the TR5 video data. The July

equivalent radiance spectroradiometer data are included in Table 4. These results show

that correlation coefficients were very low for all bands and indices except the red/green

ratio and red green difference. The lack of correlation within the near-infrared bands can

be explained by the fact that chlorophyll induced absorption is not affected by this portion

of the spectrum, which is primarily dictated by the structure of the plant leaves and leaf

area index (i.e. number of cell wall/air interfaces and total leaf area divided by projected

area). The red and green reflectance bands are generally subjected to background noise

such as soil moisture and/or soil mineral content. When these bands are "ratioed" or

"differenced" sources of noise stay constant throughout the red and green bands are

therefore canceled out when they are divided by or subtracted from one another. These

procedures are used to maximize real differences in reflectance between the red and green

bands. Employing indices facilitates the removal of background noise producing spectral

responses that are based on leaf and canopy reflectance. The same ideas hold true for the

red/near-infrared indices.
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Correlation of spectroradiometer vs. nitrogen content

The lack of correlation between the individual straight reflectance bands, first

derivative values and nitrogen content is believed to be a result of the extraneous

reflectance response from sources other than leaf chlorophyll. A study by Thomas and

Oerther (1972) used the percent of nitrogen present in the leaves to predict the reflectance

levels at several known reflectance maxima and minima within the red and green

wavelengths using narrow band reflectance data. That study showed a highly correlated,

decreasing curvilinear trend with increasing nitrogen percentage. Similar curves were

plotted within the red and green spectrum (Figure 20) to see if such a trend existed within

this study's data. The resulting plots show a general bell shaped curve with several

irregularities present within each. The spectroradiometer data used in this study indicated

a reflectance maxima at approximately 4.5 percent total nitrogen. However, the range of

nitrogen values that were obtained in this study occupy a relatively narrow range and may

not represent the entire nitrogen/reflectance trend. The study by Thomas and Oerther

(1972) took place in a controlled laboratory environment where reflectance measurements

were conducted on individual leaves. The study's inability to replicate Thomas and

Oerther's results illustrates the difficulty in scaling from leaf to canopy reflection.

Correlation of video vs. nitrogen content

The correlation between the video image data and nitrogen content show several

areas of significance. All three images (71004, 71003, 7940) show a general trend of
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decreasing correlation coefficients with decreasing scale (Figures 8a, 9a, 10a). If each

pixel within the potato subplots is a bit of information, the more pixels that are contained

within each subplot would yield a higher level of total information about that area.

Therefore, one would anticipate as the number of pixels within each subplot is reduced

with decreasing scale, the amount of information or the degree of accuracy will also

decrease. The idea of more pixels yielding a higher entropy may not hold true for all

remote sensing hardware or for areas of varying topography and vegetative cover. In this

study using an airborne CCD video camera, imaging areas of 100% canopy produces a

higher spatial resolution, increasing the nitrogen content prediction accuracy. The two

larger scale images (71004, 71003) show the green video band having a higher nitrogen

correlation than the red band. This trend generally holds throughout the spatial scale

reductions. The general relationship between nitrogen and chlorophyll and chlorophyll

and leaf color has been noted earlier in the LITERATURE REVIEW. In general; a

higher nitrogen content will result in a higher chlorophyll content and a darker green leaf.

There are rare exceptions to this rule in which leaves that appear very green and healthy

have almost no photosynthetic capacity, (Moss, 1991) but these cases are beyond the

scope of this study. The green video band appears to be able to determine differences in

chlorophyll content slightly better than the red band due to the role of the hue or color

component that is integrated into the green video signal. Other studies have also found

the green bands to be better predictors of leaf chlorophyll content (Nixon et al, 1985,

Thomas and Gausman, 1977, Buschmann and Nagel, 1993). The red band depends on

pixel luminance or brightness when producing the red component of a color image. The
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brightness of a leaf can also provide information on the chlorophyll content of a leaf. A

high chlorophyll content leaf will be darker than lower content leaves, producing

correspondingly low brightness values.

Other video bands that were calculated include red/green, green/red and red +

green indices. The red + green video indices proved to be the best index for predicting

the nitrogen content. The combined red and green video bands seemed to produce a

smoothing transition between large and smaller spatial scales. The combination of the

brightness and color (luminance and hue) that are found within the red and green video

bands respectively, appear to incorporate both the color of the leaves composing the plant

canopy and the general brightness of the canopy which is dependent on leaf chlorophyll

content and on the plant density.

The video ratio data (red/green and green/red) did not yield significant results

when compared with nitrogen content. The practice of removing noise by ratioing

spectral bands cannot be applied directly to the video signal in the manner used with the

spectroradiometer. The signal within the video data are not a reflectance value as is the

case with the spectroradiometer. In effect, what is achieved would be a luminance/hue or

hue/luminance value that is not distinct to any specific physiological parameter present

within the plant.

Correlation of spectroradiometer vs. video

Direct comparisons were made between the video imagery and spectroradiometer

data for each subplot at all spatial scales within the July data ( Appendices A, 1-6 ). Red,
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green, green/red and red + green video bands were compared to the red/green,

corresponding, and NDVI spectroradiometer data (Figures 8, 9 and 10, a, b and c). No

trends were evident between images for the video versus the corresponding

spectroradiometer data or video versus the red/green ratioed spectroradiometer data. As

the lab portion of this study illustrated, there is a basic difference in the way the two

sensors process the reflected solar radiation from input to output, making direct

comparison difficult. This is not to say that either sensor is giving erroneous data, it

simply means absolute comparisons will not be possible when measuring a common

target. Each sensor is measuring the reflectance in a geometrically and electronically

different way. One trend of interest developed between the video bands (red, green,

green/red, red+green) and the NDVI [(nir- red) /(nir +red)] derived from the

spectroradiometer data. All three images showed a general pattern of moderate

correlation at full scale imagery which then increased to a maximum at mid scales and

finally decreased at the smallest scales. Reasons for these trends are not clear and

previous work concerning this relationship has not been completed or published.

Entropy

Entropy values are used to measure the redundancy or amount of information

obtained by the sensor. As noted in the LITERATURE REVIEW, entropy is generally

related directly to the dynamic range of the sensor. The number of pixels occurring at

each 0 to 255 digital number for all scales are plotted within Figures 12, 13 and 14 for

images 71004, 71003 and 7940, respectively. The plots illustrate the wider dynamic



72

range of the red band within all three images. The green video band on the other hand

has a very narrow range (discussed later in this section) that reduces green band entropy.

Entropy values were calculated for each potato plot for all scales, ground pixel

resolutions and the number of pixels within each plot (Figure 1 1 ). It is interesting to note

that entropy values decrease most rapidly in the same scales that represent the largest

decrease in correlation coefficient between the video bands and nitrogen values. The

entropy values and nitrogen/reflectance measurements are completely independent of one

another. These results help explain the reasons for a drop in nitrogen prediction accuracy.

For example, the CCD within the video camera is receiving only 50 percent of the

possible information from the potato plots at 1/24 scale within image 71004. At this

scale, entropy drops to about 4 (Figure 11) and nitrogen correlation coefficients are

around 0.20 (Figure 8a). The previous scale (1/16) supports entropy values near 5 and

correlation coefficients of approximately 0.60. The ability to relate entropy values

directly to the nitrogen/reflectance correlation coefficients allows a breakoff point to be

established. This point will be established by maintaining a set number of pixels within a

sampled area. All images were reduced to the point where the potato plots were

represented by one pixel per subplot. This allows for a comparison of entropy at

precisely the same number of pixels (9) within all images. The red, green and blue bands

within each image show remarkable agreement, with a smallest scale entropy value near

2.5 (Figure 11, a, b and c). These results would suggest that by maintaining an entropy

level of 5 or greater within imaged areas, the accuracy in determining crop stress

parameters in many vegetation reflectance studies can be maximized. These criteria
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data representation.

August data
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The lack of correlation within the August spectroradiometer data are primarily

due to the late date of sampling. This sampling date occurred almost 120 days after

emergence. As previously noted, the potato plant begins to transport all usable nutrients

(i.e. nitrogen) to the tuber at approximately 90 days after emergence. Therefore, the

nitrogen status of the plant can not be accurately predicted by leaf reflectance. A healthy

plant at this stage of development has leaves that are beginning to senesce and canopy

cover is no longer 100 percent. Reflectance measurements within the visible spectrum

will no longer be valid to predict chlorophyll and corresponding nitrogen concentrations.

The spectroradiometer measurements indicate significant correlations within the near-

infrared spectrum (Table 3). The high spectroradiometer reflectance values versus near-

infrared correlations can be explained in one of two ways depending on the resolution of

the data collected, the first being the near-infrared's ability to monitor changes in leaf

area index (LAI). At this point in the potato plant's development a high leaf nitrogen

content will most likely indicate that leaf senescence is not in an advanced stage and

therefore a greater proportion of standing plant biomass is still present. Standing biomass

can be represented as a function of LAI which, as mentioned can be measured by near-

infrared reflectance. As a leaf begins to senesce, changes occur in the leaf structure. The

number of cell wall air interfaces increase as cell membranes pull apart and reorient,
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increasing the number of refractive surfaces present within the leaf and thereby increasing

the near-infrared reflectance. A leaf that has an elevated nitrogen content will maintain a

higher degree of structural integrity than a leaf in an advanced stage of senescence that

has already transported all available nitrogen to the potato tuber. Therefore, a direct link

will exist between nitrogen content and near-infrared leaf reflectance.

This study's use of a narrow one degree field of view during the August sampling

date, supports the leaf structure/near-infrared reflectance explanation. When sampling at

1.2 meters above the canopy with a one degree field of view, an area of only 1.4 square

centimeters is perceived. Such a small field of view would be able to sample only

individual leaf parameters and not whole canopy ones.

The use of visible band videography for aerial imaging applications will not be

effective unless canopy cover is nearly 100 percent. Each photodiode within the CCD

array records an average pixel value within the area of interest. A pixel in which half of

the ground is covered with vegetation and half is bare soil will not yield an accurate

vegetation reflectance value. Different crops have varying windows of development in

which leaf reflectance will be indicative of the health of the plant. Due to the nitrogen

partitioning that occurs approximately 90 days after emergence, remote sensing

techniques will no longer be valid for determining any visible band leaf chemistry

parameters in potato plants after this time.



Lab Data

Spectroradiometer response
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A key for interpreting the results in any kind of reflectance study lies within the

response of the sensor being used. If the way in which reflectance values are derived

within a piece of equipment are known, the scientist may focus on explaining response

variables that occur outside the sensor. The spectroradiometer has been used in the

agriculture and natural resource fields for many years in numerous studies involved with

vegetation and soil reflectance. The spectroradiometer has become a standard within the

field for simulating satellite image response. Has this occurred due to the fact that the

spectroradiometer is the best possible source of ground reflectance data, or simply

because it is the only piece of equipment that is readily available for the job? This study

has raised questions regarding the accuracy and validity of the hyperspectral

spectroradiometer calibration procedures.

Spectroradiometer calibration concerns

The spectroradiometer used during the August sampling date was sent for a

periodic recalibration in late September 1993. The documentation that was returned

consisted of a copy of the original scan number/wavelength readout, with notation where

calibration had been performed. Eight testing points had been circled out of the possible

252 bands. The documentation stated that the results were within plus or minus ten
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nanometers of the original calibration, that had been performed when the equipment was

manufactured over five years ago. Many studies utilize the spectroradiometer for

defining the precise location of the red edge and various reflectance maxima and minima.

A guarantee of plus or minus ten nanometer degree of accuracy is simply not adequate for

the type of data precision that is required of many spectroradiometers. For studies using

equivalent radiance spectroradiometer data such as this one hyperspectral resolution is

not critical. One point that seems to be overlooked by the calibration procedure is the

nonlinearity of the sensor response. A margin of error of ten nanometers cannot be

guaranteed throughout the measured wavelengths by a few strategically placed testing

points.

Video sensor response

The use of videography in the past has not been widely embraced within the

remote sensing community for primarily three reasons, the first being that there has been

a general attitude that low tech, low cost equipment could never produce the kind of

results that are obtained by state of the art sensors that cost many thousands of dollars.

As the number of large scientific research budgets are reduced each year with the

streamlining of government agencies such as NASA, coupled with excellent results of

many low cost studies being reviewed, these attitudes are gradually changing. The

second detraction to the use of video is in the vague quantification of the analog signal.

Instead of each photodiode producing a digital number as is the case with the

spectroradiometer, an analog signal is produced and stored on some form of magnetic



77

medium. The manufacturers of the video equipment are reticent to explain exactly how

the transition from electromagnetic radiation to analog signal is performed for copyright

reasons. This makes it difficult for the video user to know precisely what wavelengths

are being recorded. The analog camera signal has amplitudes proportional to the spectral

energy for the primary colors (red, green, blue) in the scene. The video recorder uses a

combination of luminance (brightness), hue (color) and saturation (purity) to produce the

red, green and blue composite that is seen on the video screen. Figure 21 shows the

spectral region from which each primary component is derived and a schematic of the

prOcess the analog signal goes through to produce a color image. The manner in which

the NTSC (National Television Systems Committee) signal is produced introduces

interdependencies within the red, green and blue signals. The NTSC standards are used

in all video equipment operated in the United States and Japan. The lab portion of this

study intends to illustrate the response of the color components within the video signal

and make a comparison to the digital number output of the spectroradiometer. The third

reason lies in the general conception within the remote sensing community for the need

of near-infrared capabilities when studying vegetation. As noted within the

LITERATURE REVIEW, section the near-infrared has not been found to be a good

predictor of leaf chlorophyll content. Many diseases and deficiencies affect plant biology

first by reducing chlorophyll levels in photosynthetic surfaces. In order to detect stress at

an early stage, visible light reflectance within the green and red spectrum should be

measured, which can be effectively accomplished using video equipment.



a.

b.

2.0

o 0
0_

C)

C)

cs
C)
CC

0

Blue Green
Red

.r 54.0 6,0

Wavelength. nm

}

czme.a
EE

EG

Sognal
Processor

E"
E"

E

Matrix
0

Encoder

roSe I
E.

PAL
Deco:7.c r

SSG I

Composite system

0

70C

Matrix

R

a

78

Figure 21. (a) Diagram of the spectral regions designated by the NTSC for video
equipment. (b) Analog and NTSC signal processing within the CCD video camera.
Where Er, Eg and Eb represent the electrical analog amplitudes of the red, green and blue
signals respectively. Ey, I and Q represent the luminance, chroma 1 and chroma 2 (hue
and saturation signals that are used to derive the red, green and blue signals within the
video camera. (Adapted from Inglis, 1993)
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The measured response that was obtained from the lab test of the two CCD video

cameras were uniform with one another, showing consistency in the idea of a dependence

in the derivation of the green and red signals (Figure 15). The values for the TR101 CCD

camera were plotted against corresponding TR5 values to see whether the signal would

be processed in the same manner in different equipment. The two video cameras showed

very strong relationships with one another. It is imperative that the video signal between

equipment be consistent if videography is to be accepted as a viable remote sensing tool.

One point of interest is effective range of the digital numbers within the video signal.

The red and green pixel values have a possible range of 0 to 255 light/dark tones of their

respective colors due to the use of 8 bit information. The red signal from the two video

cameras tested, is primarily represented by the luminance or brightness factor which

shows a wide dynamic range of 20 to 225, while the green signal occupies a narrow range

of approximately 60 to 120. Once again this appears to be the result of how the

electromagnetic spectrum is separated and recombined within the video camera. The lab

test utilized an extreme range of colors to test the maximum and minimum camera signal

response. Actual field use of the cameras would not produce such extreme values. The

dynamic range is not a concern within the red signal, but could cause a reduction in the
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green signal to a very narrow range making significant reflectance differences, difficult to

define statistically.

Spectroradiometer

In contrast, when the red versus green equivalent radiance values are plotted for

the spectroradiometer, no relationship is evident (Figure 16). These results are consistent

with the independent reflectance values that are produced within the spectroradiometer

hardware for each band. No relationships between individual bands or groups of bands

should exist. The effective dynamic range within the red and green bands for the

spectroradiometer are more uniform. When using the spectroradiometer the focus is on

reflectance values between 0 and 1.0 (complete absorption to complete reflectance). The

red bands (600-700nm) have a range of 0.05 to 0.85 while the green bands (500-600nm)

occupy a range of approximately 0.05 to 0.60.

Video Sensor Response Compared with Spectroradiometer Response

The comparison of the SE590 spectroradiometer with the TR5 CCD video camera

did not produce any high correlations (Figure 18). This is to be expected due to the

different ways in which reflected radiation is broken down and measured within each

piece of equipment. There is virtually no relationship between the green

spectroradiometer bands (500-600nm) and green video band. The red

spectroradiometer/video comparison on the other hand does show some significant
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correlations. This is due to the fact that the red video signal is comprised primarily of a

brightness component that is most closely identified with a straight reflectance value that

is obtained using the spectroradiometer.

Satellite Imagery

No high correlations were expected or obtained from the SPOT multispectral

satellite data. The subplots measure 12 meters on a side while the resolution of the SPOT

image is 20 meters. The image registered relatively well over the "Pivot Plot's"

northeastern six pixels, but the pixels on the western extreme of the plot appear to be the

product of pixel overlap onto bare soil (Figure 19). If the subplots had been 20 meters on

a side, the likelihood of an exact image registration is very small. Satellite imagery has

proven to be a viable source of information when large scales on the order of hundreds of

meters or more are concerned.

Summary

This study is not designed to promote one form of remote sensing equipment as

superior to another. It has been done instead to investigate some of the differences

inherent in the CCD video and hyperspectral spectroradiometer systems. Both types of

equipment are effective for certain types of use. The video camera will not be the

equipment of choice when defining a specific spectral bandwidth. It can however, be
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effectively used as a broad band imaging device for the detection of disease and/or stress

parameters on a commercial basis where the use of a non-imaging spectroradiometer is

not practical. The spectroradiometer on the other hand, has proven to be very valuable

when studying individual leaf chemistry and composition in a controlled laboratory

environment. The spectroradiometer has not been as effective when canopy chemistry is

being studied. Canopy geometry factors such as shading and multilevel leaf layers result

in a reduction in accuracy. A major drawback when using the spectroradiometer on any

moving platform can be obtaining data from the desired field of view. No image is

produced and therefore inaccuracies in what is being sampled can occur unless precise

referencing to global positioning systems (GPS) is employed. Knowing exactly what is

being imaged is a major advantage in the use of video equipment. Although the spectral

boundaries for the red, green and blue signal within video data are not easily determined,

the system has proven adequate for measuring reflected radiation from vegetation

canopies. For this study in which differing spatial scales of potato canopy in comparison

to nitrogen content were studied, video imagery provided an easily manipulated and cost

effective source of data.
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CONCLUSIONS

This study defines a relationship between image spatial resolution and the ability

to predict canopy chemistry parameters. Video images 71004, 71003 and 7940 were used

to correlate total leaf nitrogen content with reflectance digital numbers at different scales.

The series of scaled imagery illustrated a general trend of decreasing correlation

coefficient with decreasing spatial scale. The purpose of the study was to determine an

optimum resolution or range of resolutions in which high accuracy canopy chemistry

predictions could be made while maintaining maximum ground coverage within each

video scene. A breakoff of approximately 10 pixels per subplot or a ground pixel

resolution of 5 meters was noted to be a region in which nitrogen prediction accuracy

declines very rapidly (Figure 8, 9 and 10a). The accuracy statement contains two

qualifiers. First, CCD cameras with similar photodetector chip dimensions and

photodetector density must be employed. In addition, areas within the video scene being

studied must contain similar ground cover to normalize the dynamic response of the

CCD.

A comparison of the response and utility of CCD video cameras and hyperspectral

spectroradiometers was performed. This study compared video imagery and

spectroradiometer data in terms of response and nitrogen content prediction accuracy.

The ability to achieve consistent analog to digital conversion from the "frame grabbed"

video imagery is a major concern to the remote sensing community. This study illustrates

the consistency in the analog response of the two video cameras tested. As cited within
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the DISCUSSION section, the spectroradiometer has proven itself in various laboratory

experiments where individual leaf chemistry was studied. The spectroradiometer

however, was not as accurate as the video imagery in predicting total leaf nitrogen

content from canopy reflectance measurements. The video imagery provided a low cost,

near real time source of spatial and spectral information similar to the combination of

satellite imagery and aerial photos. Both the hyperspectral spectroradiometer and CCD

video equipment have operational drawbacks. Use of the spectroradiometer has

introduced concerns with current calibration practices and the disadvantage of not

imaging the field of view. The use of videography introduces questions of how the red,

green and blue color components of the analog signal are produced. When calculating

leaf nitrogen content using remotely sensed reflection data, video imagery proved to be

more effective in addressing concerns of spatial resolution and prediction accuracy.

The study has illustrated the need for low cost remote sensing platforms that

enable the collection of high spatial resolution imagery. The SPOT multispectral scene

that was obtained for July 12, was not compared directly to the video data due to the

coarse spatial resolution relative to the site of experimental plots. The study provided an

example of the inadequacy of satellite based sensors to address applications requiring

high spatial resolution. A customer purchasing the highest resolution satellite data pays

for part of the expensive design, manufacturing and deployment costs each time imagery

is obtained. A light research aircraft such as the GT500 does not have high startup costs

and the operation is less expensive than conventional aircraft. An advantage of using a

light research aircraft such as the GT500 is the ability to fly very slowly (65-90 km/hr)



85

without stalling and to navigate in confined flight paths where other aircraft would be

prohibited. The GT500 employs a ballistic parachute that provides an additional factor

of safety for the pilot and protects against the loss of aircraft and sensor equipment in

case of mechanical failure.

The study has shown how the entropy of an image is directly related to the

accuracy of the information it contains. Entropy was used in the study as a measure of

the information redundancy present within the video imagery. The calculation of entropy

provided a non-biologically based reflectance parameter to evaluate the sensor response.

The study illustrated the relationship between a decrease in entropy values at the same

ground pixel resolutions where reductions in nitrogen content prediction accuracy were

also occurring (Figure 11). The relationship between entropy and nitrogen content

prediction accuracy suggests that the video hardware employed in this study should

maintain spatial ground resolutions greater than 5 meters per pixel.

Additional work needs to be performed studying spatial resolution issues to

optimize the use of remote sensing equipment such as video. True multiscale video

imagery should be collected by flying at different altitudes, to study reflected solar

radiation at different sensor elevations. Increasing the distance solar radiation travels

through the atmosphere can cause significant energy losses due to scattering. These

losses will decrease the radiation that is returned to the sensor, requiring additional

normalization procedures to be employed to compare multiscale imagery. The decreasing

spatial resolutions created by degrading original video scenes do not take atmospheric
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interference into account. The only practical and cost effective way to conduct such a

study would be to employ a light research aircraft for data collection .

The nutrient partition during different stages of growth must be considered when

using crops such as potatoes in canopy chemistry reflectance studies. More

measurements early in the growing season should be conducted to obtain comprehensive

reflectance data that are indicative of the actual nutrient status of the plant canopy.

Relating the red, green and blue (RGB) color system utilized by the majority of

the remote sensing community to the luminance, hue and saturation of the NTSC video

signal has been a point of confusion. The difficulty in using these two systems

interchangeably has caused video imagery to be overlooked in many remote sensing

applications. The remote sensing community in general must increase its awareness

concerning the standard conversion between the rectangular and cylindrical color spaces

of the respective RGB and NTSC signals to effectively utilize the video equipment

available today.
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Table 1. Correlation matrices for 1/2 scale images.

Shading denotes significance at .05

Image 71004 1/2 Scale Correlation Coefficient ( r )

Nitrogen -0.680 -0.868 0.505 -0.509 -0.772 1.000
Green SE590 -0.319 0.181 0.445 -0.457 -0.199 -0.036
Red SE590 -0.613 -0.133 0.694 -0.703 -0.515 0.242
NIR SE590 -0.456 -0.212 0.482 -0.479 -0.415 0.377
NIR/R SE590 0.589 0.060 -0.684 0.703 0.476 -0.063
NIR-R/NIR+R SE590 0.570 0.028 -0.673 0.692 0.452 -0.040
R/G SE590 -0.711 -0.857 0.567 -0.561 -0.794 0.748
G/R SE590 0.713 0.857 -0.570 0.563 0.795 -0.755
R-G/R+G SE590 -0.711 -0.857 0.568 -0.561 -0.794 0.750
R+G SE590 -0.391 0.110 0.508 -0.520 -0.275 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 71003 1/2 Scale

Nitrogen -0.276 -0.764 -0.109 0.132 -0.491 1.000
Green SE590 0.625 0.528 -0.486 0.492 0.635 -0.036
Red SE590 0.642 0.305 -0.650 0.662 0.558 0.242
NIR SE590 0.445 0.087 -0.525 0.541 0.338 0.377
NIR/R SE590 -0.608 -0.377 0.566 -0.569 -0.563 -0.063
NIR-R/NIR+R SE590 -0.611 -0.408 0.548 -0.551 -0.573 -0.040
R/G SE590 -0.102 -0.685 -0.301 0.315 -0.341 0.748
G/R SE590 0.103 0.689 0.302 -0.315 0.344 -0.755
R-G/R+G SE590 -0.102 0.686 -0.302 0.315 -0.342 0.750
R+G SE590 0.637 0.482 -0.530 0.538 0.625 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 7940 1/2 Scale

Nitrogen -0.499 -0.552 0.298 -0.295 -0.572 1.000
Green SE590 0.312 0.495 -0.118 0.105 0.417 -0.036
Red SE590 0.212 0.298 -0.104 0.097 0.268 0.242
NIR SE590 0.377 0.130 -0.410 0.398 0.320 0.377
NIR/R SE590 0.061 -0.335 -0.264 0.264 -0.088 -0.063
NIR-R/NIR+R SE590 0.057 -0.357 -0.273 0.272 -0.100 -0.040
R/G SE590 -0.372 -0.612 0.121 -0.104 -0.506 0.748
G/R SE590 0.369 0.613 -0.117 0.101 0.504 -0.755
R-G/R+G SE590 -0.371 -0.612 0.120 -0.103 -0.505 0.750
R+G SE590 0.292 0.455 -0.116 0.104 0.387 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen



96

Appendix A

Table 2. Correlation matrices for 1/4 scale images.

Shading denotes significance at .05

Image 71004 1/4 Scale Correlation Coefficient ( r )

Nitrogen -0.663 -0.825 0.481 -0.478 -0.755 1.000
Green SE590 -0.479 -0.083 0.537 -0.552 -0.396 -0.036
Red SE590 -0.734 -0.302 0.769 -0.780 -0.658 0.242
NIR SE590 -0.518 -0.242 0.540 -0.535 -0.473 0.377
NIR/R SE590 0.724 0.305 -0.747 0.772 0.652 -0.063
NIR-RJNIR+R SE590 0.712 0.289 -0.739 0.764 0.637 -0.040
R/G SE590 -0.596 -0.599 0.508 -0.498 -0.637 0.748
G/R SE590 0.596 0.598 -0.509 0.498 0.637 -0.755
R-G/R+G SE590 -0.596 -0.598 0.508 -0.498 -0.637 0.750
R+G SE590 -0.544 -0.135 0.598 -0.612 -0.462 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 71003 1/4 Scale

Nitrogen -0.089 -0.820 -0.190 0.210 -0.340 1.000
Green SE590 0.363 0.407 -0.245 0.245 0.428 -0.036
Red SE590 0.502 0.194 -0.474 0.479 0.472 0.242
NIR SE590 0.187 -0.006 -0.208 0.207 0.150 0.377
NIR/R SE590 -0.661 -0.290 0.609 -0.620 -0.633 -0.063
NIR-R/NIR+R SE590 -0.653 -0.314 0.591 -0.603 -0.634 -0.040
R/G SE590 0.275 -0.646 -0.533 0.549 0.013 0.748
G/R SE590 -0.270 0.650 0.529 -0.544 -0.008 -0.755
R-G/R+G SE590 0.274 -0.648 -0.532 0.548 0.012 0.750
R+G SE590 0.400 0.362 -0.301 0.303 0.443 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 7940 1/4 Scale

Nitrogen -0.199 -0.287 0.053 -0.068 -0.249 1.000
Green SE590 0.425 0.420 -0.285 0.292 0.451 -0.036
Red SE590 0.420 0.381 -0.315 0.315 0.432 0.242
NIR SE590 0.469 0.148 -0.562 0.561 0.367 0.377
NIR/R SE590 -0.209 -0.456 -0.041 0.044 -0.325 -0.063
NIR-R/NIR+R SE590 -0.207 -0.466 -0.056 0.057 -0.330 -0.040
R/G SE590 -0.138 -0.199 0.028 -0.047 -0.172 0.748
G/R SE590 0.134 0.191 -0.029 0.047 0.166 -0.755
R-G/R+G SE590 -0.137 -0.197 0.028 -0.047 -0.171 0.750
R+G SE590 0.429 0.416 -0.296 0.301 0.452 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen
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Table 3. Correlation matrices for 1/8, 1/8 and 1/6 scale images respectively.

Shading denotes significance at .05

Image 71004 1/8 Scale Correlation Coefficient ( r )

Nitrogen -0.560 -0.687 0.506 -0.493 -0.596 1.000
Green SE590 -0.330 -0.348 0.326 -0.315 -0.337 -0.036
Red SE590 -0.610 -0.628 0.602 -0.590 -0.618 0.242
NIR SE590 -0.419 -0.431 0.429 -0.408 -0.425 0.377
NIR/R SE590 0.605 0.630 -0.580 0.580 0.615 -0.063
NIR-R/NIR+R SE590 0.596 0.621 -0.570 0.570 0.605 -0.040
R/G SE590 -0.666 -0.676 0.650 -0.647 -0.672 0.748
G/R SE590 0.669 0.679 -0.653 0.651 0.675 -0.755
R-G/R+G SE590 -0.666 -0.677 0.650 -0.648 -0.673 0.750
R+G SE590 -0.399 -0.418 0.394 -0.383 -0.406 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 71003 1/8 Scale

Nitrogen 0.159 -0.231 -0.230 0.271 0.046 1.000
Green SE590 0.362 0.413 -0.229 0.228 0.433 -0.036
Red SE590 0.552 0.308 -0.474 0.483 0.547 0.242
NIR SE590 0.290 0.069 -0.267 0.295 0.256 0.377
NIR/R SE590 -0.653 -0.433 0.551 -0.541 -0.672 -0.063
NIR-R/NIR+R SE590 -0.636 -0.450 0.526 -0.516 -0.664 -0.040
R/G SE590 0.410 -0.344 -0.572 0.599 0.207 0.748
G/R SE590 -0.408 0.332 0.566 -0.592 -0.210 -0.755
R-G/R+G SE590 0.409 -0.341 -0.571 0.597 0.208 0..750
R+G SE590 0.411 0.394 -0.289 0.290 0.464 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 7940 1/6 Scale

Nitrogen -0.366 -0.437 0.192 0.012 -0.472 1.000
Green SE590 0.134 0.490 -0.555 -0.290 0.370 -0.036
Red SE590 -0.006 0.284 -0.558 -0.250 0.166 0.242
NIR SE590 0.209 0.071 -0.514 0.150 0.163 0.377
NIR/R SE590 0.280 -0.379 0.455 0.611 -0.064 -0.063
NIR-R/NIR+R SE590 0.262 -0.399 0.428 0.610 -0.086 -0.040
R/G SE590 -0.430 -0.622 0.126 0.110 -0.620 0.748
G/R SE590 0.413 0.617 -0.138 -0.124 0.607 -0.755
R-G/R+G SE590 -0.426 -0.621 0.129 0.113 -0.617 0.750
R+G SE590 0.103 0.448 -0.563 -0.285 0.327 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen
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Table 4. Correlation matrices for 1/16, 1/13 and 1/8 scale images respectively.

Shading denotes significance at .05

Image 71004 1/16 Scale Correlation Coefficient ( r )

Nitrogen -0.481 -0.708 0.369 -0.358 -0.555 1.000
Green SE590 -0.351 -0.272 0.339 -0.342 -0.342 -0.036
Red SE590 -0.631 -0.548 0.608 -0.604 -0.631 0.242
NIR SE590 -0.343 -0.329 0.333 -0.315 -0.350 0.377
NIR/R SE590 0.731 0.628 -0.691 0.703 0.728 -0.063
NIR-R/NIR+R SE590 0.719 0.605 -0.685 0.695 0.714 -0.040
R/G SE590 -0.673 -0.699 0.637 -0.614 -0.701 0.748
G/R SE590 0.669 0.688 -0.635 0.612 0.695 -0.755
R-G/R+G SE590 -0.672 -0.696 0.637 -0.614 -0.700 0.750
R+G SE590 -0.420 -0.339 0.406 -0.407 -0.413 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 71003 1/13 Scale

Nitrogen -0.349 -0.412 0.201 -0.045 -0.480 1.000
Green SE590 0.469 0.539 -0.165 0.084 0.636 -0.036
Red SE590 0.458 0.279 -0.268 0.246 0.481 0.242
NIR SE590 0.277 0.181 -0.088 0.146 0.298 0.377
NIR/R SE590 -0.514 -0.265 0.397 -0.301 -0.513 -0.063
NIR-R/NIR+R SE590 -0.498 -0.284 0.372 -0.275 -0.513 -0.040
R/G SE590 -0.134 -0.766 -0.212 0.381 -0.530 0.748
G/R SE590 0.155 0.762 0.189 -0.359 0.542 -0.755
R-G/R+G SE590 -0.139 -0.765 -0.206 0.376 -0.533 0.750
R+G SE590 0.472 0.485 -0.191 0.123 0.608 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen

Image 7940 1/8 Scale

Nitrogen -0.127 -0.213 0.126 -0.075 -0.164 1.000
Green SE590 0.563 0.251 -0.571 0.566 0.525 -0.036
Red SE590 0.649 0.340 -0.613 0.632 0.621 0.242
NIR SE590 0.529 0.034 -0.593 0.601 0.436 0.377
NIR/R SE590 -0.522 -0.514 0.399 -0.425 -0.568 -0.063
NIR-R/NIR+R SE590 -0.524 -0.529 0.397 -0.422 -0.575 -0.040
R/G SE590 0.096 0.191 0.028 0.039 0.132 0.748
G/R SE590 -0.093 -0.173 -0.025 -0.042 -0.125 -0.755
R-G/R+G SE590 0.095 0.186 0.027 0.040 0.130 0.750
R+G SE590 0.589 0.275 -0.588 0.588 0.554 0.028

Red TR5 Green TR5 G/R TR5 R/G TR5 R+G TR5 Nitrogen
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Table 5. Correlation matrices for 1/24, 1/32 and 1/15 scale images respectively.

ShadiriT denotes significance at .05

Image 71004 1/16 Scale

Nitrogen -0.239 -0.263
Green SE590 -0.296 -0.412
Red SE590 -0.477 -0.532
NIR SE590 -0.055 -0.144
NIR/R SE590 0.754 03742
NIR-R/NIR+R SE590 075 9
R/G SE590 -0.435 -0.261
G/R SE590 0.432 0.266
R-G/R+G SE590 -0.434 -0.262
R+G SE590 -0.342 -0.445

Red TR5 Green TR5

Image 71003 1/32 Scale

Nitrogen -0.155 0.256
Green SE590 0.049 -0.118
Red SE590 0.138 0.049
NIR SE590 0.167 -0.074
NIR/R SE590 -0.102 -0.196
NIR-R/NIR+R SE590 -0.065 -0.177
R/G SE590 0.174 0.471
G/R SE590 -0.161 -0.446
R-G/R+G SE590 0.170 0.465
R+G SE590 0.070 -0.080

Red TR5 Green TR5

Image 7940 1/15 Scale

Nitrogen -0.305 -0.321
Green SE590 0.223 0.179
Red SE590 -0.041 -0.076
NIR SE590 -0.130 -0.269
NIR/R SE590 -0.039 -0.121
NIR-R/NIR+R SE590 -0.072 -0.154
R/G SE590 -0.649
G/R SE590 73 0.649
R-G/R+G SE590 -0.649
R+G SE590 0.164 0.122

Red TR5 Green TR5

Correlation Coefficient ( r )

0.181 -0.142 -0.254 1.000
0.068 -0.055 -0.351 -0.036
0.298 -0.273 -0.509 0.242

-0.055 0.086 -0.094 0.377
-0.586 0.576 :750 -0.063
-0.571 0.563 .75k, -0.040
0.593 -0.565 -0.369 i .77'MO

-0.580 0.552 0.370
0.590 -0.562 -0.369 tO.750
0.122 -0.107 -0.392 0.028

G/R TR5 R/G TR5 R+G TR5 Nitrogen

0.317 -0.316 0.018 1.000
-0.162 0.130 -0.025 -0.036
-0.154 0.116 0.123 0.242
-0.243 0.210 0.082 0.377
0.030 0.000 -0.171 -0.063
0.004 0.027 -0.136 -0.040
0.111 -0.119 0.360 0:748,

-0.109 0.117 -0.339 s, 55
0.110 -0.118 0.355 50

-0.162 0.128 0.010 0.028
G/R TR5 R/G TR5 R+G TR5 Nitrogen

0.281 -0.262 -0.320 1.000
-0.184 0.210 0.215 -0.036
0.052 -0.027 -0.054 0.242
0.078 -0.042 -0.181 0.377

-0.030 0.023 -0.068 -0.063
-0.000 -0.007 -0.102 -0.040
0.598 -0.602

-0.599 0.604
0.598 -0.603 ,,656

-0.131 0.157 0.155 0.028
G/R TR5 R/G TR5 R+G TR5 Nitrogen
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Table 6. Correlation matrix for 1/48 scale image.

Shading denotes significance at .05

Image 71004 1/48 Scale

Nitrogen 0.086 -0.137
Green SE590 0.106 -0.364
Red SE590 0.167 -0.397
NIR SE590 -0.167 -0.617
NIR/R SE590 -0.491 -0.006
NIR-R/NIR+R SE590 -0.485 0.003
R/G SE590 0.160 -0.007
G/R SE590 -0.155 0.015
R-G/R+G SE590 0.159 -0.009
R+G SE590 0.122 -0.376

Correlation Coefficient ( r )

-0.289 0.272
0.639

779.
0.491

803:
805

-0.242 0.237
0.244 -0.240

-0.243 0.238
A§77

-0.651

-0.513

Red TR5 Green TR5 G/R TR5 R/G TR5

-0.014
-0.107
-0.087
-0.386
-0.292
-0.284
0.091

-0.084
0.089

-0.104
R+G TR5

100

1.000
-0.036
0.242
0.377

-0.063
-0.040

0.028
Nitrogen




