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Spectral Sensing for Plant Stress Assessment
— A Review —

Y. Kim, J. F. Reid

Abstract: Assessment of nitrogen and chlorophyll content from crop leaves can help growers adjust N fertilizer rates
to meet the demands of the crop. Numerous researchers have presented their studies about spectral signature of plant
leaves to characterize the plant features. However, interrelational review and summary were limited and a communication

gap exists between the plant science and optical engineering. Understanding the mechanism of leaf interaction to
electromagnetic radiation and factors affecting spectrophotometric measurements can enhance the foundation of optical
remote sensing technologies. This paper provides extensive review of previous works in optical sensing and explains the
basics of plant optics, spectral measurements for plant stress, factors that affect sensitivity to spectral analysis, and

applications that deploy optical remote sensing technologies.
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Introduction

Agricultural fields are variable and require site-specific
crop management. Nitrogen (N) management is critical for
crop production, because N is an essential nutrient required
for plant growth and is a major component of the chloro-
phyll molecule that enhances photosynthesis (Tracy et al.,
1992). However, excessive N fertilizer leaches into the
groundwater and creates serious environmental problems.
These problems have been linked to hypoxia problems in
the Gulf of Mexico. The U.S. Environmental Protection
Agency (1998) reported that nutrients were one of the lea-
ding causes for contaminating the waterways. Nitrogen
levels in drinking water in many regions are higher than the
drinking water standards. Thus, there is a need for sensing
technologies and that can assess plant N requirements through-
out the growing season to allow producers to reach their
production goals, while maintaining environmental quality
through reductions in N fertilization.

Assessment of N and chlorophyll content from crop
leaves can help growers adjust N fertilizer rates to meet the
demands of the crop. Numerous researchers have published
their studies about spectral signature of plant leaves to
characterize the plant features. Each study contributes to a
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specified aspect of technology development but is limited
to interrelate with other studies with limited review of
previous works. The comprehensive review of spectral mea-
surements for plant stress assessment will be of interest to
many researchers in remote sensing.

Curran (1989) explored why and how remotely sensed
data should be used to estimate foliar chemical content and
recommended that the research be modeling in the long
term to increase understanding of the interaction between
radiation and foliar chemistry and experimentation in short-
term to achieve unambiguous and accurate estimates of
foliar chemical content. Understanding the mechanism of
leaf interaction to electromagnetic radiation and factors
affecting spectrophotometric measurements can enhance the
foundation of optical remote sensing technologies. The
objective of this paper is to provide extensive review of
plant leaf optics, spectral measurements for plant N asse-
ssment, factors that affect sensitivity to spectral analysis,
and applications using optical remote sensing technologies.

Theoretical Backgrounds

1. Plant Leaf Optics

Leaf characteristics have a major influence on the remote
sensor responses. In the visible spectrum, leaf color was a
sensitive non-destructive indicator of deficient nutrient levels
(Blinn et al., 1988). An intensive understanding about the
optical characteristics of plant leaves and associated plant
health effects is required to apply the principle of remote
sensing.
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(1) Properties of Light

A classic definition of visible light is a portion of elec-
tromagnetic spectrum, having wavelengths from 380 nm to
700 nm (West, 1990). Wavelength is a distance between
corresponding points of two consecutive waves (Figure 1).
Wavelength is usually denoted by the Greek letter lambda
(A); it is equal to the speed (v) of light in a medium divi-
ded by its frequency (f): A = v / f.

A more appropriate definition of light is energy with
physical phenomena explained by the duality of wave and
particles where the particles have the properties of photons
(West, 1990).
wavelength of 3x10™"* cm to long radio waves measured in

This extends light from gamma rays with

millions of kilometers as shown in Figure 2.

The spectrum of light in a particular waveband can be
separated by a prism or an optical filter. For example, ult-
raviolet and visible wavebands can be filtered by a lead-
containing flint glass and crystal, respectively. An instru-
ment designed for visual observation of spectra is called a
spectrometer.
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Fig. 1 Wavelength denoted by A.
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Fig. 2 Electromagnetic spectrum from gamma rays to
radio waves. The small visible range (shaded) is shown
enlarged at the right (Encyclopedia Britannica, Inc).
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(2) Properties of Leaves

1) Leaf structure

Leaves of a plant are a primary photosynthesizing organ
with photosynthesis occurring in chloroplasts where a
chlorophyll pigment is located (Gates et al., 1965). The
cross-sectional leaf structure of a typical dicotyledonous
plant such as cotton is shown in Figure 3. It generally con-
sists of upper epidermises, lower epidermises, and meso-
phyll in the middle leaf. The mesophyll includes the major
photosynthetic tissues: palisade parenchyma cells and the
spongy parenchyma cells. The chloroplasts are readily seen
located along the walls of the parenchyma cells.

The cellular structure of a leaf is large compared to the
wavelengths of light. Gates et al. (1965) have presented an
excellent discussion of the physical dimensions and rela-
tionships of leaf structure. Typically cell dimensions will be
15 umx15 umx60 um for the palisade cells and 18 pmx15
umx20 pm for the sponge parenchyma cells. The epider-
mal cells are of the same order of dimension as the
spongy parenchyma cells, and these have a thin waxy
cuticle overlay which is highly variable of thickness but
often is only 3 um to 5 pum thick. The chloroplasts sus-
pended within the cellular protoplasm are generally 5 um
to 8 um in diameter and approximately 1 L m in width.
Within the chloroplast are long slender strands called grana
within which the chlorophyll is located. The grana may be
0.5 um in length and 0.05 um in diameter. Clearly, the
grana is of the dimension of the wavelength of light and
may produce a considerable scattering of light entering the
chloroplast. The chloroplasts are generally more abundant
towards the upper side of the leaf in the palisade cells and
hence account for the darker appearance of the upper leaf
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Fig. 3 Structure of a typical dicotyledonous leaf (http://
www.lions.odu.edw/~kkilburm/bio109/plant_leaves.htm).



surface compared with the lower lighter surface. The pigments
generally found in chloroplasts are chlorophyll (65%), caro-
tenes (6%), and xanthophylls (29%), although the percentage
distribution is highly variable (Gates ef al., 1965).

The structure of a monocotyledonous plant such as comn
is different from the dicotyledonous leaf. The monocoty-
ledonous leaf is more compact, because it has few air
spaces due to the absence of palisade parenchyma cells.
Structural difference between dicotyledonous and monocoty-
ledonous-type leaves is generally responsible for a large
difference in their near-infrared (NIR) light reflectance
(Gausman, 1985). The upper layers of the leaves including
the palisade layer are almost transparent to NIR radiation.
However, in the mesophyl!l layer most of NIR radiation is
scattered upward. At constant irradiance, the higher the
chlorophyll exists the thicker the mesophyll layer becomes
and therefore the higher amount of NIR radiation scatters
upward (Tumbo er al., 2000b).

2) Leaf optical properties

Most spectral measurements of plant leaves previously
reported were made in 0.5 to 2.5 pum portion of the electro-
magnetic spectrum. The range of this waveband can be
divided into three categories as depicted in Figure 4 (a): a
visible waveband (0.4~0.70 um), a NIR waveband (0.70~
1.35 um), and a water absorption waveband (1.35~2.5 um).
Most photons of solar radiation are in the visible waveband
that is dominated primarily by pigment chlorophyll. Light
in the visible band is mostly absorbed in plant leaves. An
infrared band ranging from 0.7 um to 2.5 pm is produced
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by a moderately heated surface and affected by internal
plant leaf structure. Strong water absorption bands, which
are influenced greatly by water concentration in leaf tissue,
occur at around 1.45 pm and 1.95 um (Figure 4 (a)).

Plant leaf responses to solar radiation are configured into
three reactions: reflectance, absorptance, and transmittance.
When a leaf intercepts incoming irradiation, a portion of
the light is absorbed. When the incoming photons impinge
on a leaf at a critical angle, another portion of photons are
reflected. Light that is neither absorbed nor reflected is
transmitted. Transmitted light interacts with subtended
leaves or soil. All three reactions vary in electromagnetic
wavelength as illustrated in Figure 4 (b). For example,
most light is absorbed in the visible waveband (0.4~0.70
m) and reflected in the NIR waveband (0.70~1.35 um).
Photons with short wavelength (visible light) are used for
photosynthesis and photochemical reaction, whereas pho-
tons with long wavelength (NIR) are used for heating
process evaporation and transpiration (Gausman, 1985).
Spectral reflectance at the leaf cuticle is diffuse reflectance
from light scattering mainly within the leaf mesophyll
which contains water.

One of the earliest studies on leaf optics was done by
Willstitter and Stoll (1918). They explained leaf light
reflectance and transmittance on the basis of critical reflec-
tion of visible light at the cell wall-air interface of spongy
mesophyll tissue. Kubelka and Munk (1931) derived differen-
tial equations for the treatment of reflection and trans-
mission of diffused light. Their theory accounted for sca-
ttering and absorption and was the most satisfactory two-
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(b) three spectral reactions of reflectance, transmittance,
and absorption.

Fig. 4 Leaf light response to irradiation over the 0.5 to 2.5 pm waveband of the upper surface of a citrus leaf

(Gausman, 1985).
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parameter representation of light interaction with a plant
canopy. The theory was applied to an actual field plant
canopy by Allen and Richardson (1968). They proved that
the theory was sufficiently general to specify the interaction
of light with a plant canopy and concluded that many
reflectance techniques applied to powder, paper, cloth, and
other commercial products could be adopted without modi-
fication to interpretation of reflectance from a plant canopy.
Gates et al. (1965) observed that the leaf materials that
affect reflectance and emittance were common to all agri-
cultural plants, and all foliage exhibited the same general
pattern of reflectance and emittance. Reflectance, however,
varies with plant species. Under field conditions, the reflec-
tance is determined by foliage density, plant height, growth
habit, vigor, and maturity. Environmental factors such as
soil salinity, moisture availability, and nutrient toxicity or
deficiency affect the optical properties of plants by modi-
fying these and other plant characteristics. Therefore, remote
sensing of the energy reflected and emitted offers a possi-
ble means for determining crop species, maturity, vigor,
disease, and probable yield (Thomas et al., 1967).

2. Leaf Spectral Measurements

(1) Leaf Transmittance

Procedures have been developed to assess leaf chloro-
phyll content in a non-destructive mode using a chlorophyll
meter (SPAD 502 Chlorophyll meter, Minolta Co., Japan)
that measures light transmittance of two light emitting dio-
des through a canopy. The calculation of a SPAD value is
based on optical density difference at two wavelengths of
red at 650 nm and NIR at 940 nm as follows:

g ®

IR, IR

SPAD value = K-logm( "),

where K is a calibration constant, IR, and R, are the
transmittance of NIR and red wavelength, and IR, and R,
are the light power of NIR and red wavelength, respec-
ﬁvely. The wavelength at 940 nm is not absorbed by
chlorophyll, and is used for normalization. High absorption
and low reflectance indicates a healthy plant.

The SPAD chlorophyll meter has been used to measure
N concentration of corn plants by many researchers for
many years (Ahmad er al., 1999, Blackmer and Schepers,
1995, Piekielek et al., 1995, Smeal and Zhang, 1994,
Peterson et al., 1993, Pickielek and Fox, 1992, and Schepers
et al, 1992). The studies have shown the feasibility of
using a SPAD meter for indirectly assessing plant response

30

to N based on chiorophyll response. However, SPAD chlo-
rophyll measurement is a time-consuming process, because
it needs careful location and measurement of the newest
fully expanded leaf on one-half of the distance from the
leaf tip to the collar and halfway between the leaf edge and
midrib as illustrated in Figure 5 (a) (Peterson et al., 1993).
Such measurements are repeated several times on neigh-
boring plants to derive an average value, which represents
only a local spot. As shown in Figure 5 (b), moreover, only
small sensing portion of leaf of 2 mm»3 mm (Spectrum
Technologies Inc., 2000) is observed in each reading,
Though the SPAD meter can be used for a quick reference
of chlorophyll on local area, it is still labor intensive to
characterize the local variations in entire crop fields.

sample area

(@

(b)

Fig. 5 Measurement of chlorophyll content of a com leaf
using SPAD meter (Peterson et al., 1993). (a) sample area
for taking chlorophyll readings, (b) close-up of chlorophyll
meter.



(2) Leaf Reflectance

Leaf reflectance is another useful source of plant health
response. The use of reflected light has an advantage over
transmitted light because light reflectance can be measured
without attaching a meter or probe to a specific leaf. Addi-
tionally, reflectance measurements can substantially increase
the number of plants being monitored and therefore poten-
tially reduce variability. For N management, remotely sen-
sing reflected light from a high-clearance vehicle allows the
fertilization process to be automated, thus permitting varia-
ble fertilization rates for different parts of the field (Blackmer
et al., 1994).

Sinclair (1968) hypothesized that leaf reflectance respon-
ses result from the diffuse characteristics of plant cell
walls. Lillesaeter (1982) reported that leaf-to-leaf variations
in reflectance were approximately 2% for green leaves in
the visible spectrum and up to 5% in parts of the NIR
spectrum that was caused by variation in the leaf water
content. He concluded that the reflecting signatures of plant
predicted from single-leaf spectral data can be modeled to
predict multiple-leaf reflectance with reasonable accuracy.
Spectral reflectance in early stages has been widely measured
by using a Beckman DK-2A spectrophotometer (Beckman
Instruments, Inc., Fullerton, California) with a range of
500-2,500 nm wavelength. The spectrophotometer was used
for spectral mapping of nutrient-deficient maize leaves
(Al-Abbas et al., 1974), effects of stacked cotton leaves
(Allen and Richardson 1968), osmotic stress of cotton plants
(Gausman et al., 1969), effects of soil salinity on reflec-
tance of cotton leaves (Thomas et al., 1967), and water
content (Thomas er al.,, 1971).

Leaf color changes can be induced by stresses such as
dehydration, flooding, insects, herbicides, disease, senes-
cence, and insufficient N fertilization. Reflectance of leaves
can provide an indication of plant health before any visible
indication. Previous studies in the general area of leaf
spectral reflectance include the effect of water content, soil
properties, osmotic stress, physiological age, sunlight and
shaded leaves, plant nutrients, and plant chlorophyll.

1) Water content

Reflectance in NIR waveband is primarily dependent on
water content and internal structure of the leaves. The
water content of leaves is inversely correlated to reflectance
due to light scattering. Thomas et al. (1971) reported that
reflectance of cotton leaves at 1,450 nm and 1,930 nm
water absorption bands was significantly related to leaf
relative turgidity or water content. The increased reflectance
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in NIR region as N deficiency became more severe sugge-
sts an increase in intercellular air spaces. Allen and Ri-
chardson (1968) showed the water absorption bands were
greatly reduced in amplitude after the leaf was dried.

2) Soil properties

Thomas et al. (1967) examined the effects of soil salinity
on reflectance and transmittance of radiation by cotton
leaves and found that reflectance from cotton leaves
increased as soil salinity increased. Besides affecting the
water and nutrient balance of the plant, soil salinity reduces
the leaf surface area and increases the amount of exposed
soil. Salt deposits at the soil surface increase reflectance.
Soil moisture and texture also affect reflectance.

Morra et al. (1991) explored a nondestructive method to
determine total soil organic carbon (C) and N concentra-
tion. NIR spectroscopy was used to measure the total C
and N concentrations in silt and coarse clay, separated from
twelve surface soils. The diffused reflectance of NIR radi-
ation was calibrated with constituent concentrations deter-
mined using combustion techniques. Their results indicated
that NIR reflectance spectroscopy could be a nondestructive
technique capable of predicting total C and N concentra-
tions in soil size fractions.

3) Osmotic stress

Gausman et al. (1969) studied the effect of osmotic
stress on reflectance and transmittance of cotton plants.
Three different levels of osmotic stressed cotton plants of
the same chronological age were examined over the
wavelength interval 500 nm to 2,500 nm. High osmotic
stresses reduced reflectance and increased transmittance of
NIR as compared with leaves from plants grown with low
osmotic stress.

4) Physiological age

Maturity of leaves is related to reflectance with increase
due to the spongy effect in the matured leaf. Gausman ez
al. (1970) related the light reflectance of cotton leaves to
histological and physical evaluation of leaf maturity.
Cotton plants grown hydroponically with controlled envi-
ronment were tagged on the day they became macrosco-
pically visible. Measurement with a spectrophotometer made
on the leaves showed that the largest increase in reflec-
tance, approximately 5%, and decrease in transmittance,
approximately 8%, occurred between average values for
after-tagging-ages of 3.5 days and 8 days over 750-1,300
nm wavelength interval.
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5) Plant nutrients

Al-Abbas et al. (1974) analyzed spectra at thirty selected
wavelengths from 500 nm to 2,600 nm wavelength in res-
ponse to N, phosphorus, potassium, sulfur, magnesium, and
calcium deficiencies in maize leaves. Their results showed
that nutrient-deficient leaves reflected more than those in
the control in visible waveband whereas less in the NIR
waveband. Nitrogen-deficient maize had the least amount
of chlorophyll and was followed in order of increasing
chlorophyll content by sulfur-, magnesium-, potassium-,
calcium-, phosphorus-deficient, and normal maize plants.

6) Nitrogen and chlorophyll

An early symptom of N deficiency is the yellowing of
leaves, called chlorosis, due to the loss of chlorophyll. Leaf
greenness 1s affected by leaf chlorophyll content and is
strongly related to leaf reflectance. Stressed yellowish leaves
have a sharp increase in reflectance throughout the red and
green portion of the visible spectrum. In the NIR waveband,
yellow leaves have 2% to 3% lower reflectance than the
green leaves (Gausman, 1985). Therefore, assessment of leaf
reflectance has the high potential to detect N deficiency
and promises opportunities for in-season N management.

A number of researchers have studied spectral reflec-
tance of plant leaves correlated to N and chlorophyll con-
centration in agronomic crops including com (Lee and
Searcy, 2000, Bausch and Duke, 1996, Ma et al., 1996,
and Blackmer et al., 1994), wheat (Solie er al., 1996, Stone
et al., 1996, and Filella e al., 1995), potatoes (Borhan and
Panigrahi, 1999), sweet peppers (Thomas and Oerther,
1972), beans (Thai ef al., 1998 and Benedict and Swidler,
1961), cotton (Wilkerson et al., 1999, Saranga et al., 1998,
Sui ef al., 1998, and Tracy et al., 1992), and poinsettia
plants (Meyer et al., 1991). Primary studies observed that
the spectral reflectance of the plants in visible region (400-750
nm) is primarily influenced by the leaf pigment chlorophyll and
inversely correlated to leaf chlorophyll content.

The earliest study of N and chlorophyll assessment using
leaf reflectance was published by Benedict and Swidler
(1961). They introduced a non-destructive method to estimate
chlorophyll content of soybean leaves by using leaf reflec-
tance and quantified an inverse relationship between the
chlorophyll content and percent reflectance of light at 625
nm as measured by a colorimeter with reflectance attachment.

Thomas and Oerther (1972) examined the feasibility of
using diffuse light reflectance, measured by a spectropho-
tometer (Beckman DK-2A), from top leaf surfaces of sweet
pepper leaves to quickly estimate their N status. Reflec-
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tance as a function of leaf N content of greenhouse-grown
sweet pepper was used to estimate the N content of field-
grown sweet peppers. They found that the difference between
Kjeldahl-determined and reflectance-estimated N contents was
less than 0.7% and reflectance measurement at 550 nm gave
a better estimate of leaf N content than those at 675 nm.

Thomas and Gausman (1976) observed that spectral
reflectance was inversely correlated to leaf total chlorophyll
and carotenoid concentrations of eight crops including
corn, cotton, cantaloupe, cucumber, head lettuce, grain
sorghum, spinach, and tobacco. They found that chloro-
phyll was the most important independent factor affecting
leaf reflectance. The best indication was observed at 550
nm, followed by 650 nm and 450 nm.

Blackmer et al. (1994) compared light reflectance (400-
700 nm) as measured from corn leaves in the laboratory with
a Hunter tristimulus colorimeter with Minolta SPAD
chlorophyll meter readings, leaf N concentrations, and spe-
cific leaf N. They observed that both leaf N concentration
and chlorophyll meter readings were similarly correlated
with relative grain yield and 550 nm was the best wave-
length to separate N treatment differences.

Bausch and Duke (1996) also compared ground-based
canopy reflectance measured over irrigated corn with various
N treatments to SPAD chlorophyll meter measurements and
to plant tissue total N. Their data system consisted of an
instrument platform with two Exotech 100BX four-channel
radiometers: one pointed downward to measure target
radiance and the other upward to measure solar irradiance.
Nitrogen reflectance index was defined as the ratio of the
NIR (760-900 nm)/green (520-600 nm) of a particular
treatment to that of a reference area and gave a good
representation of the N sufficiency index for corn growth
stages between V11 and R4. Limitations remained due to
soil background effects during early vegetative growth and
invalid data under cloudy sky conditions.

Saranga et al. (1998) examined NIR analysis as a guide
of N fertilization in irrigated cotton to monitor leaf N
concentration. NIR reflectance data were collected using a
NIR spectrophotometer (Model 6500, NIRSystems, Silver
Spring, MD) equipped with a scanning grating monoch-
romator and a spinning sample-cup module. The NIR data
of leaf disks originating from field plots were calibrated
against laboratory N measurements and required 30 sec for
N determination of each sample. The NIR analysis-guided
treatment with 60 kg/ha resulted in only 7.5% lower yield
relative to the commercial predetermined N treatment with
150 kg/ha.



Lee ef al. (1999) explored the feasibility of using spectral
reflectance to predict N content in corn plant varieties with
varying color. Their experiment was conducted in a labo-
ratory equipped with a monochrometer (CM110, CVI Laser
Corp., Albuquerque, New Mexico) with wavelength range
of 400-1,100 nm, a detector (AD120, CVI Laser Corp.),
and halogen-tungsten lamp (AS220, CVI Laser Corp.).
They found that the reflectance at 552 nm was responsive
to the N content of corn plants whereas variety effect to
the reflectance at 552 nm was not significantly different.
Their laboratory-based reflectance study was conveyed to
in-field applications by Lee and Searcy (2000). The in-field
N detecting system measured reflectance of corn leaves
under an artificial lighting source inside a lighting chamber
in 17.78 (H)x10.16 (L)x7.62 (W) cm dimension. Due to
the variability of illumination, the sensor showed limited
performance.

Applications

1. Factors in Spectral Analysis

(1) Sun and Shade Response of Leaves

Rao et al. (1979) reported that shadow effects were
significant on the spectral signature of com leaves and
suggested the inclusion of shadow components in the study
of directional effects of leaf spectral measurement. Gausman
(1984) investigated the difference in reflectance between sun
and shade responses of leaves over the visible waveband
and found that the reflectance of sunlit leaves was nega-
tively correlated with total chlorophyll concentration. Refle-
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Fig. 6 Reflectance difference between sun and shade
leaves of Valencia orange trees over the visible waveband
(Gausman, 1984).
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ctance difference between sun and shade leaves over the
visible waveband is shown in Figure 6.

(2) Variation of Illumination

In-field spectral measurements are made under natural
ambient illumination and influenced by variable cloud
cover and widely varying solar zenith angles. Solar radi-
ation at the receiver varies over time and affects spectral
measurements at all stages of plant growth, The fraction of
solar radiation absorbed by plant leaves depends on the
intensity and the spectral distribution of the incoming ener-
gy and the incident angle at which the solar energy strikes
the plant surface (Gates et al., 1965). Thus, knowing the
intensity or amount of solar radiation reaching the crop
canopy is one of the most critical aspects of in-field spec-
tral measurements.

The variation of solar radiation is caused by several fac-
tors such as cloudy cover, atmospheric moisture, and solar
azimuth (Figure 7). Total radiation reaching the ground
The

presence of certain types of clouds such as nimbostratus

depends mainly on solar azimuth, and cloud cover.

and fog can attenuate incident radiation by as much as 80%
of the total radiation impacting the earth’s upper atmos-
phere (Campbell and Norman, [998).

The influences of solar radiation are more difficult to
characterize under variable illumination conditions, inde-
pendent of ground-based or airborne spectral image mea-
surement. Data from most of previous studies to estimate

Zanith

Normal to
horizontai surface

Fig. 7 Solar zenith angle (&), slope (3), surface azimuth
angle (y), and solar azimuth angle (1) for a tilted
surface (Duffie and Beckman, 1974).
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N and chlorophyll status were collected under clear sky
conditions (Bausch and Duke, 1996, Filella et al., 1995,
Gates et al., 1965, Ma et al., 1996, Ranson et al., 1985,
and Yoder and Pettigrew-Crosby, 1995). Bausch and Duke
(1996) excluded the data collected under cloudy sky condi-
tions from the analysis. Yoder and Pettigrew-Crosby (1995)
observed that cloudy spring weather limited their spectral
measurements to only nine out of their intended 27 targets.
As an alternative way to avoid the variations of natural
ambient illumination, some research used artificial lighting
sources (Lee and Searcy 2000, and Sui er al., 1998).

Several field studies have documented the effects of
changing sun angle on vegetation canopy reflectance. Ran-
son et al. (1985) explored that the effects of sun and view
angles on reflectance factors from corn canopies at various
stages of development. For nadir-view angles, the authors
found a strong effect of solar zenith angle on leaf reflec-
tance in all spectral regions and observed maximum reflec-
tance when the sun and sensor directions coincided. In
addition to effects of soil and shadows in the sensor field-
of-view as major contributors to the changes of reflectance
measured, they noticed a moderate increase in reflectance
beyond solar zenith angle of approximately 30 degrees on
either side of noon and attributed to the presence of
specularly reflected light which was apparent to the naked
eye as shiny spots on the surface of the leaves. Ranson
et al. (1985) represented a step towards understanding the
complex relationships between the sun, sensor, and scene
for reflectance from crop canopies. However their studies
were performed only under clear sky conditions.

Tumbo et al. (2000b) reported that the correlation bet-
ween spectral reflectance and chlorophyll content of corn
plants significantly decreased with variable solar jrradiance.
Tumbo et al. (2000a) used a neural network-based model
to minimize the effect variation of solar radiation on
spectral measurement. The training data were obtained at
V6 growth stage between 0850 h and 1450 h solar time.
The model improved chlorophyll prediction when trained
80% of the data; however, the limitation still remained due
to the narrow range of input data. The validation of the
model in other patterns of cloudy conditions could be
included, because cloudy conditions have a variety of daily
patterns of solar radiation. Kim er al. (2001) described
ambient illumination effect on a spectral image sensor and
compensated the non-linearity of the solar irradiation,
resulting in consistent reflectance under varying solar zeni-
th angles throughout the daytime.

34

(3) Bidirectional Reflectance Effect

Asner et al, (1998) presented the phenomenon of
bidirectional reflectance that is known as multi-view angle
{(MVA) reflectance and caused by the variation in reflec-
tance depending on sun and sensor geometry. A bidirec-
tional reflectance distribution function (BRDF) displays
maximum reflectance at an antisolar point, often called the
hot spot, where the sensor is in direct alignment between
the sun and the ground target (Figure 8). Hapke et al.
(1996) discussed the cause of the hot spot in the bidirec-
tional reflectance of vegetation and soils with two different
mechanisms, shadow-hiding and coherent backscatter. A
specular reflection, often called sun glint, occurs at the
position opposite the antisolar point.

The variation in the BRDF of vegetation results primarily
from differences in landscape and canopy structural characte-
ristics (Schaaf and Strahler, 1994 and Asner ef al., 1998).
Models for bidirectional reflectance were presented by Schaaf
and Strahler (1994) based on radiative properties of plants
and Nilson and Kuusk (1989) based on geometric-optical
considerations.

2. Applications of Optical Remote Sensing Technologies

(1) Multi-spectral Analysis

The spectrum of sun light varies widely over different
wavelengths. Vegetation appears very different at visible
and NIR wavelengths. Thus, when spectral signatures from
more than one waveband are measured, the measurable
indication can be amplified and more easily detected. The
difference or ratio of multi-spectral responses can be used
to maximize the signature of the measurement indication.

There were several indices used in previous studies to

Fig. 8 Illustration of Bidirectional Reflectance Distribu-
tion Function (BDRF) for aerial spectral measurement in
multiple-view angles (Ranson et al, 1994).



quantify the density of chlorophyll and N status of plant
vegetation. A normalized difference vegetation index (NDVI)
is widely used to estimate chlorophyll content and is a sim-
ple transformation at band reflectance and closely corre-
lated with plant biophysical qualities as well as being less
sensitive to external variables such as the solar zenith angle.
The NDVI measures the abundance and health of green
plants. It is calculated from the spectral response of visible
wavebands (VIS) and NIR wavebands (NVIR) reflected by
vegetation as follows:
NIR - VIS

NDVI = NETVE )

Calculations of NDFT always result in a number that
ranges from -1 to +1. Signatures having no green leaves
gives a value close to zero. A zero means no vegetation,
and approaching +1 indicates the highest density of healthy
vegetation.

Figure 9 illustrates an example of the use of NDVI as
a vegetation index. Healthy plants (left) reflect only a small
portion of the visible light but reflect a large portion of the
NIR light. On the other hand, unhealthy or stressed plants

(C.50- C.0B)

{0.5C + 0.08)

072 el = 074

(0.4 + 0.30)
Fig. 9 NDVI as an indication of the density of chloro-
phyll and N status of plant vegetation (http:/earthobservatory.
nasa.gov/Library/MeasuringV egetation/measuring_vegetati
on_2.htmi).
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(right) reflects more visible light and less NIR light.
Therefore, the ratio of the multi-spectral responses shown on
the bottom of the Figure provides an amplified indication of
difference between the healthy and unhealthy plants. The
numbers on the Figure can be much more varied in real
vegetation, but follows the same pattern (Figure 10). NDVI
better differentiated N treatment effects than any single
wavelength band (Ma et al., 1996). Hansen and Schjoerring
{(2003) examined the selection of the optimal bandwidths in
NDVI to improve the vegetation index and reported short
bands (10 nm) performed better than broad bands using
NDVI.

The shift at the wavelength of red edge inflection point
(REIP), i.e. point of maximum slope as shown in Figure 11,
is also an often used measure (Horler et al., 1983).
Calculation of the REIP is as follows:

(R670+ R780)/ 2— Rmo

REIP = 700+ 40 3
Rm" &00 ( )

The REIP value is a measurement of the chlorophyll
productivity, so the higher the value, the healthier the plant.
REIP is the wavelength location of the Red-NIR absorption
line of a plant spectrum (Turner, 2001). As a plant matures,
this absorption edge shifts to longer wavelengths (red shift).
Geo-chemical or water stress has the reverse effect, causing
a shift of the red edge towards shorter wavelengths (blue
shift). For example, Rock et al. (1988) showed a 5 nm shift
of REIP to shorter wavelengths in spruce and fir trees
undergoing forest decline. It is noted, however, that the
position of the REIP is defined by the shape of the red
edge, which is basically an interpolation of reflectance
values at a series of wavelengths. Boochs er al. (1990)
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Fig. 10 Reflectance from 400 nm to 800 nm of filed grown
com subjected to different levels of nitrogen fertilization
(McMurtrey et al., 1994).
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Fig. 11 Reflectance responses of healthy and stressed plant vegetation (Rock ef al., 1989).

reported that broader or fewer bands (i.e., fewer points)
could lead to a less accurate curve and suggested that high
spectral resolutions might be necessary for accurately dete-
cting small differences in the physiological status of plants
based on the red edge. The derivative of the spectrum has
been extended to higher order derivatives for the analysis
of spectral feature at leaf and canopy (Baret et al., 1992)
and for the eclimination of low-frequency background
signals (Butler and Hopkins, 1970 and Demetriades-Shah er
al., 1990) ‘ '

Ratio-based indices are another common way to measure
sensitivity of vegetation to stress. They typically combine
reflectance from stress sensitive waveband (visible) and
insensitive waveband (NIR). Such a normalized reflectance
response is represented by the spectral response of a visible
(VIS) waveband divided by that of a near-infrared (VIR)
waveband as follows:

. vip
normalized response = W 4)

The normalized respbnses with red and green wavebands
are denoted by R, and G, respectively. The advantage of
using ratios is the capability to factor out extraneous vari-
ability. This is particularly useful with in-field remote sen-
sing, because variations in reflectance response occur due
to atmospheric conditions and the ratios tend to mask res-
ponse by combining sensitive with insensitive wavebands.

Blackmer and Schepers (1995) derived an N sufficiency
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index (NSI) to estimate N status of the crop based on
SPAD chlorophyll meter readings of the area with lower
amounts of N fertilizer compared to those of the area with
the highest amount of N as follow:

average SPAD reading of N limited area
[ = - - X 100% (5)
average SPAD reading of N enriched area

Bausch and Duke (1996) presented another index using a
radiometer called N reflectance index (NRI) as a ratio of NIR
to G canopy reflectance to the same ratio for a well N-fertilized
reference area. These indices resulted in a normalized ratios
that amplified differences to detectable levels.

Fluorescence can also be an indicator of the plant stress.
It is the energy absorbed from external energy source at a
shorter wavelength and released by an object in visible or
reflected infrared wavelengths at a somewhat longer one,
Previous studies have indicated potentials to detect plant
nutrients deficiency using laser induced fluorescence (LIF)
(Buschmann et al., 1989, Chappelle et al., 1984, and Mc-
Murtrey et al., 1994). The LIF technique uses fluorescence
light interacted from plant leaf pigments and senses changes
in plant physiology and metabolism.

There are many other vegetation indices such as soil adju-
sted vegetation index (Huete, 1986), photosynthetic reflec-
tance index (Gammon and Serrano, 1997), and red-edge vege-
tation stress index (Merton, 1998). Differences in species,
illumination, canopy architecture and other factors may



potentially influence and decrease the correlation between
the vegetation indices and the chlorophyll content. Thus,
the relationship between canopy chlorophyll content and
vegetation indices need to be examined further (Gitelson et
al., 1996).

(2) Image-based Spectral Sensing

The image-based spectral sensor minimizes soil backg-
round effects that are a major obstacle during early vege-
tative growth in standard spectroscopic techniques as
addressed by Bausch and Duke (1996). One of the advan-
tages with the use of an image-based spectral sensor is an
ability to perform image processing to eliminate noisy por-
tions of the sensor response (Figure 12). In-field appli-
cation of the sensor can also support real-time N assessment
as well as real-time fertilization. In any laboratory spec-
trophotometric setup, the geometric relationships between
plant sample and incident radiation are at best a poor appro-
ximation to plant-light configurations in nature (Lillesacter,
1982).

The recent development of technologies has increased
the potential use of portable image-based multi-spectral
sensors for in-field agricultural applications. The declining
price of these technologies promises the cost effectiveness
of portable multi-spectral imaging systems for agricultural
applications. Perry et al. (2000) explored the impacts of
spatial scale and measurement errors on crop stress indicators
derived from narrow reflectance band using a hyper-spectral
imagery. A multi-spectral imaging system was evaluated for
assessment of N stress levels of comn (Zea mays L.) crops
by Kim er al. (2000). The system was a ground-based
remote sensor for measuring leaf reflectance from a nadir
view over a crop under natural ambient illumination. Images
of three spectral ranges (green with 550+50 nm, red with
650+50 nm, and near-infrared with 800+50 nm) were used
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to derive a reflectance index. The performance of the
system was validated with reference measurements from a
SPAD chlorophyll meter and stepped N treatments.

(3) Aerial Remote Sensing

Aerial remote sensing technologies provide potentials for
mapping vegetation characteristics at large scales and has
recently been of interest for assessing spatially-variable
crop health in fields. Primary aerial remote sensing studies
were conducted by researchers in forestry science. Thomas
et al. (1967) took aerial photographs of field cotton using
an infrared aero film to examine reflectance changes on
saline and non-saline soils and showed greater reflectance
from cotton not affected by salt. Hunter and Hoy (1983)
used black and white aerial photography to assess the
extent and variation of N deficiency in pine trees. Blinn er
al. (1988) found the feasibility of color aerial photography
for assessing the need for fertilizers in loblolly pine
plantations.

Han et al., (2001), Hendrickson and Han (2000), Moran
et al. (1997), and Gopalapillai et al. (1998) showed the
potential of aerial remote sensing to detect N stress using
spectral images taken from satellite or aircraft. Images from
those airborne sensors were used for monitoring seasonally
variable crop conditions and for time-specific crop manage-
ment. Moran et al. (1997) reviewed the prospect and limi-
tations for image-based sensing in precision crop mana-
gement from aircraft or satellite based platforms. They
portrayed an infrastructure that may have promise for
incorporating aircraft or satellite-based remote sensing tech-
nology into precision crop management system. The current
limitations for satellite-based sensors are mainly due to
sensor attributes such as restricted spectral range that may
be inappropriate for a given application, coarse spatial reso-
lution for within-field analysis, inadequate repeat coverage

Fig. 12 Composite image of com plants in three spectral channels where G, NIR, and R channels were displayed as

red, green, and blue: (a) image before segmentation, (b) image after segmentation (Kim et al., 2000).

37



Agri. & Biosys. Eng.

for intensive agricultural management, limited accessibility
to the satellite images due to fixed cycling time, and long
time period between image acquisition and delivery to user.
Aircraft-based sensors avoid these limitations, but are diffi-
cult to calibrate and the frame-based output is difficult to
register for mapping coordinates for large area coverage
(Moran et al., 1997).

Satellite-based remote sensing technologies became wi-
dely available for mapping of vegetation and has the
potential to revolutionize regional and global-scale spectral
measurements of ecological variables (Asner et al., 1998).
Reflectance measured at satellites can be simply related to
the target reflectance at ground when the surrounding
optical properties are similar. However, the atmospheric
effects are significant in both incident solar energy and
reflected light. Accurate knowledge of spectral instruments
and careful radiometric calibration are required (Conel et
al., 1998 and Vane et al., 1984).

Conclusions

Assessment of plant nitrogen (N) has been of interest
worldwide to provide growers with site-specific N fertilizer
and minimize environmental impact. Plant leaf interaction
with radiation is a major influence on the remote sensing
signals. It is important to understand the optical characteristics
of plant leaves to apply the principle of remote sensing.
Most spectral measurements of plant leaves previously
reported were made in 500 to 2500 nm portion of the
electromagnetic spectrum. It was generally observed that N
stressed plant leaves have a reflectance higher in visible
and lower in near-infrared waveband than non-stressed
leaves. Spectral signature of plant leaves have great poten-
tial to characterize the plant features and the spectral
reflectance of the plants in visible region (400 - 750 nm)
is primarily influenced by the leaf pigment chlorophyll and
inversely correlated to leaf chlorophyll content. Several
studies indicated a good estimation of leaf N content at 550
nm wavelength. This paper described remote sensing tech-
nologies, applications, and factors to be considered. With
the progress of remote sensing technology and unders-
tanding plant optics, remote sensing is a promising tool to
lead precision agriculture in the future.
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