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OBJECTIVES:

In order to effectively utilize information derived from the mid to
thermal infrared (mid/thermal IR) region of the electromagnetic spectrum
(0.76uym-14um), research needs to be conducted dealing with the basic
factors associated with land covers that influence mid/thermal IR reflec-
tance and emissivity. Fundamental to such research is an understanding of
the relationships between the 1ife processes or physical state of a land
cover and the phenomena that are measured in the mid/thermal IR region.
Upon increasing our knowledge of these relationships, data collected in
this region of the spectrum can be used to augment studies of a larger
scope, thus contributing to our comprehension of complex global inter-
actions. The objective of the project described in this document is to
conduct such relational research using both aircraft - and spacecraft -
acquired mid/thermal IR data, augmented in certain instances by ground
based studies. As a direct result of the analysis of information
collected, our knowledge of fundamental relationships between land covers
and their associated mid/thermal IR spectral properties will be extended.

The major thrust of this research project will be directed toward
vegetated land covers, but s0ils and other land covers will also be
examined. Two areas of interest will be investigated in this project.
The first, based on the mid IR (0.76-3.0um), will have as its goal the
determination of relationships that exist between leaf water content and
data recorded by Earth-orbiting satellites. The second area of interest
deals with thermal studies, (3.0-14um), and will focus on the estimation
of plant temperature, which is not an end in itself, but rather an initial

point from which other studies requiring a knowledge of temperature can

begin.



This document summarizes work conducted during FY82 on NASA RTOP
677-21-21, task #1, Mid IR/Thermal IR Sensing of Land Cover Types, (litera-
ture review and design of the experiment). Beginning in FY83, this study
is continued on RTOP 677-21-28, task #1.

BACKGROUND:

It appears that initial research into the spectral properties of land
covers was directed, to a large degree, at gaining an understanding of the
interaction between green plants and 1light, particularly in the area of
photosynthesis. As early as 1862, Simmler recognized that 1ight striking
a plant leaf was either reflected (which occurs mostly at the outer epider-
mal surface), absorbed by internal plant cell constituents (mostly the
chlorophyls) after first having penetrated the outer leaf surface, or scat-
tered internally and subsequently exiting through either leaf surface.
Unfortunately, as pointed out by Mestre (1935), much early work (such as
Simmler) was prevented from evolving to any great degree not by the Tack
of sufficient analysis of such things as the distribution of solar illum-
ination of a plant leaf, as might be expected, but rather by the "inabil-
ity to make the requisite measurements" of internal absorption, etc.

Technological advances led to the ability to make initial (although
somewhat "coarse") measurements, and plant physiologists and photobiolo-
gists used the new instruments to further their understanding of plant/
1ight interactions. An exceptional summary of "state-of-the-art" analysis
conducted by fellow scientists using several "new" devices is presented by
Mestre (1935). However, even with the improvements made to measurement
devices (e.g. vacuum type photoelectric cell with vacuum tube amplifier,
Ulbricht sphere, etc.), spectral measurements were restricted to the

absolute wavelength (and energy) sensitivity of the devices used



(generally between 0.43-0.85uym although some photographic type systems
were able to reach 1.2um (Harrison, 1929, 1934)). Thus, at least in a
broad sense, the mid/thermal IR regions were only dealt with on a broad
theoretical basis (if at all), as the routine measurement capability
required to collect the necessary data (at required resolution) was yet
Jacking. This situation existed at least through 1946 for most research-
ers (Rabideau, et. al. 1946).

Further improvements made to measurement devices resulted in an in-
creased interest in spectral research in the 1950's. Billings and Morris
(1951) used a Beckman DU quartz spectrophotometer to make reflectance
measurements of plant leaves of numerous species in 0.025um intervals from
0.04-0.08um, and in 0.05um intervals from 0.8-1.Tum. A MgCO3 block was
used as a reference standard. Their results agreed in general with those
of earlier researchers. Deviations between the results obtained and those
of earlier studieé were attributed to the "inferior® characteristics of
previous ’instruments used. Billings and Morris (1951) also state "In
general, the (reflectance) curves for green leaves all have similar
shapes, varying principally in magnitude." Thus, as early as 1951, it was
quantitatively demonstrated that plant leaf spectral characteristics vary
with species and with the environment in which plants occur, and Billings
and Morris (1951) allude to the use of this variability to discern
differences between major plant groups.

In a study which followed, Gates and Tantraporn (1952) used a Perkin-
Elmer infrared spectrometer Model 12C, equipped with NaCl prisms, to deter-
mine the reflectivities of the leaves of numerous deciduous trees and
shrubs in the 0.9-3.0um region (mid IR). For measurements between 3.0um

and 25um, a Baird infrared spectrophotometer with NaCl or KBr prisms was



employed. In both cases, a Globar was used as the infrared radiation
source. To quote from that study:

"The reflectivity of leaves in the infrared beyond 2.0um is generally
small, being less than 10 percent for an angle of incidence of 650, and
less than 5 percent for an angle of 20°. The reflection takes place
principally at the outer epidermal surface, with about one fifth or Tess
of it contributed by the epidermal-palisade boundary. The upper surface
reflects more than the lower, old leaves more than young, and the shade
leaf more than the sun leaf. For each of these, the inverse is true in
the visible. The structure of the leaf surface and the covering by the
cuticle appear to be the factors determining the reflectivity. The trans-
missivity of leaves is zero in the infrared beyond 1.0um, although the
transmissivity of the clear epidermis is 40 percent or more." The
significance of the study conducted by Gates and Tantraporn (1952) 1ies in
the fact that the spectral variability of plant leaves of differing
species was established in the thermal IR, which is well beyond the limits
of the mid IR (< 3.0um).

By the mid-50's, research in areas other than vegetation/Tight inter-
actions had begun. As a classic example, Kislovskii (1959) calculated the
electro-magnetic properties of water and ice from about 2.2um to the
radio-region of near 1.7mm, including both the mid and thermal IR regions.

His spectral curves for water and ice still form the basis of ongoing
studies and represented state-of-the-art analysis for his time.

The next major advance in instrument technology resulted in albedo

(reflection) measurement devices which were capable of being placed in
low-flying aircraft or earth orbiting spacecraft. However, unlike

measurements made in the laboratory at close proximity to the target, data



collected by such "remote" dinstruments contained errors induced by
altitude, motion of the aircraft, and the type of sensor being used, as
well as perturbations which result from the non-uniformity of the inter-
vening atmosphere.

Aircraft motion and altitude related errors can be quantified, as
shown by Dutton (1962), who developed mathematical relationships between
actual albedo associated with a target and the values recorded by various
radiation sensors. In addition, weighting functions for modifying output
data values are presented for both narrow and wide beam (angle of 7Jook)
devices overcoming, in part, sensor induced errors. Bauer and Dutton
(1962) extended the sensor analysis, showing how a "beam" sensor might be
calibrated to a hemispherical device. Errors related to the atmosphere
were minimized in both studies by operating the aircraft at very low
altitudes.

With the development of sensors capable of accurately measuring mid/
thermal IR radiation, research in these areas began to accelerate. It
appears as if two parallel lines of study developed, one line keying on
mid IR (0.76-3.0um), and another aimed at thermal IR (3.0-14um).

PAST RESEARCH: MID IR

Interest in the mid IR region is based at least in part on the fact
that on a clear day more than 50 percent of the sun's radiation which
reaches the earth's surface is contained in the infrared beyond 0.76um
(Gates & Tantraporn, 1952), with a vast majority falling in the 0.76-3.0um
region (Gates, 1966). Thus, with so much incident solar radiation in the
mid IR region, a uniform change in the percent of energy reflected would
result in a much greater (and hence more easily detectable) shift in the
spectral response in the mid IR than in the visible region. With early

measurement devices this was a particularly significant consideration.




The level of technology has also had an impact on research in the mid
IR, since it was historically easier to construct devices that could make
measurements in that region (compared to the thermal IR region). Thus,
with measurement devices becoming more readily available and able to make
measurements more precisely, researchers worked in this region 1in ever
increasing numbers.

Another factor which leads to the high interest in the mid IR region
is related to a target's physiological or chemical response to radiation
with wavelengths between 0.76 and 3um. In this respect, the nature of
some of the earliest work performed in the mid IR region were investiga-
tions of plant reflectance. The study by Mestre (1935) cites numerous
earlier studies of the reflectance of plants in the visible and near IR
(out to ~ 0.85um in this case). It was deduced that the characteristic
green-leaf reflectance curve in the visible was dominated by the
absorption of incident radiation by plant pigments, the most significant
of which are the chlorophylls. Thus, in the region between 0.4-0.7um,
leaf reflectance of incident radiation is quite low, frequently less than
10 percent with a peak reflectance (near 5%) at about 0.55um (Figure 1)
(Knipling, 1970). This accounts for the green color of leaves as seen by
the human eye.

At wavelengths longer than about 0.7um, and out to about 1.3um, reflec-
tance of a typical green leaf increases dramatically, with values of 50
percent being common. This high reflectivity is due primarily to difrei-
ences which exist between the refractive indicies of hydrated cell walls
and the intercellular air space in plant leaf tissues (Mestre, 1935;
Gausman, 1974). Then, owing primarly to absorption by water in the inter-

cellular spaces, (Allen & Richardson, 1968; Allen, et. al. 1969, 1971
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Figure 1. REFLECTANCE SPECTRUM OF A TOBACCO LEAF. (From Knipling, 1970)





















































































































