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ABSTRACT
Determining the temperature of an internal surface within cavernous targets, such as the interior wall of a
mechanical draft cooling tower, from remotely sensed imagery is important for many surveillance applications
that provide input to process models. The surface leaving radiance from an observed target is a combination
of the self-emitted radiance and the reflected background radiance. The self-emitted radiance component is a
function of the temperature-dependent blackbody radiation and the view-dependent directional emissivity. The
reflected background radiance component depends on the bidirectional reflectance distribution function (BRDF)
of the surface, the incident radiance from surrounding sources, and the BRDF for each of these background
sources. Inside a cavity, the background radiance emanating from any of the multiple internal surfaces will be a
combination of the self-emitted and reflected energy from the other internal surfaces as well as the downwelling
sky radiance. This scenario provides for a complex radiometric inversion problem in order to arrive at the absolute
temperature of any of these internal surfaces. The cavernous target has often been assumed to be a blackbody,
but in field experiments it has been determined that this assumption does not always provide an accurate surface
temperature. The Digital Imaging and Remote Sensing Image Generation (DIRSIG) modeling tool is being used
to represent a cavity target. The model demonstrates the dependence of the radiance reaching the sensor on the
emissivity of the internal surfaces and the multiple internal interactions between all the surfaces that make up
the overall target. The cavity model is extended to a detailed model of a mechanical draft cooling tower. The
predictions of derived temperature from this model are compared to those derived from actual infrared imagery
collected with a helicopter-based broadband infrared imaging system collected over an operating tower located
at the Savannah River National Laboratory site.
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1. INTRODUCTION
The temperature of a target may be estimated from remotely sensed thermal infrared imager provided information
about the emissivity is known. Differences between the apparent temperature determined for an object from
observed thermal data may result from either differences from the assumed optical properties, such as emissivity
and reflectance, or from differences in the bulk properties and temperature, or from the geometry of the object
[1]. The radiance from a target of interest is a composite of the self-emission of the target surface and the
reflected radiance from background sources. For an exposed, level surface the reflected background is the reflected
downwelled radiance from the skydome. For a cavernous object, the background radiance is a collection of the
self-emitted and reflected energies from the interior surfaces of the cavity as well as the downwelling sky radiance.
The apparent temperature of the cavity is therefore dependent on the optical and bulk properties of the cavity
surfaces and on the internal geometry of the cavity. The DIRSIG software was used to model a cavity to study
such effects. DIRSIG is a first principles physics-based synthetic image generation application developed by the
Digital Imaging and Remote Sensing (DIRS) Laboratory at the Rochester Institute of Technology (RIT) [2]. A
study was performed to determine the effect of the number of internal reflections and of the properties of the
internal surfaces on the derived temperature of the cavity and those results are presented here.
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2. BACKGROUND

All materials both emit and reflect radiant energy. The emitted energy is a result of the temperature of the
object. The reflected energy is the result of radiant energy from background sources scattering off the object.
Both sources of energy must be taken into account when extracting the apparent temperature of a target.

2.1. Self-Emitted Radiance
Self emission from a blackbody is dependent on the temperature of the object and is defined through Planck’s
equation as,
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where h is Planck’s constant, c is the speed of light in vacuum, k is Boltzmann’s constant, T is the temperature
of the object, and λ is the wavelength. Real-world objects are not perfect emitters and will therefore emit less
radiance than a blackbody. The spectral emissivity, ε(λ), is a measure of the effectiveness of an object as a
radiator. For Lambertian surfaces, the radiance is distributed equally into the hemisphere above the surface [1].
The self-emission for Lambertian surfaces is defined as,

L(λ, T ) = ε(λ)LBB(λ, T )
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Most materials are not Lambertian and will radiate more in some directions than in others. The emissivity term
is modified to incorporate this dependence on view angle. The self-emission for non-Lambertian surfaces is then,

L(θ, φ, λ, T ) = ε(θ, φ, λ)LBB(λ, T )
[
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]
. (3)

The term ε(θ, φ, λ) is known as the directional emissivity.

2.2. Reflected Radiance
The reflective analog of directional emissivity is the bidirectional reflectance distribution function (BRDF). It is
defined as the ratio of the radiance, L, reflected from the surface into the direction (θr, φr) to the irradiance, E,
incident on the surface from direction (θi, φi) [3]. The unpolarized BRDF is stated mathematically as,

ρ(θi, φi, θr, φr, λ) =
L(θr, φr , λ)
E(θi, φi, λ)

[
sr−1

]
. (4)

The BRDF describes the distribution of reflected radiance into the hemisphere from a given source geometry. It
can be thought of as a probability distribution function for the reflected radiance in any direction [3]. Figure (1)
illustrates various BRDF shapes for different materials.

The integral of the BRDF over the hemisphere yields the directional hemispherical reflectance,

ρ(θi, φi, λ) =
∫

2π

ρ(θi, φi, θr, φr, λ) cos(θr)dωr. (5)

Most materials are isotropic so the azimuthal dependence in equation (5) can be ignored so that,

ρ(θi, φi, λ) = ρ(θ, λ). (6)

The directional emissivity in equation (3) can be computed under Kirchhoff assumptions as,

ε(θ, λ) = 1 − ρ(θ, λ). (7)

The angular dependence is usually ignored to arrive at the familiar reflectance and emissivity of a material,

ε(λ) = 1 − ρ(λ). (8)
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