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Abstract

Based on simulated atmospheric and sensor effects, we identify spectral resolution and
per-channel signal-to-noise ratio (SNR) requirements for thermal infrared spectrometers
that allow effluent quantification to any desired precision. This work is based on the use
of MODTRAN-4 to explore the effects of temperature contrast and effluent concentration
on the spectral slopes of particular absorption features. These slopes can be estimated
from remotely sensed spectral data by use of least-squares techniques. The precision of
these estimates is based on two factors related to spectral quality: the number of spectral
samples that lie along an absorption feature and the radiometric accuracy of the samples
themselves. The least-squares process also calculates the slope estimation error variance,
which is related to the effluent quantification uncertainty by the same function that maps
the slope itself to effluent quantity. The effluent quantification precision is thus shown to
be a function of the spacing between spectral channels and the per-channel SNR.

The relationship between SNR, channel spacing and effluent quantification precision is
expressed as an equation defining a surface of constant "difficulty." This surface can be
used to evaluate parameter sensitivities of sensors in design, to appropriately task sensors,
or to evaluate effluent quantification tasks in terms of feasibility.

1. Introduction

Long-wave infrared (LWIR) spectroscopy is being developed as a technology for remote
site characterization because it offers a day/night capability to sense the relatively unique
material signatures associated with mineral surfaces [1], atmospheric gases [2], and
effluent chemicals [3]. In particular, effluent gases such as those associated with
industrial activity are well characterized by their LWIR absorption features [4], and can
be sensed in quantities useful in environmental monitoring [5] or treaty verification
applications [6].
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To investigate the capability of LWIR sensing, imaging spectrometers have been
constructed and test campaigns are underway [5, 7]. Fundamentally, however, imaging
spectroscopy involves a trade-off between system parameters that must be optimized for
specific tasks. For example, a system designer may have a requirement to quantify a
certain material with a minimum uncertainty, and may choose to meet that requirement
by specifying the sensor' s spectral resolution. This choice may limit the integration time
possible, which constrains the sensor's feasible signal-to-noise ratio (SNR). This paper
attempts to quantify the effect of those trades for the task of effluent gas quantification.

Specifically, we identify three parameters of interest in sensor design: the number of
spectral channels in the 8 — 13 micron band, the per-channel SNR and the quantification
uncertainty permitted. We explore the trade space spanned by these parameters and
identify sensor operating points within that space (i.e., effluent quantification
uncertainties characteristic of a sensor with given number of channels and per-channel
SNR). Quantification uncertainty is calculated as the standard deviation of a quantity
estimate, and has the same units as quantity: ppm-m-K, the product of effluent
concentration (in parts per million), plume thickness (in meters) and temperature contrast
(in Kelvin), parameters generally inseparable from a single-view image. It is calculated
by a least squares estimation of the slope of an absorption line. These sensor operating
points are fit to a plane of constant spectral quality; this plane can be used to evaluate
parameter sensitivities of sensors in design, to appropriately task sensors, or to evaluate
effluent quantification tasks in terms of feasibility.

2. Effluent Remote Sensing using LWIR HSI

The phenomenon [8] exploited by LWIR spectroscopy is thermal energy radiated or
reflected by the surface of the earth or by overlying clouds or gas plume. The
contribution of solar illumination is negligible (even in day-time sensing), except to the
extent that it warms the earth's surface. Figure 1 shows the major terms that contribute to
the radiance measured by the sensor.

Figure 1: Contributions to sensor radiance in both the presence and absence of an
effluent plume.
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The figure shows the radiance from two regions, one clear of plume gases, and another in
which contributions from near the surface are affected by plume absorption and emission.
We will be assuming that for each plume pixel identified, a background spectrum will
also be available to provide a contrasting signature; identification of such spectra is an
ongoing area of research [4] . The difference between the plume and the background
pixel will be called the differential radiance (AL), and can be written in terms of the
contribution of the twelve components shown in Figure 1 . These components will be
considered in groups and discussed below.

The first group to be considered is the path radiance, designated L1, L4, and L. In this
treatment, we will assume that the plume lies close to the surface and that little of the
path radiance originates below the plume, hence L4 = 0 and L1= L6. The contribution of
these terms to the differential radiance is thus ignored:

ALpath 0.

The second group to be considered is the reflected components, L2, L7, L8, L, L10, and
1 . Two of these components, L8, and are reflected path radiance originating below

the plume, and are negligible because the plume lies close to the surface. The L10 term
(reflected off the plume) is generally very small as well [9] and will also be neglected.
The remaining terms are L2, L7, and L9, representing energy reflected off the ground. The
differential plume radiance contribution from these terms is

ALreflL7 +LL2.

The final group to consider is the surface radiance, which is usually the most significant
radiance received at the sensor. The radiance difference from the surface due to an
overlying plume is

L\Lf = L12 L3.

The total radiance difference is obtained by combining these terms and adding the plume
radiance (L5):

AL = Lpiume + AL path + ALrefl + ALsfc
= L5 + L7 + L9 + L12 — L2—L3.

Evaluating each term [9], and combining common factors the radiance difference can be
approximated by:
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