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1. INTRODUCTION

This technical note (TN) describes a methodology used by the U.S. Army Combat
Capabilities Development Command (DEVCOM) Analysis Center for spectral
measurement of downwelling path radiance (DPR). DPR is the radiance from the sky
that is incident on the ground and includes contributions from aerosol scattering, as well
as emission and absorption from atmospheric gases. A Fourier transform infrared
(FTIR) spectrometer is used to measure DPR, and the result is calibrated spectral
radiance in the mid-wave infrared (MWIR) and long-wave infrared (LWIR) spectral
regions. Measured DPR data can be used to estimate atmospheric parameters such as
ambient temperature, relative humidity, cloud cover, transmission, and more.

In this TN, we provide a short description of the theory and physical mechanisms that
contribute to the DPR, offer details on FTIR spectrometer systems, and conclude with
samples of measured spectral DPR data. Subsequent sections will provide a description
of the experimental setup used during the DPR measurement and FTIR spectrometer
theory. We will show the measured DPR and provide a brief analysis of the data.




2. ATMOSPHERIC PROCESSES

A brief description of the atmospheric mechanisms responsible for the DPR is given
here. It is important to note that we are not atmospheric scientists, and a rigorous
description is beyond the scope of this TN.

The atmosphere surrounds the Earth and protects it from harmful radiation, such as
ultraviolet (UV) radiation, and objects such as meteors. The atmosphere comprises
gases and aerosols (suspended particles) at temperatures and pressures that vary with
altitude.” Most of the gases and aerosols are found in the troposphere, which is a layer
of the atmosphere that extends from the ground to an altitude of about 11 km."

The total sky radiance incident on the Earth’s surface includes components from
scattered solar radiation and emission from gases in the atmosphere. The scattered
radiation only occurs when the sun is out and is more pronounced at shorter
wavelengths, such as the visible (VIS) and near-infrared (NIR).? The gaseous emission
is present during all hours and is more pronounced at longer wavelengths, such as the
LWIR.3

In 1859, Gustav Kirchoff developed his laws of spectroscopy.* These laws describe the
spectra emitted by an object, depending on its temperature, state, and pressure. There
are three laws, and they can be stated as follows:

1. A hot solid or liquid, or a gas under high pressure, will emit a continuous
spectrum (also known as a continuum).

2. A hot gas, when under low pressure, will emit discrete narrow emission lines.

3. When a hot gas under low pressure is in front of an object that is emitting a
continuum, the gas will absorb a portion of the emitted continuum, resulting in an
absorption spectrum. The wavelength of the absorption features is the same as
the emission lines for the gas.

The atmospheric radiance created from solar scattering and thermal emission is called
the path radiance.® This path radiance is absorbed by atmospheric gases such as water
(H20) and carbon dioxide (COz2) that are between the sensor and target. Plots of path
radiance and atmospheric absorption in the MWIR spectral region are shown in Figures
1 and 2, respectively. The plots were created using the MODerate resolution
atmospheric TRANsmission (MODTRAN) atmospheric modeling software.®
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Atmospheric path radiance in the MWIR spectral region
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Atmospheric transmission in the MWIR spectral region




3. EXPERIMENTAL METHODS

The experimental setup for DPR measurement is depicted in Figure 3. A plane mirror
was mounted on a tripod and tilted at an angle of 45°. The tilted mirror was placed
directly in front of the FTIR spectrometer, which is also mounted on a tripod. This
configuration ensures that the spectrometer’s field of view (FOV) is filled with the DPR.
Immediately after data of the DPR are collected, the FTIR is calibrated by measuring
large area blackbody (LABB) calibration sources that are operated at two different
temperatures. One of the LABBs is set at a temperature less than the ambient air
temperature, and the other is set at a temperature greater than the ambient air
temperature. The spectral exitance of the LABB at a given temperature is calculated
from Planck’s law, as given by Equation (1).”

FTIR | [_]

Figure 3. Experimental setup for DPR measurement

LA T) = —2he (1)

15<e{m}—1>

where T is the blackbody temperature (K),
A (m) is the wavelength,
h =6.626 x 1034 (J*s) is the Planck constant,
c =2.998 x 108 (m/s) is the speed of light, and

k =1.381 x 1022 (J/K) is the Boltzmann constant.




4. INSTRUMENTATION

This section provides a theoretical description of the FTIR spectrometer used to
measure the DPR. We start by describing the Michelson interferometer, which is the
basis for the FTIR, and then describe the specific FTIR used by the DEVCOM Analysis
Center (DAC) for the DPR measurements. Much of this material comes from the
author's New Mexico State University master’s thesis.?

At the heart of an FTIR is something called a Michelson interferometer, which was
invented by Albert A. Michelson in 1880.° The Michelson interferometer consists of two
flat mirrors located at 90° to each other with a beam splitter mounted on the 45° line that
separates the two mirrors (Figure 4). A beam of radiation from a source is divided into
two distinct paths at the beam splitter. One of the reflecting mirrors is typically mounted
on a movable micrometer, which allows the path length of the corresponding beam to
be changed, thus changing the phase relationship between the two beams. When the
two beams recombine, they interfere with each other, which creates a “fringe” irradiance
pattern at the detector.

Basic Michelson Interferometer
M1 | |
A BS
Radiation from ]
source
P Motion
- « > | < >
Output beam to
source O B
M2
Detector
Figure 4. Michelson interferometer configuration




The difference in path length between the two beams is called optical path difference
(OPD) or retardation and is normally denoted by the Greek letter 5. As indicated in
Figure 4, after the beams that are split from the input beam reflect off the mirrors and
recombine at the beam splitter, two output beams are created. One of the output beams
is reflected to the detector and the other beam is transmitted out of the front of the
interferometer in the direction of the light source.

Strictly speaking, the movable mirror in a Michelson interferometer is not moved in a
continuous fashion. An FTIR is a variant of the Michelson interferometer, in which the
movable mirror is moved rapidly at a constant velocity. When the mirror has traveled the
required distance, which is dictated by the required spectral resolution, it is quickly
returned to the start position to begin the next scan.

During the motion of the moving mirror, each wavelength of the light from the source is
modulated at a unique frequency that is a function of the wavelength of the light and the
velocity of the moving mirror. As the mirror is moved, the two beams interfere with
different phases. This creates irradiance variations due to interference. At a given
retardation, the interference is constructive for some frequencies and destructive for
others. Because the retardation is constantly changing, the various frequencies present
in the beam are modulated at different rates.

The interference pattern created from the two modulated beams is called an
interferogram, since it results from the interference of all the wavelengths contained in
the input beam.® An interferogram is the electrical signal at the output of the detector as
a function of the retardation and is a coded representation of the target spectrum. A plot
of an interferogram is shown in Figure 5. The peak amplitude near the center of the
interferogram is known as the zero-path difference (ZPD) point. This is the point in the
scan where the mirrors are equidistant from the beam splitter and 5=0.
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Figure 5. Sample interferogram created by an FTIR

For monochromatic light of intensity /o, the intensity of the interferogram as a function of
retardation (6 = 2(OB - OA) in Figure 4) and wavenumber (v = 1/1) is given by

1(6,v)=(,/2)[1+cos(2nVvI)] (2)

For polychromatic light, the total intensity of the interferogram is the sum of the
monochromatic interferograms as given by

1(5) = j[(a,v)dv = j (1, /2)[1+ cos(2zvS)ldv 3)

The interferogram is just a Fourier cosine transform of the incoming light from the
source. Therefore, by computing the inverse Fourier transform of the interferogram, we
obtain the spectral radiance of the source.®

The DPR data presented in this TN were collected using a Bomem model MR304 FTIR.
It is a two-detector system that is spectrally responsive from 2 to 15 um. Indium
antimonide (InSb) and mercury cadmium telluride (MCT) detectors are used, where
both are cooled with Stirling coolers. The spectral resolution and scan rate are inversely
proportional to each other and are selected for a particular experiment based on the
data requirements for that experiment. As the spectral resolution is increased (smaller
wavenumber value), the length of each scan is also increased, and this results in a
lower scan rate. The spectral resolution varies from 1 wavenumber (cm') to 128 cm™.
The scan rate varies from 7 scans per second at 1 cm™' and 130 scans per second at




128 cm~'. There are three telescopes available for the FTIR with FOVs of 5 mrad, 28
mrad, and 75 mrad. The MR304 spectrometer with the 5-mrad telescope attached is
shown in Figure 6.

Figure 6. Bomem MR304 FTS with 5-mrad telescope attached

The Bomem FTIR utilizes the “wishbone arm” modulator consisting of an arm that pivots
on an axis and retroreflectors, which was developed by Bomem. A diagram of the
interferometer system is shown in Figure 7. Unlike traditional Michelson interferometers,
no light is reflected out of the input telescope, so it has much better sensitivity. This is
done using parabolic mirrors that reflect the two beams up at an angle of 30° from the
optical axis into the upper part of the interferometer.

The second input beam is from an LNz dewar attached to the side of the FTIR and is
seen in Figure 6 (the burgundy dewar). Operating the Bomem with the dewar attached
to the second input port compensates for the internal emissions of the FTIR. The
emissions add noise to the measured signal.

The Bomem FTIR incorporates a HeNe laser and “white light source” in the
interferometer. Light from both these sources is modulated and detected to synchronize
the digitization of the interferogram at the ZPD point. Digitization of the interferogram
requires precise monitoring of the OPD in the interferometer. The monochromatic laser
radiation gives a sinusoidal interferogram that is detected and digitized to provide the
OPD information. Digitization of the IR interferogram is triggered at the zero crossings of
the laser fringe signal. The laser signal is also used to derive wavenumber information.




5. RESULTS AND DISCUSSION

Samples of measured and modeled DPR data are presented in this section. The
measured data were collected on 9 April 2022 at 2132 local time at a tropical location.
The ambient air temperature at the time of the measurement was about 75 °F and the
dew point was 65 °F, as reported by a local weather website. The raw data were
calibrated with measurements of LABBs operated at temperatures of 23 °C and 150 °C.
Plots of calibrated DPR data are shown in Figure 7. Both figures show the radiance
calculated for a blackbody at 75 °F (from Equation (1)) and the measured spectral
radiance. In accordance with Kirchoff’s first law of spectroscopy, the DPR was modeled
as a continuum and calculated using Planck’s law. There is a plethora of more
sophisticated models to calculate atmospheric effects,’®'" but we chose to use Planck’s
law for this comparison. Data collected with the InSb detector is shown in the left plot,
and data collected with the MCT detector in the right plot.

DAC FTIR MCT Detector, Collected 9 April 2022 at 2132
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Figure 7. Downwelling radiance data measured with the Bomem on 9 April 2022 at 2132 local
time

As a sanity check, the DPR was modeled with MODTRAN and the results are shown in
Figure 8. The model was run for the same date and time as the measured data. The
modeled spectral radiance is in good agreement with the measured spectral radiance,
in terms of both the curve shapes and amplitudes, although there are some differences.
In particular, the emissions seen from about 2 to 3 um in the measured data are not as
pronounced in the modeled data. Also, the modeled data are less noisy at the upper
end of the MWIR plot and the lower end of the LWIR plot. It is a fairly common practice
to run dry gaseous nitrogen into an FTIR to purge H20 and COz2 from the instrument’s
interior. We do not have this capability for our FTIR and this may have noise in the data.




The molecules that absorb or emit radiation in a particular spectral region are identified
in the plots. The primary absorbing molecules in the MWIR and LWIR spectral regions
are H20 and COz2." Absorption consists of both local-line and continuum absorption.’
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Figure 8. Downwelling radiance data on 9 April 2022 at 2132 local time, modeled with MODTRAN
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6. CONCLUSION

In this TN we described a process for measuring the DPR. The atmospheric
mechanisms that create the DPR were discussed, as was the FTIR spectrometer used
to measure DPR. We presented measured spectral DPR data and compared it to
modeled DPR spectra that were created using the MODTRAN atmospheric modeling
software. The measured and modeled data were in good agreement in terms of both the
curve shapes and amplitudes. The measured data contained some features not seen in
the modeled data. It is possible that the extra features were caused by H20 and CO:
inside the FTIR. It is common practice to run dry gaseous nitrogen into an FTIR to purge
these gases, but our Bomem FTIR lacks this capability.

The measured data were compared to the theoretical radiance of the sky, calculated
from Planck’s law for an object at the ambient air temperature at the time of the
measurement. The measurement was done during nighttime hours, therefore there
were no solar scattering effects in the measured DPR data. We identified specific
atmospheric molecules that absorb and emit in the plots created from MODTRAN. We
discussed Kirchoff's three laws of spectroscopy and saw how the DPR can be
described by these laws. Specifically, molecules in the atmosphere are heated by the
sun and emit a continuum. The continuum is absorbed by cooler molecules in the path
between the emission and the ground, and this absorption is a combination of local-line
and continuum absorption. The good agreement between measured and modeled DPR
data provides confidence in our measurements and the methodology utilized for the
measurements.
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