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Abstract; Detection, identification, and quantification of greenhouse gases is essential to ensure
compliance with regulatory guidelines and mitigate damage associated with anthropogenic climate
change. Passive infrared hyperspectral imaging technology is among the solutions that can detect,
identify and quantify multiple greenhouse gases simultaneously. The Telops Hyper-Cam Airborne
Platform is an established system for aerial thermal infrared hyperspectral measurements for gas
survey applications. In support of the Hypercam, is developing a suite of hyperspectral imaging data
processing algorithms that allow for gas detection, identification, and quantification in real-time. In the
Fall of 2020, the Hyper-Cam-LW Airborne platform was flown above a validated SF6 gas release
system to collect hyperspectral data for gas quantification analysis. This measurement campaign was
performed to document performance of the Hyper-Cam gas quantification capabilities against known

quantities of released gas.
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1. Introduction

Detection, identification, and quantification of greenhouse gases
and other environmental pollutants is a measurement challenge
of ever-increasing importance to the efforts to mitigate the
effects of Climate Change. Thermal infrared hyperspectral ima-
ging is well-suited to these tasks, yielding an information-rich
data product containing a continuous, high-resolution infrared
radiance spectrum for each pixel in the FPA detector. This
three-dimensional data product is often referred to as a hyper-
cube and can be used to characterize the spatial distribution
of chemical species within a large scene. When combined with
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Fig. 1. Telops Hyper-Cam LW Airborne Platform (left) and the new
Hyper-Cam Airborne Mini (right)

Rys. 1. Platforma lotnicza Telops Hyper-Cam LW (po lewej) i nowa
Hyper-Cam Airborne Mini (po prawej)

an aerial survey platform, thermal infrared hyperspectral ima-
ging represents a powerful tool for monitoring for fugitive gas
emissions over wide areas.

Telops has been designing and manufacturing high-perfor-
mance thermal infrared hyperspectral imaging systems for
over 20 years, primarily through the commercially available
Hyper-Cam line. The Hyper-Cam is a passive, FTIR-based
thermal infrared hyperspectral imaging system that allows
for the generation of 320 x 256 pixel hypercubes with user-
-selectable spectral resolution down to 0.25 cm™ [1]. Installa-
tion of the Hyper-Cam sensor into an aircraft is enabled by
the Hyper-Cam Airborne Platform. The Airborne Platform is
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a stabilization platform equipped with GPS and IMU tech-
nology for georeferencing and tracking aircraft movement in
flight. The data collected by the positioning sensors is utilized
to control an image motion compensation mirror that allows
for high-quality measurements of a specific target or pre-deter-
mined area.

While the current generation of Hyper-Cam and Airborne
platform have been successfully deployed on hundreds of mea-
surement campaigns, Telops has launched the next-genera-
tion airborne hyperspectral system, the Hyper-Cam Airborne
Mini. The Hyper-Cam Airborne Mini maintains the flexibility
and high-performance measurement capabilities of the original
Hyper-Cam while significantly reducing instrument footprint
and weight (< 25 kg for optical head and processing box).
This allows operation from a significantly increased popula-
tion of aerial platforms compared to the original Hyper-Cam
Airborne Platform.

Telops has utilized the legacy Hyper-Cam Airborne sys-
tem to aid in development of automated hyperspectral data
exploitation processes that can be executed in real-time to
quickly provide quantitative results. The collected data is ana-
lyzed by robust quantitative algorithms utilizing a full radia-
tive transfer model and several assumptions or measurements
of scene parameters. This report presents the results of a mea-
surement campaign performed in Fall 2020 designed to validate
the performance of Telops data processing algorithms for aerial
gas detection, identification, and quantification tasks using
data acquired by legacy Hyper-Cam LW Airborne system with
the overall goal of implementation on the new Hyper-Cam Air-
borne Mini platform.

2. Experimental

The Fall 2020 measurement campaign was performed over the
Telops factory in Quebec City. On the ground, a quantitative
gas release system was constructed consisting of a cylinder of
compressed SF6 and a variable mass flow meter as shown in
Fig. 2. This system was used to release a series of gas “puffs”
of known mass by monitoring the gas flow rate and the length
of time of the release.

The experimental design called for the production of spatially
separated gas clouds of known mass which was to be accom-
plished by releasing gas to form a cloud, turning off the gas to
allow the cloud to drift with the wind, and then releasing gas
again to form another cloud. Unfortunately, due to lower than

Fig. 2. Validated SF6 gas release system (center), blue tarp for
spectral reference (left), and weather station (right)

Rys. 2. System uwalniania gazu SF6 (w $rodku), niebieska plandeka dla
odniesienia spektralnego (po lewej) i stacja meteorologiczna (po prawej)
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predicted wind speeds on the day of the measurement campa-
ign, the dissipation of the initial gas clouds was insufficient to
yield clear separation from the next gas cloud. Despite these
limitations, data collection and analysis proceeded as planned.

With the quantitative gas release system validated and ope-
rational, the Hyper-Cam LW Airborne Platform was installed
into a small aircraft and flown over the gas release site at an alti-
tude of 850 m AGL. Infrared hyperspectral data collection and
quantification were performed in real-time and gas quantification
maps were produced in the dead-time prior to aircraft landing.

3. Principles of gas quantification

The first step toward quantifying gas emissions is to detect
and identify the substance. This is accomplished using Telops
Reveal ADI software which allows for chemical imaging of
multiple gases simultaneously on an interactive interface (refer
to Fig. 3). The Reveal ADI software uses a powerful and spe-
cialized generalized likelihood ratio algorithm (GLRT) [1-3].

O bt LY

Fig. 3. Reveal Airborne Detect and Identify (D&l) Software
Rys. 8. Ekran oprogramowania Reveal Airborne Detect and Identify (D&I)

The second step is to produce the column path concentration
map of the gas plume (in units of ppm - m) from the acquired
spectral radiance datacube. This is accomplished using a rapid
gas quantification retrieval algorithm [4, 5]located between
object (background. At its core lies a physical radiative trans-
fer model. More precisely, the total radiation from a pixel in the
gas plume measured by the camera can be expressed as:

Lal,m (1)

Whereas the total radiation from a pixel outside the gas
plume is:

B Tgas) ' L( T;as) + (1 o Ta,tm) :

gas Tgas' Tal,m. Lbkg + Tatm. (1

L.,=L -7

ref bkg atm

+ (1 - Tatm) ’ Lutm (2)

where: L~ radiance measured by the camera, T - transmittance

gas g
of the gas, T, — transmittance of the atmosphere, (1-1 ) - L(T)
~ radiance of the gas plume at the temperature of the gas T,
L, - radiance emitted by the atmosphere, me — radiance from

a pixel outside of the gas plume.

By making assumptions such as a constant plume temperature
across the column path, a localized gas plume and a gas plume
temperature equal to the atmospheric temperature, it is possible
to solve for T and thus obtain the gas concentration values.

L as L Ta m
Tgas = - ( : ) (3)
Lref -L (Tatm)

It is worth noting that the algorithm uses the brightness
temperature of strong water vapor spectral lines to estimate
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the atmospheric temperature (7, ). A principal component
analysis (PCA) is performed on the image to help select back-
ground pixels and thus estimate L » Homogeneous media are
characterized by constant spectral absorption coefficients.
Consequently, the light transmittance through a layer of such
media having a thickness [, a concentration N and an absorp-

tion cross-section « is expressed as:

T, = exp[ — Nall (4)
Equation 4 imposes an important limitation to any retrieval
procedure. Since the transmittance of any layer depends, for
each gas species, on the product Nou/, called the column den-
sity, this product remains indivisible. For this reason, the
results are quoted in path length units or ppm x m [6].
Assuming spherical symmetry of the plume it is possible to
estimate local concentrations in units of ppm. Knowing the
nature of the gas, its extent as well as the specifics of the cam-
era (field-of-view, distance to the gas plume), the concentration
results can be expressed as total gas mass in units of grams.

4. Results

A typical quantitative detection report generated by the
Hyper-Cam LW is given in Fig. 4. The detection report shows
the black and white broadband infrared image of the scene
with colored pixels superimposed to indicate detection of the
compound of interest (SF6 for this measurement campaign).
We can see that despite the low wind speed conditions, we
are still able to observe some amount of spatial separation
between subsequent gas puffs. The report also shows various
measurement parameters including measurement date and
time, GPS coordinates and bearing of the aircraft, and phy-
sical dimensions represented by the image. Additionally, the
detection report displays information about the detection as
well including the number of pixels containing the signature
of interest, the physical dimensions of the detected gas cloud,
and the quantity of gas detected in grams.

The compiled quantitative results of the measurement
campaign are given in Tab. 1. Prior to the measurement
campaign, Telops established an acceptance criterion stating
that a quantification would be deemed successful if the total
quantity of gas determined by the quantification algorithms
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G5 : 56804668, 7132656

Bearing : -126*

Image Sze {m x bz 1 182mx 170m

Total Images P 1 15720 plcels

Real-Time Mode : Quansfication

Fierame : Targetng Telops, Scr-1 Brav_J0200919_06315:458, (1 (...}
RleaseDen) sackaece. s

TEL@P S

Fig. 3. Hyper-Cam LW detection report showing spatial distribution of
detected SF6 and total gas quantity

Rys. 3. Raport z detekcji Hyper-Cam LW pokazujacy rozktad przestrzenny
wykrytego SF6 i catkowitg ilo$¢ gazu

was within an order of magnitude of the total gas released
in a single puff. Two separate quantification algorithms were
employed for data analysis. The “Live Quantitation” column
represents the quantitative results generated by the real-time
quantification algorithm while the “Improved Model Quanti-
tation” column represents the quantitative results generated
by an improved algorithm applied in post-processing. The
algorithms are described in paper [7] and are based on cloud
detection using SMF filters, clustering-based selected-band
method and then through a spectral smoothness algorithm
on a homogeneous subimage to estimate atmospheric profiles
(temperature, water vapor), surface emissivity, and surface
temperature gas concentration estimation is determined.

Tab. 1. Compiled quantitative results from selected analysis
Tab. 1. Zestawienie wynikdw ilosciowych z wybranych testéw

Test 1 2 3 4
. Targeting | Targeting | Targeting | Mapping
Mission Type
6 cm! 6 cm! 6 cm! 6 cm!
Quantity Released 2.5 g/puff | 6.8 g/puff | 1.1 g/puff | 1.9 g/puff
Y ) 4 puffs 4 puffs 2 puffs 3 puffs
Real-Ti N
car e 215223 | 2.4-3.82 ° 0.3
Quantitation [g] detection
Difference Between
Measurement and 11-14 44-65 84
Release [%]
I d Model
Mproved AT0CCt 1 090213 | 177379 | 0.19 0.34
Quantitation [g]
% Difference Between
Measurement and 15-64 44-74 83 82
Release

The first three columns of Tab. 1 represent data acquired
with the Hyper-Cam operating in targeting mode with a spec-
tral resolution of 6 cm™. Targeting mode makes use of the
airborne platform pointing mirror to allow the Hyper-Cam to
dwell on a specific target and collect additional hypercubes for
data quality improvement. For Tests 1 and 2, both the real-
time quantitation and the post-processing improved quantita-
tion algorithms yielded results within the acceptance criteria
established prior to the measurement campaign. For test 2,
the gas concentration was determined with more error due
to the change in prevailing weather conditions: it increased
the wind speed by 25 % compared to test 1. For Test 3, the
real-time quantitation algorithm was unable to detect the
released gas. Test 3 involved releasing 1.1 grams of SF6 per
puff which is the lowest quantity tested during this measure-
ment campaign. There are many factors that may contribute
to the real-time non-detection including local wind conditions
and Hyper-Cam detection limits, and these experimental fac-
tors are the focus of future development work. Nevertheless,
despite the failure to detect and quantify in real-time, the
post-processing improved quantitation algorithm was able to
successfully detect and quantify SF6 within the acceptance
criteria.

Test 4 represents data acquired with the Hyper-Cam oper-
ating in mapping mode with a spectral resolution of 6 cm™.
When operating in mapping mode, the airborne platform
pointing mirror tracks consecutive ground patches with
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a given swath width and hypercubes are acquired as the air-
craft travels. Mapping mode allows for the creation of hyper-
spectral maps over large areas, but does not allow the user
to dwell over a specific target for improved data quality like
Targeting mode. Despite the expected decrease in data qual-
ity, both the real-time and post-processing quantitation algo-
rithms were successfully applied to the collected hyperspectral
data. Both algorithms were able to generate quantitation
results within an order of magnitude of the total gas released,
which is encouraging given the low mass of 1.9 g per puff.

5. Conclusions

Telops Hyper-Cam Airborne platform is a well-established
tool for large-are gas detection, identification, and quantifica-
tion tasks. The Fall 2020 measurement campaign successfully
demonstrated the performance of both a real-time and a post-
-processing algorithm in retrieving accurate gas concentration
values from samples generated by a validated gas release sys-
tem. For this measurement campaign, a successful analysis
was defined as one in which the quantitation algorithm yiel-
ded a total gas quantity within an order of magnitude of the
gas quantity released. The real-time quantitation algorithm
was able to generate a successful analysis for three out of four
total tests, with the lone unsuccessful analysis coming on the
lowest released concentration. The Improved Model post-pro-
cessing algorithm generated four out of four successful tests.
These results demonstrate the utility of Telops aerial thermal
infrared hyperspectral imaging platform for gas detection,
identification, and quantification. Future research directions
include optimizing the quantitation algorithms for use with
the Hyper-Cam Airborne Mini which allows for deployment
on a significantly expanded set of aerial platforms.
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Wykrywanie, identyfikacja i kwantyfikacja punktowych
zrodet emisji SF6 z uzyciem Hyper-Cam LW zainstalowanego

na platformie powietrzne)

Streszczenie: Wykrywanie, identyfikacja i kwantyfikacja gazéw cieplarnianych jest niezbedna

do zapewnienia zgodnosci z wytycznymi regulacyjnymi i ztagodzenia szkdd zwigzanych

z antropogenicznymi zmianami klimatu. Technologia pasywnego obrazowania hiperspektralnego
w podczerwieni nalezy do rozwigzan, ktére mogg wykrywac, identyfikowac i kwantyfikowac wiele
gazdw cieplarnianych jednoczesnie. Platforma lotnicza Telops Hyper-Cam jest uznanym systemem
do lotniczych pomiarow hiperspektralnych w termicznej podczerwieni do zastosowan zwigzanych

z badaniem gazéw. W ramach wsparcia dla Hypercam, opracowywany jest zestaw algorytmow
przetwarzania danych obrazowania hiperspekiralnego, kidre pozwalajg na wykrywanie, identyfikacje
i kwantyfikacje gazéw w czasie rzeczywistym. Jesienig 2020 r. platforma Hyper-Cam-LW Airborne
zostata umieszczona nad zatwierdzonym systemem uwalniania gazu SF6 w celu zebrania danych
hiperspektralnych do analizy kwantyfikacji gazu. Ta kampania pomiarowa zostata przeprowadzona
w celu udokumentowania wydajnosci mozliwosci kwantyfikacji gazu Hyper-Cam w odniesieniu do

znanych ilosci uwolnionego gazu.

Stowa kluczowe: obrazowanie hiperspektralne, detekdja gazu, kwantyfikacja, obrazowanie spektralne, obrazowanie termiczne, podczerwien, zdalna detekcja
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