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Spectra of light

http://www.masterflex.com/TechLibraryArticle/1396

http://www.masterflex.com/TechLibraryArticle/1396


Human Eye — a simple 3-band spectrometer

http://oceanoptics.com/wp-content/uploads/human_spectral_sensitivity_to_color-01.jpg

Resolution 
(50-100nm)

http://oceanoptics.com/wp-content/uploads/human_spectral_sensitivity_to_color-01.jpg


High Performance 
Spectrometers

• We are measuring light with “hundreds to thousands” of colors, in the 
visible and short-wave infrared (AVIRIS-NG) as well as Thermal 
Infrared (HyTES)


• This enables us to see “fingerprints” of methane, caused by specific 
absorption features (same principle that causes radiative forcing)

AVIRIS-NG HyTES
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Water vapor isotope and methane retrievals from GOSAT
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Figure 4: Comparison of a typical SCIAMACHY Nadir spectrum (top, 1.3 nm FWHM of the Instrumental
Line Shape) and a GOSAT spectra (FWHM ⇡ 0.08 nm) consisting of two independent polarization direc-
tion spectra per ground-pixel. The retrieval windows for SCIAMACHY are marked by gray lines and the
intended windows for GOSAT as well. Note that the large amount of dead/bad pixels in SCIAMACHY at
about 1610 nm prevented a CO2 retrieval in this window but it will be used for GOSAT.

easily adapted to different wavelength regions and species using simple parameter input files (no
recompiling). Parts of the SCIAMACHY algorithms have already been prototyped for GOSAT.
The prototype code will be fully implemented in C++, further refined and tested towards being
operational.

1.2.1 Retrieval of column averaged mixing ratios of CH4
As initiated in Frankenberg et al. [2005a], we will retrieve the column averaged mixing ratio of
CH4 (denoted as xCH4) by using concurrently retrieved CO2 as proxy for the light path (accounting
for aerosols, fractional cloud cover, instrumental error):

xCH4 =
VCD(CH4)

VCD(CO2)
· xCO2 ,

where VCD(CH4) and VCD(CO2) are the retrieved vertical column densities of CH4 and CO2,
respectively. xCO2 is the column averaged mixing ratio of CO2 and is a priori unknown. Knowl-
edge about this quantity can either come from climatologies, atmospheric models (such as Car-
bonTracker, Peters et al. [2007]) or xCO2 retrieved using full-physics algorithms and GOSAT
spectra (such as from the JPL ACOS project or Jaxa/NIES, the official data provider for GOSAT).
In the context of this work, we will provide VCD(CH4) and VCD(CO2) independently in addi-
tion to xCH4. This way, the user is not bound to our choice for xCO2, which will either come
from atmospheric models or the GOSAT full-physics CO2 algorithm itself. Initial retrieval tests
using GOSAT data have already been performed and largely benefited from the data infrastructure
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How do we measure 
methane? Absorption Spectroscopy

Spectra —> Concentrations —> global maps 

SCIAMACHY

GOSAT



SCIAMACHY 
!
Scanning Imaging 
Absorption Spectrometer 
for Atmospheric 
Chartography

Nitrogen Dioxide as example 
short-lived —> large variability

http://en.wikipedia.org/wiki/SCIAMACHY

http://en.wikipedia.org/wiki/SCIAMACHY


 
Figure 1: Column methane anomalies and emissions over the conterminous US, a) Average 
SCIAMACHY anomaly from 2003-2009 gridded at 1/3 degree resolution. b) Average 
SCIAMACHY anomaly over just the Four Corners region from 2003-2009. c) EDGAR v4.2 
gridded methane emissions (smoothed with a Gaussian filter). d) Gridded WRF-Chem simulated 
methane anomaly using 3.2 times EDGAR v4.2 emissions for the Four Corners region.  
 

 
Figure 2: Methane enhancement for Four Corners region & US EPA inventory estimates. 
a) Observed (SCIAMACHY 2003-2009 average) and simulated (WRF-Chem) methane over 
Four Corners, with slope (calculated rom 271 points) shown in solid line. Gray data points were 
excluded from the fit. b) US EPA 2013 inventory8 (for 2008) estimate of methane emissions 
associated with petroleum systems, coal mining, and natural gas systems, with our finding for the 
Four Corners region noted, representing nearly 10% of total US methane emissions from natural 
gas systems according to this inventory.  
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4-Corners  
Airborne remote sensing

• Similar principle as satellites


• Take Hyperspectral Images 
from the aircraft in the short-
wave (AVIRIS-NG) and thermal 
range (HyTES)



AVIRIS-NG Next-Generation Airborne Visible/Infrared Imaging Spectrometer 
	 	 	 	 	 http://airbornescience.jpl.nasa.gov/instruments/avirisng

http://airbornescience.jpl.nasa.gov/instruments/avirisng


HyTES Hyperspectral Thermal Emission Spectrometer —  
	 	 	 http://hytes.jpl.nasa.gov/

On#plume)

Off#plume)

Methane absorption feature

http://hytes.jpl.nasa.gov/


A controlled release experiment in Wyoming 
RMOTC — Rocky Mountain Oilfield Testing Center

Andrew K Thorpe1,2*, Christian Frankenberg1, Dar A Roberts2, Andrew D Aubrey1, Robert O Green1, Glynn Hulley1, 
Simon J Hook1 (*akthorpe@geog.ucsb.edu)
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Airborne imaging spectrometers like the next generation 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) 
and the Hyperspectral Thermal Emission Spectrometer 
(HyTES) are well suited for monitoring local methane (CH4) 
sources by covering large regions with the high spatial 
resolution necessary to resolve emissions. As part of a field 
campaign with controlled CH4 releases at the Rocky Mountain 
Oilfield Testing Center (RMOTC), a number of CH4 plumes 
were clearly visible at multiple flux rates and flight altitudes. 
For a range of wind conditions, images of plumes appeared 
consistent with wind direction measured at ground stations. 
While plumes were consistently observed for fluxes as low as 
14.2 m3/h (0.09 kt/year), plumes were also observed down to 
3.4 m3/h (0.02 kt/year).  

This controlled release experiment was used to determine 
methane sensitivity to inform sensor design for future 
imaging spectrometers that could constrain natural and 
anthropogenic methane emissions on local and regional 
scales. Imaging spectrometers permit direct attribution of 
emissions to individual point sources which is particularly 
useful given the large uncertainties associated with 
anthropogenic emissions, including industrial point source 
emissions and fugitive methane from the oil and gas industry.
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Abstract

1) Quantitative CH4 retrievals developed for 
the imaging spectrometers AVIRIS-NG 
and HyTES.

2) For both sensors, distinct plumes 
consistent with local wind direction were 
observed for multiple flux rates. 

3) CH4 mapping capabilities of AVIRIS-NG 
and HyTES are complementary.

4) Imaging spectrometers provide ideal 
balance of spatial coverage and high 
spatial resolution required to attribute 
emissions to individual point sources.

5) Ongoing research suggests retrievals 
from imaging spectrometers can be used 
to constrain emission fluxes.

Summary
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Hybrid CH4 retrieval using SVD 
and IMAP-DOAS with AVIRISng:

For the 5 nm spectral sampling and 6 nm 
FWHM of AVIRIS-NG, distinguishing 
surface features from atmospheric 
absorptions is challenging. Therefore, the 
hybrid approach was developed to 
account for high frequency variation 
present in the scene using Singular Value 
Decomposition (SVD) and Iterative 
Maximum A Posteriori Differential Optical 
Absorption Spectroscopy  (IMAP-DOAS; 
Frankenberg et al., 2004). 

This method determines how much of the 
observed radiance can be associated 
with the CH4 Jacobian from the lowest 
atmospheric layer (from ground to 1.0 km 
altitude) and is used to estimate CH4
concentrations (Fig. 8). Processing steps 
for the hybrid approach are shown in Fig. 
9 and additional details can be found in 
Thorpe et al. (2014).

At the Rocky Mountain Oilfield Testing Center (RMOTC), a controlled release experiment was used to 
assess the CH4 sensitivity of the next generation imaging spectrometers AVIRIS-NG and HyTES for multiple

Fig. 12. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images for three flight altitudes. CH4 enhancements are shown in 
g/m2 and ppm. Plumes appear consistent with the wind speed and direction measured by nearby met 
towers (white arrows). Detection at multiple flight altitudes is a prerequisite for monitoring large areas.

Fig. 2. a. Meteorological tower which measured wind speed 
and direction. b. Trailer tank storing CH4. c. Release point 
with square diffuser.

a) b)

c)

Study site and instruments

AVIRIS-NG: Hybrid CH4 retrieval

HyTES: CH4 detection and quantification

Potential for constraining fluxes

Fig. 10. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-ng quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 and ppm. Plumes 
appear consistent with the wind speed and direction measured by nearby met towers (white arrows). 
For all scenes, flight altitude was 0.58 km above ground level (AGL), resulting in a pixel resolution of 
0.5 m. Plume appears elongated at higher wind speed (6.9 m/s) compared to more compact 
appearance at lower wind speed (1.9 m/s).

Fig. 11. For the same location and a 14.2 m3/h (500 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 as well as ppm, 
and plumes appear consistent with the wind speed and direction measured by nearby met towers 
(white arrows). For all scenes, flight altitude was 0.4 km above ground level (AGL) and the pixel 
resolution is 0.4 m.

Source attribution

Fig. 1. RMOTC is located 30 miles northeast of Casper, Wyoming. Outlined in red, it 
spans 10,000 acres of the Naval Petroleum Reserve No. 3 (NPR-3) and contains a 
number of oil and gas wells (black points). Three CH4 controlled release sites (shown 
in green) included the northern most site (X-N), central site (X-C), and the southern 
site (X-S) (image data provided by RMOTC and the U.S. Dept. of Energy).

Fig. 13. For all flights at multiple altitudes for a range of 
CH4 flux rates and wind speeds, detections indicated by 
green circles (automatic detection by algorithm), green 
crosses denote partial detections (requiring user 
interpretation), and non-detection as red circles. 

Fig. 7. HyTES plume CPL retrieval (ppm-m) in color overlaid on grayscale surface 
temperature image retrieved using the HyTES 11 µm channel. Both examples were 
for a 70.5 m3/h (2,490 scfh) flux with southwest winds. HyTES flight altitude was ~0.5 
km AGL with a pixel resolution of ~0.8 m.

Fig. 5. CH4 plumes detected by HyTES overlaid on a false color map 
of RMOTC. Left: HyTES radiances for bands 150, 100, and 58 plotted 
as RGB for a flight track covering all three release points over 
RMOTC. Middle: Positive plume CMF detection results shown in red 
overlaid on surface temperature image calculated from a single band 
at 11 µm. Right: Quantification results showing the concentration map 
of each plume (units in ppm-m). Red corresponds to higher 
concentrations of the CH4 target gas signature.

Fig. 6. Select data products generated from a flight at 0.41 km AGL (0.7 m) at a 
flux rate of 70.8 m3/h (2,500 scfh). a. False color image. b. Ground temperature 
generated using multiple bands (units in K). c. CH4 detection using CMF algorithm 
(units in CMF score). d. CH4 concentration map generated using CPL retrieval 
method (units in ppm-m).

Fig. 3. a. Twin Otter aircraft at RMOTC with AVIRIS-NG. b. 
HyTES was flown in a second aircraft. Both sensors were 
flown in close succession over the week long flight campaign. 

Plume mapping
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Fig. 9. Processing steps for hybrid CH4 retrieval.

Fig. 8. AVIRIS-NG CH4 transmittance calculated for flight altitude of 1 km 
above ground level (AGL). CH4 retrieval uses 29 spectral channels between 
2,278 and 2,428 nm. CH4 Jacobian (Δ Transmission/Δ Volume mixing ratio) 
has a similar appearance to transmission. 

flux rates. 

AVIRIS-NG measures surface-
reflected upwelling radiance at 
5 nm spectral resolution over 
427 spectral channels from 
380-2,500 nm (VSWIR) with a 
34° field of view (FOV).

HyTES has 256 spectral 
channels in the thermal 
infrared from 7.5–12  μm  
(LWIR) and a wider FOV (50°). 
For the RMOTC experiment, 
both spectrometers were flown 
on Twin Otter aircraft (Fig. 3).

Fig. 4. HyTES CH4 transmittance calculated for 
flight altitude of 2 km above ground level (AGL). 
Detection algorithm uses between 7.63 and 9.24 
µm, and quantitative retrieval uses between 7.63 
to 7.74 µm.

Two algorithms were applied to the HyTES thermal hyperspectral data. 
The first is a targeted detection (Clutter Matched Filter, CMF) which uses 
features between 7.63 and 9.24 µm (91 bands) (Fig. 4). Details of the 
CMF algorithm is provided elsewhere (Young, 2002; Funk et al., 2001; 
Gallagher et al., 2003).

The second is a retrieval algorithm using an on-plume, off-plume 
approach as implemented by Gallagher et al. (2003) using features 
between 7.63 and 7.74 µm (6 bands). The Concentration Pathlength 
retrieval algorithm (CPL) calculates total integrated column CH4
concentration-pathlength (ppm-m) above background. Additional details 
for both techniques can be found in Hulley et al. (in prep).

a) b)

a) b)

c)Fig. 14. a. Observed maximum 
plume length is shown as a 
function of flux and wind speed. 
b. Plume area increases with 
higher flux rates, while wind 
speed has a lesser influence on 
total area. c. Total CH4 (g) also 
increases with flux. These three 
relationships offer the potential to 
constrain fluxes using AVIRIS-
NG CH4 retrievals.

Mapping methane concentrations from a controlled release experiment using airborne imaging spectroscopy

AVIRIS-NG HyTES

0.3 km0.2 km

Fluxes ranging from 100-2500 scfh (cubic feet per hour methane)
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Airborne imaging spectrometers like the next generation 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) 
and the Hyperspectral Thermal Emission Spectrometer 
(HyTES) are well suited for monitoring local methane (CH4) 
sources by covering large regions with the high spatial 
resolution necessary to resolve emissions. As part of a field 
campaign with controlled CH4 releases at the Rocky Mountain 
Oilfield Testing Center (RMOTC), a number of CH4 plumes 
were clearly visible at multiple flux rates and flight altitudes. 
For a range of wind conditions, images of plumes appeared 
consistent with wind direction measured at ground stations. 
While plumes were consistently observed for fluxes as low as 
14.2 m3/h (0.09 kt/year), plumes were also observed down to 
3.4 m3/h (0.02 kt/year).  

This controlled release experiment was used to determine 
methane sensitivity to inform sensor design for future 
imaging spectrometers that could constrain natural and 
anthropogenic methane emissions on local and regional 
scales. Imaging spectrometers permit direct attribution of 
emissions to individual point sources which is particularly 
useful given the large uncertainties associated with 
anthropogenic emissions, including industrial point source 
emissions and fugitive methane from the oil and gas industry.
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Abstract

1) Quantitative CH4 retrievals developed for 
the imaging spectrometers AVIRIS-NG 
and HyTES.

2) For both sensors, distinct plumes 
consistent with local wind direction were 
observed for multiple flux rates. 

3) CH4 mapping capabilities of AVIRIS-NG 
and HyTES are complementary.

4) Imaging spectrometers provide ideal 
balance of spatial coverage and high 
spatial resolution required to attribute 
emissions to individual point sources.

5) Ongoing research suggests retrievals 
from imaging spectrometers can be used 
to constrain emission fluxes.

Summary
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Hybrid CH4 retrieval using SVD 
and IMAP-DOAS with AVIRISng:

For the 5 nm spectral sampling and 6 nm 
FWHM of AVIRIS-NG, distinguishing 
surface features from atmospheric 
absorptions is challenging. Therefore, the 
hybrid approach was developed to 
account for high frequency variation 
present in the scene using Singular Value 
Decomposition (SVD) and Iterative 
Maximum A Posteriori Differential Optical 
Absorption Spectroscopy  (IMAP-DOAS; 
Frankenberg et al., 2004). 

This method determines how much of the 
observed radiance can be associated 
with the CH4 Jacobian from the lowest 
atmospheric layer (from ground to 1.0 km 
altitude) and is used to estimate CH4
concentrations (Fig. 8). Processing steps 
for the hybrid approach are shown in Fig. 
9 and additional details can be found in 
Thorpe et al. (2014).

At the Rocky Mountain Oilfield Testing Center (RMOTC), a controlled release experiment was used to 
assess the CH4 sensitivity of the next generation imaging spectrometers AVIRIS-NG and HyTES for multiple

Fig. 12. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images for three flight altitudes. CH4 enhancements are shown in 
g/m2 and ppm. Plumes appear consistent with the wind speed and direction measured by nearby met 
towers (white arrows). Detection at multiple flight altitudes is a prerequisite for monitoring large areas.

Fig. 2. a. Meteorological tower which measured wind speed 
and direction. b. Trailer tank storing CH4. c. Release point 
with square diffuser.

a) b)

c)

Study site and instruments

AVIRIS-NG: Hybrid CH4 retrieval

HyTES: CH4 detection and quantification

Potential for constraining fluxes

Fig. 10. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-ng quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 and ppm. Plumes 
appear consistent with the wind speed and direction measured by nearby met towers (white arrows). 
For all scenes, flight altitude was 0.58 km above ground level (AGL), resulting in a pixel resolution of 
0.5 m. Plume appears elongated at higher wind speed (6.9 m/s) compared to more compact 
appearance at lower wind speed (1.9 m/s).

Fig. 11. For the same location and a 14.2 m3/h (500 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 as well as ppm, 
and plumes appear consistent with the wind speed and direction measured by nearby met towers 
(white arrows). For all scenes, flight altitude was 0.4 km above ground level (AGL) and the pixel 
resolution is 0.4 m.

Source attribution

Fig. 1. RMOTC is located 30 miles northeast of Casper, Wyoming. Outlined in red, it 
spans 10,000 acres of the Naval Petroleum Reserve No. 3 (NPR-3) and contains a 
number of oil and gas wells (black points). Three CH4 controlled release sites (shown 
in green) included the northern most site (X-N), central site (X-C), and the southern 
site (X-S) (image data provided by RMOTC and the U.S. Dept. of Energy).

Fig. 13. For all flights at multiple altitudes for a range of 
CH4 flux rates and wind speeds, detections indicated by 
green circles (automatic detection by algorithm), green 
crosses denote partial detections (requiring user 
interpretation), and non-detection as red circles. 

Fig. 7. HyTES plume CPL retrieval (ppm-m) in color overlaid on grayscale surface 
temperature image retrieved using the HyTES 11 µm channel. Both examples were 
for a 70.5 m3/h (2,490 scfh) flux with southwest winds. HyTES flight altitude was ~0.5 
km AGL with a pixel resolution of ~0.8 m.

Fig. 5. CH4 plumes detected by HyTES overlaid on a false color map 
of RMOTC. Left: HyTES radiances for bands 150, 100, and 58 plotted 
as RGB for a flight track covering all three release points over 
RMOTC. Middle: Positive plume CMF detection results shown in red 
overlaid on surface temperature image calculated from a single band 
at 11 µm. Right: Quantification results showing the concentration map 
of each plume (units in ppm-m). Red corresponds to higher 
concentrations of the CH4 target gas signature.

Fig. 6. Select data products generated from a flight at 0.41 km AGL (0.7 m) at a 
flux rate of 70.8 m3/h (2,500 scfh). a. False color image. b. Ground temperature 
generated using multiple bands (units in K). c. CH4 detection using CMF algorithm 
(units in CMF score). d. CH4 concentration map generated using CPL retrieval 
method (units in ppm-m).

Fig. 3. a. Twin Otter aircraft at RMOTC with AVIRIS-NG. b. 
HyTES was flown in a second aircraft. Both sensors were 
flown in close succession over the week long flight campaign. 

Plume mapping
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Fig. 9. Processing steps for hybrid CH4 retrieval.

Fig. 8. AVIRIS-NG CH4 transmittance calculated for flight altitude of 1 km 
above ground level (AGL). CH4 retrieval uses 29 spectral channels between 
2,278 and 2,428 nm. CH4 Jacobian (Δ Transmission/Δ Volume mixing ratio) 
has a similar appearance to transmission. 

flux rates. 

AVIRIS-NG measures surface-
reflected upwelling radiance at 
5 nm spectral resolution over 
427 spectral channels from 
380-2,500 nm (VSWIR) with a 
34° field of view (FOV).

HyTES has 256 spectral 
channels in the thermal 
infrared from 7.5–12  μm  
(LWIR) and a wider FOV (50°). 
For the RMOTC experiment, 
both spectrometers were flown 
on Twin Otter aircraft (Fig. 3).

Fig. 4. HyTES CH4 transmittance calculated for 
flight altitude of 2 km above ground level (AGL). 
Detection algorithm uses between 7.63 and 9.24 
µm, and quantitative retrieval uses between 7.63 
to 7.74 µm.

Two algorithms were applied to the HyTES thermal hyperspectral data. 
The first is a targeted detection (Clutter Matched Filter, CMF) which uses 
features between 7.63 and 9.24 µm (91 bands) (Fig. 4). Details of the 
CMF algorithm is provided elsewhere (Young, 2002; Funk et al., 2001; 
Gallagher et al., 2003).

The second is a retrieval algorithm using an on-plume, off-plume 
approach as implemented by Gallagher et al. (2003) using features 
between 7.63 and 7.74 µm (6 bands). The Concentration Pathlength 
retrieval algorithm (CPL) calculates total integrated column CH4
concentration-pathlength (ppm-m) above background. Additional details 
for both techniques can be found in Hulley et al. (in prep).

a) b)

a) b)

c)Fig. 14. a. Observed maximum 
plume length is shown as a 
function of flux and wind speed. 
b. Plume area increases with 
higher flux rates, while wind 
speed has a lesser influence on 
total area. c. Total CH4 (g) also 
increases with flux. These three 
relationships offer the potential to 
constrain fluxes using AVIRIS-
NG CH4 retrievals.
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Airborne imaging spectrometers like the next generation 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) 
and the Hyperspectral Thermal Emission Spectrometer 
(HyTES) are well suited for monitoring local methane (CH4) 
sources by covering large regions with the high spatial 
resolution necessary to resolve emissions. As part of a field 
campaign with controlled CH4 releases at the Rocky Mountain 
Oilfield Testing Center (RMOTC), a number of CH4 plumes 
were clearly visible at multiple flux rates and flight altitudes. 
For a range of wind conditions, images of plumes appeared 
consistent with wind direction measured at ground stations. 
While plumes were consistently observed for fluxes as low as 
14.2 m3/h (0.09 kt/year), plumes were also observed down to 
3.4 m3/h (0.02 kt/year).  

This controlled release experiment was used to determine 
methane sensitivity to inform sensor design for future 
imaging spectrometers that could constrain natural and 
anthropogenic methane emissions on local and regional 
scales. Imaging spectrometers permit direct attribution of 
emissions to individual point sources which is particularly 
useful given the large uncertainties associated with 
anthropogenic emissions, including industrial point source 
emissions and fugitive methane from the oil and gas industry.
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Abstract

1) Quantitative CH4 retrievals developed for 
the imaging spectrometers AVIRIS-NG 
and HyTES.

2) For both sensors, distinct plumes 
consistent with local wind direction were 
observed for multiple flux rates. 

3) CH4 mapping capabilities of AVIRIS-NG 
and HyTES are complementary.

4) Imaging spectrometers provide ideal 
balance of spatial coverage and high 
spatial resolution required to attribute 
emissions to individual point sources.

5) Ongoing research suggests retrievals 
from imaging spectrometers can be used 
to constrain emission fluxes.
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Hybrid CH4 retrieval using SVD 
and IMAP-DOAS with AVIRISng:

For the 5 nm spectral sampling and 6 nm 
FWHM of AVIRIS-NG, distinguishing 
surface features from atmospheric 
absorptions is challenging. Therefore, the 
hybrid approach was developed to 
account for high frequency variation 
present in the scene using Singular Value 
Decomposition (SVD) and Iterative 
Maximum A Posteriori Differential Optical 
Absorption Spectroscopy  (IMAP-DOAS; 
Frankenberg et al., 2004). 

This method determines how much of the 
observed radiance can be associated 
with the CH4 Jacobian from the lowest 
atmospheric layer (from ground to 1.0 km 
altitude) and is used to estimate CH4
concentrations (Fig. 8). Processing steps 
for the hybrid approach are shown in Fig. 
9 and additional details can be found in 
Thorpe et al. (2014).

At the Rocky Mountain Oilfield Testing Center (RMOTC), a controlled release experiment was used to 
assess the CH4 sensitivity of the next generation imaging spectrometers AVIRIS-NG and HyTES for multiple

Fig. 12. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images for three flight altitudes. CH4 enhancements are shown in 
g/m2 and ppm. Plumes appear consistent with the wind speed and direction measured by nearby met 
towers (white arrows). Detection at multiple flight altitudes is a prerequisite for monitoring large areas.

Fig. 2. a. Meteorological tower which measured wind speed 
and direction. b. Trailer tank storing CH4. c. Release point 
with square diffuser.

a) b)

c)

Study site and instruments

AVIRIS-NG: Hybrid CH4 retrieval

HyTES: CH4 detection and quantification

Potential for constraining fluxes

Fig. 10. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-ng quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 and ppm. Plumes 
appear consistent with the wind speed and direction measured by nearby met towers (white arrows). 
For all scenes, flight altitude was 0.58 km above ground level (AGL), resulting in a pixel resolution of 
0.5 m. Plume appears elongated at higher wind speed (6.9 m/s) compared to more compact 
appearance at lower wind speed (1.9 m/s).

Fig. 11. For the same location and a 14.2 m3/h (500 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 as well as ppm, 
and plumes appear consistent with the wind speed and direction measured by nearby met towers 
(white arrows). For all scenes, flight altitude was 0.4 km above ground level (AGL) and the pixel 
resolution is 0.4 m.

Source attribution

Fig. 1. RMOTC is located 30 miles northeast of Casper, Wyoming. Outlined in red, it 
spans 10,000 acres of the Naval Petroleum Reserve No. 3 (NPR-3) and contains a 
number of oil and gas wells (black points). Three CH4 controlled release sites (shown 
in green) included the northern most site (X-N), central site (X-C), and the southern 
site (X-S) (image data provided by RMOTC and the U.S. Dept. of Energy).

Fig. 13. For all flights at multiple altitudes for a range of 
CH4 flux rates and wind speeds, detections indicated by 
green circles (automatic detection by algorithm), green 
crosses denote partial detections (requiring user 
interpretation), and non-detection as red circles. 

Fig. 7. HyTES plume CPL retrieval (ppm-m) in color overlaid on grayscale surface 
temperature image retrieved using the HyTES 11 µm channel. Both examples were 
for a 70.5 m3/h (2,490 scfh) flux with southwest winds. HyTES flight altitude was ~0.5 
km AGL with a pixel resolution of ~0.8 m.

Fig. 5. CH4 plumes detected by HyTES overlaid on a false color map 
of RMOTC. Left: HyTES radiances for bands 150, 100, and 58 plotted 
as RGB for a flight track covering all three release points over 
RMOTC. Middle: Positive plume CMF detection results shown in red 
overlaid on surface temperature image calculated from a single band 
at 11 µm. Right: Quantification results showing the concentration map 
of each plume (units in ppm-m). Red corresponds to higher 
concentrations of the CH4 target gas signature.

Fig. 6. Select data products generated from a flight at 0.41 km AGL (0.7 m) at a 
flux rate of 70.8 m3/h (2,500 scfh). a. False color image. b. Ground temperature 
generated using multiple bands (units in K). c. CH4 detection using CMF algorithm 
(units in CMF score). d. CH4 concentration map generated using CPL retrieval 
method (units in ppm-m).

Fig. 3. a. Twin Otter aircraft at RMOTC with AVIRIS-NG. b. 
HyTES was flown in a second aircraft. Both sensors were 
flown in close succession over the week long flight campaign. 
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Fig. 9. Processing steps for hybrid CH4 retrieval.

Fig. 8. AVIRIS-NG CH4 transmittance calculated for flight altitude of 1 km 
above ground level (AGL). CH4 retrieval uses 29 spectral channels between 
2,278 and 2,428 nm. CH4 Jacobian (Δ Transmission/Δ Volume mixing ratio) 
has a similar appearance to transmission. 

flux rates. 

AVIRIS-NG measures surface-
reflected upwelling radiance at 
5 nm spectral resolution over 
427 spectral channels from 
380-2,500 nm (VSWIR) with a 
34° field of view (FOV).

HyTES has 256 spectral 
channels in the thermal 
infrared from 7.5–12  μm  
(LWIR) and a wider FOV (50°). 
For the RMOTC experiment, 
both spectrometers were flown 
on Twin Otter aircraft (Fig. 3).

Fig. 4. HyTES CH4 transmittance calculated for 
flight altitude of 2 km above ground level (AGL). 
Detection algorithm uses between 7.63 and 9.24 
µm, and quantitative retrieval uses between 7.63 
to 7.74 µm.

Two algorithms were applied to the HyTES thermal hyperspectral data. 
The first is a targeted detection (Clutter Matched Filter, CMF) which uses 
features between 7.63 and 9.24 µm (91 bands) (Fig. 4). Details of the 
CMF algorithm is provided elsewhere (Young, 2002; Funk et al., 2001; 
Gallagher et al., 2003).

The second is a retrieval algorithm using an on-plume, off-plume 
approach as implemented by Gallagher et al. (2003) using features 
between 7.63 and 7.74 µm (6 bands). The Concentration Pathlength 
retrieval algorithm (CPL) calculates total integrated column CH4
concentration-pathlength (ppm-m) above background. Additional details 
for both techniques can be found in Hulley et al. (in prep).

a) b)

a) b)

c)Fig. 14. a. Observed maximum 
plume length is shown as a 
function of flux and wind speed. 
b. Plume area increases with 
higher flux rates, while wind 
speed has a lesser influence on 
total area. c. Total CH4 (g) also 
increases with flux. These three 
relationships offer the potential to 
constrain fluxes using AVIRIS-
NG CH4 retrievals.
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Airborne imaging spectrometers like the next generation 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) 
and the Hyperspectral Thermal Emission Spectrometer 
(HyTES) are well suited for monitoring local methane (CH4) 
sources by covering large regions with the high spatial 
resolution necessary to resolve emissions. As part of a field 
campaign with controlled CH4 releases at the Rocky Mountain 
Oilfield Testing Center (RMOTC), a number of CH4 plumes 
were clearly visible at multiple flux rates and flight altitudes. 
For a range of wind conditions, images of plumes appeared 
consistent with wind direction measured at ground stations. 
While plumes were consistently observed for fluxes as low as 
14.2 m3/h (0.09 kt/year), plumes were also observed down to 
3.4 m3/h (0.02 kt/year).  

This controlled release experiment was used to determine 
methane sensitivity to inform sensor design for future 
imaging spectrometers that could constrain natural and 
anthropogenic methane emissions on local and regional 
scales. Imaging spectrometers permit direct attribution of 
emissions to individual point sources which is particularly 
useful given the large uncertainties associated with 
anthropogenic emissions, including industrial point source 
emissions and fugitive methane from the oil and gas industry.
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Abstract

1) Quantitative CH4 retrievals developed for 
the imaging spectrometers AVIRIS-NG 
and HyTES.

2) For both sensors, distinct plumes 
consistent with local wind direction were 
observed for multiple flux rates. 

3) CH4 mapping capabilities of AVIRIS-NG 
and HyTES are complementary.

4) Imaging spectrometers provide ideal 
balance of spatial coverage and high 
spatial resolution required to attribute 
emissions to individual point sources.

5) Ongoing research suggests retrievals 
from imaging spectrometers can be used 
to constrain emission fluxes.
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Hybrid CH4 retrieval using SVD 
and IMAP-DOAS with AVIRISng:

For the 5 nm spectral sampling and 6 nm 
FWHM of AVIRIS-NG, distinguishing 
surface features from atmospheric 
absorptions is challenging. Therefore, the 
hybrid approach was developed to 
account for high frequency variation 
present in the scene using Singular Value 
Decomposition (SVD) and Iterative 
Maximum A Posteriori Differential Optical 
Absorption Spectroscopy  (IMAP-DOAS; 
Frankenberg et al., 2004). 

This method determines how much of the 
observed radiance can be associated 
with the CH4 Jacobian from the lowest 
atmospheric layer (from ground to 1.0 km 
altitude) and is used to estimate CH4
concentrations (Fig. 8). Processing steps 
for the hybrid approach are shown in Fig. 
9 and additional details can be found in 
Thorpe et al. (2014).

At the Rocky Mountain Oilfield Testing Center (RMOTC), a controlled release experiment was used to 
assess the CH4 sensitivity of the next generation imaging spectrometers AVIRIS-NG and HyTES for multiple

Fig. 12. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images for three flight altitudes. CH4 enhancements are shown in 
g/m2 and ppm. Plumes appear consistent with the wind speed and direction measured by nearby met 
towers (white arrows). Detection at multiple flight altitudes is a prerequisite for monitoring large areas.

Fig. 2. a. Meteorological tower which measured wind speed 
and direction. b. Trailer tank storing CH4. c. Release point 
with square diffuser.

a) b)

c)

Study site and instruments

AVIRIS-NG: Hybrid CH4 retrieval

HyTES: CH4 detection and quantification

Potential for constraining fluxes

Fig. 10. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-ng quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 and ppm. Plumes 
appear consistent with the wind speed and direction measured by nearby met towers (white arrows). 
For all scenes, flight altitude was 0.58 km above ground level (AGL), resulting in a pixel resolution of 
0.5 m. Plume appears elongated at higher wind speed (6.9 m/s) compared to more compact 
appearance at lower wind speed (1.9 m/s).

Fig. 11. For the same location and a 14.2 m3/h (500 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 as well as ppm, 
and plumes appear consistent with the wind speed and direction measured by nearby met towers 
(white arrows). For all scenes, flight altitude was 0.4 km above ground level (AGL) and the pixel 
resolution is 0.4 m.

Source attribution

Fig. 1. RMOTC is located 30 miles northeast of Casper, Wyoming. Outlined in red, it 
spans 10,000 acres of the Naval Petroleum Reserve No. 3 (NPR-3) and contains a 
number of oil and gas wells (black points). Three CH4 controlled release sites (shown 
in green) included the northern most site (X-N), central site (X-C), and the southern 
site (X-S) (image data provided by RMOTC and the U.S. Dept. of Energy).

Fig. 13. For all flights at multiple altitudes for a range of 
CH4 flux rates and wind speeds, detections indicated by 
green circles (automatic detection by algorithm), green 
crosses denote partial detections (requiring user 
interpretation), and non-detection as red circles. 

Fig. 7. HyTES plume CPL retrieval (ppm-m) in color overlaid on grayscale surface 
temperature image retrieved using the HyTES 11 µm channel. Both examples were 
for a 70.5 m3/h (2,490 scfh) flux with southwest winds. HyTES flight altitude was ~0.5 
km AGL with a pixel resolution of ~0.8 m.

Fig. 5. CH4 plumes detected by HyTES overlaid on a false color map 
of RMOTC. Left: HyTES radiances for bands 150, 100, and 58 plotted 
as RGB for a flight track covering all three release points over 
RMOTC. Middle: Positive plume CMF detection results shown in red 
overlaid on surface temperature image calculated from a single band 
at 11 µm. Right: Quantification results showing the concentration map 
of each plume (units in ppm-m). Red corresponds to higher 
concentrations of the CH4 target gas signature.

Fig. 6. Select data products generated from a flight at 0.41 km AGL (0.7 m) at a 
flux rate of 70.8 m3/h (2,500 scfh). a. False color image. b. Ground temperature 
generated using multiple bands (units in K). c. CH4 detection using CMF algorithm 
(units in CMF score). d. CH4 concentration map generated using CPL retrieval 
method (units in ppm-m).

Fig. 3. a. Twin Otter aircraft at RMOTC with AVIRIS-NG. b. 
HyTES was flown in a second aircraft. Both sensors were 
flown in close succession over the week long flight campaign. 
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Fig. 9. Processing steps for hybrid CH4 retrieval.

Fig. 8. AVIRIS-NG CH4 transmittance calculated for flight altitude of 1 km 
above ground level (AGL). CH4 retrieval uses 29 spectral channels between 
2,278 and 2,428 nm. CH4 Jacobian (Δ Transmission/Δ Volume mixing ratio) 
has a similar appearance to transmission. 

flux rates. 

AVIRIS-NG measures surface-
reflected upwelling radiance at 
5 nm spectral resolution over 
427 spectral channels from 
380-2,500 nm (VSWIR) with a 
34° field of view (FOV).

HyTES has 256 spectral 
channels in the thermal 
infrared from 7.5–12  μm  
(LWIR) and a wider FOV (50°). 
For the RMOTC experiment, 
both spectrometers were flown 
on Twin Otter aircraft (Fig. 3).

Fig. 4. HyTES CH4 transmittance calculated for 
flight altitude of 2 km above ground level (AGL). 
Detection algorithm uses between 7.63 and 9.24 
µm, and quantitative retrieval uses between 7.63 
to 7.74 µm.

Two algorithms were applied to the HyTES thermal hyperspectral data. 
The first is a targeted detection (Clutter Matched Filter, CMF) which uses 
features between 7.63 and 9.24 µm (91 bands) (Fig. 4). Details of the 
CMF algorithm is provided elsewhere (Young, 2002; Funk et al., 2001; 
Gallagher et al., 2003).

The second is a retrieval algorithm using an on-plume, off-plume 
approach as implemented by Gallagher et al. (2003) using features 
between 7.63 and 7.74 µm (6 bands). The Concentration Pathlength 
retrieval algorithm (CPL) calculates total integrated column CH4
concentration-pathlength (ppm-m) above background. Additional details 
for both techniques can be found in Hulley et al. (in prep).

a) b)

a) b)

c)Fig. 14. a. Observed maximum 
plume length is shown as a 
function of flux and wind speed. 
b. Plume area increases with 
higher flux rates, while wind 
speed has a lesser influence on 
total area. c. Total CH4 (g) also 
increases with flux. These three 
relationships offer the potential to 
constrain fluxes using AVIRIS-
NG CH4 retrievals.
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Airborne imaging spectrometers like the next generation 
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-NG) 
and the Hyperspectral Thermal Emission Spectrometer 
(HyTES) are well suited for monitoring local methane (CH4) 
sources by covering large regions with the high spatial 
resolution necessary to resolve emissions. As part of a field 
campaign with controlled CH4 releases at the Rocky Mountain 
Oilfield Testing Center (RMOTC), a number of CH4 plumes 
were clearly visible at multiple flux rates and flight altitudes. 
For a range of wind conditions, images of plumes appeared 
consistent with wind direction measured at ground stations. 
While plumes were consistently observed for fluxes as low as 
14.2 m3/h (0.09 kt/year), plumes were also observed down to 
3.4 m3/h (0.02 kt/year).  

This controlled release experiment was used to determine 
methane sensitivity to inform sensor design for future 
imaging spectrometers that could constrain natural and 
anthropogenic methane emissions on local and regional 
scales. Imaging spectrometers permit direct attribution of 
emissions to individual point sources which is particularly 
useful given the large uncertainties associated with 
anthropogenic emissions, including industrial point source 
emissions and fugitive methane from the oil and gas industry.
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and IMAP-DOAS with AVIRISng:

For the 5 nm spectral sampling and 6 nm 
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hybrid approach was developed to 
account for high frequency variation 
present in the scene using Singular Value 
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At the Rocky Mountain Oilfield Testing Center (RMOTC), a controlled release experiment was used to 
assess the CH4 sensitivity of the next generation imaging spectrometers AVIRIS-NG and HyTES for multiple

Fig. 12. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images for three flight altitudes. CH4 enhancements are shown in 
g/m2 and ppm. Plumes appear consistent with the wind speed and direction measured by nearby met 
towers (white arrows). Detection at multiple flight altitudes is a prerequisite for monitoring large areas.

Fig. 2. a. Meteorological tower which measured wind speed 
and direction. b. Trailer tank storing CH4. c. Release point 
with square diffuser.

a) b)

c)

Study site and instruments

AVIRIS-NG: Hybrid CH4 retrieval

HyTES: CH4 detection and quantification

Potential for constraining fluxes

Fig. 10. For the same location and a 56.6 m3/h (2,000 scfh) flux, AVIRIS-ng quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 and ppm. Plumes 
appear consistent with the wind speed and direction measured by nearby met towers (white arrows). 
For all scenes, flight altitude was 0.58 km above ground level (AGL), resulting in a pixel resolution of 
0.5 m. Plume appears elongated at higher wind speed (6.9 m/s) compared to more compact 
appearance at lower wind speed (1.9 m/s).

Fig. 11. For the same location and a 14.2 m3/h (500 scfh) flux, AVIRIS-NG quantitative methane 
retrievals are overlain on true color images. CH4 enhancements are shown in g/m2 as well as ppm, 
and plumes appear consistent with the wind speed and direction measured by nearby met towers 
(white arrows). For all scenes, flight altitude was 0.4 km above ground level (AGL) and the pixel 
resolution is 0.4 m.

Source attribution

Fig. 1. RMOTC is located 30 miles northeast of Casper, Wyoming. Outlined in red, it 
spans 10,000 acres of the Naval Petroleum Reserve No. 3 (NPR-3) and contains a 
number of oil and gas wells (black points). Three CH4 controlled release sites (shown 
in green) included the northern most site (X-N), central site (X-C), and the southern 
site (X-S) (image data provided by RMOTC and the U.S. Dept. of Energy).

Fig. 13. For all flights at multiple altitudes for a range of 
CH4 flux rates and wind speeds, detections indicated by 
green circles (automatic detection by algorithm), green 
crosses denote partial detections (requiring user 
interpretation), and non-detection as red circles. 

Fig. 7. HyTES plume CPL retrieval (ppm-m) in color overlaid on grayscale surface 
temperature image retrieved using the HyTES 11 µm channel. Both examples were 
for a 70.5 m3/h (2,490 scfh) flux with southwest winds. HyTES flight altitude was ~0.5 
km AGL with a pixel resolution of ~0.8 m.

Fig. 5. CH4 plumes detected by HyTES overlaid on a false color map 
of RMOTC. Left: HyTES radiances for bands 150, 100, and 58 plotted 
as RGB for a flight track covering all three release points over 
RMOTC. Middle: Positive plume CMF detection results shown in red 
overlaid on surface temperature image calculated from a single band 
at 11 µm. Right: Quantification results showing the concentration map 
of each plume (units in ppm-m). Red corresponds to higher 
concentrations of the CH4 target gas signature.

Fig. 6. Select data products generated from a flight at 0.41 km AGL (0.7 m) at a 
flux rate of 70.8 m3/h (2,500 scfh). a. False color image. b. Ground temperature 
generated using multiple bands (units in K). c. CH4 detection using CMF algorithm 
(units in CMF score). d. CH4 concentration map generated using CPL retrieval 
method (units in ppm-m).

Fig. 3. a. Twin Otter aircraft at RMOTC with AVIRIS-NG. b. 
HyTES was flown in a second aircraft. Both sensors were 
flown in close succession over the week long flight campaign. 

Plume mapping
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Fig. 9. Processing steps for hybrid CH4 retrieval.

Fig. 8. AVIRIS-NG CH4 transmittance calculated for flight altitude of 1 km 
above ground level (AGL). CH4 retrieval uses 29 spectral channels between 
2,278 and 2,428 nm. CH4 Jacobian (Δ Transmission/Δ Volume mixing ratio) 
has a similar appearance to transmission. 

flux rates. 

AVIRIS-NG measures surface-
reflected upwelling radiance at 
5 nm spectral resolution over 
427 spectral channels from 
380-2,500 nm (VSWIR) with a 
34° field of view (FOV).

HyTES has 256 spectral 
channels in the thermal 
infrared from 7.5–12  μm  
(LWIR) and a wider FOV (50°). 
For the RMOTC experiment, 
both spectrometers were flown 
on Twin Otter aircraft (Fig. 3).

Fig. 4. HyTES CH4 transmittance calculated for 
flight altitude of 2 km above ground level (AGL). 
Detection algorithm uses between 7.63 and 9.24 
µm, and quantitative retrieval uses between 7.63 
to 7.74 µm.

Two algorithms were applied to the HyTES thermal hyperspectral data. 
The first is a targeted detection (Clutter Matched Filter, CMF) which uses 
features between 7.63 and 9.24 µm (91 bands) (Fig. 4). Details of the 
CMF algorithm is provided elsewhere (Young, 2002; Funk et al., 2001; 
Gallagher et al., 2003).

The second is a retrieval algorithm using an on-plume, off-plume 
approach as implemented by Gallagher et al. (2003) using features 
between 7.63 and 7.74 µm (6 bands). The Concentration Pathlength 
retrieval algorithm (CPL) calculates total integrated column CH4
concentration-pathlength (ppm-m) above background. Additional details 
for both techniques can be found in Hulley et al. (in prep).

a) b)

a) b)

c)Fig. 14. a. Observed maximum 
plume length is shown as a 
function of flux and wind speed. 
b. Plume area increases with 
higher flux rates, while wind 
speed has a lesser influence on 
total area. c. Total CH4 (g) also 
increases with flux. These three 
relationships offer the potential to 
constrain fluxes using AVIRIS-
NG CH4 retrievals.

Mapping methane concentrations from a controlled release experiment using airborne imaging spectroscopy

AVIRIS-NG HyTES
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Background is Surface Temperature 
(Thermal Emission Spectrometer) 

Plume is color-coded



Our role at 4-Corners

Provide a zoom into the 
region 
!
SCIAMACHY had 
60x30km ground pixels 
!
We have 1x1m 
!
Spectrometers not 
optimized for methane but 
will be able to detect point 
sources


