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Abstract. The commercial development of uncooled-microbolometer, long-wave infrared
(LWIR) imagers, combined with advanced radiometric calibration methods developed at
Montana State University, has led to new uses of thermal imagery in remote sensing applications.
One specific novel use of these calibrated imagers is imaging of vegetation for CO2 gas leak
detection. During a four-week period in the summer of 2011, a CO2 leak was simulated in a test
field run by the Zero Emissions Research and Technology Center in Bozeman, Montana. An
LWIR imager was deployed on a scaffold before and during the CO2 release, viewing a vegetation test area that included regions of high and low CO2 flux. Increased root-level CO2 concentration caused plant stress that led to reduced thermal regulation of the vegetation, which
was consistent with increased diurnal variation of IR emission observed in this study. In a linear
regression, the IR data were found to have a strong relationship to the CO2 emission and to be
consistent with the location of leaking CO2 gas. Reducing the continuous data set to one image
per day weakened the regression fit, but maintained sufficient significance to indicate that this
method could be implemented with once-daily airborne images. © 2012 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JRS.6.063612]
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1 Introduction
The recent increase in availability and capabilities of ultra-compact, uncooled, microbolometer
thermal imagers is enabling many new remote sensing applications. However, quantitatively
demanding applications require very careful calibration. At Montana State University, we
have developed novel methods for achieving and maintaining radiometric calibration for
wide-angle, long-wave infrared (LWIR) microbolometer imagers, initially for measuring clouds
in climate science and Earth-space optical communications.1,2,3 These imagers are an order of
magnitude smaller and cheaper, while also consuming less power than typical cooled IR imagers.
Using the newly developed calibration methods allows the imagers to be calibrated in the laboratory and deployed in the field without an onboard calibration target, thereby making them ideal
for a variety of new remote sensing purposes.
One such application is the IR imaging of vegetation to detect a CO2 gas leak through an
induced change in plant stress. This was demonstrated experimentally in a controlled gas release
experiment conducted by the Zero Emissions Research and Technology (ZERT) Center in Bozeman, Montana. The field has been used from 2007 to 2012 for researching methods of detecting
leaks at a geologic carbon sequestration facility. Technologies tested in these experiments
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include optical spectroscopic detection of gas leakage4 and hyperspectral and multispectral
imaging to observe changes in the reflectance of vegetation exposed to elevated concentrations
of CO2 gas.5–9 Here, we report on the use of LWIR imaging of vegetation to locate the leaking
gas. The premise behind imaging the vegetation is that higher CO2 concentrations in the soil will
stress the vegetation, leading to measurable changes in long-wave emission. Higher gas concentrations in soil could result in less oxygen and water being drawn from the soil into the
roots, causing the leaf stomata to close and changing the reflectance and emission properties
of the vegetation. The mechanism that we expect will lead to changed LWIR emission is that
the stressed vegetation experiences a reduced rate of transpiration,10 causing an impaired ability
to regulate its own temperature as the ambient air temperature changes during the day and night.
During the summers of 2009, 2010, and 2011, we deployed a radiometrically calibrated LWIR
microbolometer-based imager in the field to compare the radiance of exposed vegetation with
that of healthy vegetation, thereby identifying CO2 gas leak locations.
Thermal imaging of vegetation has been used numerous times in various studies. Satellite and
airborne thermal IR imagers have been used to both classify terrain vegetation11 and determine
surface soil water content.12,13 These studies relate the satellite-derived surface radiant temperature
of the vegetation to the normalized difference vegetation index (NDVI) determined from satellite
visible and near-IR data. Airborne systems have also used thermal IR multispectral scanners to
measure the thermal energy responses of vegetation for examining the thermal dynamics of urban
vegetation.14 Ground-level IR imagers have been used to determine the leaf-canopy temperatures
of vegetation for predicting high leaf water potential.15,16 Our research expands on these previous
efforts to investigate the effect of CO2 -induced stress on the thermal responses of vegetation.

2 Methodology
The ZERT field is a hayfield located just west of the Montana State University campus in
Bozeman, Montana. A horizontal well was buried at a nominal depth of 2 m and divided into
six segments. Approximately 0.55% of the pipe was open to allow the CO2 gas to escape.4 The
gas release periods were July 15 to August 12 in 2009, July 19 to August 15 in 2010, and July 15
to August 15 in 2011. The flow rate of the CO2 through the well varied for each year of the
release: 0.2 tons∕day in 2009, 0.15 tons∕day in 2010, and 0.15 tons∕day in 2011.8,9 Released
CO2 exited the ground with a highly nonuniform distribution, creating localized regions of
elevated CO2 concentrations that we refer to as hot spots.
Within the ZERT field, a vegetation patch of approximately 400 m2 was the focus of the
imaging experiments during the releases. The well ran along a single edge of the vegetation
patch. We deployed vegetation imagers on a 3-m-tall scaffold located at the edge of the vegetation
patch containing the well, as shown in Fig. 1. Images were acquired every 10 minutes throughout
each day for the 2009 CO2 release, every 5 minutes in 2010, and every 1 minute in 2011.
We used a FLIR Systems Inc. photon 320 camera to acquire thermal images at a nominally
45° viewing angle. The well ran horizontally though the bottom of the images, and a hot-spot
region was located just to the right of the imaged area. Fig. 2 shows a wide-angle view of the
vegetation test area seen from the top of the scaffold in the midst of the gas release experiment,
with a white line denoting the approximate location of the underground horizontal well. The hot
spot was at this time becoming visible to the eye, just below the white camera housing at the
lower center portion of the image; however, the thermal images detected changes in the vegetation near this hot spot well before the changes were visually obvious. We did not directly image
the center of the hot spot because vegetation there degraded rapidly during the release experiment; rather, we used image pixels near the edge of the hot spot as a test region and pixels far
from the hot spot as control regions.
The images were radiometrically calibrated to radiance [W∕ðm2 srÞ] using techniques developed at Montana State University, which rely on full characterization of the camera with a largearea blackbody source operated with the camera inside a thermal chamber to calibrate the imager
at multiple operating temperatures.17 Custom MATLAB software (MathWorks, Natick, Massachusetts) was used to select regions of interest in the images. Images acquired in 2009 and 2010
used a test region adjacent to the CO2 hot spot and a single control region at the upper-left edge
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Fig. 1 Scaffold used to mount the thermal IR imager (in the white tube) and a visible-near-infrared
multispectral imager (in the white box with the open back).

Fig. 2 Wide-angle view of the vegetation test area (lower left) at the ZERT field in Bozeman,
Montana, with the white line indicating the approximate location of the underground well from
which CO2 gas was released.

of the vegetation images, where the CO2 flux is generally near the background level. For the
2011 data, two control regions were chosen, which we refer to as a horizontal control region and
a vertical control region (owing to their locations relative to the hot spot), along with the hot-spot
region. Fig. 3 shows the location of the two control regions and the hot-spot region used to
generate the statistical radiance values for the 2011 images.
We chose to use two control regions to investigate concerns over the camera viewing angle.
Since the thermal IR imager viewed such a large area of vegetation from relatively close to the
surface, the viewing angle changed notably between the bottom and top of the images. Using a
control region in the same horizontal line as the hot-spot region, in addition to the control region
Journal of Applied Remote Sensing
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Fig. 3 Sample thermal IR image of the vegetation patch showing the regions of interest for the
2011 release: (a) the vertical control region, (b) the horizontal control region, and (c) the hot-spot
region.

located diagonally from the hot spot, allowed this concern to be addressed by comparing any
differences in the radiance emitted from both control regions. For each acquired image, we
calculated spatial and temporal statistics of the radiance values as follows: the maximum
and minimum differences between each region temperature and the ambient air temperature,
the maximum and minimum temperature differences between the horizontal control region
and the hot-spot region, and the maximum and minimum temperature differences between
the vertical control region and the hot-spot region. Linear regressions were calculated, using
experiment day as the response variable and the radiance statistics as predictors.

3 Results
Early images acquired during the 2009 release led us to believe that the high concentrations of
CO2 in the soil had a substantial effect on the LWIR emission from the vegetation. Our comparison of the diurnal trends, or daily brightness temperature time-series plots, from before and after
the release shows a divergence of the hot-spot vegetation from the control region vegetation.
Examples of these diurnal plots are shown in Fig. 4(a) for July 11, 2009, before the start of
the release, and in Fig. 4(b) for August 26, 2009, after the end of the CO2 release.

Fig. 4 Diurnal variation of the vegetation brightness temperature for (a) July 11, 2009, before the
start of the CO2 release and (b) August 26, 2009, after the end of the CO2 release (the horizontal
axes show a 24-hour period, plotted from midnight to midnight).
Journal of Applied Remote Sensing
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These plots show that the vegetation initially cooled off during the night and then gradually
warmed up due to solar heating during the daytime. The vegetation reached a maximum temperature in the afternoon, at which point it began cooling off with lower solar elevation angles
in the late afternoon. Before the start of the release, both the control region and the hot-spot
region behaved nearly identically. However, this changed by the end of the gas release experiment, as shown in Fig. 4(b). The same solar heating trends were observed in the diurnal plots
from before and after the CO2 release; however, there was a notable difference between the
control region and the hot-spot region during the warmest portion of the day by the end of the
release [Fig. 4(b)]. This provided evidence that the higher concentration of CO2 in the soil at
the hot-spot region was affecting the vegetation and impairing the vegetation’s ability to regulate its temperature.
Motivated by the intriguing patterns observed in the 2009 diurnal data, we conducted
extended deployments of the thermal imager at the vegetation test field during gas releases
in the summers of 2010 and 2011. Here, we show the results from the 2011 deployment,
which again showed a difference in diurnal trends between the two control regions and the
hot-spot region. Figure 5 shows that this difference was also readily observable in thermal
images acquired before and after the release.
The vegetation nearest to the hot-spot region showed markedly higher temperatures than
the vegetation that was unexposed to leaking CO2 . Figure 6 shows time-series plots of
(a) the maximum temperature difference between the three regions and the ambient air

Fig. 5 LWIR images acquired at 10 a.m. (Mountain Daylight Time) on July 13, 2011 (a) and
August 10, 2011 (b).

Fig. 6 Maximum temperature differences plotted versus day of the 2011 release, with the vertical
lines representing the start and end of the gas release: (a) temperature difference between each
vegetation region and the ambient air temperature, (b) temperature difference between the hot
spot and each control region.
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temperature, and (b) the maximum temperature difference between the two control regions and
the hot-spot region. These two plots were found to yield the strongest coefficients of determination (R2 values). Both control regions behaved similarly, while the hot-spot region was distinguishable from both of them. The temporal change of temperature near the hot spot consistently
had a steeper slope than the change in either of the control regions. The similarity between the
regression lines for the two control regions indicated that there was no major concern over the
camera viewing angle.
The time-series plot of region differences in Fig. 6(b) is of particular interest since it shows a
distinct change in the hot-spot brightness temperature almost immediately after the start of the
CO2 release. Conversely, plots showing the minimum difference in region and air temperature
each day and the minimum difference in region temperatures each day gave extremely low R2
values and provided very little useful information. The regression for the minimum difference in
region and air temperature resulted in the following R2 values: 0.112 (vertical control region),
0.066 (horizontal control region), and 0.090 (hot-spot region). The minimum region difference
regression resulted in the following R2 values: 0.003 (vertical control region) and 0.003
(horizontal control region).
We also found that it is possible to use images acquired during shorter time periods instead of
relying on continual 24-hour time series. When we limited the data to the midday hours of
10 a.m. to 2 p.m., the R2 values changed modestly. For the maximum difference of region
and air temperatures, similar to Fig. 6(a), we found R2 ¼ 0.288 at the vertical control, 0.006
at the horizontal control, and 0.691 at the hot spot. For the maximum difference of region temperatures, similar to Fig. 6(b), we found R2 ¼ 0.800 for hot–spot vertical and 0.796 for hot–spot
horizontal.
To explore the possibility of using thermal imaging for monitoring large areas or pipelines,
perhaps from airborne platforms, we repeated the regressions using data from 1 p.m. and 3 a.m.,
near the maximum and minimum temperature extremes of each day. In this case, the R2 values
reduced to 0.163 for the vertical control and 0.497 for the hot spot, while increasing slightly to
0.272 for the horizontal control. Similar to Fig. 6(a), the hot-spot region still exhibited a steeper
slope and a higher R2 value than both control regions.
The ultimate simplification of the method was to use only one image from a fixed time each
day. We selected 1 p.m. as our image time, since that was near the warmest time of the day
when we typically observed the largest brightness temperature difference for healthy and
stressed vegetation [Fig. 4(b)]. The results are plotted in Fig. 7 as the difference between
each region’s temperature and the ambient air temperature. The hot spot and control slopes
and offsets were found to differ with statistical significance, although in this case there was a
slight significance for the difference between the two control regression line slopes. Still, the
analysis suggests that it is possible to obtain a statistically significant result from only one

Fig. 7 Temperature differences at 1 p.m. between (a) regions and ambient air temperature, and
(b) hot spot and the two control regions, plotted versus day. The vertical lines represent the start
and end of the release.
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image at a fixed time each day. In any of these methods, the thermal images would be used to
locate regions to undergo further testing, and final confirmation of a leak would be made using
in situ sensors.

4 Conclusion
Radiometrically calibrated microbolometer-based thermal imagers can substantially simplify the
monitoring of carbon sequestration sites. They require no calibration target at the site, making
imaging easy and practical. Our experiments showed that plant stress is evident in thermal
imagery obtained from radiometrically calibrated imagers, allowing detection of vegetation
affected by elevated levels of CO2 . Statistically, the thermal images showed a significant
difference between the healthy vegetation and the exposed vegetation. This difference began
almost immediately after the start of the CO2 release and lasted throughout the test, indicating
that it was not an artifact of coincidental environmental changes. The rapid change of exposed
vegetation within a few days of the start of the CO2 release showed that the thermal images are
sensitive to vegetation changes induced by elevated ground-level gas concentrations. In all the
maximum temperature difference plots, the hot-spot region was distinguishable from both
control regions. While there was a slight difference between the two control regions, the
difference was small enough to indicate that there was no major concern with the camera viewing
angle. A method that relied on a single image instead of continuous imaging was explored and
found to provide a sufficiently strong coefficient of determination for the hot spot. Since the hot
spot is noticeably different from either control region, this method proves useful for distinguishing among locations with and without CO2 leaks in a large monitoring area, thereby enabling the
use of airborne thermal imaging.
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