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Abstract The ability to image and quantify SO2 path-
concentrations in volcanic plumes, either by day or by night,
is beneficial to volcanologists. Gas emission rates are affected
by the chemical equilibria in rising magmas and a better un-
derstanding of this relationship would be useful for short-term
eruption prediction. A newly developed remote sensing long-
wave thermal InfraRed (IR) imaging hyperspectral sensor– the
Thermal Hyperspectral Imager (THI) – was built and tested.
The system employs a Sagnac interferometer and an uncooled
microbolometer in rapid scanning configuration to collect
hyperspectral images of volcanic plumes. Each pixel in the
resulting image yields a spectrum with 50 samples between
8 and 14 μm. Images are spectrally and radiometrically cali-
brated using an IR source with a narrow band filter and two
blackbodies. In this paper, the sensitivity of the instrument for
the purpose of quantifying SO2 using well constrained labo-
ratory experiments is evaluated, and initial field results from
Kīlauea volcano, Hawai’i, are presented. The sensitivity of
THI was determined using gas cells filled with known con-
centrations of SO2 and using NIST-traceable blackbodies to
simulate a range of realistic background conditions.
Measurements made by THI were then benchmarked against
a high spectral resolution off-the-shelf Michelson FTIR

instrument. Theoretical thermal IR spectral radiances were
computed with MODTRAN5 for the same optical conditions,
to evaluate how well the (known) concentration of SO2 in the
gas cells could be retrieved from the resulting THI spectra.
Finally, THI was recently field-tested at Kīlauea to evaluate its
ability to image the concentration of SO2 in a real volcanic
plume. A path-concentration of 7150 ppm m was retrieved
from measurements made near the Halema’uma’u vent.
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Introduction and background

Volcanic degassing measurements are key components of
monitoring active volcanoes. The composition and emission
rates of volcanic gases are linked with magma dynamics and
magma composition in volcanic plumbing systems that could
fuel eruptions (Parfitt andWilson, 2008). Measuring both pas-
sive and explosive degassing is a key to obtain gas fluxes
information, which reflects both magma supply rate and mag-
ma permeability, i.e., closed or open degassing, or a superpo-
sition of both (Stix and Gaonac’h, 2000). Water vapor (H2O),
carbon dioxide (CO2), sulfur dioxide (SO2), and smaller con-
tributions of H2S, CO, H2, N2, HCl, HF, SiF4, and HBr are
dissolved in magma under the high pressure of the upper man-
tle or lower crust (Wallace et al., 2015). However, as long as
magma rises in volcanic conduits and the pressure decreases,
the volatiles begin to exsolve from the silicate melt liquid and
form gas-phased bubbles. As these bubbles rise and grow by
diffusion, decompression, and coalescence, they lower the
bulk density of magma. The rate of degassing becomes larger
as the pressure decreases and the magma rises and tends to
lose its volatile content (Parfitt andWilson, 2008). This loss of
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volatiles is accompanied by rapid release and expansion of gas
that can induce the magma to break apart and be erupted
explosively (Wilson and Walker, 1987).

Volcanic gases provide insights into short-term volcanic
eruption prediction (Parfitt and Wilson, 2008). The detection
of anomalous concentration of volcanic volatiles, which in
high temperature volcanic gas emissions consist mainly of
H2O, CO2, and SO2, helps volcanologists to infer the
physical and chemical processes magma, is subjected to
within volcanic systems. Emission rates are often correlated
with explosive activity, in some cases preceding it by days or
weeks. For instance, Noguchi and Kamiya (1963) andWerner
et al. (2013) showed respectively that eruptions of Mount
Asama (Japan) and of Mt. Redoubt (Alaska) could be fore-
casted with some degree of accuracy by measuring the varia-
tions of CO2 and especially SO2 emissions from their active
craters. In fact, unlike CO2, the presence of non-volcanic SO2

in the troposphere is negligible and, therefore, its detection is
much easier compared with detecting volcanic CO2.
Information on magma movements can, therefore, be derived
from the short-term variability of SO2 volcanic gas emissions,
as well as their correlation with seismic and geodetic measure-
ments. Therefore, monitoring techniques are needed to effec-
tively study volcanic emissions and plumes.

SO2 gas has absorption bands in the Ultra-Violet (UV)
region (300–320 nm) of the electromagnetic spectrum.
Various sensors have been used to measure SO2 absorption
features from which SO2 gas concentrations were derived.
COSPEC sensors employ scanning monochromators (Moffat
and Millan, 1971; Stoiber and Jepsen, 1973 and Stoiber et al.,
1983). DOAS, FLYSPEC, and mini-DOAS sensors use a
multi-wavelength spectrometer to measure all the wave-
lengths simultaneously (Weibring et al., 1998; Weibring
et al., 2002 and Horton et al., 2006). These various methods
have been used at activate volcanoes to estimate SO2 emis-
sions (Daag et al., 1996; Galle et al., 2002; Williams-Jones
et al., 2008 and Dalton et al., 2009), but do not provide image
data. UVimaging of SO2 plumes is less common, but has been
performed for stack plumes (Exton 1976) and active volca-
noes (Mori and Burton, 2006; Mori and Burton, 2009; Kern
et al. 2015). Such imaging can provide valuable information
on how SO2 concentration varies spatially within the plume,
and how this varies with time and the derivation of gas fluxes.
A limitation, however, is that these techniques, imaging or
non-imaging, only allow for the retrieval of SO2, and then
only during the day not at night.

Open-path Fourier Transform InfraRed (FTIR) spectrosco-
py can be used to measure both spectral absorption and emis-
sion features of multiple gases (SO2, CO2 , H2O, and SiF4) at
3–5 μm and 8–14 μm infrared wavelengths, and has been
demonstrated at active volcanoes many times (Love et al.,
1998; Francis et al., 1998; Oppenheimer et al., 1998; Goff
et al., 2001; Oppenheimer et al., 2006; La Spina et al.,

2015). Although measurements made using this technique
are of high spectral resolution (e.g., 0.5 cm−1), and wavelength
range required to allow for retrieval of multiple gases, they are
still point measurements, not imaging techniques. More re-
cently, low spectral resolution thermal imaging of volcanic
plumes has been demonstrated by Prata and Bernardo, 2014.

In this paper, we describe results from IR hyperspectral
imaging at high resolution to combine the advantages of both
FTIR’s night time measurements and high spectral resolution
and UV’s imaging capabilities. A newly developed remote
sensing long-wave Thermal IR (TIR) hyperspectral imaging
spectrometer (the Thermal Hyperspectral Imager, THI;Wright
et al., 2013) is described in this paper, which is suitable for
acquiring high spectral resolution images of volcanic plumes
from which SO2 emission and absorption spectra can be re-
trieved. Conceptually, there is no reason why other volcanic
gases, which have spectral features in the 8–14 μm infrared
wavelengths range, cannot also be quantified. THI employs a
Sagnac interferometer (Fig. 1; Lucey et al., 2008), which com-
prises three mirrors aligned at 90° angles and a zinc selenide
(ZnSe) beam splitter. Light from the scene enters the interfer-
ometer and upon striking, the beam splitter is split into a
reflected and transmitted component, which travels around
the cube in opposite directions and with different path-lengths.
Upon being recombined at the beam splitter, a phase shift has
been introduced by the differing path-lengths, resulting in in-
terference. This modulated light is then focused onto an un-
cooled microbolometer array (a FLIR Photon 320).
Microbolometers are attractive because they are cheap, simple
to use, mechanically robust, and consume relatively little pow-
er. However, they are much less sensitive than cooled photon
detectors resulting in low signal-to-noise ratios if filters (or a
dispersive method) are used to generate the spectral

Fig. 1 The Sagnac interferometer is employed in THI. The input beam of
light (black line) is divided into a reflected (blue line) and transmitted (red
line) components by the beam splitter (displayed in yellow). The two
beams are reflected by three mirrors (M) before being recombined at
the beamsplitter, and focused onto the microbolometer
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information. By using an interferometric technique, high
SNRs can be attained even using the uncooled detector array,
as a result of the well-known multiplex advantage (Fellgett,
1949).

Figure 2 illustrates how THI works. A single frame con-
tains all optical path differences (OPD), one per column,
which are needed to construct an interference pattern and
spectrum (in Fig. 2 grains of quartz on a microscope stage
are used for illustration). However, in a single frame, each
OPD samples a different scene element, whereas a spectrum
of a scene element requires all OPDs. These are obtained by
scanning the scene through the continuously varying OPD
field of the camera (Lucey et al., 2008). This is done by
employing a high precision scanning mount. Therefore, imag-
ing requires that the interference pattern be scanned across the
scene (Lucey et al., 2008) so that light from all scene elements
can be sampled at all the optical path differences generated by
the interferometer (e.g., the quartz grain marked with a red
arrow). Co-registering the frames then allows an interfero-
gram to be retrieved for each scene element, from which a
spectrum can be derived using standard Fourier Transform
processing (specifically following Mertz, 1965). Spectral

errors introduced as a function of the registration error are
minimal in case of poorly defined boundaries of slow moving
objects with very little thermal contrast such as volcanic
plumes. To convert Bmagnitude vs. frequency^ to Bspectral
radiance vs. wavelength^ the data must be spectrally and ra-
diometrically calibrated. Images are spectrally calibrated by
using an IR source with a narrow band filter, while the data
are radiometrically calibrated using two blackbodies set at
known temperatures. Each pixel in the resulting image cube
contains a spectrum of 50 samples covering wavelengths from
8 to 14 μm. The spectral resolution is linear in wavenumber
space (40 cm−1; in wavelength units); resolution is inversely
proportional to wavelength with bandwidths ranging from
0.25 μm at 8 μm to 0.3 μm at 14 μm.

The spectral and imaging capabilities of THI make it ideal
for mapping SO2 volcanic emissions. In this paper, we first
describe a series of well calibrated laboratory experiments
aimed at determining the sensitivity of the instrument and
measurement technique for quantifying volcanic SO2 gas con-
centrations.We then show preliminary results of how THI can
be used to quantify SO2 in real volcanic plumes, using mea-
surements made at Kīlauea volcano, Hawai’i.

Fig. 2 a Raw data-images acquired by THI of quartz grains on a glass
slide (indicated by the red arrow). The interference fringes are apparent.
Light from each element of the target is phase-shifted so that it varies
linearly across the array from left to right. The center burst of the
interferogram is at zero path difference (ZPD). Frames shown were
acquired 1.6 s apart, at a frame rate of 30 Hz. b, c Illustration of how an

interferogram can be obtained for each scene element via spatial
autocorrelation of a sequence of images frames. d a measured spectrum
of quartz obtained with THI (red dotted line). A high resolution
laboratory spectrum of quartz (solid line) is also shown for comparison
purposes
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Sensitivity analysis: simulating volcanic plume
measurements in the laboratory

Laboratory measurements were carried out to validate the
THI-derived spectral radiance-to-SO2 path-concentration in-
version process. Figure 3 shows the experimental set-up sche-
matically. In the field, the sensor would occupy a position on
one side of the plume. Light from the opposite side of the
plume (the background, in this example from the sky) passes
through the plume, with light at certain wavelengths being
absorbed by SO2 at the characteristic wavelengths. If the tem-
perature of the background is known, then the amount of light
that enters the plume can be predicted accurately. If no SO2 is
present, then all of the light will make it to the sensor to be
detected. But if SO2 is present, light at the characteristic wave-
lengths (i.e., a band centered at 8.6 μm) will be absorbed
within the plume, resulting in a reduction in the amount of
energy detected at such wavelengths. In addition, the
plume will emit light of its own. The net effect is that the
spectra measured by THI would be the sum of light transmit-
ted by the plume from the background plus light emitted by
the plume itself, at each of the 50 wavelengths between 8 and
14 μm. THI measurements of TIR spectral radiance, which
include both emission and transmission information, were car-
ried out in the laboratory using custom gas cells (10.16 cm
diameter and 10 cm long), fabricated using CPVC material
and IR-transparent zinc selenide (ZnSe) windows and a tem-
perature controlled NIST-traceable blackbody (Fig. 4). The

gas cell and gas concentrations used in this study were select-
ed so that the path-concentration (ppm concentration times
distance) of SO2 was comparable to that whichmight be found
in a volcanic plume. Grutter et al., 2008, Elias and Sutton,
2012, Kern et al., 2012, and Kern et al., 2013 reported SO2

path-concentrations ranging from 0 to 16,000 ppm m at vol-
canoes situated in various geological settings (e.g., hot spot
and subductions zones) and various plume widths (i.e.,
500 m). At Kīlauea volcano, DOAS and FLYSPEC measure-
ments at the summit indicate SO2 path-concentrations up to
10,000 ppm m (Kern et al., 2012; Kern et al., 2013). A 10 cm

Fig. 3 Simulating volcanic
plume conditions. Above: on the
left the background atmosphere
provides Background Emission
(BE). Within the volcanic plume,
BE is attenuated and Plume
Emission (PE) is occurring.
Within the foreground region,
both PE and the attenuated BE are
further attenuated. Below: the
same scenario is modeled with the
gas cell

Fig. 4 Top Left: THI with a custom gas cell (diameter = 10.16 cm and
length = 10 cm) mounted in front of its aperture for simulating the volcanic
plume. Top Right: A temperature controllable NIST-traceable blackbody
used to simulate the background THI-characterization studies in the lab
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long gas cell, filled with 7 % SO2 gas (with inert N2 balance at
ambient pressure) has a path-concentration of 7000 ppm m.

The temperature of the night sky depends on various con-
ditions such as environmental and atmospheric conditions and
elevation angle. For example, the temperature of the night sky
at an elevation angle of 90° is close to 80 K (Love et al., 1998;
Goforth et al. 2002). In our case, it was necessary to consider a
lower elevation angle in order to effectively simulate the nec-
essary slant paths for observing volcanic plumes. The
Swinbank formula allows for estimates of the temperature of
the night sky at various elevation angles, relative humidity and
atmospheric conditions. Assuming elevation angles lower
than 30°, a clear night on the summit of Kilauea volcano,
HI, with a typical temperature of 15 °C and a relative humidity
of 25 % for the Swinbank formula, a blackbody temperature
of −10 °C was chosen for modeling the temperature of the
night sky. Similarly, a temperature +10 °C was obtained for
daytime (Swinbank, 1963; Goforth et al. 2002). The gas cells
were filled with various SO2 gas concentrations, and the
blackbody temperature varied from −10 to +10 °C to simulate
background conditions such as daytime and night time skies
and then up to +50 °C to simulate hot background conditions
such as rocks heated by the sun. The effects of emission and
absorption from the windows and the temperature effects of
the SO2 gas were accounted for in the study. The temperature
of the SO2 gas was maintained at constant temperature and
actively controlled by using a thermocouple and a regulator-
controlled heating tape.

For these laboratory conditions, the THI-observed spectral
radiances depend upon the blackbody temperature and spec-
tral emissivity, the gas cell concentration, and temperature, the
absorption and emission of the windows, the effect of the
intervening atmosphere, and spectral response of THI. The
NIST-traceable blackbody spectral emissivity was assumed
to be in unity. The THI spectral response was determined by
observing the spectral radiances from the blackbody at differ-
ent temperatures. The various source terms are interrelated
and are defined by Eq. 1 and Fig. 3, which summarize both
laboratory and plume measurement scenarios:

L ¼ FT⋅ BE⋅PT þ PEð Þ þ FE ð1Þ

The THI-measured spectral radiance (L) depends upon the
Background Emission (BE). This could be the sky behind the
plume or the blackbody behind the gas cell. PT is the Plume
Transmission or the gas transmission (within the gas cell). PE
refers to the Plume Emission or the emission from the gas
(within the gas cell). FE and FT are respectively the
Foreground Emission and the Foreground Transmission (for
either the lab or the field conditions). For example, if THI-
spectral radiance measurements were made using SO2 gas
concentration of 0, 2, and 7 % (i.e., null case, 2000 and
7000 ppm m) and blackbody temperatures of 5 and 50 °C,

the following system of linear equations is solved and emis-
sion and transmission components of the THI spectra re-
trieved.

L5 ¼ FT⋅ BE5⋅PT ⋅gcT þ PEð Þ þ FE
L50 ¼ FT⋅ BE50⋅PT ⋅gcT þ PEð Þ þ FE

;

�
ð2Þ

where: BE5 is the background emission of the blackbody set at
5 °C, BE50 is the background emission of the blackbody set at
50 °C and gcT is the transmission of the empty gas cell.

Similarly, system of linear equations can be solved if the
gas cell is empty. In this case:

~L5 ¼ FT⋅ BE5⋅PT ⋅gcT þ PEð Þ þ FE
~L50 ¼ FT⋅ BE50⋅PT ⋅gcT þ PEð Þ þ FE

;

(
ð3Þ

where: ~L50 ∼ is the spectral radiance measured when looking
through the empty gas cell at the background blackbody set at

50 °C (PT = 1) and eL5 is the spectral radiance measured when
looking through the empty gas cell at the background black-
body set at 5 °C.

Solving for PE and PT, leads to

PT ¼ L50−L5
~L50 ∼− ~L5 ∼

PE ¼ L50− ~L5 ∼⋅PT
� � ;

8<
: ð4Þ

This inversion algorithm is possible in the laboratory be-
cause the temperature of the background can be known pro-
viding at least two background temperatures for setting up the
required simultaneous equations.

Results: laboratory characterization of the THI
instrument

In order to study the sensitivity of the instrument for SO2

retrieval, THI measurements of TIR spectral radiances were
carried out in the laboratory using custom gas cells and a
temperature controlled NIST-traceable blackbody. Initially,
in order to isolate SO2 emission and transmission spectral
information, measurements were carried out with the back-
ground blackbody at two different temperatures, and for emp-
ty and SO2-filled gas cells (0, 2, and 7 % at the constant
temperature of 20 °C). For this purpose, the simplified inver-
sion algorithm of Eq. 4 was used. Figure 5 shows spectral
radiances for different background temperatures and different
SO2 concentrations measured with THI.

When the background temperature is higher than the gas
temperature, the SO2 gas causes a reduction in the measured
spectral radiance at 8.6 μm (i.e., absorption of background
radiance by the gas is more important than emission from
the gas). Conversely, if the background temperature is lower
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than the gas temperature, the SO2 gas induces an increase in
the measured spectral radiance in the same wavelength region.
Finally, if the background blackbody emits at the same tem-
perature of the SO2 gas, the SO2 gas effects cannot be seen,
because emission and absorption cancel out. Clearly, the in-
strument can distinguish between these gas concentrations, in
both absorption and emission. Additionally, this emphasizes
how critical the temperature of the plume is for retrieving SO2

gas path-concentrations. If the plume temperature is not
known accurately, then, it is very difficult to estimate SO2

path-concentrations.
To confirm the robustness of the THI measurements, they

were benchmarked against those obtained from a commercial
off-the-shelf non-imaging Michelson FTIR spectrometer. The
Design & Prototypes (D&P) Model 102 spectrometer uses a
Michelson interferometer and a cryogenically cooled
InSb/MCT detector to yield high signal-to-noise point spectra
between 2 and 16 μm, with a spectral resolution of 4 cm−1,
substantially higher than THI. Figure 6a, b show SO2 emis-
sion and transmission curves derived from THI and D&P
measurements following Eq. 4. The D&P spectrometer has a
higher spectral resolution (4 cm−1) than THI (40 cm−1) and,
therefore, the resolution of the D&P data was reduced by
applying a weighted average. The general location and fea-
tures of the SO2 emission and absorption curves are similar for
both THI and D&P observations, confirming that the THI
measurements are robust.

Following from these initial experiments, we examined
how well THI could discriminate between a wider range of
SO2 concentrations. The temperature of the blackbody was set
to either −10 or +10 °C to simulate the temperature of the sky
in tropical regions during night time and daytime (at low

elevation angles, with typical ambient temperatures of 15 °C
and relative humidity of 25 %) to try to encompass something
of the natural variability that would be encountered in the field
(Swinbank, 1963; Goforth et al., 2002).

With respect to the concentration of SO2, measurements
were conducted at each background temperature (−10 °C
and +10 °C) with gas concentrations equivalent to 100, 300,
500, 1000, 2000, 3000, 4000, 5000, 6000 and 7000 ppm m.
For each experiment, 50 THI spectra were obtained to estab-
lish repeatability, and the mean and standard deviation of the
spectral radiance at each wavelength computed (Fig. 7a, b). In
order to express the THI sensitivity in SO2 units, ratio values
of measured spectral radiance obtained when looking through
a filled gas cell and an empty gas cell were determined
(Fig. 7c, d). To aid interpretation, we note that the results on
the left hand side (7a, c) are indicative of best-case instrument
performance (i.e., good plume-background contrast), while
the figures on the right hand side (7b, d) are indicative of worst
case performance (i.e., poorer plume-background contrast). It
can be seen that, assuming a Kīlauea-like volcanic plume
width of 500 m (Kern et al., 2012), THI can detect SO2 gas
path-concentrations as low as 100 ppm m with a background
temperature of −10 °C (i.e., somewhat ideal observation
conditions, at night with a high elevation angle; Fig. 7b) and
as low as 1000 ppm m with a background temperature of
+10 °C (i.e., much less ideal observations conditions, during
the day, at low elevation angles; Fig. 7a). Figure 8 shows path-
concentrations observed at Kīlauea by Kern et al. (2012), and
it appears that THI would be able to resolve the same temporal
trends in SO2 degassing.

In order to evaluate the performance of THI for quantifying
volcanic SO2 emissions, THI measurements of TIR spectral

Fig. 5 THI-measured spectral
radiances for different
background temperatures (5, 20,
and 50 °C) and different SO2

concentrations (0, 2, and 7 %).
The shape of the SO2 spectral
feature at 8.4 μm depends on the
background temperature

73 Page 6 of 13 Bull Volcanol (2016) 78: 73



radiances were also compared with theoretical spectral radi-
ances computed with MODTRAN5. MODTRAN5 is a radi-
ative transfer model developed by the US Air Force Research
Laboratory, which can simulate absorption and emission in
TIR for different gas concentrations and temperatures.
Matlab code to control MODTRAN5 was developed as part
of this project using the MOD5 function developed by Derek
Griffith (Matlab File Exchange 2012).

THI measurements were carried out with the background
blackbody at two different temperatures and for empty and
SO2-filled gas cells (0, 2, and 7 % at the constant temperature
of 20 °C). The THI-measured spectral radiances were com-
pared with theoretical thermal IR spectral radiances computed
with MODTRAN5 for the same optical conditions. The pres-
ence of the gas cell filled with known concentrations of SO2

gas between the detector and the background blackbody (set at
50 °C) were simulated in MODTRAN5, and the simplified
inversion process of Eq. 4 was employed to evaluate how well
the (known) concentration of SO2 in the gas cells could be
retrieved from the resulting THI spectra. Figure 9a, b shows a
comparison between the spectral SO2 emission and transmis-
sion curves derived from THI and from MODTRAN5 simu-
lations (dotted lines). Measured and theoretical curves are in
reasonably good agreement.

Results: initial field-testing of THI at KĪLAUEA
volcano

The instrument was field-tested at Kīlauea volcano, Hawai’i.
THI placed in the parking lot of the USGS Hawaiian Volcano
Observatory (HVO) in the Hawai’i Volcanoes National Park

overlooking the volcanic plume rising from the Halema’uma’u
vent. Measurements were collected both during daytime and
nighttime in light and variable easterly trade wind conditions
with clear, hazy, and cloudy backgrounds (Fig. 10).

Figure 11 is a THI-obtained color map that shows the rel-
ative concentration of SO2 contained in the volcanic plume
derived from a simple two-channel approach. The 8.6 μm
band, where the peak SO2 spectral feature occurs, was
subtracted from the 10 μm band, where the atmosphere is
mostly transparent. This simple radiance difference can pro-
vide a qualitative map of the SO2 relative path-concentration
in the volcanic plume. The scan was taken on December the
8th, 2015, in the afternoon. The weather condition consisted
of light and variable easterly trades with a hazy and cloudy
background. The SO2 volcanic plume vented from the
Halema’uma’u vent on the summit of Kīlauea volcano can
be seen rising above the caldera of the volcano and its non-
homogenous structure can be observed.

Regions inside and outside of the plume (Fig. 11) were
selected to derive the average SO2 path-concentration in the
plume. The white marks (Fig. 11) show locations which that
were selected to represent background (out of plume) condi-
tions. The black marks (Fig. 11) indicate locations that were
selected to represent SO2 (in plume) conditions. The selected
background and plume spectra were averaged (Fig. 12) and the
ratio (in plume divided by out of plume) was calculated to
highlight the volcanic SO2 spectral signature (Fig. 13). Ratio
values within the SO2 peak region (8.3 to 9.3 μm) are larger
than 1.5 while those outside the SO2 peak region deviate from 1
to less than 0.25. This deviation may be due to variations in
background conditions, temperature, water vapor, clouds, and
sensor noise. The dip feature at 8.2 μm can also be related to

Fig. 6a, b Top left: a Comparison between the spectral SO2 emission
curves derived from the THI measurements (yellow and red lines) and a
separate non-imaging higher resolution Thermal IR D&P spectrometer.
Top right: b Comparison between the spectral SO2 transmission curves

derived from the THI measurements (yellow and red lines) and a separate
non-imaging higher resolution Thermal IR D&P spectrometer. The D&P
spectrometer has higher spectral resolution (4 cm−1) than THI and,
therefore, D&P data were smoothed to similar THI resolutions
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background sky spectral structures, as well as lower signal-to-
noise ratio of the microbolometer camera at that wavelength. A
preliminary inversion algorithm was developed, and
MODTRAN5 was used to calculate spectral radiances in and
out of the plume for viewing geometries similar to those of the
measurements carried out here (Fig. 14a). The calculations

were based on an afternoon (2:00 p.m., HST) atmospheric
sounding (Fig. 14b) obtained from Hilo (ITO) airport via the
University of Wyoming’s Upper Air Sounding website (Upper
Air Sounding, 2016). The temperature of the plume in the
assessed region (black marks in Fig. 11) was assumed to be
ambient. In fact, the measurements were carried out in the

Fig. 7a–d Top left: a Average and standard deviation obtained for 50
THI measurements of a blackbody (−10 °C) as seen through the gas cell.
Top right: b Average and standard deviation obtained for 50 THI
measurements of a blackbody (+10 °C) as seen through the gas cell.
The gas concentrations that were used to fill the gas cells are shown in
percentage. The equivalent values in ppm m (assuming Kīlauea-like
plume widths) are also given. Bottom left: c. THI-measured spectral

radiance ratio (Gas cell with various concentrations of SO2 divided by
gas cell without SO2) values obtained from Fig. 7a. A linear interpolation
was carried out for the data. Bottom right: d. THI-measured spectral
radiance ratio (Gas cell with various concentrations of SO2 divided by
gas cell without SO2) values obtained from Fig. 7b. A linear interpolation
was carried out for the data. The error was estimated by using the
propagation of the error formula.
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region where the plume was no longer rising. During standard
trade winds conditions, the plume is observed to rise for a short
duration and then remain at a constant height. At that point, the
plume is no longer buoyant due to entrainment of environmen-
tal air. This was also confirmed by our observations using ther-
mal cameras wherein we observed that the plume was visible
near the source and soon became invisible as it left the source.
The computed spectral radiances were used to calculate a ratio
for spectra in and outside the volcanic plume (in plume divided
by out of plume). These ratio calculations were compared to the
measured ratio (Fig. 13). In order to match the height of the
THI-observed SO2 ratio peak, a path-concentration of
7150 ppm m and plume width of 500 m was used for the

MODTRAN5 simulation. This SO2 path-concentration is with-
in the range of those reported by Grutter et al., 2008, Elias and
Sutton, 2012, Kern et al., 2012, and Kern et al., 2013 at the
Kīlauea volcanic plume. The ratio values of 5150 and
9150 ppm m are also shown (Fig. 13).

Discussion

Thermal IR imaging offers unique advantages for measuring
volcanic plume emissions during both daytime and nighttime.
Spectral absorption and emission features are present in the
thermal IR for many gases, including SO2, CO2, and H2O and,
with appropriate methods, it is possible to derive plume gas

Fig. 9a, b Top left: a Comparison between the spectral SO2 emission
curves derived from the THI measurements and MODTRAN5
simulations (dotted lines) at different concentrations (2 and 7 %). Top

right: b Comparison between the spectral SO2 transmission curves
derived from the THI data and MODTRAN5 simulations (dotted lines)
at different concentrations (2 and 7 %)

Fig. 8 SO2 path-concentration time series (starting on September the
28th, 2012, at 10:20:52 a.m. HST,) measured with DOAS at Kīlauea
volcano, Hawai’i (from Kern et al., 2012)

Fig. 10 THI scanning across the volcanic plume and quantifying SO2

path-concentrations at the summit of Kīlauea volcano, Hawai’i, USA

Bull Volcanol (2016) 78: 73 Page 9 of 13 73



path-concentrations. This study focused on the potential for
THI, a thermal IR hyperspectral imaging system to make SO2

volcanic plume measurements. THI employs a Sagnac inter-
ferometer and an uncooled microbolometer in rapid scanning
configuration to collect hyperspectral images of volcanic
plumes. Each pixel in the resulting image yields a spectrum
with 50 samples between 8 and 14 μm. Images are spectrally
and radiometrically calibrated using respectively, an IR source

with a narrow band filter, and two blackbodies. THI-measured
within the spectral region from 8 to 14 μm, which covers a
SO2 absorption and emission band (centered at 8.6 μm). THI
sensitivity, to measure SO2, was determined using gas cells
filled with known concentrations of SO2 and using NIST-
traceable blackbodies to simulate a range of realistic back-
ground conditions. To confirm the robustness of the THI mea-
surements, THI data were benchmarked against those

Fig. 12 The averaged spectra
obtained for background (out of
plume) and plume pixels. The two
averaged spectra differ
significantly in the SO2 peak
region (8.3 to 9.3 μm). The peak
at 9.6 μm is stratospheric ozone

Fig. 11 Colored map showing
the relative concentration of SO2

in the volcanic plume vented from
the Halema’uma’u vent on the
summit of Kīlauea volcano. The
white marks show locations
which were selected to represent
background (out of plume)
conditions. The black marks
indicate locations which were
selected to represent SO2 (in
plume) conditions. These spectra
were used for Fig. 13 calculations
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obtained from a commercial off-the-shelf non-imaging
Michelson FTIR spectrometer.

Laboratory measurements were also carried out to deter-
mine how well THI could discriminate between a wider range
of SO2 concentrations. The temperature of the blackbody was
set to either −10 °C or +10 °C to simulate the temperature of
the sky in tropical regions during nighttime and daytime, to
simulate the natural variability that would be encountered in
the field. Assuming plume widths similar to those observed at
active volcanoes, we showed that THI is able to detect SO2

gas path-concentrations as low as 100 ppm m with a back-
ground temperature of −10 °C (i.e., somewhat ideal

observation conditions, at night with a high elevation angle)
and as low as 1000 ppm m with a background temperature of
+10 °C (i.e., much less ideal observations conditions, during
the day, at low elevation angles). Additionally, theoretical
thermal IR spectral radiances were computed with
MODTRAN5 for the same optical conditions, to evaluate
how well the (known) concentration of SO2 is the gas cell
could be retrieved from the resulting THI spectra. A good
agreement between THI-measured and theoretical spectra un-
der controlled conditions was shown. These laboratory studies
confirm that THI would be able to resolve temporal trends in
SO2 degassing at volcanoes located in different geologic

Fig. 13 SO2 spectral signature
obtained from the average ratio of
spectra derived from plume
(black marks in Fig. 9) and
background pixels (white marks
in Fig. 9). The MODTRAN5-
computed ratio values for 7150,
5150 , and 9150 ppm m are also
shown

Fig. 14 a, b Top Left: a A sketch showing the geometry assumed to
solve the radiative transfer problem via Eq. 1 in MODTRAN5 and
estimate the SO2, path-concentration. Top Right: b The afternoon (2:00

p.m., HST) atmospheric sounding obtained from HILO (ITO) airport for
the day of the measurements. This sounding was used in the
MODTRAN5 calculations
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settings (Grutter et al., 2008, Elias and Sutton, 2012, Kern
et al., 2012, and Kern et al., 2013).

THI was also field-tested at Kīlauea volcano, Hawai’i, by
imaging the volcanic plume rising from the Halema’uma’u
vent. The hyperspectral thermal IR data cube, collected by
THI, was processed using a simplified MODTRAN5-based
inversion algorithm based on measured spectral radiance ratio
calculations between the averages of in plume and out of
plume pixels. Spectra collected in and out of the plume were
used to illustrate the SO2 absorption-emission band. This SO2

feature was modeled with MODTRAN5, using the same ge-
ometry and environmental conditions of the day of the mea-
surements. A path-concentration of 7150 ppmmwas retrieved
from measurements made near the Halema’uma’u vent. This
SO2 path-concentration is within the range of those reported
by Grutter et al., 2008, Elias and Sutton, 2012, Kern et al.,
2012, and Kern et al., 2013 at the Kīlauea volcanic plume.

The exploratory study carried out here suggests that ther-
mal IR hyperspectral imaging can be successfully employed
to image volcanic plumes and derive SO2 path-concentrations,
which in turn can be converted into mass flux. In fact, each
pixel yields a path-concentration of SO2. Summing each line
in the x-dimension of the image and then multiplying by the
plume velocity in the y-dimension (obtained from the image
itself) yields the SO2 mass flux. The fact that the plume rises
while the camera is scanning is an issue if the plume has strong
heterogeneities in temperature and SO2 abundance, and if the
plume is rising fast compared with the scanning rate of the
camera. This temporal Bblurring^ issue is also common to
other techniques such as COSPEC, DOAS, scanning DOAS,
and Prata’s IR camera technique (Moffat and Millan, 1971;
Mori and Burton, 2006; Prata and Bernardo, 2014). For the
measurements carried out here, a complete scan of the plume
was carried out in approximately 1 sec. This time is consid-
ered to be short relative to plume motion occurring kilometers
away. The fact that both the plume and background tempera-
tures affect the thermal IR spectral radiances, an inversion
algorithm be employed.
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