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ABSTRACT 
 
Analysis of thermally emissive volcanic features using satellite infrared remote sensing has 
been conducted over recent decades, primarily using shortwave and thermal infrared (SWIR; 
TIR) radiance data. The Advanced Spaceborne Thermal Emission and Reflection Radiometer 
(ASTER), mounted on the Earth Observation System (EOS) Terra satellite, offers an advance 
on earlier instruments, having more bands covering the SWIR atmospheric window and 
offering a wider dynamic range. This paper compares methods used to analyse ASTER SWIR 
imagery of active volcanoes, using both simulated cases and actual ASTER imagery of Lascar 
Volcano, and focusing on radiative power estimates. Those based on the Oppenheimer (1993) 
approach are found to be most reliable for simulated surfaces, with the Lombardo and 
Buongiorno (2006) and Dozier (1981) retrievals having larger uncertainties in most cases. 
However, the Dozier Method results in the highest proportion of successful retrievals, the 
reliability of which is influenced by factors including band combination, gain setting and 
saturation. The radiative power metric is shown as a more reliable measure than sub–pixel 
characterisations of hotspot temperature and area, as retrieved by these methods. We conclude 
with an assessment of ASTER in terms of its utility for providing quantitative observations of 
active volcanic surfaces. 
 
 



1. Introduction 
 
The infrared remote sensing of volcanic phenomena has been undertaken for a number of 
decades. Fisher et al. (1964) was amongst the first to describe early aerial infrared surveys of 
Hawaiian volcanoes. During the 1980s, the satellite remote sensing of volcanic thermal 
anomalies became the focus of more detailed studies (e.g. Francis and McAllister [1986]; 
Rothery et al. [1988]), while Glaze et al. (1989) showed that variations in such signals are of 
use in comparing activity between volcanoes. The field increasingly became a sub–discipline 
in its own right, with numerous studies harnessing its utility in, for example, examining 
fumarolic activity (Flynn et al. 1994; Wooster et al. 2000) and lava–dome behaviour 
(Oppenheimer et al. 1993; Carter et al. 2007), quantifying magma fluxes at lava–lakes 
(Harris et al. 1997), determining lava flow effusion rates (Harris et al. 1998; Lombardo et al. 
2004) and mapping active volcanic craters (Blackett 2007). Chronologies of volcanic 
behaviour (Wright et al. 2005; Van Manen and Dehn 2009), attempts at observation 
automation (Davies et al. 2006) and hyperspectral investigations of lava flows (Lombardo et 
al. 2006; 2009) have also been conducted. However, despite these advances, Flynn (1996) 
highlighted that no operating satellite provides the required frequency of coverage, spectral 
resolution and dynamic range optimal for volcanic monitoring; this remains true today.  

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), 
present on the Earth Observation System (EOS) Terra satellite, is one satellite remote sensing 
instrument for which the observation of active volcanoes was considered in its design 
(Yamaguchi et al. 1998; Pieri and Abrams 2004). This paper examines the methods available 
for quantifying volcanic activity using shortwave infrared (SWIR) radiance data from 
ASTER. The sensor, and the fundamentals of infrared remote sensing of thermally anomalous 
surfaces, are first introduced. This is followed by a discussion of the various methods 
commonly applied to analyse such data and which envisage the surface as displaying a multi–
thermal component structure. These methods are applied to both simulated volcanic surfaces 
and to a six–year time series of imagery of Lascar volcano, Chile, enabling their assessment 
and intercomparison. Results from the optimum methods allow the more recent, and largely 
unreported, infrared emission variations at Lascar to be documented. 
 
1.1 Infrared Remote Sensing 
 
All objects above absolute zero (0 K) emit electromagnetic radiation, the wavelength and 
quantity of which are a function of the characteristics of the surface in terms of its 
temperature and radiating efficiency (emissivity). As the temperature of a surface increases, 
so too does the total radiated energy flux; this is according to the Stefan–Boltzmann Law 
(Stefan 1879; Boltzmann 1884): 
 

 4TE σ=  (1) 

 
Where: E = total radiated energy flux (W m–2), T = temperature of blackbody (K) and σ = 
Stefan–Boltzmann Constant (5.6697 x 10–8 W m–2 K–4). 
 Trends of increasing spectral radiance with temperature are true for all wavelengths 
but, according to Wien’s Displacement Law (Wien 1896), the peak wavelength of emission 
shifts to shorter wavelengths with increasing temperature (Rothery 1988), following: 
 

 
T
b

max =λ  (2) 

 
Where: maxλ  = peak wavelength (m), T = temperature of a blackbody (K) and b = Wien’s 
displacement constant (2.8978 x 10–3 m K). 

In terms of spectral radiance therefore, the emissions from ambient to hot surfaces are 
greatest in the infrared, with those of very hot surfaces being enhanced in the SWIR and mid–



infrared (MIR) (1.6–3.0 µm and 3.0–8.0 µm, respectively) compared with those in the 
thermal–infrared (TIR) (8.0–15.0 µm) region. The overall spectral radiance, Lλ(T), (in units of 

112 msrmW −−− ) of a blackbody at a particular temperature (T) and wavelength (λ), is given 
by the Planck Function (Planck 1901), which effectively summarises that the spectral 
radiance emitted from a surface will increase with its temperature, while the chief emissions 
will become of shorter wavelength (Donnegan and Flynn 2004): 
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Where: C1 and C2 = constants of 1.19 x 10–16 12 srmW −− and 1.44 x 10–2 m K, respectively 
(Wooster 2002). 

The significance of these characteristics is two–fold. Firstly, a hot surface (at 
magmatic temperature, for example) will emit significant quantities of infrared energy 
compared to a cooler surface (particularly at shorter–wavelengths), even if it is relatively 
small or, indeed, sub–pixel in size. Secondly, when a surface of spatially varying temperature 
is imaged in the infrared, it will appear different depending on the wavelength used to image 
it. These characteristics have important implications for the infrared remote sensing of active 
volcanic surfaces. For example, since TIR bands are less sensitive to the hottest thermally 
anomalous surfaces, two TIR pixels may appear identical while actually viewing surfaces 
displaying different sub–pixel thermal components (Vaughan et al. 2010). This highlights the 
importance of using SWIR data for the highest accuracy when analysing active volcanic 
surfaces. 
 
1.2 ASTER 
 
Early hopes when ASTER was launched onboard the NASA Terra satellite in 1999 were that 
it would provide unprecedented volcanological observations (Pieri and Abrams 2004). It was 
the only instrument that would routinely acquire high–spatial resolution, night–time imagery 
of volcanic targets in both SWIR and TIR bands (Wessels et al. 2004). In this unique 
‘volcano mode’ (Yamaguchi et al. 1998, p.1069), SWIR observations would be of particular 
utility due to the absence of sun–light contamination thereby aiding accurate quantitative 
analyses (Wooster and Kaneko 2001; Wright and Flynn 2004; Davies et al. 2006). 
Additionally, using night–time SWIR imagery would enhance the contrast between hot and 
ambient surfaces, thereby facilitating the isolation of even the smallest, but hottest, thermally 
anomalous surfaces (Harris et al. 1997). Other features of ASTER greeted optimistically by 
the volcanological community were, in large part, also associated with its SWIR observing 
capabilities, including: 
 
• Six–SWIR bands, compared with just two on ASTER’s predecessors (the Landsat 

Thematic Mapper [TM] and Enhanced Thematic Mapper [ETM+]). This provided for 
the observation of volcanic surfaces over a range of extreme temperatures. 
 

• A narrow SWIR spectral range, compared with that of its predecessors. This 
theoretically enhanced the reliability of its temperature determinations due to the smaller 
flux uncertainties within given bandwidths (Hirn et al. 2005). 

 
• 30 m spatial resolution, making the sensor superior to many other polar orbiting sensors 

(and to all geostationary sensors) previously used in hotspot remote sensing (although 
the same as for Landsat ETM+). The chief advantage of this is the reduction in the 
inclusion of radiative contributions from surfaces of widely differing temperature (Pieri 
et al. 1995). It is also advantageous for hot–surface detection since, despite lacking the 



‘hotspot–optimised’ spectral bands of MODIS (i.e. the thermally sensitive MIR bands), 
any hot–surface will likely cover a significant proportion of an ASTER SWIR pixel, 
resulting in substantial signals being detected for even the smallest hotspots (Morisette et 
al. 2005).  
 

• Normal–, high–, or two low–gain settings, functioning by altering the range and 
amplification of the detected signals (Pieri and Abrams 2004). Low–gain settings reduce 
the occurrence of saturation by increasing the dynamic range (figure 1) and therefore, 
maximum radiance that can be detected (figure 2). This increases the possibility of 
obtaining quantitative volcanic observations at much higher pixel–integrated brightness 
temperatures (Donnegan and Flynn 2004). Low–gain bands however, are less sensitive 
to subtly radiant surfaces. It is unfortunate that despite their availability, low–gain 
settings appear not to have been widely used to observe thermally anomalous surfaces. 
Giglio et al. (2008) for example, note that only a small proportion of the ASTER SWIR 
imagery of fires that they studied had utilised the low–gain setting. The effect of this was 
that saturation was found to be common, and this also remains the case for volcanic 
observations. 

 
FIGURE 1 HERE 
FIGURE 2 HERE 

 
Prior to its launch, and in an attempt to evaluate the much publicised potential of 

ASTER in observing volcanic phenomena, Wright et al. (1999) set out to simulate the 
sensor’s SWIR response to volcanic targets. With its advantages over Landsat TM and 
ETM+, it was envisaged that ASTER would provide, simultaneously for almost the first time, 
up to six unsaturated bands of SWIR radiance measurements of thermally anomalous 
volcanic surfaces. The study determined, however, that saturation would still in fact be 
common, even when operating in low gain mode. The chief reason for this is that at the 30 m 
pixel size, even a relatively small scale anomaly would contribute disproportionately to the 
overall detected signal, e.g. saturation would be experienced when an area of freshly exposed 
lava approached just 1% pixel areal coverage (i.e. 9 m2 of the 900 m2 SWIR pixel). 
Consequently, Wright et al. (1999) suggested that unsaturated observations of features such 
as lava–lakes and open channel lava–flows would often be impossible. Based on this, they 
argued that sensors with a coarser spatial resolution (e.g. ATSR and MODIS), would remain 
useful due to their reduced tendency to saturate. 

Despite ASTER having been in orbit for over ten years, few published studies have 
utilised its SWIR data for making volcanic infrared emission observations, and none have 
verified the suggestions by Wright et al. (1999). In a special issue of Remote Sensing of 
Environment, which focused purely on the scientific results of ASTER, of the fifteen papers, 
only one (Pieri and Abrams 2005) was concerned with volcanic observations and even this 
made no use of ASTER’s SWIR observational capabilities. Pieri and Abrams (2004) 
introduce a number of possible volcanic applications and present examples of ASTER SWIR 
imagery, while Lombardo and Buongiorno (2006) and Davies et al. (2008) make 
comparisons between quantitative observations from the ASTER SWIR bands and, 
respectively, those from comparable bands of the Multispectral Infrared and Visible Imaging 
Spectrometer (MIVIS) airborne instrument and the EOS Hyperion sensor. Some studies have 
also attempted to retrieve volcanic surface temperatures using ASTER SWIR data (e.g. Carter 
et al. 2008) and to integrate SWIR observations of volcanic eruptions with both field, and 
other satellite sensor, observations (e.g. Carter et al. 2008; Rose and Ramsey 2009). This 
arguably limited range of studies suggests that a thorough investigation of the volcanological 
utility of ASTER’s SWIR bands is outstanding. Such an investigation is made all the more 
relevant as the Terra satellite has now exceeded its design lifespan and its SWIR bands no 
longer function (Wooster 2007; Vaughan et al. 2010). 
 
1.3 Satellite Observations of Volcanic Surfaces 



 
In terms of viewing Earth’s surface, the finest detail which satellite sensors can resolve 
depends on the spatial resolution (i.e. pixel size) of the sensor. The radiance measured within 
a pixel is that averaged over its whole area, so signals from sub–pixel thermal components 
are combined into a single ‘pixel–integrated’ value (Francis and Rothery 2000). When 
imaging an active lava–flow for example, one pixel may include radiance from numerous 
different surface components, including both incandescent and cooler lava–flows, and 
surfaces unaffected by volcanic heating. Being of differing temperature, each of these 
components will emit different amounts of electromagnetic radiation at a particular 
wavelength, with the resulting signal combined to provide a ‘pixel integrated’ signal. 

Given multispectral data, each waveband of which will be most sensitive to the 
radiant emissions from surfaces at a particular temperature, it is possible to make assumptions 
about a surface being viewed in terms of its constituent thermal components. This was first 
recognised in Dozier (1981) and Matson and Dozier (1981), which showed that, for 
observations of sub–pixel hotspots, if the spectral radiant emissions of a pixel are known in 
two suitably separated, thermally sensitive wavebands, then its two–component sub–pixel 
thermal structure (e.g. figure 3) can be estimated. This is calculated via use of two non–linear, 
simultaneous equations that quantify the radiant energy emissions from each component: 
 
 )](TL )P-[(1  )(TL P  R cxhhxhx +=  (4) 
 )](TL )P-[(1  )(TL P R cyhhyhy +=  (5) 
 
Where: Rx and Ry = spectral radiance detected by a remote sensor in bands x and y 
( 112 μmsrmW −−− ), adjusted for atmospheric transmissivity and surface emissivity; Ph = the 
proportion of the pixel occupied by the hotspot; Lx(Th) and Ly(Tc) = the spectral radiance (L, 

112 μmsrmW −−− ) emitted in a particular band (x or y) by a surface at temperature Th (the hot 
component) or Tc (the cooler component), as determined by the Planck Function (equation 
[3]). 
 

FIGURE 3 HERE 
 

Since this method uses two equations and there are three unknowns (Th, Tc and Ph), 
its application requires one more piece of information, and either Th or Tc are usually 
assumed. In assuming only two thermal components, the Dozier Method (often termed dual–
band method) will only ever approximate reality, although such assumptions will, of course, 
be more realistic than the assumption of a single, uniform, pixel–wide temperature structure 
as envisaged in earlier studies, e.g. Shaw and Swanson (1970), Danes (1972) and Dragoni et 
al. (1986). 

Amongst the first terrestrial volcanological applications of the dual–band method was 
Rothery et al. (1988) which examined satellite imagery of various volcanic phenomena. This 
work followed Dozier (1981) in assuming the cooler component temperature (Tc), based on 
the assumption that its contribution to the overall pixel radiance would be small as a result of 
Planck’s Law (equation [3]) (Donnegan and Flynn 2004). However, Oppenheimer (1991) 
determined that the emissions from the cooler component were more significant than had 
been previously suggested, reasoning that although radiant energy emissions are locally high 
from regions of exposed hot core, they are typically small when compared with those from 
the often much larger surrounding ‘cooler crust’ region. In the absence of other information, 
evidence therefore suggested it is more justifiable to assume Th (as something close to the 
magmatic temperature) in dual–band calculations and, in turn, to calculate Tc. 

Based on field spectro–radiometer studies at Pu’u O’o, Hawaii, Flynn (1992) 
recognised that volcanic surface models assuming three–thermal components actually 
provided a significantly more accurate surface characterisation than two component models. 
This third component was assumed to have a temperature between Th and Tc (Flynn and 



Mouginis–Mark 1992). Building on the dual–band approach, and harnessing Thematic 
Mapper Simulator (TMS) imagery of Mount Etna, Oppenheimer (1993) presented a 
procedure utilising three–infrared bands to derive three–component pixel models (figure 4). 
For the application of this method, where all three bands are located in the SWIR spectral 
region, and where the ambient background temperature (Tb) is too cool for significant SWIR 
emittance (i.e. < 100 °C), the following equation set is given: 
 
 ( ) ( )

( ) ( ) ( ) ( )h1cxc1hx

cx1c1x
h TLTLTLTL

TLRTLR
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Where: Rx = spectral radiance in band x ( 112 μmsrmW −−− ), band x = band 2 and/or band 3 
of the 3 bands being used and R1 = spectral radiance in the first band of the three being used 
( 112 μmsrmW −−− ). 

FIGURE 4 HERE 
 

Lombardo and Buongiorno (2006) re–examined and updated the dual–band method, 
presenting a new procedure which can retrieve a two–component solution via three equations 
using three–SWIR bands. The rationale for this was that, in contrast to both the 
aforementioned Dozier and Oppenheimer Methods, it removes the requirement for an 
assumed temperature since there are three–equations and three–unknowns: 
 

 )]T ,(L )P-[(1  )T ,(L P  R cxhhxhx +=  (8) 

 )]T ,(L )P-[(1  )T ,(L P  R cyhhyhy +=  (9) 

 )]T ,(L )P-[(1  )T ,(L P  R czhhzhz +=  (10) 
 
Where: Rx,y,z = spectral radiance detected by a remote sensor in bands x, y or z 
( 112 μmsrmW −−− ). 

Lombardo and Buongiorno (2006) demonstrate, by applying this equation–set to 
MIVIS imagery of an Etnean lava–flow and allowing Th to vary unconstrained until a 
solution is reached, that Th varies across a volcanic surface. This, they argue, confirms that 
the dual–band technique, utilising a single Th value, might not always provide reliable results. 

These methods provide a characterisation of the surface being viewed (in terms of 
effective hotspot area and temperature) but by themselves provide no indication of the 
radiative power emission. In contrast, total radiative power (integrated over all wavelengths) 
is, perhaps, more useful for characterising volcanic activity and for facilitating effective 
volcano inter–comparisons; it was also found by Wright and Flynn (2003) to be a more 
accurate and consistent measure. The reason for this enhanced accuracy is that, in general, 
errors in hotspot temperature act in a different direction to those in hotspot area (i.e. when 
one is overestimated the other is usually underestimated). Therefore, to some extent, these 
errors cancel each other out when used to derive the total radiative power output. This value 
can be calculated via the Stefan–Boltzmann Law (equation [1]), using the following 
equations applied to either a two– or three–thermal component pixel:  
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Where: Q = emitted radiant power (W), σ = Stefan–Boltzmann Constant (5.67 x10–8 
42 KmW −− ), ε = surface emissivity (unit–less) and A = pixel surface area (m2). 

This review has highlighted the potential advantages and disadvantages in the 
ASTER SWIR observation of thermally active volcanoes, and has presented the different 
approaches available to analyse these signals. A set of previously unanalysed ASTER night–
time observations of Lascar Volcano (Chile), made over a six–year period (2000–2005), will 
now be used to assess the actual capability of these approaches when applied to real ASTER 
imagery of an already well–studied active volcanic target that has been analysed with data 
from TM, ETM+, ATSR and other infrared–capable sensors (e.g. Francis and Rothery 1987; 
Oppenheimer et al. 1993; Wooster and Rothery 1997; Wooster 2001). 
 
2. Methods 
 
2.1 Study area and data acquisition 
 
Lascar volcano is located in the northern Chilean Andes and is the most active volcano in the 
region (Oppenheimer et al. 1993). The summit at 5592 m consists of five overlapping craters, 
only one of which remains active (Tassi et al. 2009). Lascar’s largest recorded eruption was 
in 1993 which resulted in localised pyroclastic flows and ash fallout over Buenos Aires, some 
1500 km downwind (Wooster and Rothery 1997). More recently, the volcano erupted in 2006 
and 2007 (BGVN 2006; 2007). A SWIR image of Lascar from 2003, obtained in daylight for 
greater detail, is displayed in figure 5. 
 

FIGURE 5 HERE 
 

ASTER data were acquired in two formats for use in this work: Level–1A (L1A) and 
Level–1B (L1B). L1A products are essentially unprocessed, while the L1B products are 
supplied calibrated and with all bands geometrically co–registered (Hellman and Ramsey 
2004; Kato et al. 2001). Both product formats include data from ASTER’s three telescopes 
(VIS/SWIR/TIR) and cover a ground area of 60 km x 60 km. In this work, L1A scenes were 
calibrated and geo–corrected to the equivalent of L1B and, following the removal of scenes 
for which no bands were set to low–gain, and/or which displayed extensive cloud cover at the 
active volcanic summit, a usable dataset of 32 images (from an original 91), with an average 
frequency of 8 images yr–1, was generated (table 1). 

 
TABLE 1 HERE 

 
2.2 Data Pre–processing 
 
The effects of both surface emissivity and the atmosphere on infrared observations must be 
accounted for to obtain an accurate estimation of surface emissions. In terms of emissivity, 
measured values often vary significantly for the same surface and over the area of one pixel. 
Added complications include the fact that emissivity varies with wavelength (Salisbury et al. 
1988), rock age and (it is assumed) temperature (Flynn et al. 2001). With regard to Lascar, a 
surface emissivity of 0.91 was used in this work, agreeing with that published in Salisbury 
and D’Aria (1992) of 0.90–0.91 for andesite and rhyolite, and comparable to values used in 
other work (e.g. 0.92 in Wooster and Rothery 1997). 

The most practical way to determine atmospheric transmissivity is to simulate local 
atmospheric conditions (Qin et al. 2002), and here this was conducted using seasonal 
radiosonde data taken from Antofagasta, Chile (273 km west of Lascar) and the MODTRAN 
radiative transfer code. The resulting atmospheric transmissivities for the ASTER SWIR 
bands are summarised in table 2. 
 

TABLE 2 HERE 



 
Additional pre–processing steps were also required because, in many cases, the 

apparently thermally anomalous region identified extended over a significantly larger area 
than the emitting lava dome itself (which is 150–400 m in diameter [Wooster et al. 1998]). 
This was particularly the case in ASTER SWIR bands set to high gain mode, in which it 
extended over 600 m from the radiant lava dome in all directions (and hence outside of the 
active crater) (figure 6). This spread signal was small in value (often little more than 
background noise) and this, coupled with its spread away from the lava dome feature, 
suggests it is most likely the result of signal bleeding into adjacent pixels, and not of true 
activity at the surface and indeed, even if it were, due to its small magnitude, it omission 
would not have significantly affected the resulting retrievals. As such, a thresholding 
approach was applied to extract the pixel signals directly attributable to the lava dome itself 
(here, these pixels are termed a cluster), and to exclude the elements of spread signal. The 
extracted volcanic surface emissions were then quantified by applying the equation below to 
the data associated with each pixel of the cluster; the mean Lλ(T), averaged over all volcanic 
pixels, then acted as a single measure of the volcanic surface signal: 
 
 

)τ(ε
RT)(L
λλ

λ=λ  (13) 

 
Where: Rλ = spectral radiance detected by a sensor ( 112 μmsrmW −−− ), τλ = atmospheric 
transmittance (unit–less); ελ = spectral emissivity of the radiating surface at wavelength λ 
(unit–less) and Lλ(T) = actual spectral radiance emitted from the surface at temperature T 
( 112 μmsrmW −−− ). 

An additional complication found in relation to night–time SWIR ASTER imagery of 
volcanoes is that the gain setting of all bands was commonly not identical within the same 
scene. Bands 4, 6 and 8 were often set to the second low gain setting while bands 5, 7 and 9 
were set to high gain. This is the standard volcano observation mode, set to ensure that 
unsaturated data are available in some bands when viewing an active volcano, while also 
ensuring that useful data remain available if viewing a volcano (and its surroundings) in a 
dormant state (Pieri 2005, pers. comm.). Due to the enhanced sensitivity of the high–gain 
bands, the ‘thermally anomalous’ region was disproportionately large in these bands (figure 
6), and pixel saturation was more common (figure 7). Saturation effectively places a ceiling 
on the radiance that individual pixels can record, resulting in radiance underestimations. In 
fact, when radiative power retrievals for corresponding saturated and unsaturated imagery are 
compared for the Lascar time series examined here, where both sets of solutions are available 
(n=10), saturation resulted in an average underestimation of 36%, with a maximum 
underestimation of 71% in relation to scene number 8. Due to these effects, data obtained in 
high–gain were not utilised in this analysis. 
 

FIGURE 6 HERE 
FIGURE 7 HERE 

 
2.3 Radiant Emission Quantification 
 
The Dozier method was applied to the mean pixel radiance value of each cluster and for all 
combinations of SWIR low–gain bands (4–6, 4–8 and 6–8), with the radiative power emission 
subsequently calculated using equation (11). Similarly, the Oppenheimer and Lombardo and 
Buongiorno methods were applied, but with only three reliable bands of data, only one band 
combination was possible (4–6–8). With regard to the Oppenheimer method, retrievals both 
including and omitting signals from the background area were calculated. The radiative power 
retrievals were then multiplied by the number of pixels within each delimited cluster, thereby 
retrieving a value representing the entire anomalous surface. Where necessary, the 



temperature of the hot component was assumed to be 1073 K, a temperature lower than the 
hottest lava temperatures (~ 1400 K [Lombardo and Buongiorno 2006]) in order to represent 
the dacitic composition of the dome, and higher than that of the cracks in the cooled carapace 
of lava domes (which may be from ambient to ~ 675 K [Fink 1990, in Wooster and Rothery 
1999]). The implications of temperature uncertainties are investigated later. It should be noted 
that for some imaged scenarios, neither Dozier, Oppenheimer nor Lombardo and Buongiorno 
methods were successful in retrieving details about the surface being viewed. In these cases, 
no solutions were possible. 
 
3. Results 
 
Results for both surface characterisation and radiative power values are presented here. Past 
work (e.g. Wright and Flynn 2003) has suggested that radiative power is the most reliable 
metric, a fact tested here by examining retrieval sensitivities to assumed Th values, for three 
ASTER scenes and based on use of the dual–band combination of ASTER SWIR bands 4 and 
6. It was found that by varying Th between 875 and 1275 K resulted in Ph variations of over 
600% (with corresponding Tc variations of little more than ±10%). However, as retrievals of 
Ph and Tc are inversely related, these sensitivities counteract one another and, in this case 
therefore, provided radiative power values varying within a maximum ±40% limit over the 
same Th range. Consequently, the assumption that the radiative power metric is less sensitive 
to uncertainties in Th appears correct, confirming it as a more reliable metric. 

With regard to the Dozier method sensitivity to wavebands used, we found radiative 
power retrievals to vary by between 2 and 120% (mean of 34%), depending on the band 
combination (figure 8). This confirms the suggestion of Giglio and Justice (2003) in relation 
to fires, that the Dozier method retrievals are strongly dependent on observation wavelength. 
To determine one retrieval value for a particular scene against which radiative retrievals of 
this method could be compared with those of other methods for the same scene, the mean of 
all successful retrievals, irrespective of band combination, was calculated. This follows the 
method of Vaughan et al. (2010) which was applied in relation to surface characterisation 
values. These values are compared with those following the application of the Oppenheimer 
and Lombardo and Buongiorno methods in figure 9. It will be evident that retrievals of the 
two component methods agree well, while those of the Oppenheimer Method diverge 
significantly, with retrievals less common and, on average, 2.7 times larger. This corroborates 
the assertion of Oppenheimer (1993) of dual–band method overestimations on the order of 3–
4 times. 
 

FIGURE 8 HERE 
FIGURE 9 HERE 

 
To investigate these discrepancies, pixels imaging eight modelled volcanic surfaces 

were simulated with varying numbers of thermal components (4–7) at differing temperatures 
(300–1073 K) and with differing proportional areas (0.00001–0.75) (see table 3) (assuming an 
emissivity of 1.0). The true spectral radiance that such surfaces would emit was determined 
using Planck’s Law (see equation [3]) and input into applications of the Dozier (using 
equations [4] and [5]), Oppenheimer (using equations [6] and [7]) and Lombardo and 
Buongiorno (using equations [8], [9] and [10]) Methods (in the case of the Oppenheimer 
Method, emissions from the background surface were also considered). The resulting 
retrievals are compared with values of the ‘true’ radiative power that such surfaces would 
produce in figure 10. In all cases, the retrievals encouragingly followed the same trends, 
although the Oppenheimer Method retained the most accurate retrievals, differing by a 
maximum of 21% from the “truth”; this was followed by the Lombardo and Buongiorno 
Method which delivered power overestimations of 11.4–70.6%. The Dozier Method was 
found to be the least reliable, overestimating by 44.4–107.8%. This appears to confirm the 
findings of Wright and Flynn (2003) that modelling a greater number of thermal components 
will better characterise the emissions from a volcanic surface. Surprisingly however, this 



appears not always to be the case with radiative power being more accurately retrieved with 
the use of the two–component Lombardo and Buongiorno Method in relation to the six–
component Model 6 scenario. Figure 10 also plots the radiative power values that would be 
calculated were the pixel–integrated values from ASTER’s SWIR band 9 used (i.e. a value 
averaged for the whole pixel area based on ASTER band 9 emissions). The much greater 
deviation of these latter retrievals from the ‘true’ confirms the additional utility of these 
multi–band techniques in the quantitative analysis of active volcanic surfaces. 

 
FIGURE 10 HERE 
TABLE 3 HERE 

 
Although seemingly producing the most reliable results, the chief disadvantage of the 

Oppenheimer Method (as with the Dozier Method) is its requirement for the assumption of 
Th. The influence of varying Th assumptions on retrievals of this method is presented in figure 
11, for all Lascar time–series data (from table 1). After noting that retrievals are not always 
possible for all values of assumed Th, a decline in radiative power retrieval with increasing Th 
is apparent and is largely a result of the concurrent fall in retrieved Pc and rise in retrieved Pb. 
As Pc contributes significantly to the overall radiant power emission of such surfaces, and as 
Pb contributes only subtly, these relative changes reduce the total retrieval. Overall, where 
700 K < Th < 1200 K was assumed, Oppenheimer Method retrievals were found for 25% of 
Lascar scenarios; this is in comparison to just 12.5% where Th was fixed at 1073 K. 

 
FIGURE 11 HERE 

 
With Oppenheimer Method retrievals varying significantly with assumed Th, perhaps 

the most justifiable way to present these is in terms of the range within which possible 
solutions lie following the assumption of a range of Th values. Such results are displayed in 
table 4 for the ASTER Lascar time–series. Where the background signal is included, the 
average increase in radiative power retrieval following the assumption of a decreasing Th of 
1200–1000 K is 46%. Although the solutions vary more significantly than this for some dates, 
the acceptance of uncertainty by the depiction of a range of possible solutions is arguably 
more justifiable than prescribing a single value. Interestingly however, the mean of the 
retrieved power values in table 4 (where emissions from the background component are 
included), plotted against corresponding Dozier Method retrievals, shows a relatively strong 
relationship (figure 12). Retrievals of the Oppenheimer Method are however, on average, 
47% smaller. 

FIGURE 12 HERE 
TABLE 4 HERE 

 
The cause of the discrepancy between the Dozier and Oppenheimer Method retrievals 

is that methods utilising two bands of data attempt to quantify emissions from an entire 
surface (assuming it all to be thermally anomalous to a greater or lesser extent, i.e. figure 3) 
while those utilising three bands categorize a pixel as having three components, only two of 
which are significantly radiant in the SWIR (figure 4). The Dozier Method resulted in 
successful retrievals for 87.5% of Lascar scenarios examined, compared with just 25% for the 
Oppenheimer Method. Despite resulting in an increased retrieval rate, the apparent 
overestimation attributable to the Dozier Method limits its reliability. However, the strong 
relationship between its retrievals and those of the Oppenheimer Method (figure 12) provides 
the possibility that the more common Dozier Method retrievals could be corrected for their 
inherent overestimations. 

In terms of a comparison between Lombardo and Buongiorno and Dozier Method 
radiative power retrievals, the relationship is relatively good, with figure 13 comparing the 
retrievals of both these methods for the Lascar time–series. One problem with the application 
of the Lombardo and Buongiorno method applied here, however, is that the authors suggest 
TIR data should be used to pin–point a more reliable solution. These data were not used in 



this work due to the pixel size differential and misalignment between the ASTER SWIR and 
TIR telescopes (Yamaguchi et al. 2001; Iwasaki and Fujisada 2005). Consequently, the 
reliability of radiative power and surface characterisation retrievals from application of the 
method here may be, arguably, questionable. 

 
FIGURE 13 HERE 

3.1 The Lascar Time–series 
 
Lascar has been intensively studied by satellite, including in the early Landsat TM studies of 
Francis and Rothery (1987) and Oppenheimer et al. (1993). Work has focused on this 
particular volcano for a number of reasons, including: its remote, desert location and high 
altitude (which make field studies difficult but often provide cloud–free views); its propensity 
to display hazardous Vulcanian to Plinian eruption styles (Matthews et al. 1997); its emission 
of significant quantities of heat from its lava dome (e.g. figure 5) and the cyclical behaviour 
in terms of emitted radiance, that it has been shown to display (Wooster and Rothery 1997; 
Matthews et al. 1997). 

Based on the six–year ASTER SWIR imagery time–series, figure 14 depicts the 
corresponding Oppenheimer and Dozier Method radiative power retrievals attributed to 
Lascar. Despite its temporal inadequacy (due to ASTER’s revisit frequency and, in the case of 
the Oppenheimer Method, its common failure to retrieve solutions), patterns are evident with 
both peaks and troughs and a general downward trend. It appears for example, that heightened 
signals were present at the start of the time–period which ended in a peak in June 2002; 
following this, there began a downward trend in emissions This figure also shows the main, 
albeit small, events occurring at the volcano over the time–period displayed. Point (a) 
corresponds with a number of small ash eruptions on 26 and 27 October, 2002 and point (b) 
with the emission of fine ash from fumaroles on 9 December, 2003 (BGVN 28:03 2003 and 
BGVN 29:01 2004 respectively). There appears to be no reflection of either of these events in 
the radiative power data, and this is likely to be the result of inexact image concurrency. 
 

FIGURE 14 HERE 
 

Evidently, despite the length of this time–series, its sparseness prevents conclusions from 
being drawn with regard to relationships between retrieved power, and specific volcanic 
events. This corroborates the findings of Vaughan and Hook (2006) who similarly found the 
temporal resolution of ASTER to be too low for the adequate monitoring of thermal changes 
at Mount St. Helens. The sparseness of observations at Lascar is, of course, also exacerbated 
by a scarcity of on–the–ground observations against which they might be compared. 
Significantly, this dataset provides little evidence for the cyclical behaviour that was 
postulated using pre–1993 data in both Wooster and Rothery (1997) and Matthews et al. 
(1997) and it therefore supports the suggestion of Aguilera (2005) that these cycles halted 
after the volcano’s 1993 eruption. However, the decreasing trend in radiated energy over the 
period does corroborate the findings of Tassi et al. (2009) which suggest a decrease in 
fumarolic degassing between 2002 and 2006, which is attributed to decreasing inputs of 
magmatic fluids. 
 

3.2 Assessment of ASTER 
 
The ASTER instrument was planned to offer unprecedented volcanological observations 
(Pieri et al. 1995). Its arrival was greeted optimistically within the volcanological community 
due to its claimed utility in the “analysis of thermal properties of summit lakes, eruption 
plumes, and fumaroles, and investigation[s] of volcano lithology”, (Mouginis–Mark et al. 
1991, pg. 4). Indeed, the sensor’s SWIR bands have been used in various enlightening 
volcanic studies (e.g. Pieri and Abrams 2004; Lombardo and Buongiorno, 2006; Carter et al. 
2008; Davies et al. 2008; Rose and Ramsey 2009) and it is unfortunate for the field of 
volcanological remote sensing that they no longer function. However, despite these 



unprecedented  advantages, in relation to ASTER’s SWIR bands some weaknesses for certain 
applications (as determined from the findings presented here) include: 1) its temporal 
resolution, which reduces its utility both in the long term monitoring of, and in the immediate 
response to, volcanic phenomena, and 2) the pattern of its gain settings, in terms of their 
alternating regime and their incapability to always provide unsaturated data. 

Based on pre–launch simulations, Wright et al. (1999) predicted that saturation would 
occur in ASTER SWIR imagery of active lava–lakes and lava–flows. This has been 
confirmed here, even finding saturation occurring in low–gain imagery of less widespread and 
radiant volcanic features (i.e. the Lascar lava–dome). Despite this however, ASTER’s low–
gain SWIR bands did function to reduce the occurrence of saturation in many cases. For 
example, in relation to the ASTER Lascar time–series, the mean proportion of saturated 
pixels in low–gain imagery was 1.0% compared with 49.0% in corresponding high–gain 
imagery (figure 7). Where saturation could not be prevented, its effect (and that of the 
corresponding recovering pixels) on radiative power retrievals has been particularly 
highlighted, being shown to result in significant radiative power underestimations (by up to 
36%). 

In the majority of the ASTER SWIR night–time imagery examined, the band gain–
settings alternated between low– and high–gain in neighbouring spectral channels. This 
regime has undoubtedly paved the way for the acquisition of volcanic imagery for a wider 
range of surfaces than would otherwise have been available. For the visualisation of 
volcanoes in an active state however, such a regime  reduces the quantity of data available for 
analysis by increasing the occurrence of saturation and rendering data from bands of differing 
gain setting as incomparable; in such cases, the use of consistent (and low) gain–settings 
would have arguably been more useful. Mis–alignment between the SWIR and TIR 
telescopes, and the associated differences in pixel size, also prevented the quantitative use of 
imagery simultaneously acquired using these different parts of the spectrum. 
 The ASTER SWIR platform is capable of being pointed off nadir (for example, to 
view active volcanoes), resulting in a latitude-dependent revisit frequency of five–days or 
better (Pieri and Abrams, 2004). Under normal circumstances however, the platform’s 
nominal revisit frequency is 16 days (Ramsey and Dehn 2004). This is adequate for many 
volcanic observations however, for monitoring dynamic volcanic processes, Wright et al. 
(2004) and Ramsey and Dehn (2004) show such a temporal resolution to be inadequate. This 
has been confirmed here with an attempt at analysing the long–term behaviour of Lascar 
Volcano using a six–year time–series of ASTER data. In relation to this time–series, the 
temporal inadequacy was compounded by the fact that not all of the imagery acquired was of 
usable quality (e.g. due to saturation or cloud–cover). This time–series arguably displayed an 
adequate temporal resolution for the determination of some trends, but was inadequate for 
deriving direct relationships with specific, on–the–ground events. 
 
4. Discussion 
 
The utility of the Dozier (1981), Oppenheimer (1993) and Lombardo and Buongiorno (2006) 
Methods in terms of providing a quantification of volcanic activity based on ASTER imagery, 
is confirmed. Oppenheimer Method retrievals are found to produce the most reliable 
estimations of radiative power emission, with those of the Lombardo and Buongiorno and 
Dozier Methods overestimating it by up to 71% and 108%, respectively. However, the Dozier 
Method results in the highest proportion of successful retrievals i.e. the greatest number of 
scenarios for which a solution could be derived. The reliability of all solutions is shown to be 
strongly influenced by factors including: band combination (causing Dozier Method retrievals 
to differ by up to an average of 34%), gain setting (reducing numbers of reliable retrievals) 
and saturation (resulting in average Dozier Method retrieval underestimations of 36%). 
Despite these influences on radiative power retrievals, this metric itself is found to be a more 
reliable and stable measure than volcanic sub–pixel characterisations of hotspot temperature 
and area. The assumed hot–component temperature is also shown to influence retrievals, 



suggesting that radiative power retrievals should be given only with any corresponding 
assumed hot component temperature(s). 
 
 The ASTER sensor has many advantages over its predecessors in relation to 
volcanological remote sensing, including its number of SWIR bands and their potential to be 
set at low–gain, and its pointing capabilities. In this work however, ASTER’s temporal 
resolution has been shown to be sub–optimal for routine volcanic observations, with the six–
year time series of SWIR imagery of Lascar examined in this work being shown to be rather 
sparse. In relation to the monitoring of active volcanic surfaces, the common alternating band 
gain setting also reduced the utility of the sensor’s otherwise useful SWIR bands. Hopefully, 
the next generation of multispectral instruments will be improved along these lines and will 
be able to provide high spatial and, higher temporal, resolution observations, with better 
alignment between telescopes and higher (and consistently set) limits of saturation. 
 

The currently flying Hyperion imaging spectrometer and Advanced Land Imager 
(on–board NASA’s EOS–1 satellite) have effectively replaced ASTER as a source of SWIR 
volcanic observations. Hyperion, for example, possesses 220 bands in the 0.4–2.5 µm 
(VNIR–SWIR) region, at the same spatial resolution as ASTER’s SWIR observations, 
making it well suited for detecting the heat emissions from volcanic activity and for providing 
unsaturated observations of even the hottest/most radiant surfaces (Davies et al. 2006; Wright 
et al. 2010). The prospects for the future are largely focused on the NASA Hyperspectral 
Infrared Imager (HyspIRI) mission which is planned for launch between 2013–2016 and 
which has volcanoes and natural hazards as one of its three top–level science questions for 
research (JPL, 2010). Similarly to Hyperion, this sensor is planned to possess a VNIR–SWIR 
(0.5–2.4) hyperspectral instrument with 220 bands (although at a spatial resolution of 60 m); 
its chief advantages are its corresponding 60 m TIR scanner that would be completely aligned 
with the SWIR imager (providing for a much wider spectrum of comparable observations of 
the surface), its cross–track pointing capability (providing for a repeat coverage of up to 3 
days) and potentially on–board processing (meaning only relevant SWIR imagery need be 
downloaded and via a direct–broadcast link) (JPL, 2010; Chien et al. 2010). 
  
5. Conclusion 
 
The utility of ASTER’s SWIR bands studying volcanic behaviour has been confirmed in this 
study in relation to a six–year timeseries of imagery of the Chilean volcano, Lascar. Three 
methods for quantifying such observations have been examined, having been applied to both 
the timeseries of Lascar data and to modelled volcanic surfaces. The usefulness of each 
method (Dozier 1981; Oppenheimer 1993; Lombardo and Buongiorno 2006) has been 
exemplified in relation to both modelled and true volcanic surfaces, with each providing more 
accurate radiative power retrievals than would be calculated using just one band of data, 
although for most modelled cases the Oppenheimer (1993) method appears most accurate. 
The often significant influence of band combination used in relation to the Dozier method , is 
also demonstrated. Where each of these methods are applied, their retrievals in terms of 
surface characteristics (proportions of the pixel at different temperature) are shown to be less 
reliable metrics than using these retrievals to calculate the corresponding radiative power 
emission via the Stefan Boltzmann Law. Analysis of these radiative power retrievals for the 
Lascar timeseries revealed a decreasing trend in radiated energy from 2001–2005, 
corroborating the findings of other studies. Some shortcomings of the ASTER SWIR dataset 
have been highlighted with regard to the observation of thermally anomalous surfaces, 
although it appears a number of these have been addressed in the design of later sensors or 
have informed the design of future planned sensors.  
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FIGURES 
 

 
Fig. 1. The dynamic range of ASTER’s SWIR bands set to the high-gain (light-grey) and 
second low-gain (dark-grey) modes; the extreme settings of the sensor. Radiance signals 
outside these ranges remain  un-quantified, with saturation above and no useful measurement 
below. Note log-scale of y-axis. (Data from Abrams et al., 2002). 



 
 

 
Fig. 2. Maximum radiance measurable in ASTER’s SWIR bands when set to the varying gain 
settings available (note that only three settings are available for band 4).  



 

 
Fig. 3. A theoretical two-component pixel imaging a volcanic hotspot (at temperature Th and 
with a sub-pixel proportional area of Ph) within a homogeneous cooler surface of temperature 
Tc and sub-pixel proportional area of 1-Ph. 



 

 
Fig. 4. A theoretical pixel imaging a lava-flow consisting of three-distinct thermal components 
of temperature: Th, Tc and Tb, as envisaged by Oppenheimer (1993). 



 

 
Fig. 5. Daytime ASTER SWIR image (September 16, 2003) of Lascar Volcano (Chile). Note 
the glow emanating from the active lava dome found within the volcano’s central crater. 



 

 
Fig. 6. Night-time SWIR ASTER imagery of the thermally anomalous surface at Lascar, 
Chile, on 11 June, 2003. The band 8 image was acquired using the second low-gain setting 
while the band 9 image was obtained using the high-gain setting. The greater spatial extent of 
the thermal anomaly in the high-gain band 9 image is evident. 



 

 
Fig. 7. The mean proportion of saturated pixels found within alternating gain ASTER SWIR 
imagery of Lascar, based on the dataset detailed in table 1.  



 

 
Fig. 8. Dual-band radiative power retrievals for the Lascar surfaces in table 1, obtained using 
differing combinations of all low-gain (even) ASTER SWIR bands. Gaps indicate that no 
solution was possible.  



 

 
Fig. 9. Comparison between two–component (Dozier and Lombardo and Buongiorno 
methods) and three–component (Oppenheimer method) power retrievals for the Lascar 
surfaces in table 1, assuming Th = 1073 K where required.. Gaps indicate no solution was 
possible. 



 

 
Fig. 10. Radiative power retrievals of the Dozier, Oppenheimer and Lombardo and 
Buongiorno Methods applied to simulated scenarios (Models 1-8, see Table 3) and based on 
the assumption of Th = 1073 K and where relevant, Tb = 300 K. Also plotted is the true radiant 
power that such a surface, theoretically would emit along with that retrieved based on the use 
of pixel-integrated data from ASTER SWIR band 9 (2.395 µm). 



 
 

 

 
Fig. 11. The influence that the assumption of varying Th has on Oppenheimer Method 
radiative power retrievals for the Lascar time series in Table 1. Only those with more than one 
temperature producing a retrieval are plotted and here, retrievals both including and excluding 
emissions from the background surface are shown. Emissions from the background are 
calculated simply by applying the Stefan-Boltzmann Law to the characteristics of the derived 
background component. 



 
 

 
Fig. 12. The mean of the Oppenheimer Method radiative power retrievals Table 3, plotted 
against the corresponding mean radiative power retrievals of the Dozier Method. The data 
consist of Oppenheimer Method retrievals that include from the background region. Emissions 
from the background are calculated simply by applying the Stefan-Boltzmann Law to the 
characteristics of the derived background component. 



 

 
Fig. 13. Comparison of mean radiative power retrievals from the application of the Dozier and 
Lombardo and Buongiorno (L & B) Methods for Lascar data. The intermittent line represents 
the 1:1 relationship. 



 

 
Fig. 14. Temporal trends in mean ASTER radiative power retrievals, following application of 
the Dozier and Oppenheimer Methods for the five-year Lascar time-series. The labelled points 
a and b are discussed in text. Plotted data consist of 12 retrievals for the Oppenheimer method 
and 31 for the Dozier method. 

 



TABLES 
 
Table 1. Dates of night-time ASTER SWIR scenes imaging Lascar volcano, Chile, in the 
absence of cloud obscuration. Scenes obtained from Dr. Matt Watson of the University of 
Bristol and the Earth Observing System Data and Information System (EOSDIS, 2010). Prior 
to the removal of cloudy scenes, this dataset consisted of data from 2000-2005. 

Scene 
number 

L1B ASTER 
Images 

Scene 
number 

L1B ASTER 
Images 

1 2001-06-21 17 2004-05-03 
2 2002-01-06 18 2004-05-28 
3 2002-02-16 19 2004-06-04 
4 2002-04-05 20 2004-06-13 
5 2002-05-23 21 2004-06-20 
6 2002-06-15 22 2004-07-15 
7 2002-06-24 23 2004-07-31 
8 2002-07-17 24 2004-08-07 
9 2002-10-05 25 2004-09-01 

10 2003-01-02 26 2005-01-23 
11 2003-05-10 27 2005-01-30 
12 2003-06-11 28 2005-03-28 
13 2003-11-09 29 2005-04-13 
14 2004-01-21 30 2005-04-29 
15 2004-01-28 31 2005-06-07 
16 2004-03-09 32 2005-06-23 

 



 
Table 2. Atmospheric transmissivity values determined for each ASTER SWIR band, on a 
seasonal basis. Data are derived from radiosonde data taken from Antofagasta, Chile (273 km 
west of Lascar). Source: University of Wyoming (2008). 

ASTER Band: 4 5 6 7 8 9 
Peak Wavelength(s) (µm): 1.658 2.170 2.217 2.272 2.313 & 2.340 2.403 

Lascar Summer 0.99 0.99 0.99 0.99 0.99 0.99 
Lascar Spring 0.99 0.99 0.99 0.99 0.97 0.96 

Lascar Autumn 0.99 0.99 0.99 0.99 0.99 0.99 
Lascar Winter 0.99 0.99 0.99 0.99 0.99 0.99 

 



Table 1. Characteristics of surfaces modelled with four to seven thermal components (Px and 
Tx represent the proportion and temperature of that component of the pixel, respectively). 

Model 
Number 

Component 1 
 

Component 2 
 

Component 3 
 

Component 4 
 

Component 5 
 

Component 6 
 

Component 7 
 

Px Tx Px Tx Px Tx Px Tx Px Tx Px Tx Px Tx 

1 0.0001 1073 0.1 600 0.15 500 0.7499 300 - - - - - - 
2 0.0001 1073 0.15 700 0.05 800 0.799 300 - - - - - - 
3 0.0001 1073 0.1 700 0.15 600 0.3 400 0.4499 300 - - - - 
4 0.00001 1073 0.05 900 0.2 600 0.25 400 0.49999 300 - - - - 
5 0.0001 1073 0.05 800 0.15 750 0.25 500 0.25 400 0.2999 300 - - 
6 0.00001 1073 0.05 950 0.15 700 0.2 500 0.25 400 0.34999 300 - - 
7 0.0001 1073 0.0999 900 0.05 800 0.1 750 0.2 600 0.25 400 0.3 300 
8 0.00001 1073 0.05 950 0.1 800 0.15 600 0.2 500 0.5 400 0.29999 300 

 
 



 
Table 4. Oppenheimer Method radiative power retrievals in terms of the range of solutions 
obtained following the assumption of a range of Th values. Scene numbers correspond with 
those in Table 1. Emissions from the background are calculated simply by applying the 
Stefan-Boltzmann Law to the characteristics of the derived background component. 

Scene number Radiative power range 
excluding background (MW) 

Radiative power range 
including background (MW) 

Assumed Th range from 
highest to lowest (K) 

1 5.06 - 7.27 6.94 - 9.00 1200 - 1073 
2 9.30 - 22.26 11.56 - 23.23 1200 - 1100 
3 27.31 28.99 1200 
4 28.29 29.74 1200 
5 3.96 - 17.23 6.56 – 18.26 1200 - 1000 
6 ------- Saturated ------- 
7 23.72 26.14 1200 
8  -  
9 - 

10 ------- Saturated ------- 
11 3.68 - 5.03 5.37 - 6.64 1200 - 1073 
12  -  
13 ------- Saturated ------- 
14 - 
15 ------- Saturated ------- 
16 ------- Saturated ------- 
17 - 
18 - 
19 - 
20  -  
21 - 
22 - 
23 - 
24 4.59 - 6.82 5.69 - 7.76 1200 - 1073 
25 - 
26 - 
27  -  
28 - 
29 - 
30 - 
31 - 
32 - 
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