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 
Abstract—In this study, we integrated ASTER thermal data with 

an area-based spatial insolation model to identify and delineate 
geothermally active areas in Yellowstone National Park (YNP). Two 
pairs of L1B ASTER day- and nighttime scenes were used to 
calculate land surface temperature. We employed the Emissivity 
Normalization Algorithm which separates temperature from 
emissivity to calculate surface temperature. We calculated the 
incoming solar radiation for the area covered by each of the four 
ASTER scenes using an insolation model and used this information 
to compute temperature due to solar radiation. We then identified the 
statistical thermal anomalies using land surface temperature and the 
residuals calculated from modeled temperatures and ASTER-derived 
surface temperatures. Areas that had temperatures or temperature 
residuals greater than 2σ and between 1σ and 2σ were considered 
ASTER-modeled thermal anomalies. The areas identified as thermal 
anomalies were in strong agreement with the thermal areas obtained 
from the YNP GIS database. Also the YNP hot springs and geysers 
were located within areas identified as anomalous thermal areas. The 
consistency between our results and known geothermally active areas 
indicate that thermal remote sensing data, integrated with a spatial-
based insolation model, provides an effective means for identifying 
and locating areas of geothermal activities over large areas and rough 
terrain. 
 

Keywords—Thermal remote sensing, insolation model, land 
surface temperature, geothermal anomalies.  

I. INTRODUCTION 

ATELLITE remote sensing provides an excellent 
opportunity to identify thermally active areas that have a 

high potential to serve as a geothermal energy source. Remote 
sensing data acquired by thermal sensors onboard different 
platforms have been used to locate areas of geothermal 
activity [1]-[5]. The determination of surface temperatures 
from satellite thermal infrared (TIR) measurements -the 
primary goal of such sensors- has been complicated by the fact 
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that thermal infrared radiances observed by satellites are not 
uniquely dependent on temperature, but rather vary with both 
temperature and emissivity [6].  

Since, the emissivity of water is well defined, the TIR 
remote sensing data have been used very effectively to 
measure and monitor sea surface temperature [7]-[13]. If the 
same techniques applied to retrieve sea surface temperature 
are used for the recovery of land surface temperature, 
however, large errors occur because the emissivity of the 
surface is unknown. Therefore, studies that require accurate 
land surface temperature are largely limited to those cases 
where the surface emissivity is well known [14].  Various 
techniques have been developed, however, that separate 
temperature and emissivity in the multispectral thermal 
infrared wavelengths. Among these are the reference channel, 
the emissivity normalization, and the alpha derived emissivity, 
and these techniques differ based on the assumptions they 
make [6], [14]-[18]. The reference channel method assumes a 
constant emissivity value for a certain channel and uses this 
emissivity to calculate the temperature of this channel and 
then the temperature is used to calculate the emissivity of the 
other channels. Then the emissivities are used to calculate the 
surface temperature. The emissivity normalization method 
resembles the reference channel, except the constant 
emissivity value is used for each channel and the highest 
temperature is assigned to the pixel and used to calculate the 
emissivity. Alpha derived emissivity technique is based on 
Wien’s approximation of the Plank function. 

Land surface temperature of geothermally active areas is 
composed of two components, temperature due to solar 
radiation absorbed by the surface which is influenced by 
elevation as well as surface orientation (slope and aspect), and 
temperature as a result of geothermal heat. Therefore, it is 
difficult to separate between the temperature anomalies due to 
solar radiation and topographic effects, and anomalies due to 
geothermal heat.  Recently, numerous studies have suggested 
some techniques and methods to compensate for solar and 
topographic effects. For example, [1] mapped surface 
temperature anomalies associated with geothermal activity at 
Bradys Hot Springs, Nevada, USA, by processing the 
Advanced Spaceborne Thermal Emission Reflection 
Radiometer (ASTER) thermal data to minimize the albedo, 
slope and diurnal heat effects. They corrected for albedo and 
slope using the visible and near infrared bands of ASTER and 
a digital elevation model, respectively. The diurnal heat 
effects were corrected using 24 hours surface temperature 
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accounts for a small portion of the global radiation; the model 
computes the direct and diffuse components.  

The direct solar radiation is calculated as a function of sun 
position at interval of half an hour through the day.  The 
position of the sun is calculated based on latitude, day of the 
year during which the scenes were acquired, and time of the 
day. The model takes into account the penumbral effects. The 
total direct radiation for a ground location is computed as the 
sum of direct radiation from all sky directions. The direct 
radiation of sky direction with a zenith angle θ and azimuth 
angle α is calculated using (1): 

 
ఏ,ఈݏ݊ܫݎ݅ܦ ൌ ܵ௖௢௡௦௧ ∗ ߬௠

ሺఏሻ ∗ ఏ,ఈݎݑܦ݊ݑܵ ∗ ఏ,ఈ݌ܽܩ݊ݑܵ ∗  ఏ,ఈ൯ (1)݊ܫ݃݊ܣ൫ݏ݋ܿ
 
where Sconst= the solar constant (1367 Wm-2); τ= transmittivity 
of the atmosphere; m= relative optical path length; SunDurθ,α= 
time duration represented by sky sector; SunGapθ,α= gap; 
fraction (proportion of unobstructed sky area  in each sky 
sector); AngInθ,α= angle of incidence between the centroid of 
the sky sector and the axis normal to the surface. The relative 
path (m) and AngInθ, α are calculated with (2) and (3), 
respectively: 
 

݉ ൌ ሺെ0.000118݌ݔ݁ ∗ ݒ݈݁݁ െ 1.638 ∗ 10ିଽ ∗  ሻ    (2)ߠሺ	cos	ଶሻ/ݒ݈݁݁
AngIn஘,஑ ൌ acosሾcosሺθሻ ∗ cosሺG୸ሻ ൅ sinሺθሻ ∗ sinሺG୸ሻ ∗ cosሺα െ Gୟሻሿ  (3) 

 
where elev= elevation in meters; θ= solar zenith angle; Gz= 
surface zenith angle; Ga= surface azimuth angle. Solar 
Analyst© determines the incoming diffuse radiation as 
uniform, i.e. the same from all sky directions, or the diffuse 
radiation varies with zenith angle. This study assumed that 
diffuse radiation flux was uniform over the area covered by 
ASTER scene. The diffuse radiation is integrated over half an 
hour interval and corrected by the gap fraction and angle of 
incidence using (4): 
 

ఏ,ఈݏ݊ܫ݂݂݅ܦ ൌ ܾ݋݈ܴ݃ ∗ ௗܲ௜௙௙ ∗ ݎݑܦ ∗ ఏ,ఈ݌ܽܩݕ݇ܵ ݐ݄ܹ݃݅݁∗
ఏ,ఈ

∗ 

 ఏ,ఈ൯                                    (4)݊ܫ݃݊ܣ൫ݏ݋ܿ
 
where Rglob= global normal radiation (calculated using (5)); 
Pdiff= diffuse proportion of global normal radiation flux; Dur= 
time interval; SkyGapθ,α = gap fraction (proportion of visible 
sky) for the sky sector; Weightθ,α=  proportion of diffuse 
radiation originating in a given sky sector relative to all  
sectors (calculated using (6)); AngInθ,α= angle of incidence 
between the centroid of the sky sector and the axis normal to  
the surface 

Global normal radiation (Rglob) is calculated by summing 
up the direct radiation from every sky sector including the 
obstructed ones without correcting for angle of incidence and 
then correcting for proportion of direct radiation (5): 

 
ܴ௚௟௢௕ ൌ 	 ൫ܵ௖௢௡௦௧ ∑ ߬௠ሺఏሻ൯ ൫1 െ ௗܲ௜௙௙൯ൗ        (5) 

 
Weightθ,α for uniform diffuse radiation is calculated using (6): 
 

ఏ,ఈݐ݄ܹ݃݅݁ ൌ ሺܿߠݏ݋ଶ െ ଵሻߠݏ݋ܿ ⁄௔௭௜ݒ݅ܦ       (6) 
 

where θ1, θ2 = zenith angles bounding the sky sector; Divazi= 
number of azimuthal division in the sky map. 

Total diffuse radiation is computed as the sum of the diffuse 
solar radiation (DiffIns θ, α) and the global solar radiation is 
calculated as the sum of direct and diffuse radiation of all 
sectors. 

B. Retrieval of Land Surface Temperature 

Land surface of YNP is heterogeneous and in turn has 
variable emissivities. Therefore, we employ an Emissivity 
Normalization Algorithm which separates temperature from 
emissivity to calculate the temperature of each pixel. We used 
the following steps to calculate surface temperature:  (1) 
assume an emissivity of 0.96 to make an initial temperature 
calculation for each pixel for the 5 ASTER thermal channels 
(i.e. each pixel has 5 temperatures); (2) assign the highest 
temperature from step 1 as the temperature of the pixel and 
calculate the emissivity of the surface of each channel based 
on that temperature; (3) using the derived emissivities in step 
2, recalculate the emitted radiance (L′) for each band; (4) use 
the L′ values to recalculate the emissivities of each band and 
then these new emissivities to recalculate L′ (producing L′′); 
(5) repeat steps 3 and 4 until a convergence threshold of 
emitted radiance is reached. For details of the algorithm see 
[6].  

C. Identification of Thermal Anomalies 

Calculated temperatures were used to identify and delineate 
the geothermal areas. Since, the model does not take into 
account the radiation reflected to the surface and the land 
surface temperature is a result of the solar radiation of 
multiple days and the physical properties of the surface, we 
identified the thermal anomalies statistically. We calculated 
the mean temperature and the standard deviation (σ) of the 
temperature and temperature residuals of each scene in order 
to identify areas that have temperatures, between mean plus 1σ 
and mean plus 2σ, and greater than mean plus 2σ. The 
temperature distribution of one of the nighttime images is 
shown in Fig. 2.  Areas that had temperature or temperature 
residual greater than 2σ and between 1σ and 2σ, were 
considered ASTER modeled very warm and warm surface 
exposures (thermal anomalies), respectively. Assuming there 
is some geothermal activity somewhere in the scene, we 
identify these locations with values greater 2σ as likely 
sources of such flux. 

IV. RESULTS 

The integration of remotely sensed thermal data with a solar 
radiation model reduced topographic effects significantly, and 
has improved our ability to correctly identify geothermally 
active areas. 

A. Insolation Map 

The global insolation (direct and diffuse radiation) map 
during the day the nighttime data acquired is shown in Fig. 3. 
Topography, surface slope and aspect, and shadows created by 
topographic features are the main factors modifying 
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C. Validation of the Results 

To validate the results, we compared the areas identified as 
thermally anomalous to the thermal areas obtained from the 
YNP GIS database. Also the hot springs and geysers were 
plotted over the study area. Most of the thermal areas (YNP), 
springs and geysers are located within our identified 
anomalous thermal areas (Figs. 7 and 8), for example, the 
thermal areas located in Midway and Lower basins are shown 
in Figs. 7 and 8. In some cases, the areas identified by remote 
sensing thermal data are larger than the YNP areas and may 
not be geographically matched with it. We believe this is due 
to geo-referencing errors of ASTER data and/or due to errors 
in delineation of Yellowstone thermal areas. The YNP thermal 
areas were delineated based on visual observations of the 
absence or scarceness of vegetation in or around hydrothermal 
features, therefore errors may occur in the location of the 
boundaries. Also thermal areas and/or basins change overtime; 
thermal area boundaries can grow a meter or more in a 
month’s time [22]. 

V.  DISCUSSION 

The results of this study indicate that thermal remote 
sensing can be used as a key tool in detection and exploration 
of geothermal areas. However, two major difficulties limit its 
use; the first one is the accurate retrieval of land surface 
temperature (LST), and the second is the separation of LST 
due to incoming solar radiation and topographic effects from 
LST as a result of geothermal heat. 

The radiance emitted from the surface of the Earth in 
thermal infrared region of electromagnetic spectrum depends 
on the temperature and the emissivity of the surface. The land 
surface of YNP has variable chemistry and texture, because it 
is composed of various land use and land cover types, and thus 
emissivity is variable. Therefore, calculating temperatures 
using average emissivity will result in errors of temperature 
values. However, our use of the temperature emissivity 
separation algorithm on the five ASTER thermal bands 
allowed us to accurately calculate land surface temperatures of 
the study area. This is only possible because we could account 
for the topographic, atmospheric, and surface orientation 
effects. using Solar Analyst©, which can create maps of 
global radiation integrated over any period of time using 
digital elevation model as an input with few other parameters. 
The temperature due to geothermal heat is calculated as the 
residual of the ASTER temperature and the temperature due to 
incoming solar radiation. This technique, which eliminates or 
significantly reduces the solar and topographic effects, has 
advantages over techniques that require day-and nighttime 
imagery from the same day: (1) it can be applied to large areas 
using ASTER data given a digital elevation model is available 
for the area, even in the absence of day- and nighttime image 
pairs, allowing the analysis of more images. (2) No field data 
is required to correct for the albedo and topography. (3) No 
geothermal features (e.g. hot springs) are priori needed to 
apply the technique, i.e. the technique is very useful in blind 
geothermal areas. 

Our approach does have some limitations, as indicated by 
some falsely identified geothermally active areas, which most 
likely result from topographic and surface orientation effects 
on the incoming solar radiation. There were obviously 
overestimations in regions that have received greater 
insolation than other areas. In contrast, there were some 
underestimated parts caused by the statistics biased towards 
areas that have high temperature due to solar and topographic 
effects.  However, combining ASTER thermal data with 
spatial based insolation model has significantly reduced the 
effects of spatial variation of insolation on identification of 
geothermal areas. This is evident by the fact that day-and 
nighttime data produced very similar results in areas where 
there were overlapped. 

VI. CONCLUSIONS 

The results of this study showed that satellite remote 
sensing is very useful in detecting and identifying areas of 
geothermal activity. Thus remote sensing techniques provide a 
valuable tool for the identification of surface “hot spots” that 
have a high potential to serve as a geothermal energy source. 
Spatial insolation models are good tools for estimating the 
amount of incoming solar radiation received on surfaces of 
various topography and surface orientation. Therefore, they 
can be used to eliminate or reduce the surface orientation 
effects on temperature values calculated from thermal infrared 
imagery and in turn help in detecting temperature anomalies 
ascribable to geothermal activity. This technique is one of the 
first attempts to develop algorithm combines remote sensing 
information with a spatial-based insolation model to provide a 
valuable tool for locating areas of geothermal activities over 
large areas and rough terrain. 
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