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Abstract

The purpose of this work was to use satellite-based thermal 
infrared (TIR) remote sensing data to measure, map, and monitor 
geothermal activity within the Yellowstone geothermal area to 
help meet the missions of both the U.S. Geological Survey Yel-
lowstone Volcano Observatory and the Yellowstone National Park 
Geology Program.  Specifically, the goals were to: 1) address the 
challenges of remotely characterizing the spatially and temporally 
dynamic thermal features in Yellowstone by using nighttime TIR 
data from the Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER) and 2) estimate the temperature, 
geothermal radiant emittance, and radiant geothermal heat flux 
(GHF) for Yellowstone’s thermal areas (both Park wide and for 
individual thermal areas).  

ASTER TIR data (90-m pixels) acquired at night during Janu-
ary and February, 2010, were used to estimate surface temperature, 
radiant emittance, and radiant GHF from all of Yellowstone’s 
thermal features, produce thermal anomaly maps, and update 
field-based maps of thermal areas.  A background subtraction 
technique was used to isolate the geothermal component of TIR 
radiance from thermal radiance due to insolation.  A lower limit for 
the Yellowstone’s total radiant GHF was established at ~2.0 GW, 
which is ~30-45% of the heat flux estimated through geochemical 
(Cl-flux) methods.  Additionally, about 5 km2 was added to the 
geodatabase of mapped thermal areas.  

This work provides a framework for future satellite-based 
thermal monitoring at Yellowstone as well as exploration of other 
volcanic / geothermal systems on a global scale.

Introduction

Yellowstone National Park (YNP), Wyoming, contains one 
of the world’s largest geothermal systems, which was the pri-

mary reason for its designation as a National Park in 1872.  The 
geothermal system is the surface manifestation of a partly mol-
ten magma reservoir beneath the 0.64 Ma Yellowstone Caldera 
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Figure 1.  Yellowstone National Park location map.  Thermal areas, shown 
in shades of red, are located and digitized based on field mapping (R. 
Hutchinson, unpublished data), digitized mapping based on digitization 
from 1-m color orthhophotos, and updated based on ASTER hot spot map-
ping.  The Yellowstone Caldera boundary, ring fracture zone, and resurgent 
domes are adapted from Christensen (2001).  All other features are from 
the Yellowstone Center for Resources GIS geodatabase. (Modified from 
Vaughan et al., 2012)
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(Christiansen, 2001) (Figure 1).  Heat from the cooling magma is 
transferred to the overlying rock and meteoric water reservoirs.  
Scientific drilling in the 1960s found that water temperatures 
increased with depth along the water boiling curve, along a near-
hydrostatic pressure gradient beneath most of the thermal areas, 
and measured water temperatures up to 240°C, which are inferred 
to be >300°C within hydrothermal reservoirs at depth (White et 
al., 1975; Fournier, 1989).  

At the surface, there are >10,000 individual thermal features, 
including hot springs, geysers, fumaroles, and mud pots.  These 
features range in size from a few centimeters to tens of meters 
across; and they range in temperature up to, and occasionally 
above, the boiling point of water, which is 92-94 ºC at elevations 
in Yellowstone (~2440 m or ~8000 ft).  There are also large areas 
of diffusely venting warm ground and thermal drainages that carry 
warm water away from the thermal areas.  Most of the thermal 
features are clustered together into 100 or so distinct thermal areas 
(Figure 1), mostly concentrated along pre-existing structures such 
as the ring fracture system of the 0.64 Ma Yellowstone Caldera, 
along edges of resurgent domes, or along edges of dozens of <0.64 
Ma intra-caldera rhyolite flows (Christiansen, 2001).

The goals of monitoring Yellowstone’s geothermal system 
are focused on characterizing normal, seasonal and/or diurnal, 
thermal fluctuations so that significant abnormal geothermal 
changes can be detected and recognized should they ever occur.  
Abnormal geothermal changes could be caused by human activi-
ties, such as geothermal, oil/gas, or groundwater development 
outside the Park, or could indicate the beginning of renewed 
volcanic activity.  

The challenges of geothermal monitoring in Yellowstone are: 
1) the large number of individual thermal features, their relative 
inaccessibility, and the large area of their distribution, making it 
infeasible to regularly use field-based monitoring instruments; 2) 
the temporal variability in surface temperatures and geothermal 
heat flux on time scales that range from minutes, to daily, to 
seasonal; and 3) with respect to satellite-based remote sensing 
measurements, the subtle magnitude of thermal features in both 
size and temperature.

Most estimates of Yellowstone’s heat 
flux are based on measurements of Cl- ion 
concentrations exiting the hydrothermal 
system.  This technique, based on the 
relationship between Cl discharge from 
hydrothermal systems and an enthalpy 
flux (Ellis and Wilson, 1955), produces 
estimates of advective heat flux for Yel-
lowstone that range from 4.5 to 6.0 GW 
(Fournier et al., 1976; Ingebritsen et 
al., 2001; Friedman and Norton, 2007; 
Hurwitz et al., 2007; Lowenstern and 
Hurwitz, 2008).  

In Yellowstone, surface thermal fea-
tures have been studied and monitored 
with in situ thermocouples and data 
loggers, airborne- and field-based FLIR 
(forward looking infrared) surveillance, 
Landsat ETM+ data, and thermal infrared 
(TIR) data from the Advanced Space-

borne Thermal Emission and Reflection Radiometer (ASTER) 
(Heasler et al., 2009; Jaworowski et al., 2010, Neale et al., 2011; 
Watson et al., 2008; Vaughan et al., 2012).  This paper summarizes 
and expands on work by Vaughan et al. (2012) using space borne 
ASTER TIR data to measure, map, and monitor Yellowstone’s 
thermal areas (see BOX 1).  

ASTER Data and Analysis Methods

Satellite-based TIR remote sensing tools have been used in 
numerous previous studies to characterize volcanic and geother-
mal features ranging from lava lakes to crater lakes (Harris and 
Stevenson, 1997; Oppenheimer, 1993; Harris et al., 1999; Pieri 
and Abrams, 2005; Vaughan and Hook, 2006; Davies et al., 2008; 
Trunk and Bernard, 2008; Vaughan et al., 2010).  The physical 
basis for TIR remote sensing, including Planck’s Law and the 
equations describing TIR radiance measured at the sensor, at-
mospheric correction, and temperature retrieval, are described in 
many of these aforementioned papers and their references.

The ASTER instrument is mounted on the Terra spacecraft, 
which was launched in December 1999.  ASTER measures 
radiance in three visible and near infrared (VNIR; 0.5-0.8 μm) 
channels with 15-m pixels; six short-wave infrared (SWIR; 1.6-2.4 
μm) channels with 30-m pixels; and five thermal infrared (TIR; 
8.2-11.5 μm) channels with 90-m pixels (Yamaguchi et al., 1998).  
ASTER images cover an area of 60 x 60 km2, thus multiple scenes 
are required to cover the Yellowstone area (~9000 km2).  Since 
its launch, ASTER data have been acquired over Yellowstone on 
>150 dates.  Of these acquisition dates, ~40% were clear, 20% 
were partly cloudy (such that some of the thermal areas could be 
clearly viewed), and the rest were too cloudy to be useful.  About 
14% of these observations were acquired at night, between 10:30 
and 11:30 pm local time.  Nighttime data are ideal for isolating 
the geothermal component of the surface emitted radiance from 
thermal areas because of increased thermal contrast at night, 
particularly in the winter months when the lakes are frozen 
(Vaughan et al., 2012).  The five ASTER acquisition dates used 

in this work, which cover Yellowstone’s 
thermal areas under ideal nighttime, 
winter time conditions, are: 2002/11/04; 
2010/01/28; 2010/02/11; 2010/02/20; and 
2010/03/01.  The 2002/11/04 image is an 
exception as it is not a winter time image, 
but was needed to cover several thermal 
areas in the southwest part of Yellowstone 
that were not covered by any other night-
time scenes (Vaughan et al., 2012).  The 
ASTER data products used in this study 
are described by Vaughan et al. (2012).  

Thermal area locations (Figure 1) 
were extracted from a GIS geodatabase 
provided by the Spatial Analysis Group 
of the Yellowstone Center for Resources.  
The database was initially based on field 
mapping overlain on 1-m color digital 
georegistered orthophotos, although 
several updates to this map have been 
made as a result of this work.  Although 

BOX 1: 

We adapt the following definitions from 
Jaworowski et al. (2010): A thermal area 
is a contiguous geologic unit generally 
including one or more thermal features, 
bounded by the maximum aerial extent 
of hydrothermally altered ground, thermal 
deposits, geothermal gas emissions, or 
heated ground. A thermal group is a 
subdivision of a thermal area that contains 
one or more hydrothermal features and 
can be isolated from other groups based on 
physiographic, hydrologic, or geochemical 
parameters. A thermal feature is a vent, or 
small cluster of related vents, emitting gases 
and/or hot water. A thermal drainage is a 
physiographic/hydrologic drainage to which 
heated waters are contributed by adjacent 
thermal areas.
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the georegistration information in the nighttime ASTER data 
can have some uncertainties, these data were geocorrected 
without pixel resampling, and there was a remarkable spatial 
correspondence between ASTER TIR hot pixels and the 
mapped thermal areas (Figure 2).  

The average nighttime TIR radiative heat flux summed 
over the entire Yellowstone area (>9000 km2) is mostly due 
to daily solar heating, and is estimated to be between 2400 
and 3200 GW depending on the time of year (Vaughan et al., 
2009).  Such solar heating is a function of topography (eleva-
tion, slope, and aspect); land surface cover (e.g., vegetation, 
soil, rock, water, snow, etc.); and previous weather condi-
tions.  The geothermal component of this total radiant heat 
flux is three orders of magnitude lower (<1% of the total) 
and comes from an area (~65 km2) that is <1% of the total 
area, and is thus a challenge to isolate and measure (Vaughan 
et al., 2012).  The use of nighttime TIR data minimizes, but 
does not completely eliminate, the effects of the Sun.  This 
is partly because nighttime data (acquired ~11 pm local 
time) still contain a component of surface emitted radiance 
that is not geothermal in origin, but related to solar heating 
earlier in the day.  

A simple background (BG) subtraction method was used 
to remove the effects of seasonal insolation variations and 
other environmental effects, and isolate the subtle geother-
mal component of the radiative heat flux.  Radiant emittance 
(in W/m2) from a proximal, non-geothermal BG area with 
similar topographic and land surface cover characteristics, 
and of equal area, was subtracted from the total radiant emit-
tance to derive the geothermal radiant emittance component 
from a thermal area.  It was assumed that thermal radiance 
emitted from the BG due to solar heating was similar to that 
of the proximal geothermal area.  BG areas were chosen 
based on: 1) proximity to thermal area, 2) similar elevation 
and topographic characteristics as the thermal area (to mini-
mize the effects of differential elevation, slope and aspect), 
3) similar surface cover as the thermal area (to minimize 
the effects of variable surface emissivities and transpiration 
in vegetation), and 4) same pixel size as the thermal area 
(Vaughan et al., 2012).  

For each thermal area in Yellowstone, ASTER tempera-
ture data were extracted for pixels covering the portions of 
the thermal areas that were >0, >1, >2, >3, and >4 standard 
deviations (SD) above the mean temperature for the corre-
sponding BG area.  A simplified example from Heart Lake 
Geyser Basin is shown in figure 3 (adapted from Vaughan et 
al., 2012).  The total radiant emittance (MT, in W/m2) from 
each thermal area was derived on a pixel-by-pixel basis us-
ing the Stephan-Boltzmann equation (MT = σεT4), where 
σ = 5.6704*10-8 (W*m-2*K-4) and T = the ASTER pixel 
temperature (K).  Emissivity (ε) for each area was derived 
from the North American ASTER Land Surface Emissiv-
ity Database (Hulley and Hook, 2009).  The geothermal 
component of the radiant emittance (MG) was calculated by 
subtracting the BG radiant emittance (MBG) from the total 
radiant emittance (MT).  The radiant GHF (ΦG, in GW) was 
attained by multiplying MG by the corresponding pixel area 
(8100 m2), and summed for all the pixels in the thermal area.  

Figure 2.  a) Visible (1-m color image) of Violet Springs region showing thermal areas 
outlined in black.  b) Geometrically corrected ASTER TIR temperature image over the 
same area (acquired 02-11-2010) - thermal areas outlined in white. 
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Figure 3.  a) ASTER nighttime temperature image of Heart Lake Geyser Basin from 
01/28/2010, showing the GIS thermal area outlines in white; the pixels encompass-
ing the thermal area (red); and the corresponding non-thermal BG pixels (green).  
North is up; pixels are 90-m.  b) The same image, showing the pixels >BG mean 
(blue), >BG mean+2SD (yellow), and >BG mean+4SD (red).  c) Histogram of ASTER 
temperature values for the thermal area (red) and corresponding BG area (green).  d) 
Geothermal radiant emittance (W/m2) and radiant GHF (MW) values for each pixel 
group. (Adapted from Vaughan et al., 2012).
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These calculations were made for every thermal area in 
Yellowstone - for all the pixels that were >0, >1, >2, >3, 
and >4 SD above the BG mean.  Figure 4 illustrates a typi-
cal spatial distribution for pixels (in Norris Geyser Basin) 
with these different temperature value criteria.  Clearly 
the greatest number of pixels is the group of pixels with 
temperature values larger than the BG mean temperature; 
and with increasing temperature thresholds, fewer and 
fewer pixels are mapped, which incrementally highlights 
the warmest pixels within each thermal area.  

Results 

ASTER-based temperature, geothermal radiant emit-
tance, and radiant GHF anomaly maps were produced 
for each thermal area in Yellowstone.  In this context, 
anomalous refers to values that are anomalous relative to 
the non-thermal BG areas.  Because each thermal area has 
a unique BG, the color-coding has been normalized so that 
values are consistent across the different areas.  Figure 5 
is a color-coded geothermal radiant emittance anomaly 
map, with warmer colors representing higher a radiant 
emittance anomaly compared to the BG.  At this scale the 

Norris GB 

West 
Nymph 
Creek 

Roadside 
Springs 

ASTER pixels with temp > BG mean 

Lakes 

ASTER pixels with temp > BG mean + 2 SD 

ASTER pixels with temp > BG mean + 4 SD 
ASTER pixels with highest temps 

Major Roads 

Table 1. Temperature, Geothermal Radiance Emittance, and Radiant GHF from se-
lected thermal areas in Yellowstone. 

 
Temperature 

(C) 
Radiant Emittance 

(W/m2)
Radiant GHF 

(MW)

Selected Thermal Areas Max
Max 

Anomaly Mean Max
Max 

Anomaly
Max 

Anomaly Total

A. Sulfur Hills 24 43 44 70 210 1.71 54

B. Bog Creek 5 25 18 70 98 0.79 22

C. Phantom Fumarole -1 12 20 63 40 0.33 6

D. Turbid Lake Springs 1 21 37 57 95 0.77 36

E. Hot Springs Basin Group 7 31 36 43 123 1.00 136

F. West Thumb Geyser Basin 6 20 37 66 52 0.60 22

G. Lower Geyser Basin 13 34 15 53 141 1.14 219

H. Midway Geyser Basin 18 39 21 52 167 1.36 70

I. Upper Geyser Basin 2 23 16 27 88 0.71 89

J. Norris Geyser Basin 7 31 29 51 124 1.00 131

K. Heart Lake Geyser Basin 4 21 25 36 81 0.65 49

All thermal areas     20.8 36.6     1,970

Figure 4. ASTER thermal map of Norris Geyser Basin area.  
ASTER thermal areas with different temperature threshold cri-
teria compared to the BG are shown compared to the thermal 
area polygons from the GIS geodatabase (outlines in thin black 
lines).  
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Figure 5.  Yellowstone National Park geothermal radiant emittance anomaly map.  The 
background is a hill shade image from a DEM.  Thermal areas are outlined in thin black 
lines and are almost all coincident with color-coded radiance emittance anomaly val-
ues.  Boxed areas are shown in more detail in other figures.  Letters mark the thermal 
areas referenced in Table 1.  
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temperature and radiant GHF anomaly maps appear similar, but 
with different measurement units, and are thus not shown.  Many 
of the subtleties of geothermal radiant emittance variations are 
also lost at this scale, so selected areas are highlighted in Figure 6.  

Average ASTER-derived pixel temperatures within thermal 
areas range from -19 to -3 ºC (~254 to 270 K) and maximum 
temperatures range from -13 to 24 ºC (~260 to 297 K).  These 
values are almost always lower than the actual temperature of the 
thermal features within the 90-m pixel because of sub-pixel-scale 
thermal mixing with colder BG materials (e.g., snow and ice).  The 
thermal areas with the hottest single pixel temperatures are Sulfur 
Hills, Midway Geyser Basin, Lower Geyser Basin, Norris Geyser 
Basin, and the Hot Springs Basin Group (table 1).

The mean geothermal radiant emittance (MG) for the active 
parts of the thermal areas ranges from ~21 to ~37 W/m2 and the 
maximum MG values (from the most radiant pixels) range up to 
~70 W/m2 (table 1).  The thermal areas that have the most radiant 
pixels, and thus, either the hottest thermal features or the largest 
areal exposure of hot thermal features, include: Sulfur Hills, Bog 
Creek, and West Thumb Geyser Basin, and Phantom Fumarole 
(table 1).  

Summing the radiant GHF values (ΦG) for all of the thermal 
areas in Yellowstone calculated from the ASTER TIR data yields 
values ranging from 1.1 to ~2.0 GW with the lower value coming 

from the more stringent cut-off criterion (>4 SD above the BG 
mean) thus fewer pixels; and the higher values coming from the 
pixels with the >BG-mean cut-off criterion (table 1).  The spatially 
largest thermal areas emit the most geothermal energy (e.g., Lower 
Geyser Basin, the Hot Springs Basin Group, and Norris Geyser 
Basin).  This is consistent with the radiant GHF being modulated 
by advective processes as the energy is spread out laterally.  

Discussion

Most of the acid sulfate thermal areas are characterized by 
multiple, small (<1 m) point sources of high temperature vents (up 

to ~93 ºC) surrounded by warm ground (30-70 ºC); 
geyser basins generally contain multiple meter-
scale pools of sub-boiling to boiling water often 
with warm water draining away, plus some smaller 
boiling steam vents and intermittent geysers.  

For all of Yellowstone’s thermal areas com-
bined, maximum pixel temperatures range from 
-13 to 24 ºC.  This reflects thermal mixing with 
cold (often below freezing) BG surfaces such as 
snow and ice, as these data were mostly acquired 
at nighttime in January and February.  Warm hot 
spring pools that are large enough to dominate the 
pixel generally have the highest pixel tempera-
tures, although the Sulfur Hills acid sulfate area is 
exceptionally hot because of the wide distribution 
of boiling fumaroles separated by diffusely vent-
ing warm ground, where boiling temperatures are 
just a few cm below the surface (based on field 
observations). 

 In general, the acid-sulfate areas exhibit the 
highest geothermal radiant emittance values (in 
W/m2) (e.g., Sulfur Hills and Bog Creek).  Neu-
tral chloride hot spring areas and geyser basins 
only exhibit high geothermal radiant emittance if 
they contain large hot spring pools (e.g., Grand 
Prismatic Spring and Excelsior Geyser Crater in 
Midway Geyser Basin; Firehole Lake in Lower 
Geyser Basin; and Turbid Lake at Turbid Springs 
(Vaughan et al., 2012). 

The GHF from Yellowstone’s thermal areas 
estimated from Cl-flux measurements is 4.5-6.0 
GW (Fournier 1989; Friedman and Norton 2007; 
Lowenstern et al., 2006).  The radiant GHF calcu-
lated with ASTER TIR data, and summed for all of 

Yellowstone’s active thermal areas, is ~2.0 GW.  Although there 
is a notable difference between the total GHF (summed for all the 
thermal areas) estimated via TIR remote sensing vs. geochemical 
methods, the GHF estimates derived for individual thermal areas 
are closer in comparison.  For example, Lowenstern et al. (2012) 
estimated 68±14 MW for the Heart Lake Geyser Basin, which is 
close to the 49 MW estimated using TIR remote sensing (Table 
1).  Werner et al. (2008) estimated the GHF of Hot Springs Basin 
to be 140-370 GW; the estimate from TIR remote sensing is 136 
MW (Table 1).  There are several reasons why the remotely de-
rived values represent a lower limit: 1) the radiative component 

Figure 6. Geothermal radiant emittance 
anomaly maps for selected areas from 
Figure 5: a) Sulfur Hills, b) Lower and 
Midway Geyser Basins, and c) Norris 
Geyser Basin. Areas that are dark purple 
show little to no significant thermal 
anomaly above BG; areas that are red 
exhibit an anomaly of at least 100 W/
m2 above BG. In the case of Sulfur Hills, 
the maximum anomaly is 210 W/m2; for 
Midway GB, the maximum anomaly is 
167 W/m2; and for Norris GB, the maxi-
mum anomaly is 124 W/m2 (see table 1).
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represents only a portion of the total GHF, 2) much geothermal heat 
from depth is lost (i.e., not measureable with TIR remote sensing) 
through evaporative cooling, steam interference, heat transfer to 
the atmosphere, advection of hot water at the surface or at depth 
(leading to a spatially broad, but undetectable increase in surface 
temperature within the proximal BG areas).  However, despite 
these uncertainties, for detecting geothermal changes that may 
be related either to an impending eruption or to other significant 
environmental changes, regular satellite-based TIR measurements 
of these thermal characteristics may be the most relevant and use-
ful measurements to make in this regard, particularly with a good 
characterization of Yellowstone’s thermal areas.

Conclusions and Future Directions

There are currently no measurement techniques that regularly 
provide a direct measurement of the total GHF from the Yellow-
stone geothermal system and how it varies on different temporal 
and spatial scales.  Satellite-based TIR measurements that provide 
synoptic observations at a variety of temporal and spatial scales 
are well-suited to overcome these challenges provided we un-
derstand the limitations.  While remote TIR measurements may 
provide only a lower limit estimate of GHF, we argue that this 
estimate is one that can be derived and monitored consistently, 
regularly, and nearly simultaneously over the entire Yellowstone 
geothermal system.  These measurements can be sensitive to subtle 
changes that may be related to volcanic, tectonic, or hydrothermal 
processes, or human activities, for both volcano / geothermal 
monitoring.  The possibility of using these data and techniques 
for geothermal exploration applications has potential and remains 
to be investigated. 

In general, satellite TIR measurements of thermal areas are one 
of many important tools we have for identifying, monitoring, and 
potentially forecasting, volcanic and geothermal activity around 
the world.  High spatial resolution measurements (<100 m pixels) 
are also useful for exploring and monitoring geothermal features 
that are too subtle to be clearly detected by the more abundant 
coarser resolution satellite TIR data.  

This work also establishes a procedural framework for the 
remote characterization of subtle geothermal features and regu-
lar thermal monitoring of Yellowstone, as well as for exploring 
volcanic / geothermal features on a global scale.  The simplified 
nature of these methods lends itself to the potential for automated 
data processing, and these methods can be applied to TIR measure-
ments made by future Earth observing satellite missions that are 
now being planned to follow and improve upon the aging satellite 
instruments that are currently being used.  
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