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ABSTRACT

Estimating depths of buried lava tubes is important for determining the thermal budgets 

and effusion rates of certain volcanic systems. This research uses a laboratory experiment 

scaled to an observed lava tube system to measure the 3D temperature field surrounding a 

buried depth adjustable glass tube with hot honey flowing through it at varying 

conditions such as flow rate and temperature. Numerical techniques are used to model 

the laboratory experiment. The input parameters are then applied to non-laboratory 

situations. The surface thermal distributions from these models are analyzed to 

empirically derive a depth estimation function using regression techniques. This depth 

function is the first scaleable depth estimation technique which can be solved with remote 

sensing data alone. The minimum temperature, maximum temperature and width of a 

Lorentzian distribution, fit to a surface thermal transect, are used in the function to 

predict depth to the hot source. Sensitivity and error analysis of the function is carried 

out for depths ranging from 0.01 m to ~60 m with good results. The function gives 

accurate depth estimates of 0.2 m for extreme arctic environments, ~ 0.3 m for lava tubes 

and ~ 55 mfor subsurface coalfires.
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1.0 INTRODUCTION

1.1 Overview

Many basaltic volcanoes demonstrate steady-state activity at open channel flows, 

fumarole fields, crater lakes, vents and conduits between major eruptions. Activity is 

characterized by continuous gas and heat emission as well as all mass transport. 

Understanding and monitoring these systems and their fluxes are crucial for hazard 

assessment because divergence from steady-state may indicate higher eruption potential. 

Enhanced gas and heat fluxes occurred prior to eruptions at Etna (Italy), Vulcano (Italy), 

Pelee (Caribbean) and Ruapehu (New Zealand) (Harris and Stevenson 1997). 

Calculating the thermal budgets of active volcanic systems is at the core of understanding 

the processes driving volcanism. Numerous theories and models have evolved in an 

attempt to detect subtle thermal variations in individual volcanic systems (e.g. Shaw et al. 

1977; Peck et al. 1977; Dragoni 1989; Ishihara et al. 1990; Manley 1992; Wooster et al. 

1993; Keszthelyi and Denlinger 1996; Neri 1998; Harris and Rowland 2001; Patrick et al. 

2002; Witter et al. 2005). Any calculation of mass effusion rates of a volcanic system 

must take into account all surface activity as well as lava transported through subsurface 

tube systems. Thermal budget analysis is typically used to determine volcanic effusion 

rates from surface lava flows and active vents. These analyses begin with a heat rate 

derived from Fourier’s law. The one unknown variable required to determine the heat 

flux from Fourier’s law for lava tubes is the distance from the roof of the lava tube to the 

surface.

This research is directed at utilizing two dimensional numerical modeling techniques to 

determine an independent depth function for a buried hot source. This function should 

enhance the accuracy of current methods for determining the depths of thermal anomalies 

observed in remotely sensed thermal data and reduce the necessary input variables to 

previous models. These efforts are driven by the need to predict eruptive events earlier
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and with greater accuracy. Precursory knowledge of changes in heat flux will increase 

response times and significantly reduce volcanic threat to property and life.

1.2 Background

Previous studies have estimated the depth of a heat source based on remotely sensed 

thermal data (Slavecki 1964; Greene et al. 1969; Mukherjee et al. 1991). These required a 

prior knowledge of the heat source, such as its temperature and initiation time, which are 

rarely known (Prakash et al. 1995).

Calculations of surface thermal anomalies related to buried hot sources are traditionally 

done using a mathematical function referred to as the ‘Error Function’. This function 

only requires a few input parameters and also applies only to a simplified situation 

comparable to a point heated plate of rock of semi-infinite width (Prakash et al. 1995; 

Rosema et al. 1999). Using the same assumptions of a point source heating a 

homogeneous overlying medium, depth of buried heat sources has been estimated with 

limited success using finite element techniques (Cassells 1998). However, these 

assumptions do not accurately characterize a linear or cylindrical hot source.

1.3 Objectives

It is hypothesized that modeling a more realistic scenario with a subsurface cylindrical 

heat source can produce a more accurate and applicable depth function. The primary 

goals of this research are to select a field site that exemplifies the situation of a buried 

cylindrical hot source in a quasi steady-state condition, generate a laboratory model 

which is a scaled representation of this field scenario and use mathematical modeling 

techniques to derive a general function which will accurately estimate depths to buried 

hot sources in multiple environments and scales.

The specific objectives are:
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• Locate a semi-stable lava tube and measure emissivities for the volcanic 

region and surface temperatures across the tube.

• Scale a laboratory experiment to the observed tube system

• Collect temperature distributions from several laboratory experiments with

varying parameters

• Create a finite element model representative of the laboratory experiment

• Fit a curve to the observed and modeled surface temperature profiles

• Calculate a depth function capable of estimating depths based on surface

thermal anomalies

• Evaluate the depth function for the observed physical systems

• Perform an error analysis and determine accuracy or limits of the depth 

function

These objectives outline a progressive methodology which builds from each previous 

task to derive a mathematical function which is capable of estimating the depth to a 

cylindrical hot source. The function should rely on remotely sensed data unaided by 

any priori knowledge of the observed system to quantitatively characterize the depths of 

hot subsurface features.

1.4 Methodology

The following Section (2) will address the selection of Pu'u 'O'o-Kupaianah cone, 

hereafter referred to as Pu'u 'O 'o as the general region of interest for this study. The 

stability and radiative properties of the study areas land cover is determined with Landsat 

Enhanced Thematic Mapper Plus (ETM+) images assisted by the Advanced Spacebome 

Thermal Emission and Reflection Radiometer (ASTER) products and field data including 

a hand held forward looking infrared radiometer (FLIR™). The data collected in the 

field is then integrated into the construction of a scaled laboratory experiment which is 

described in Section (3). A viscometer and a conductivity probe were used to measure
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material properties used in the laboratory experiment to constrain scaling. Section (4) 

discusses the numerical modeling and addresses the depth function which is developed 

including the errors associated with the function. The numerical modeling is done with
/p\

the Geo-Slope Temp/W finite element modeling software package. This program is 

used to model the laboratory experiments, under varying conditions, for comparison and 

then expanded into modeling beyond the limits of the laboratory. The final two sections 

present the applications of the depth function (5) and then discussions and conclusions 

(6). The data and tools used in this study are discussed below.

1.5 Data and tools used in the study

This study makes use of satellite data, airborne data, field measurements and several 

equipment and software packages. Details of these data and tools are given below.

1.5.1 Lands at Enhanced Thematic Mapper plus

Enhanced Thematic Mapper Plus (ETM+) is an imaging sensor on Landsat 7, a satellite 

launched in April 1999. The band specifications are listed in Appendix H Table 9. The 

Landsat project is the longest-running project for acquisition of moderate resolution 

imagery (15 m to 120 m) of the Earth from space. The instruments on the Landsat 

satellites have acquired millions of images. These images form a unique resource for 

applications in agriculture, geology, forestry, regional planning, education, mapping, and 

global change research. This product is used to help delineated land cover types in the 

study area.

1.5.2 Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is an 

imaging instrument on Terra, a satellite launched in December 1999 as part of the
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National Aeronautic and Space Administration (NASA) Earth Observing System (EOS). 

ASTER is being used to obtain detailed maps of land surface temperature, and emissivity. 

The band specifications are listed in Appendix H Table 10. The Aster product, AST 05, 

provides temperature and emissivity in ASTER TIR bands 10 to 14 ( 8.3 /Jm to 11.3 fJm) 

at a spatial resolution of 90 m. The complete band specifications are listed in Appendix H 

Table 10. Temperature and emissivity are retrieved using the temperature emissivity 

separation (TES) method developed by Gillespie et al. (1998), combining three 

simultaneous algorithms: the normalized emissivity method (NEM), the ratio module, 

and the minimum maximum difference (MMD) module. NEM removes environmental 

radiance and gives a first guess of temperature and emissivities, assuming a maximum 

value of emissivities; the ratio module ratios NEM emissivities to their average; and 

MMD allows absolute emissivity retrieval using an empirical relationship to predict the 

minimum emissivity. Note that the ASTER data processing depends on the spectral 

emissivity contrast for each pixel. The TES algorithm may not use the MMD module for 

low emissivity contrast (Gillespie et al. 1998). The results are primarily limited by the 

accuracy of the land-leaving radiance product AST_09T, which in turn is limited by the 

accuracy of the atmospheric compensation. The atmospheric compensation is dependent 

on the amount of water vapor in the atmosphere and the accuracy of the source of the 

atmospheric profiles used in the correction procedure. This product corrects the 

measured at sensor radiance (which has been itself validated to be within ±1%) for the 

effects of atmospheric transmission, path radiance and scattering using atmospheric 

profile information from the National Oceanographic and Atmospheric Administration 

(NOAA) National Center for Environmental Protection (NCEP) derived assimilation 

models. The results of the atmospheric correction are only as good as the atmospheric 

profiles which are used. These ASTER products assist in deriving kinetic surface 

temperatures in the study area using measured emissivity values.
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1.5.3 Forward Looking Infrared Radiometer (FLIR™)

Surface temperature measurements were acquired with a Flir systems S40 (Appendix G) 

Forward Looking Infrared Radiometer (FLIR™). The FLIR™ is an uncooled 

microbolometer that detects emitted radiation in the 7.5 to 13 jl waveband. A 24° field 

of view acquires images with 320 x 240 pixel dimensions. Images for this study were 

acquired at height ranges from 1 m to 850 m at no less than one image per second with 

pixel dimensions ranging from 0.001235 m x 0.001235 m in the laboratory to 0.7528 m x 

0.7528 m in the field. The FLIR™ is used to measure the surface temperature anomaly 

produced by lava tubes in the field and their scaled representation in the laboratory 

experiment. These profiles assist in the derivation of a depth estimation function.

1.5.4 Viscometer

The viscosities of selected materials were recorded with a Brookfield DV-II+ 

programmable viscometer. This instrument measures fluid viscosity at given shear rates. 

Viscosity is a measure of a fluid’s resistance to flow. The principle operation of the 

viscometer is to drive a spindle (immersed in the test fluid) through a calibration spring. 

The viscous drag of the fluid against the spindle is measured by the spring deflection. 

Spring deflection is measured with a rotary transducer. The measurement range of the 

viscometer (in centipoises or milliPascal seconds) is determined by the rotational speed 

of the spindle, the size and shape of the spindle, the container the spindle is rotating in, 

and the full scale torque of the calibrated spring. The values measured with this 

viscometer assist in scaling a fluid to represent lava in the laboratory experiment.

1.5.5 Conductivity probe

The conductivity of selected materials was determined with an East 30 Sensors Thermal 

Logic thermal conductivity probe (Appendix G). The thermal conductivity sensor can be
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used to measure the thermal conductivity of granular materials and gels. The thermal 

conductivity sensor consists of a 0.06 m long stainless steel needle. The needle contains 

an Evanohm heater and a chromel-constantan thermocouple. The thermal conductivity of 

a material is determined by inserting the needle in the material, applying current to the 

heater, and monitoring the temperature rise with the thermocouple. The thermal 

conductivity can be calculated from the power input and temperature rise during a 1 to 2 

minute heating period. The conductivities measured with this probe were used as inputs 

for the finite element modeling software package. These values also assisted in 

determining the best scaled representation of lava tube overburden to be used in the 

laboratory experiment.

1.5.6 Numerical modeling software

©Geo-Slope Temp/W is a finite element software package that can be used to model the 

thermal changes in the ground due to environmental changes or due to the construction of 

facilities such as buildings or pipelines. The comprehensive formulation makes it possible 

to analyze both simple and highly complex geothermal problems. TEMP/W® is a 32-bit, 

graphical software product that operates under Microsoft Windows. Many thermal 

problems may be adequately modeled using steady-state energy flow. In other cases, 

transient flow is required. TEMP/W® can compute steady state or transient thermal 

conditions. The two-dimensional plane geometry used in this modeling is useful for 

thermal modeling in two-dimensions, such as a vertical cross-sectional plane or a plan 

view of the system. This software package was used to model the observed lava tube and 

its scaled laboratory representation for many varying parameters.
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1.5.7 Image processing, Geographical Information Systems (GIS) and other software 

packages

The Research Systems Incorporated Environment for Visualizing Images (ENVI®) was 

used for all image processing: e.g. image stacking, density slicing, red green blue (RGB) 

composites, image registrations, geocoding and kinetic temperature calculations. The 

ESRI ArcGIS™ software package was used to plot the global positioning system (GPS) 

data on the land cover classification in the study area. The Leica Geosystems ERDAS 

IMAGINE® software package was used to assign selected emissivity values to each land 

cover classification. Microsoft® Excel® was used for all general data processing 

including curve fitting, linear regressions and sensitivity and error analysis. The 

Interactive heat transfer (IHT ) software package developed by Intellipro was used to 

evaluate the standard correlations of surface convective coefficients for both the surface- 

air boundary and the fluid-tube boundary.
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2.0 STUDY AREA

2.1 Overview

The study area was selected based on the probability of finding active lava tubes, an 

existing collaboration with the Hawaiian Volcano Observatory (HVO), accessibility to 

the volcanic tube system and abundance of available published data to constrain typical 

characteristics of the volcanic system. The specific area chosen is located at the Hawaii 

Volcano National Parks on the flanks of the Pu'u 'O 'o, whose eruption started on January 

3, 1983 (Figure 1).

Figure 1 Map of the study area located on the island of Hawaii in the Hawaii 
Volcanoes National Park. The Pu'u 'O'o-Kupaianah cone is the location of current 
surface and tube activity of Kilauea Volcano. The area in the shaded oval is the focus of 
the field data collection.
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Basaltic shield morphology has been attributed to the great distances that lavas are 

transported away from the vent through tube systems (Peterson et al. 1994). Lava tube 

systems, many kilometers in length, are extremely prevalent in basaltic volcanoes such as 

Kilauea, Mauna Loa, and Etna and form in both pahoehoe and aa flow fields (e.g. Calvari 

and Pinkerton 1998). Tube fed lava flows cover 67% of Kilauea (Keszthelyi 1995). The 

ensuing, over 20-year period following the January 1983 event is characterized by nearly 

continuous eruption. No rift-zone eruption in more than 600 years even comes close to 

matching the duration and volume of activity of these past two decades. For the last 16 

years the activity has been dominated by near-continuous effusion, low eruption rates, 

and emplacement of tube-fed pahoehoe flows (Heliker et al. 2003) (Figure 2). These 

tubes maintain a large vertical temperature gradient. Surface temperature anomalies from 

these tubes are clearly visible from all thermal platforms. Two decades of field and 

monitoring data are available, which have helped to constrain model input parameters 

(Appendix C).

Figure 2 A simplified cutaway view (not to scale) of Kilauea Volcano, Hawaii showing the pathway 
of molten rock during the eruption of Pu'u 'O 'o, located on the east rift zone about 20 km from the 
caldera. Molten rock moves from the magma reservoir beneath the caldera through the east rift zone to 
Pu'u O'o. When molten rock erupts as lava from Pu'u O'o it flows either onto the surface or through 
a lava-tube system 10-11 km to the sea. Diagram courtesy of US Geological Survey and Hawaiian 
Volcano Observatory (Appendix G).
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2.2 Environmental stability

An additional incentive for choosing Hawaii as a study area is its stability in climate 

(Figure 3) and land cover. From October 1949 to March 2004 the annual variation in 

temperature was approximately 6 °C with little to no seasonal changes according to the 

Western Regional Climate Center’s (WRCC) National Climate virtual database 

(Appendix G).

Figure 3 Average temperature and relative humidity plots for Hilo, Hawaii showing the climatic 
stability of the area. Data from the Western Regional Climate Center’s (WRCC) National Climate 
virtual database (Appendix G).

The stability of land cover was determined by analyzing multi-temporal remote sensing 

data. Data available for the study area included July 1999 Landsat 7 ETM +, February 

2000 Landsat 7 ETM + and May 2001 Landsat 7 ETM + images. This analysis began 

with an image to image registration maintaining the May 2001 Landsat 7 ETM+ as the 

reference image. 34 to 40 ground control points (GCP’s) were selected for each image 

registration. The mean GCP root mean square (RMS) error on both transformations was 

0.26 with no single GCP RMS error exceeding 0.59, about half of a pixel, for either 

transformation. RGB (Red, Green, Blue) composites of the July 1999, February 2000 

and May 2001 Landsat 7 ETM + images were created to examine land cover stability. 

The band 7 RGB composite (2.09 to 2.35 /Jm) had the largest contrast and included 

visible and thermal features in the image (Figure 4).



Figure 4 Landsat 7 ETM+ composite showing temporal stability of land cover. Interpretation of 
the band 7 RGB composite of July 1999, February 2000 and May 2001 Landsat 7 ETM+ images 
illustrates changing cloud patterns, changing surface lava flow activity and associated volcanic 
plumes. The land cover boundaries are stable for the three year period.

A visual interpretation of the composite illustrates changing cloud patterns, changing 

surface lava flow activity and associated volcanic plumes. However, the land cover 

boundaries are consistent for the three year period. This observation is consistent with 

the fact that basaltic surfaces require decades of erosion to support new vegetation 

growth of any measurable amount. The moderate and stable climate maintains consistent 

vegetation patterns for extended periods due to minimal seasonal variations.

2.3 Land cover

Baseline digital land cover data for Hawaii derived from Landsat ETM+ satellite imagery 

was acquired from the NOAA Coastal Service Center's website (Appendix G). This 

product delineated four surfaces in the study area, namely, (i.) Evergreen Forest (forest 

without a pronounced seasonal dormancy period), (ii.) Scrub/Shrub (woody vegetation 

less than 20 feet tall), (iii.) Grassland (both managed and unmanaged grasslands), (iv.) 

Bare Land (Bare exposed rock, sand, soil and all volcanic surfaces) (Figure 5).
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Figure 5 Land cover map for Hawaii derived from Landsat ETM+ satellite imagery by The 
National Oceanic and Atmospheric Administration (NOAA) Coastal Service Center. Data 
acquired from NOAA website (Appendix G). The location of the study area (as referred to in 
Figure 1) is represented by the red dot (Figure 1). Most volcanic areas are classified within 
the bare land class, making the classification an insufficient representation of the volcanic 
surfaces in the study area
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2.3.1 Sub-classification o f land cover types

A sub-classification was performed on the bare land class in the study area to distinguish 

the major types of volcanic surfaces observed in the field. These types generally 

consisted of tephra, aa, and pahoehoe (Figure 6).

Figure 6 Images of the predominant volcanic surface types observed in the field area: e.g. (i.) Tephra, 
(ii.) Aa and (iii.) Pahoehoe.

The baseline digital land-cover data was clipped to the extent of the study area. The non- 

bare land classes were masked and a supervised sub-classification of the bare areas was 

carried out using the Landsat ETM+ image from May of 2001. Training sites were 

selected from field observations and tone/texture variations obvious in the available 

Landsat images. A maximum likelihood classification was then performed which 

resulted in a sub classification of the bare land area (Figure 7).
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Figure 7 Supervised Sub-classification of the baseline digital land cover data set. The bare land 
class has been delineated into three sub-classes (i.) tephra, (ii.), aa and (iii.) pahoehoe. The location of 
the study area (as referred to in Figure 1) is represented by the red dot.

2.4 Surface emissivity calculations

Emissivities were assigned to each of the different surface types following the sub 

classification routine in a simple ERDAS IMAGINE* model. To obtain the temperature 

of a body directly from data acquired in the TIR region requires information about the 

thermal radiative properties of the surface, particularly its emissivity. The importance of 

emissivity for in situ as well as satellite derived temperature has been discussed by 

several works (Kahle and Alley 1992; Realmuto et al. 1992; Salisbury and D’Aria 1992; 

Kant and Badarinath 2002).
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Samples from different land cover types in the study area were collected in the field and 

later analyzed in the lab to estimate their emissivities. A graph showing the emissivity 

values of a representative sample for each volcanic surface is presented in Figure 8.

Figure 8 Emissivity values of four samples collected in the study area during March 
2004. These emissivity values match well with published emissivity values for these 
materials (Table 1) and were used for temperature estimations for the study area.

Integrated 10 to 14 jum published emissivity values were obtained for each surface type 

in the study area from Kant and Badarinath (2002), Rubio et al. (2003) and from direct 

spectra analysis of 1969 to 1995 Hawaiian field samples analyzed by John Salisbury at 

John’s Hopkins University in 1995 (personal communication with Andy Harris in March 

2004). These published values were compared to the emissivity values estimated from 

field samples (Table 1). The published emissivity values for vegetated areas were directly 

used as it was not possible to estimate emissivity values in the laboratory from vegetation 

samples. The assigned emissivity values were further compared with emissivity values 

derived from ASTER imagery.
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Table 1 Integrated 10 to 14 fjm emissivities applied to 
supervised classification. Values averaged from (Kant and 
Badarinath 2002; Rubio et al. 2003; Andy Harris personal 
communication 2004)

Surface

Type

Literature

Review

Field

Samples

Evergreen Forest 0.98

Scrub/Shrub 0.99

Grassland 0.98

Tephra 0.97 0.98

Pahoehoe 0.91 0.91

Aa 0.96 0.97

2.4.1 Emissivity validation

The June 2004 Aster AST 05 product provides temperature and emissivity from ASTER 

TIR bands 10 to 14 ( 8.3 fJm to 11.3 /Jm) at a spatial resolution of 90 m. Detailed 

information on this product is available from the Temperature/emissivity separation 

algorithm theoretical basis document (ATBD version 2.4) (Appendix G) and Gillespie et 

al. (1998). These values were validated for use in the study area with the values obtained 

from literature in Table 1, particularly the tube fed pahoehoe surface which overlies the 

lava tubes in the study.

The assigned emissivity values were compared to the ASTER emissivity product at the 

transect A-B north of the Pu'u 'O 'o crater (Figure 9). A close correlation was observed in 

all surface types along this transect with the possible exception of the aa section. Due to 

the fact that the aa section in this area observed in the field is generally formed in thin 

strips or small random flows, a mixed pixel error is possible for this area. A pixel on the 

ground may contain several surface covers - water, vegetation, soil, rock, buildings,
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hikers, etc. The radiance incident on the viewing instrument (ASTER in this case) is a 

combination of the reflected radiances from the various surfaces. The spectral signature 

of this “mixed pixel” is then a combination (linear or non-linear) of the spectral 

signatures of the component surfaces.

Figure 9 Comparison of the assigned emissivity and the ASTER emissivity values along the 
transect A-B. Subtle differences are seen within the aa-Pahoehoe mixed pixel region and proximal 
to the venting cone (blue line) where the plume is increasing the effects of atmospheric 
attenuation. In general the assigned emissivity values correspond well with the ASTER derived 
values.
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The second noticeable variation is observed as we approach the cone where the blue line 

crosses the transect A-B (Figure 9). This is accounted for by emissivity variations due to 

temperature changes and plume affects not accounted for in the assigned emissivity 

calculation. Plume affects are a result of gaseous effusion from the volcano which 

effectively increases atmospheric attenuation. Atmospheric attenuation is the reduction 

of radiation intensity due to absorption and/or scattering of energy by the atmosphere. 

This effect is usually wavelength dependent and may affect both solar radiation traveling 

to the Earth and reflected/emitted radiation traveling to the sensor from the Earth's 

surface.

The temperature profiles derived from the ASTER kinetic temperature product and the 

kinetic temperature derived from the ASTER radiance data using values from laboratory 

measurements and literature show no significant offset (Figure 10). A differencing was 

performed which indicates negligible variations across the forested area and ±5 °C 

standard deviation. The general variations appear to be constrained to the areas 

containing significant portions of pahoehoe and aa mixed pixels and plume obscured 

areas. The Kuhio tube fed by Pu'u 'O 'o has been plotted from field GPS data and the red 

vertical line clearly shows an overall rise in temperature over this feature. A smoother fit 

is observed with the assigned emissivity temperature profile in areas that do not have 

mixed pixels. The ASTER emissivity product is a useful tool for confirming the 

accuracy of the assigned and measured emissivities though is less effective for deriving 

stand alone emissivity values essential for kinetic temperature calculations.
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Figure 10 Kinetic temperature comparison based on the different emissivity values. This 
comparison uses the assigned emissivity and the ASTER derived emissivity for the study 
area. Differencing shows ±5 °C temperature variations.

2.5 Field data

Temperature, emissivity and land cover field data was collected in March 2004 on the 

south western flanks of Pu'u O'o. The objective of the field work was to gain an 

intimate knowledge of the volcanic system under study and to validate remote sensing 

observations. Understanding, sampling and cataloging the various surface types was of 

particular interest. This information assisted in assigning surface emissivity values to 

individual pixels based on field observations. Figure 11 shows the general landscape 

around the study area, where typical volcanic land cover types are visible.



Figure 11 Digital image mosaics of the active flow field and study area (i.) 
An image taken ~ 1 km from Pu'u O'o showing the volcanic surface types 
and locations of the main cone, (ii.) A ~ 1 km x 1 km photo mosaic taken from 
a helicopter on the previous day. The mosaics clearly show the hot silver 
colored tube fed pahoehoe. The actual location of the main cone is obscured 
by clouds. The Kuhio lava tube is located between the fresh lava and the 
venting hornitos.
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Several surface samples were collected while in the field for thermal infrared (TIR) 

spectral analysis. Wind speed and temperature data were acquired during the three days 

in the field. These data indicate an average wind speed of 5.0 s'1 with gusts up to

7 m s'1 confirmed by NOAA Coastal Service Center data (Appendix G). Unfortunately 

the new Kuhio Tube revealed no skylights until the day after field data collection was 

completed (Figure 12). A skylight is an opening in the roof of a lava tube. Skylights 

usually form when part of the roof collapses into the tube, but they also occur where a 

roof failed to form over the lava channel. If the tube is active, a stream of glowing lava 

can be seen moving below. Three FLIR™ transects were taken across a branch of the 

Kuhio tube for later analysis of a depth function.

Figure 12 Image of Kuhio tube skylights taken by HVO personnel the day after field 
data collection. Flow appears to be at 0.5 to 1.5 depth with the tube roof at 0.1 to 0.4 m 
depth. Photo courtesy of US Geological Survey and Hawaiian Volcano Observatory.
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2.5.1 Active flow boundaries and GPS collection

In an effort to orient the images collected from the helicopter several global positioning 

system (GPS) coordinates were collected over the three day period in the field. These 

included several distinct flow boundaries, the lava tube axis, camp site, the helicopter 

flight path for the March 16th overflight and other landmarks (Figure 13). The purple 

points outlining one of the March 18th flow boundaries in the center of the figure is a 

visible feature in both the digital images and FLIR™ images acquired in the helicopter. 

This feature, in addition to the main degassing hornito, bound the East and West limits of 

the observed active tube branch.

Figure 13 Grid illustrating GPS points collected while in the field. Several distinct flow 
boundaries from each day, the lava tube axis, Camp site, the helicopter flight path for the March 
16th overflight and other landmarks used for orienting the FLIR™ images acquired in the field. 
All GPS data points were collected by Andy Harris.
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2.5.2 Lava tube thermal transects 

Ground based data collection

On the morning of March 19th 2004, GPS and FLIR™ measurements were collected for 

three transects running perpendicular to the axis of the lava tube. Each FLIR™ image 

was integrated into a single 0.352 m x 0.352 m pixel and an integrated temperature value 

was calculated for this pixel. Figure 14 shows a plot of these temperature values along 

the three selected transects.

Figure 14 FLIR™ temperature plots of the observed Kuhio lava tube ground transects. These 
transects were taken as indicated in Figure 13 at the locations Ground 1, Ground 2 and Ground 3.

Airborne data collection

A helicopter overflight of the study area on March 16th and March 18th 2004 acquired 

simultaneous digital imagery in the visible region and FLIR™ images in the thermal 

infrared region. Limitations of the helicopter camera mount required all images to be 

taken at oblique non-nadir angles. An image mosaic was created to assist in geolocating 

the Kuhio tube for later comparison. The locations of the Kuhio tube branches and
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general boundaries visible in both images have been plotted in Figure 15. Figure 16 

plots the FLIR™ temperature profiles of the Kuhio lava tube airborne transects.

Figure 15 FLIR™ and digital image mosaics of the active flow field. 
A March 16th helicopter overflight simultaneously acquired these 
images of the study area. The red lines emphasize boundaries visible in 
both images. The dashed orange line indicates the assumed main tube 
system which flows from the cone to the sea. The white dotted line is 
the location of the lava tube under study. Airborne thermal transects 
were randomly selected over the Kuhio lava tube (Figure 16).
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Distance m

 FLIR Air 1 — FLIR Air 2  FLIR Air 3  FLIR Air 4 — FLIR Air 5

Figure 16 FLIR™ temperature plots of the Kuhio lava tube airborne transects. These transects 
were randomly selected perpendicular to the tube axis shown in Figure 15. Transect Air 3 was 
taken directly over a venting homito resulting in its larger temperature anomaly.
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3.0 LABORATORY EXPERIMENT

This study includes laboratory simulation and modeling of the observed volcanic system. 

The data collected while in the study area were used to scale a laboratory experiment to 

the Kuhio lava tube system. It is practical to use a buried cylindrical heat source (hot 

fluid flowing through a pipe) to simulate a buried lava tube. A laboratory model was 

created with a hot viscous fluid flowing through a glass pipe buried in basalt chips. The 

conductivities of several fill materials were measured as described later in section 4.3.1 

prior to selecting unsorted basalt chips as the best laboratory representation of actual lava 

tube overburden.

3.1 Scaling

This laboratory experiment required initial scaling to represent real life scenarios. The 

primary scaling factor selected was the dimensionless Reynolds Number (Re) which 

quantitatively relates viscous and inertial forces and determines the transition from 

laminar to turbulent flow (e.g. Incropera and DeWitt 2002). The typical values and units 

for equation variables are summarized in Appendix C Table 7. The Reynolds Number 

for flow in a circular tube is defined as

Re = —— ( 1)
v

where V is the mean fluid velocity over the tube cross section in m D is the internal 

diameter of the tube in m and v is the kinematic viscosity of the fluid in m2 s'1 which is 

equal to the dynamic viscosity n in kg m sdivided by the density p in kg m 3. The 

transition from fully developed laminar flow to mixed flow in circular tubes begins as the 

Re approaches 2300. Lava tubes generally have fully developed laminar flows with a Re 

range from 1 to 150 with the typical Re « 23.



28

For the laboratory set up, a thin walled glass tube with an internal diameter D of 0.0155 

m and an external diameter of 0.018 m was selected. The available pump created a 

maximum V of 0.2 m s'1 which required a fluid with a v > 1 x 10'6 to maintain

similar laminar flow conditions. A preferred v s  1.5 x 104 m2 s'1 was required to 

precisely match the Reynolds Numbers in a typical lava tube. The viscosities of Tide® 

liquid laundry detergent, Joy® liquid dish soap, V05® hair gel, Hershey® chocolate syrup, 

SueBee™ honey, Jell-O® (strawberry flavored) and wax were measured with a 

viscometer. Warm honey at temperatures between 20 °C and 100 °C was determined to 

be the best available fluid with excellent Re correlation with 7 x 10'3 ^ v 7 x 10'5 

(Figure 17). The secondary scaling factor selected was the tube system’s physical 

dimensions, represented by the ratio

where Z is the depth to the top of the tube in m. This dimensionless ratio ranges from 1/5 

to 5 with a typical value of 1 in lava tubes. This ratio ranged from 0.6 to 1.6 for the

Figure 17 Temperature dependence of the viscosity of honey. Warm honey at 
temperatures between 20 °C and 100 °C was determined to be the best available fluid for 
use in the laboratory experiment based on Reynolds Number calculations.
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3.2 Experimental setup

A sketch diagram of the laboratory set up is shown in Figure 18 and a photo of the actual 

set up is shown in Figure 19. As illustrated in these figures the thin walled glass tube was 

buried in basalt chips. The depth of the tube was varied from 0.01 m to 0.03 m at 0.005 m 

intervals for each of the experimental runs. Thermocouples were calibrated to within 0.2 

°C and placed as following (the omega 3000 data logger recorded 4 to 6 locations per 

experiment)(Figures 18 and 19):

A vertically adjustable in-line thermocouple in contact with the honey as it 

entered the box.

A vertically adjustable in-line thermocouple in contact with the honey as it exited 

the box.

A thermocouple in contact with the external bottom of the glass tube at the center 

of the box.

A thermocouple in contact with the external top of the glass tube at the center of 

the box.

0.3 m below the tube in the center of the box recording the background 

temperature of the basalt chips.

A thermocouple at the surface directly above the tube recording the peak surface 

temperature.

Two additional thermocouples were placed on the surface above the tube. These 

thermocouples were not directly above the tube but were shifted laterally 0.01 to 

0.15 mto facilitate fitting these observations to temperature profiles derived from

the FLIR™.

A thermocouple exposed to air in the lab to read the ambient room temperature.



Figure 18 Laboratory experiment schematic illustrating component locations and fluid 
flow directions.

Figure 19 Photo of laboratory experiment with left side of the tube exposed. The blue 
air hose entering from the right side was added to assist in evacuating and cleaning the 
tube following each model run.
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Additionally in-line digital flow meters were installed to record the volumetric flow rate 

in and out of the box. However, the minimum measurable flow rate was never reached by 

the available pump and a stopwatch and beaker method was adapted to measure flow 

rates. A hot plate under the honey container was used to bring the honey temperature up 

to 90 °C. Humidity and air speed were also monitored with a hand held hygrometer and 

anemometer. The experiments were completed with the lab lights off to eliminate 

incident radiation from the overhead lamps. The FLIR™ logged a minimum of 1 image 

each 10 seconds for the duration of the experiments. Figure 20 shows an IR image of the 

experimental set up during operation clearly portraying the thermal anomaly above the 

buried tube.

Figure 20 Infrared (IR) image of and operating laboratory 
experiment. This IR image was taken with a forward looking 
infrared radiometer (FLIR™) of 90 °C honey flowing through a glass 
pipe buried at a depth of 0.03 m in basalt chips. The expected surface 
thermal anomaly in the center of the image is clearly visible.
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3.3 Data analysis

Seventeen experimental runs were completed at 5 different tube depths and multiple 

variations in bulk fluid temperature, background temperatures, humidity and simulated 

wind speeds. Thermocouples recorded 1000 to 8000 data points per experiment at a 

minimum of 1 each 10 seconds. The thermocouple data was examined on a time vs. 

temperature plot to determine steady-state times where the slope of the curve approached 

zero. Steady state was defined for all points with less then 0.1 °C change during a 

minimum duration of 3 minutes (Figure 21).

Figure 21 Plot of steady state as defined for this research. Example of typical experimental 
data collected with a thermocouple placed on the surface directly above the tube. This surface 
temperature experiment was completed with a tube buried at 0.02 m depth. A steady state 
condition was achieved after approximately three hours where there was less then 0.1 °C 
change during a minimum duration of 3 minutes.

Two steady state images were selected from the laboratory experiment run with the tube 

at 0.01 m depth, five from the 0.015 m, three from the 0.02 m, four from the 0.025 m and 

six from the 0.03 m depth (Appendix D samples FI to F30). These twenty images 

acquired during steady-state conditions were selected as a random representation of all 

the experiments performed. These images were then individually exported as a 

numerical matrix and a minimum of 50 adjacent transects perpendicular to the axis of the 

tube on each image were averaged to obtain the mean surface temperature profiles 

(Figure 22).



Figure 22 Derivation of the surface thermal anomaly profile from laboratory data i. Example of individual raw data transects showing the random 
noise effect from a porous granular surface, ii. A plot of the numerical values after performing an affine translation to center each individual transect and 
averaging for sample F12 showing a smoother distribution, iii. The shaded region (240 pixels by 50 pixels) was exported as a numerical temperature 
matrix. The FUR™ image of the F12 laboratory experiment during steady state conditions with pixel dimensions 0.001235 m by 0.001235 m. The 
dashed line represents the center of the buried tube. The hot spot on the top of the image intersecting the tube axis is a section of exposed tube.



34

In order to define a statistical trend in the data set a best fit Gaussian distribution was 

initially compared to each of these FLIR™ transects. It was apparent from this 

comparison that the actual profile was generally leptokurtic in relation to a Gaussian 

distribution. This implies a peakier curve with longer tails which do not approach zero as 

rapidly. There is another distribution which is similar but unrelated to the Gaussian 

distribution which occurs quite often in nuclear physics data reduction: the Lorentzian 

distribution, also known as the Cauchy distribution. The most striking difference 

between this and the Gaussian distribution is that the Lorentzian distribution does not 

diminish to zero as rapidly and is more characteristic of the surface thermal profile from a 

point or cylindrical source (Figure 23).

Distance m 

—  FLIR  Loren tz ian  — -G auss ian

Figure 23 Comparative plot of a mean FLIR™ temperature profile, Gaussian distribution and 
Lorentzian distribution. The Lorentzian distribution is a good representation of a thermal anomaly 
produced by a buried tube.

The Lorentzian distribution is a continuous distribution describing resonance behavior. 

Eric Weisstein’s Math World - A Wolfram Web Resource (Appendix G) describes it as 

the distribution of horizontal distances at which a line segment tilted at a random angle



cuts the x-axis. Let 9 represent the angle that a line, with fixed point of rotation, makes 

with the vertical axis.

Then

tanO = — 
Z

9 = tan

d9  = — 1 dx Zdx
, x Z Z +x
1 H tz 2

so the distribution of the angle 9 is given by

d9 _ 1 Zdx
^2 2n  n Z  + x

(3)

(4)

(5)

(6)

This is normalized over all angles, since
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The general Lorentzian distribution P(x) and its cumulative distribution D(x) are

P(x)

This distribution is symmetric about its mean /a with a width characterized by its full 

width half max (FWHM), T (Bevington 1969). Simply put this distribution is the 

projection of a point onto a plane. This would therefore seem to be a plausible 

distribution to use for recreating the temperature projection from a cylindrical cross 

section onto an earth surface.

To maintain a uniform scale for the laboratory experiments and finite element models, all 

temperatures were normalized to a 0 to 1 scale prior to curve fitting with

J L X
M

- r
2 (10)

and

D(x)

x

(11)

tkNormalized (12)
T - TA/f/nrv A
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where T(x)is the temperature at any given point, Tmox is the maximum temperature 

throughout the profile and T^in is the minimum or background temperature along the 

profile.

This distribution is fit to each of the laboratory experiments. However, to obtain 

information from a greater number of distributions with parameters beyond those 

possible in the laboratory experiment, modeling is required.
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4.0 FINITE ELEMENT MODELING

Before outlining the details of the modeling used for this research it is prudent to review 

the progression of work which has supported this modeling work. The theory behind the 

modeling and previous depth modeling techniques are also discussed prior to addressing 

specific techniques used in this research.

4.1 Background

4.1.1 Lava cooling models

Abundant models of lava body cooling exist in the literature and have advanced in 

sophistication in recent years. Shaw et al. (1977) and Peck et al. (1977) were among the 

first to carry out numerical modeling to understand the cooling of a lava body. The 

authors were able to accurately characterize the internal temperature of Alae lava lake, 

Hawaii. Although predicted internal temperatures were consistent with drill-core 

measurements, the lack of consideration of convection and radiation from the surface of 

the lake by means of the static boundary conditions resulted in the model being 

ineffective for estimating surface temperature. Dragoni (1989) considered radiation to be 

the dominant heat loss mechanism in an active flow, and created reasonable 

approximations of lava flow length. Ishihara et al. (1990) and Manley (1992) used a 

finite-difference model to estimate cooling of large silicic flows and demonstrated their 

ability for heat retention over extended time periods. Wooster et al. (1993) refined 

estimates for internal heat transfer by considering convection inside the lava. The initial 

cooling of pahoehoe lava was addressed by Keszthelyi and Denlinger (1996) who offered 

a thorough consideration of both convective and radiative heat loss from the surface, as 

well as conduction within the lobe. Neri (1998), Harris and Rowland (2001), and Patrick 

et al. (2002) continued to progress the modeling of lava cooling, in which the surface
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morphology, lava thermal properties and crystallization dynamics were examined in 

detail.

These techniques linearize thermal fluxes into a one dimensional heat diffusion problem 

with varying resistances manifested in environmental considerations and material and 

thermal properties. This requires reliable depth and temperature data for the flow 

throughout its cooling history. Peck et al. (1977) and Shaw et al. (1977) used data from 

drill holes in the still-molten Alae lava lake to judge the accuracy of their model, but the 

difficulty in collecting such data for the flow interior significantly reduce its viability for 

other flows especially at remote volcanoes. A partial remedy to this dilemma is to 

concentrate only on surface temperatures, as manifestations of interior conditions, which 

can be measured routinely with airborne remote sensing and possibly satellite based 

thermal instruments. The benefits of satellite imagery for this purpose include the high 

temporal resolution and relatively inexpensive procurement, as well as coverage over 

even the most remote volcanoes. However, the limited spatial resolution of current-day 

satellite TIR sensors may restrict the application of the function developed in this 

research as discussed in section 6.3.

4.1.2 Lava tube heat flow

Heat loss from volcanic systems is not limited to one dimensional thermal flux. Inclusion 

of the lateral mass transfer of magma through subterranean conduits (lava tubes) is an 

essential part of any thermal budget in volcanic systems. Lava tubes are seen in 

submarine flows, the longest quaternary flows, and reported on the Moon and possibly 

Mars. Though quantitative work on lava tubes is limited, there is a large selection of 

papers describing the formation and physical characteristics of lava tubes (Rowland and 

Walker 1987; 1990; Mattox et al. 1993; Hon et al. 1994; Calvari and Pinkerton 1998; 

1999; Kauahikaua et al. 1998). Witter et al. (2005) completed the first substantive
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analysis of the lava tube thermal regime by using a compilation of five years of data to 

constrain radiative and convective heat losses through skylights.

4.1.3 Previous work on depth modeling

Cassells (1998) offers a thorough review of the progression of hot source depth modeling 

techniques, beginning with simple geometric models, working through one dimensional 

solution to the heat diffusion equation and ending with finite element techniques which 

were adapted for his research. Many of the ideas presented in this thesis began as a 

continuation of the original thoughts set out in Cassels (1998). Cassells designed a 

laboratory experiment using a resistor (point source) buried in a sandbox monitored by an 

overhead infrared camera. He compared his final results with the Half Width Model 

obtained by Panigrahi et al. (1995). The Half Width Model used temperature anomaly 

shape to estimate the depths of coalmine fires at South Tisra Colliery in Lodna area of the 

Jharia coalfield in India. The starting point of this model is the statement that the 

temperature T varies inversely as the cube of the distance from the hot source r 

(Figure 24).

Tee l  (13) 
r
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Distance

Point Source

Figure 24 Basis of the Half Anomaly Width Method and one-third 
max models presented by Panigrahi et al. (1995) where the mean half 
width of a parabola fit to a temperature anomaly represents three 
quarters of the depth to its source.

It follows that the point on the surface with the highest temperature lies directly above the 

fire. Let this point be the origin and the temperature there be • It can then be shown 

(Panigrahi et al. 1995), that if xc is the distance from the origin to the point where the 

temperature is equal to 7 ^ /2 ,  then the fire depth z will be given by

Similarly, if xc is now the distance from the origin to a point where the temperature 

equals Tmco)3, then

(15)
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This model supported the basis that the full width half max, T, of the Lorentzian 

distribution outlined in section 3.3 is related to the depth of its source as indicated in 

equation (3).

However, the bulk of previous depth modeling techniques include finite element 

modeling addressed in the next section and those that initiate with the linear heat flow 

equation (Incropera and DeWitt 2002)

V2r - - — = 0 (16)
a

In one-dimensional form this becomes

d2T  1
dx

= 0 (17)

where T is the temperature in Kelvin, t is the time in seconds and a is the thermal 

diffusivity of the medium in m2 s'1

ct = —  (18)
pc

where k is the conductivity W m 1 K 1 in the x direction, p is the density of the material in 

kg m 3 and c is the specific heat capacity of the material in fC1.

One possible solution of equation (17) is then the equation of linear heat flow in a semi

infinite medium

Q = T
2s[at

(19)

where 0  is the measured temperature increase at a distance x from the heat source, erfc is 

the complimentary error function, T is the temperature increase at the heat source (x=0), 

a is again the thermal diffusivity and t is the time since the temperature increase began. 

Equation (19) is then used to estimate the age of the hot source, its initiation time or the
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depth given that all the other parameters are known. In order to enhance depth 

determinations based solely on remotely sensed data this linear heat flow model is not 

utilized due to the limitations of known inputs.

4.2 The finite element method

A practical way to produce a thermal model that is as accurate a description as possible of 

the problem being addressed is to use numerical techniques. Numerical techniques for 

the solution of differential equations include finite difference and variational methods 

(Reddy 1993). In the variational method, the equation is put into an equivalent weighted- 

integral form and then the approximate solution over the domain is assumed to be a linear 

combination of appropriately chosen approximation functions. Using the finite difference 

method, the differential equation can be replaced by a simple algebraic approximation as 

described below.

The two-dimensional form of Laplace’s equation is

d2T d2T 
^ + ^ - °  <20)

To obtain the finite difference form of this equation, consider first the value of the 

function, T(x,y), at the points (x,y), (x+h,y), and ( ), depicted in Figure 25.
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Figure 25 Mesh used for derivation of finite difference approximations of 
Laplace’s equation.

Similarly, dT/dy is approximately equal to

T(x (21)

Now by defining Tm,nto be the value of the function at the point ( ), where m

and n are integers, the partial derivatives at this point are given by

r)T T —T ——m,n  =  _jn+yn « * _  ( 2 2 )

dx h

and
*S'T' T   T1
—  m,n = ^ ±  (23)
dx h
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By considering similar arguments for the second derivatives of the function T(x,y), it can 

be shown (Incropera and DeWitt 2002) that Laplace’s equation can be rewritten as

T  + T  + T  + T
/ w + l , w  m -\,n  m,n+ 1 m ,n -\ m,n _  f \ / /1 A \

h 2 "  1 j

This is the finite difference form of the two-dimensional Laplace’s equation.

So far, there is only one equation (24) and five unknown temperatures. The missing 

information is supplied by the initial boundary conditions (input values). For example, if 

the temperature is defined along the boundary of the domain shown in Figure 25, i.e. at 

nodes 1 through 8, equation (24) can be rewritten as

Z■t = T>+T>+J * +T> (25)

where m=n= 0

In this simple example, there was only one node where the temperature was unknown. In 

principle, however, nodal equations similar to equation (25) can be formulated for every 

node in a regular grid of any size. As long as the boundary conditions are properly 

defined, there will be sufficient information to solve the temperature equation at every 

node. There may be thousands of nodal equations in a finite difference representation of 

a real-world problem. A number of techniques exist for the solution of these equations.

The finite element technique is a more sophisticated development of the finite difference 

method. The domain of the differential equation to be solved is again divided into 

discrete sub regions, or finite elements. The squares in Figure 25 represent a possible 

finite element discretization of the domain bounded by nodes 1 through 8. By dividing 

the domain into finite elements, a geometrically complicated domain can be represented 

by a set of geometrically simple elements. Approximate functions for the temperature are
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now derived for each element of the domain. These functions are considered to be linear 

combinations of algebraic polynomials in the spatial coordinates of the system. The 

coefficients of these polynomials are determined by demanding that certain conditions be 

satisfied for each node of the finite element mesh. In the case of thermal analysis, this 

means that the total amount of heat flowing into a node is equal to the heat flowing out 

(Incropera and DeWitt 2002). Heat generated at the node can be included in the energy 

balance. Again, boundary conditions for the problem must also be defined and then be 

satisfied by the approximation functions at the appropriate nodes. The coefficients of the 

algebraic equations are thus determined for each node of the finite element mesh. These 

coefficients are the solution to the original differential equation; in thermal analysis they 

represent the temperature at the nodes of the mesh.

4.3 Model input parameters

The Geo-Slope Temp/W® finite element modeling software package is based on the 

principles of finite element techniques. This software package was used to model surface 

temperature profiles for steady-state conditions with varying input parameters. It was 

used to model the twenty steady state laboratory experiments as discussed in Section 3.3. 

The next phase of finite element modeling included a parameterization of input variables 

scaled to the laboratory experiments. 81 individual finite element models were run with 

input parameters set beyond the limits of the laboratory experiments completed (Table 2). 

45 additional models were run scaled to a real world lava tube system. These finite 

element models also included a parameterization of input variables (Table 2). These are 

the 146 finite element models used in Section 4.5, Depth function.
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Table 2 Finite element model input variable ranges. These are the input variable ranges 
included in the additional 81 laboratory scaled finite element model runs and 45 lava tube scaled 
finite element model runs.

Laboratory scaled finite element model run input ranges

Input Description Variable Minimum
Value

Maximum
Value Units

Depth to the top of the tube Z 0.01 0.03 m
Fluid Temperature Tm 65 85 °C
Surface Convective 
Coefficient hs 0.01 80 W m 2 K 1

Volumetric Heat Capacity 0 1.25 x 10b 3.0 x 106 J m j C ‘

Lava tube scaled finite element model run input ranges

Input Description Variable Minimum
Value

Maximum
Value Units

Depth to the top of the tube Z 1 3 m
Fluid Temperature Tm 500 1100 °C
Surface Convective 
Coefficient hs .01 20 W m 2 K 1

Volumetric Heat Capacity 0 1.1 x 106 3.1 x 106 J m 3 C '

The model set up uses an adaptive element mesh and is scaled directly to the laboratory 

experiment (Figure 26). An adaptive mesh is an arrangement of non-uniform or 

asymmetric elements. This is used to decrease the number of computations required for 

each solution while maintaining convergence. Triangular elements were used to 

transition from the curved surface of the tube to more regular quadrilateral elements. The 

size of each element increases as the proximity to the source diminishes.
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Figure 26 Image of a Geo-Slope Temp/W® finite element set up geometry which illustrates 
the adaptive mesh. The model is scaled directly to the laboratory experiment with a glass tube 
buried 0.03 m below the surface.
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The values of all constants and variables used in this section (equations 26 to 36) with 

their units, descriptions and sources are summarized in Appendix C Table 7. Individual 

determinations of selected material properties and input variables beyond those 

summarized in Appendix C Table 7 are discussed in the following sections (4.3.1 through 

4.3.4).

4.3.1 Conductivity

There are numerous techniques available for measuring thermal conductivity, the most 

well-known being the “divided bar” and the “needle probe” method (Clauser and 

Huenges 1995). The conductivities of several potential fill materials were experimentally 

determined prior to selecting basalt chips as a practical scaled representation of lava tube 

overburden (Table 3). These conductivities and the conductivity of honey (the scaled 

substitute for lava in the lab) were measured at a variety of temperatures with a 

conductivity needle probe (Figure 27). The theory and protocol for this experiment are 

outlined in “Standard Test Protocol for Measurement of Thermophysical Properties of 

Materials using Contact Transient Methods Based on Common Principles”, National 

Physical Laboratory (NPL), Annex 3 a, Perfect Line Source Model (Appendix G).

The probe consists of a central heating element insulated from thermocouples located at 

each end. After inserting the probe into a material the heating element is activated and a 

data logger begins recording the temperature rise at each thermocouple. By fitting a line 

to a plot of the natural log of time against the temperature rise the slope of the resultant 

line co is then acquired. Thermal conductivity is calculated by dividing the power put into 

the heating element by 4-7tcw. These functions were utilized in the finite element models 

scaled to the laboratory experiment.



Figure 27 Thermal conductivity versus temperature of honey and basalt chips.
The dashed line represents the measured conductivity vs. temperature of honey. The 
solid line represents the measured conductivity vs. temperature of basalt chips. These 
measurements were calculated with a conductivity probe and used as input functions 
for all finite element runs scaled to the laboratory experiment.
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Table 3 Conductivities of materials tested for experiment fill. The basalt chips from
Brown’s Hill quarry in Fairbanks, Alaska were readily available in the quantities needed. 
These chips showed a factor of ten reduction in conductivity from the solid basalt values used 
to represent real basaltic overburden in Kilauea, Hawaii.

Material Description Slope
Cl )

Power
W

Thermal
Conductivity

W m ‘ K 1
Wet Flour 0.248 1.329 0.427
Wet White River Ash 0.188 1.337 0.565
Wet Chena River Sand 0.183 1.337 0.581
Wet Heavy Mineral Sand 0.168 1.337 0.634
Wet Brown's Hill Quarry Basalt Chips 0.150 1.337 0.709
Wet Calcite Sand 0.081 1.337 1.316
Wet Fine Quartz Sand 0.063 1.337 1.696
Wet Coarse Quartz Sand 0.062 1.337 1.718
Dry Kaolinite 1.119 1.339 0.095
Dry Flour 1.039 1.339 0.103
Dry White River Ash 0.901 1.339 0.118
Dry Fine Grained Phylite 0.834 1.339 0.128
Dry Volcanic Shards Mt Redoubt 0.763 1.339 0.140
Dry lllite 0.672 1.339 0.158
Dry Fine Quartz Sand 0.591 1.339 0.180
Dry Coarse Grained Quartz Sand 0.573 1.339 0.186
Dry Heavy Mineral Sand 0.504 1.339 0.211
Dry Calcite Sand 0.473 1.339 0.225
Dry Zanzibar Sand 0.429 1.339 0.248
Dry Fine Grained Olivine 0.420 1.339 0.254
Dry Brown's Hill Quarry Basalt Chips 0.406 1.339 0.263
Dry Chena River Sand 0.378 1.337 0.282

The finite element models scaled to actual lava tubes use a much different thermal 

conductivity function. The thermal conductivity of the lava does not remain constant 

throughout its cooling, but changes with the change in temperature. There are conflicting 

data on the relationship of thermal conductivity and temperature of volcanic rocks, with 

some results indicating that the value increases with increasing temperature for igneous 

glasses (Birch and Clark 1940; Robertson 1988) and some indicating the reverse (Murase 

and McBimey 1973; Dunn et al. 1983; Touloukian et al. 1989; Clauser and Huenges 

1995). The latter grouping shows an impressive consistency of results, in which thermal
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conductivity attains a high value around 2 W m 1 K 1 at 0 °C, and gradually drops to 

approximately 1 W mK1 around 1000 °C. The lava tube model adopts this decline of 

thermal conductivity with increasing temperature for in situ solidified basalt, specifically 

the calculation of Murase and McBimey (1973) for the change of conductivity with 

temperature for the Columbia River basalt (CRB) samples. As shown in Figure 28, 

thermal conductivity in the CRB decreases from a maximum at 0 °C to a minimum at 

around 1100 °C, increasing sharply above this point.

Figure 28 The thermal conductivity versus temperature of basalt. These conductivities 
were used in all the finite element models scaled to the observed lava tube. Adapted 
from Murase and McBimey (1973) for a Columbia River Basalt.
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4.3.2 Tube convective coefficient

The honey-tube average convective coefficient h, was determined numerically by 

simultaneously solving the following correlations for a constant tube surface temperature 

condition (Incropera and DeWitt 2002);

W
h, = N u ,-±  =116 .9-5—  <26)

Dt m • K

  0.0668 — Re Pr
Nu. = 3.66 +  £  ry (27)

"A  ^1 + 0.04 —  RePr 
L

Pr = (28) 
k

where the average Nusselt Number for the tube Nu, is the dimensionless temperature 

gradient at the surface of the tube, L is the length of the glass tube, Pris the Prandtl 

Number which is the ratio of the fluid momentum and thermal diffusivities, fa is the 

conductivity of the honey, Ch is the specific heat of the honey at a constant pressure, jUh is 

the dynamic viscosity of the honey, Re is the Reynolds number (refer to equation 1), and 

D, is the internal diameter of the glass tube. The lava-tube average convective coefficient

ftiwas determined numerically by simultaneously solving these same correlations 

resulting in

—  k W
h, = Nu. —  -229.2 - y   (29)
1 ' D,
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The air-surface average natural convection coefficient hn was determined numerically by 

simultaneously solving the following correlations at the background temperature for a 

horizontal heated plate with cool air above (Incropera and DeWitt 2002).

4.3.3 Surface convective coefficient

where the average Nusselt number for the surface Nus is the dimensionless temperature 

gradient at the surface, ka is the conductivity of the air, Lc is the characteristic length PI A 

where P is the pixel perimeter and A is the pixel area. The Rayleigh Number Ra 

determines the transition from laminar to turbulent flow by comparing the magnitude of 

the buoyant and viscous forces in the fluid and is evaluated at a film temperature 7/ 

which is the mean temperature between the surface Ts and the air Tx, aa and va are the 

thermal diffusivity and kinematic viscosity of the air evaluated at the film temperature 

and g  is gravity (values obtained from standard engineering air property tables).

The total average surface convective coefficient hs was determined with

hs = hn +  ( 34)

where the linear average radiation convection coefficient hr is

(30)

Nus = 0.54 (31)

(32)

(33)

(35)
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and a and e are the Stefan-Boltzmann’s constant and emissivity of the surface, 

respectively.

It is recognized that there will be an increasing convective gradient approaching the tube 

axis and a transition from natural to forced convection will occur at relatively low wind 

speeds or high surface temperatures. Simple models with constant natural surface 

convections ranging from 0 to 80 IF m 1 K 1 were utilized for this study. Further 

considerations of this analysis are addressed in the discussion section of this work.

4.3.4 Fluid temperature

The bulk temperature of the honey Tm was defined from experimental data for each run 

with

T - T  T_ =-* -  + 7L
(36)

where T, is the inline temperature measured as the fluid enters the box and T0 is the 

inline temperature measured as the fluid leaves the box. Within the tube, T, and Ta varied 

even along the vertical axis of the tube. A position adjustable thermocouple was used to 

measure these fluctuations in T, and Ta along the vertical axis within the tube. These 

temperature measurements revealed that a minimal temperature gradient exists in the 

honey from the bottom to the top of the tube with the average bulk temperature, Tm 

actually located in the middle of the vertical axis, intersecting the centerline of the tube. 

Lava temperatures input into the model ranged from 500 to 1100 °C which approximate 

the temperatures for Hawaiian volcanic systems as reported by Hon et al. (1994) and 

temperature measurements collected while in the field (Figure 29). Appendices C and D 

outline the final values and units used for all finite element model inputs discussed here 

and those obtained from literature.
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Figure 29 Andy Harris from the University of Hawaii collecting lava temperatures 
with a thermocouple inserted into an active tube fed pahoehoe lobe on March 17th 2004 
on the west flank of the Pu'u 'O 'o crater. Temperatures recorded ranged from 1132 °C to 
1142 °C. These temperatures helped constrain the fluid temperatures input into the finite 
element model runs scaled to the observed lava tube system.



4.4 Model output

A two dimensional finite element modeled temperature profile is illustrated in Figure 30.
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Figure 30 Typical 2D output from the finite element software package. This is the temperature 
data derived for the two dimensional finite element run (experiment M l3 Appendix D). The model 
records temperature at each node within the element mesh. This temperature profile plots each 
nodes temperature along the surface. These temperatures calculated for each finite element run 
assisted in deriving the depth estimation function.
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A comparison of the FLIR™ mean data, its Lorentzian distribution and a finite element

Figure 31 Comparison of FLIR™, Lorentzian and finite element model distribution. This is a 
comparison of a FLIR™ mean data profile (experiment F27), its Lorentzian distribution and its 
finite element modeled surface temperature profile (model M27). This shows that the finite 
element models are a good representation of the mean experimental data.

From Figure 31 it is clear that the finite element model produces an accurate 

representation of the laboratory experiment. This correlation continues for model versus 

data comparisons with varying source depths, fluid temperatures, wind speeds, 

humidity’s, and air temperatures. The Lorentzian distributions fit to each finite element 

model contained a unique T, full width half max (FWHM). This width and the maximum 

and minimum temperatures were used in deriving a depth function with each set of the 

individual finite element input parameters.



4.5 Depth function

4.5.1 Methodology

As discussed previously, the shape of a surface thermal anomaly contains information 

about the physical characteristics of its buried source. The difficulty arises in filtering 

this information to determine specific parameters such as depth. Estimating the depth of 

a buried hot source from its surface thermal anomaly is the primary goal of this research. 

Two separate methods were examined for depth determinations. The first “resistance 

ratio” method describes the basic physics behind the characteristic surface thermal 

distribution. This method produced a simple depth estimation function, although, it 

required that material properties be known. The second “linear anomaly surface transect 

(LAST)” method was based on an empirically derived relationship to determine the depth 

to a linear thermal source by means of surface temperature inputs only.

Resistance ratio method

The surface thermal anomaly is created by means of complex 3-dimensional heat transfer 

via conduction, convection and radiation with varying interdependent functions for some 

variables. These include the temperature dependent thermal diffusivity and convective 

coefficients. However, in simplest terms this transfer can be addressed as a series of 

resistors. Defining resistance as the ratio of a driving potential to the corresponding 

transfer rate, it follows that the thermal resistances for the system are (Incropera and 

DeWitt 2002)
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where the temperatures of the source, the surface and the air are Tm, Tx and TAir 

respectively, A is the area perpendicular to the direction of heat transfer x, hs is the 

average surface convective coefficient equation (34), rx is the distance from the source to 

the surface at each point Tx in consideration and q is the heat rate from Fourier’s law in 

the same direction as rx.

A ratio between the below surface resistance, and the at surface resistance, R2, is 

anticipated to predict the surface thermal characteristics of a buried source (Figure 32).

Therefore

Where

Figure 32 Diagram of the principle physics behind the 
resistance ratio method. The ratio between the at surface 
resistance and the below surface resistance will decrease as r 
increases from x=0 to jc =A.

Âir   ^m Âir
Rl, R2 R I + R 2

(39)

T - Tx Air R l
T — TV i?l + R2m Air x

(40)
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As x increases from 0 to A away from the axis of symmetry, the distance rx increases as

rx =V*2+ Z 2 (41)

Combining equations (37, 38, 40 and 41) and simplifying derives

T, = TA„ -  (42)
hs^ x

Assuming values for Z, TAir, Tm, hs and k solves Tx at all points along the surface from x = 

0 to A. This resistance ratio distribution is similar to the Lorentzian distribution with 

subtle variations due to the simplification of the temperature dependent functions k and hs

to constants (Figure 33). These distributions are similarly derived from a point source

which is anticipated to represent a cross section of a cylindrical source in this research.

Distance m

Resistance Ratio D is tribu tion  Lo ren tz ian  D is tribu tion

Figure 33 Graph comparing the resistance ratio and the Lorentzian distributions. Subtle 
variations are shown due to the assumption of a constant surface convective coefficient, hs, 
however the distribution is generally similar to the Lorentzian distribution.
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T - T k  Z = - 1 hl'A* ±  (43)
_  T Max K

However, analysis of this depth function using data from the 20 laboratory experiment 

runs reveals a general trend in depth under-estimations (Figure 34). Limitations of this 

method are (1) The depth underestimation appears to be linked to the convective 

coefficient hs. An example of this phenomena is seen in experiments FI and F2 where the 

only difference in inputs for the resistance ratio depth estimation is a hs of 22.7 and 57.2 

W m 2 K 1 respectively (Appendix D). The influence of the convective coefficient is

further addressed in Appendix A. (2) depth values are underestimated with error in depth 

estimates increasing with increasing depth. (3) Estimating depths with this method 

requires a priori knowledge of the buried hot source or parameters that are not obtained

Rearranging equation (42) solves for depth at x = 0

Figure 34 Illustration of the depth underestimation derived from the resistance ratio 
method for the 20 laboratory experiment data sets (names on the x-axis correspond to input 
values in Appendix D). Real depth indicates the actual depth to the top of the tube in each 
laboratory experiment.
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Linear Anomaly Surface Transect (LAST) method

The Linear Anomaly Surface Transect (LAST) method was designed to determine the 

depth to a linear thermal source using surface temperature measurements alone. The 

LAST method builds on the thermodynamic relationship between the resistance ratio and 

the derivation of the Lorentzian distribution (a projection of a point onto a surface).

4.5.2 Data analysis and results

A large number of input temperature data were obtained through laboratory 

experimentation and finite element modeling. These data were derived from varying 

depths, material properties and source temperatures as described in Table 2.

A Lorentzian distribution was fit to the temperature curves of these data to acquire T? the 

full width half max, and Tmox and the maximum and minimum temperatures along 

the profile. Linear regressions were computed for the variables listed in Table 4. These 

multiple regressions used varying combinations of dependent and independent variables. 

Each regression was utilized to construct a depth function which was then compared to 

actual depths for accuracy.

Table 4 Independent variables utilized in the linear regressions of the depth 
functions performed on the 146 finite element models and 20 laboratory data sets.

Dependent
Variables

Independent
Variables

Z r 0 D TMax~TAir
z/r Tm K hs TMax~ TMin
z J/r TMax TA ir Tm~TAir Tm~TMax

Z/D Tmm k/h It 2 _ r 2VJM® 1Min
And some power variations 

of these variables
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Progressive alterations of the independent variables as discussed in Table 2 do tend to 

influence the depth estimation output from each function (Figure 35). However, the T, 

Tmox and Tutn have the largest control on each function with all other variables not 

improving the depth estimations significantly. The T, Tmox and 7m,« are the only three 

parameters easily obtained with remote sensing techniques. These facts contributed to 

the decision to ignore all other independent variables in deriving the final depth function.

Figure 35 Influence of source temperature, Tm, and convective coefficient, hs, variations on 
the LAST depth estimation (names on the x-axis correspond to input values in Appendix D).

A depth function with the greatest accuracy across the largest range of depths was 

empirically derived using linear regression techniques. This function uses only three 

independent variables.

A = Ar1+Br + CTTU„  + DTTUm + + F r^ - 7  (44)
where X is the estimated depth and the values of the coefficients A through F are found in 

Table 5. This is an empirical function which does not directly characterize a specific 

physical process or mathematical characteristic.
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Table 5 The values and units of the LAST 
equation (43) coefficients.

Coefficient Value Units
A 0.008413824 m 1

B 0.174742473 None

C 0.003188651 K l

D -0.002411108 K 1

E -0.001012215 K 1

F -0.001983005 K 1

Each depth estimation derived from the LAST method is compared to the Half Anomaly 

Width Method presented by Panigrahi et al. (1995) outlined in section 4.1.3 and the real 

depth (actual depth to the top of the tube in each experiment). The Half Anomaly Width 

Method is the only published depth estimation technique, found by this author, which 

requires surface temperature data alone. The Half Anomaly Width method produces a 

general trend of increasing depth overestimation as the depth decreases. The LAST 

method greatly improves upon the depth estimation from the Half Anomaly Width 

method throughout a large range of scales. The following figures illustrate this trend 

(figures 36 to 42).
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Figure 36 Depth function comparison for the laboratory experiment data. T was determined from 
the FLIR™ mean transect and TMax and TMm were measured with thermocouples in the laboratory as 
described in Section 3.2 (names on the x-axis correspond to input values in Appendix D). This chart 
shows a clear improvement in depth estimations over the Half Anomaly Width Method for the 
laboratory experiment data.
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Figure 37 Depth function comparison for the laboratory experiment finite element model data. T, 
Tmox and Tmn were determined from the 20 finite element model runs with the inputs for each model 
measured in the laboratory (names on the x-axis correspond to input values in Appendix D). This chart 
shows a clear improvement in depth estimations over the Half Anomaly Width Method for the 
laboratory experiment modeled data. This is expected due to the close representation of the 
experiment data with the finite element modeled data.
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Figure 38 Depth function comparison for the 0.01 m finite element model data. These finite 
element model runs were conducted with a hot source buried 0.01 m deep. T, TMax and TMin were 
determined from finite element model runs with the volumetric heat capacity, O, surface convective 
coefficient, hs and source temperature, Tm, inputs for each model varied as indicated at the bottom of 
the chart with names on the x-axis corresponding to these input values from Appendix D. This chart 
shows a clear improvement in depth estimations over the Half Anomaly Width Method for the 0.01 m 
finite element modeled data. A large parameterization of input values is represented, however samples 
S36 and S32 are closest to the parameters scaled to the observed system.
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E3 Half Anomaly Width Method B LAST B Real

Figure 39 Depth function comparison for the 0.02 m finite element model data. These finite 
element model runs were conducted with a hot source buried 0.02 m deep. F, TMax and TUin were 
determined from finite element model runs with the inputs for each model varied (names on the x-axis 
correspond to input values in Appendix D). This chart shows similar improvements in depth 
estimations over the Half Anomaly Width Method for the 0.02 m finite element modeled data.
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Figure 40 Depth function comparison for the 0.03 m finite element model data. These finite 
element model runs were conducted with a hot source buried 0.03 m deep. T, TMax and TMin were 
determined from finite element model runs with the inputs for each model varied (names on the x-axis 
correspond to input values in Appendix D). This chart shows similar improvements in depth 
estimations over the Half Anomaly Width Method for the 0.03 m finite element modeled data.
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Figure 41 Depth function comparison for the 1 to 3 m finite element model data. These finite 
element model runs were conducted with hot sources buried at 1 m and 3 m depths. T, TMax and TMin 
were determined from finite element model runs with the inputs for each model varied (names on the 
x-axis correspond to input values in Appendix D). This chart shows large improvements in depth 
estimations over the Half Anomaly Width Method for the 1 m and 3 m finite element modeled data.
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Figure 42 Depth function comparison for the 6 m finite element model data. These finite element 
model runs were conducted with a hot source buried6 m deep. T, TMax and TMin were determined from 
finite element model runs with the inputs for each model varied (names on the x-axis correspond to 
input values in Appendix D). This chart shows large improvements in depth estimations over the Half 
Anomaly Width Method for the 6 m finite element modeled data.
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4.5.3 Sensitivity and error analysis 

Sensitivity analysis

The LAST function was derived with a parameterization of inputs. However, a 

quantitative analysis on the functions sensitivity to individual inputs is required. This 

analysis was achieved by selecting a set of input parameters and systematically skewing 

the value of one parameter to determine how sensitive the depth estimate is to that input. 

Figures 43 through 45 illustrate results of this sensitivity analysis for selected depths 

from 0.01 to 40 m. The values used for this analysis are found in Appendix D for 

experiments S8 (0.01 m), M20 (0.03 m), D4 (1 m), D42 (3 m) and Panigrahi’s Peak 1 

(~40 m).

Figure 43 Analysis of the depth function sensitivity to full width half 
max. A plot of the percentage of change in estimated depth, A, from 
changes in the Lorentzian full width half max T input into the LAST 
function. Each 1% change in T causes ~ 1 to 2 % error in depth 
estimation
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Figure 44 Analysis of the depth function sensitivity to maximum temperature. A plot of the 
percentage of change in estimated depth, A, from changes in the maximum temperature TMax input 
into the LAST function. Each 1% change in TMax causes ~ 0 to 1 % error in depth estimation
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Figure 45 Analysis of the depth function sensitivity to minimum temperature. A plot of the 
percentage of change in estimated depth, X, from changes in the minimum temperature TMin input 
into the LAST function. Each 1% change in TMi„creates ~ 0 to 1 % error in depth estimation

There is a relationship with the Tmox-Tmw value and depth with error. The percentage of 

error generally increases with a reduction in depth or The product of AT  and depth is 

inversely proportional to the error. The 0.03 m sample has the lowest AT ■ Z  value of 

0.14 and the highest error due to changes in temperatures. Conversely, the 40 m sample 

has a AT■ Z  value of 1080 and the lowest error due to changes in temperatures. 

Generally each percent change in temperature creates a less than one percent change in 

depth estimation. However the function is twice as sensitive to changes in T. Each 

percent change in T creates a one to two percent change in depth estimation.
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Error analysis

There are also inevitable associated errors of measurements which propagate into 

uncertainties in the LAST depth estimation. An effective way of quantifying this 

propagation of errors is by using a Taylor series expansion of the LAST function (Taylor 

1997). The total depth error oin massociated with the three measured inputs is then

(45)

(46)

(47)

(48)

where A is the LAST equation (44), Terr is the maximum likely error between the actual 

temperature distributions FWHM and the Lorentzian FWHM or T. 7^" and T^n are the

accuracy of the thermocouple or the maximum between a pixels integrated 

temperature and the actual maximum and minimum temperature within the pixel. The 

accuracy of the thermocouples used in the laboratory experiment is 0.02 K and the value 

of Terrwas calculated by differencing T of a Lorentzian distribution to the FWHM of the 

data it was fit to. This value was determined to be < 0.002 m for all curve fits in the 

laboratory experiments. Table 6 shows the maximum error a associated with the 

laboratory experiments and the finite element models for each depth.
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Table 6 Maximum resultant total error a associated with measurements from the laboratory 
experiments and the finite element models for each depth.

Depth m 0.01 0.02 0.02 0.025 0.03 1 3 6
Max am 5.69E-04 5.38E-04 6.48E-04 5.73E-04 7.25E-04 2.06E-03 2.37E-03 4.25E-02

The maximum total error associated with measurements, a, has been individually 

determined for each of the following applications of the LAST function with the 

appropriate values of , T̂ „ , and Terr. In general the percent error due to analytical

uncertainties is much less than that due to incorrect parameters as discussed in the 

previous section.
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5.0 APPLICATIONS OF THE DEPTH FUNCTION

The LAST function was used for three real world applications. These included depth 

estimation of (1) lava tubes in Hawaii (2) underground coal mine fires in Jharia, India and 

(3) buried thermo siphons in an Alaskan arctic environment. Each depth estimation 

derived from the LAST method was compared to the Half Anomaly Width Method 

presented by Panigrahi et al. (1995) outlined in section 4.1.3 and the real depth (actual 

depth to the top of the hot source in each application). The Half Anomaly Width Method 

is the only published depth estimation technique, found by this author, which requires 

surface temperature data alone.

5.1 Depth estimation of the Kuhio lava tube. Hawaii

Depth of the Kuhio lava tube was determined by applying the LAST function on ground 

based and airborne FLIR™ data collected in the field. This data was collected, as 

outlined in section 2.5.2, on the flanks of the Pu'u 'O 'o cone, whose eruption started on 

January 3,1983 and has been dominated by near-continuous effusion, low eruption rates, 

and emplacement of tube-fed pahoehoe flows (Heliker et al. 2003). Three FLIR™ 

ground transects and five FLIR™ airborne transects were taken perpendicular to the axis 

of the lava tube. Field observations were used to estimate a depth to the roof of the tube 

of 0.1 to 0.4 m (Figure 46). Lava tube depths are highly dependent on composition and 

slope. Hawaiian lava tube depths are generally less than 5 m though have occasionally 

been reported to be as deep as 20 m (Calvari and Pinkerton 1998; Kauahikaua et al. 1998; 

Heliker et al. 2003). Tubes, similar to the Kuhio tube, which are proximal to pahoehoe 

flows, are typically 0.1 to 0.5 m deep (Keszthelyi and Denlinger 1996). The size and 

depth of lava tubes is generally limited to this narrow range due to slope and composition 

constraints associated with the basaltic shield volcanoes on which they are located.
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Figure 46 Digital photos of Kuhio skylights used for lava tube depth estimation. These images of Kuhio 
tube skylights were taken by HVO personnel the day after field data collection. The tube roof is estimated 
to be at 0.1 to 0.4 m. Photos courtesy of US Geological Survey and Hawaiian Volcano Observatory.

There is a good correlation between all the ground and airborne lava tube transects for the 

LAST depth function (Figure 47). The maximum error, a, for any lava tube transect is 

0.03 m. The application of the LAST function gives an average tube depth of 0.23 m 

with a standard deviation of 0.09 m for the ground transects and 0.33 m with a standard 

deviation of 0.06 mfor the airborne transects, with the exception of transect Air 3 which

was taken directly across a venting homito and indicates a depth of less than 0.02 m. The 

depth values estimated using the LAST function applied to the Kuhio lava tube FLIR™ 

data correspond well to the depths of the roof of the tube observed in the field (Figure 

46). This is a more plausible estimation than the 0.77 m estimate of the Half Anomaly 

Width Method based on the photo observations of the Kuhio skylight.



80

Figure 47 Depth function comparison for transects across Kuhio lava tube. These comparison are 
for the three FLIR™ ground and five FLIR™ helicopter transects randomly taken across the Kuhio 
lava tube. The T, TMax and TMin were determined from FLIR™ mean transect data for each image. 
Transect Air 3 was taken directly over a venting homito. The shaded region approximates the observed 
depth range. The error bars show the possible errors in measurements, a.
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5.2 Depth estimation of underground coal mine fires in Jharia, India

For the depth estimation of underground coal mine fires, published surface temperature 

data from four sites within the Jharia coalfield, India were available (Mukherjee et al. 

1991; Panigrahi et al. 1995; Prakash 1996) (Figure 48).

Figure 48 A collection of published temperature transects above subsurface coal fires in Jharia, 
India (Mukherjee et al. 1991; Panigrahi et al. 1995; Prakash 1996).

Coal fires have both natural and man-made causes. Coal fires originate when coal reacts 

with oxygen and the heat from this exothermic reaction builds up sufficiently for the coal 

to start combusting. This interaction is known to occur in surface coal seams and dumps 

as well as previously mined coal seams at various depths ranging from near surface to 

tens of meters. The detectable thermal anomaly at the surface is transported to the 

surface, through the overburden, by the exhaust gasses as well as by conduction (Rosema 

et al. 1999). Information on the coal fires examined indicates the actual depths range 

from a few meters to approximately 70 m. It should be noted that these fires are not 

cylindrical sources but manifest linear temperature anomalies at the surface (Figure 49).
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Each transect is individually described below with the comparative depth estimations 

shown in Figure 50.

Figure 49 Landsat 5 TM image of a subsurface coal fire region in Jharia, 
India. This is a TM band 6 (10.4 -12.5 ^m ) daytime thermal infrared image. The 
red pixels delineate the surface expressions of subterranean coal fires. The 
published transects used to evaluate the LAST function at ~ 40 m depths were 
acquired among these subsurface coal fires
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Panigrahi Prakash Mukherjee#1 Mukherjee #11 b

□ Half Anomaly Width Method ■ LAST □  Real

Figure 50 Depth function comparison for a collection of Jharia, India underground coal fire data. 
The T was determined from Lorentzian curves fit to each temperature transect. The TMax and TMin were 
determined from each of the published temperature transects. The error bars show the possible errors 
in measurements, a.
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Panigrahi Transect

To properly compare the LAST method to the Half Anomaly Width Method, the 

published thermal transect used in Panigrahi’s original experiment was examined 

(Panigrahi et al. 1995). This predawn ground transect was acquired with a handheld IR 

gun (Infratrace 800) at 2.5 m intervals. The reported depth of the coal fire below 

Panigrahi’s peak 1 was 42.2 m. The Half Anomaly Width Method produced a 46.7 m 

estimate in the original experiment. Using these input data the LAST method estimated a 

depth of 50.8 m with an error, a, of 6.6 m.

Mukherjee Transects

The transects from Mukherjee et al. (1991) were acquired during pre dawn hours with an 

airborne AADS 1268 Daedalus Multispectral scanner System. The two transects 

(profiles #1 and #1 lb from Mukherjee et al. (1991)) with reported depths of 41.7 m and 

18.1 m respectively were used for comparison. The Half Anomaly Width Method 

produced a 38.4 m depth estimate while the LAST method estimated a depth of 40.6 m 

with an error, a, of 5.9 mfor Profile #1. The Half Anomaly Width Method produced a

25.0 m depth estimate while the LAST method estimated a depth of 17.7 m with an error, 

<t, of 7.0 m for Profile #1 lb.

Prakash Transect

The Prakash transect was acquired in the early morning hours using a handheld 

(EijKelkamp HI 9060) microcomputer thermometer with a thermistor probe. This 

transect did not have a reported depth though as previously stated the Jharia coalfield 

fires range from a few meters to approximately 70 m. The Half Anomaly Width Method 

produced a 38 mdepth estimate and the LAST method estimated a 45 depth for the 

same data. The error, a, for the LAST estimate was W Am .
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The two ground based transects and two airborne transects were taken over subsurface 

coal fires with reported depths betweenl8.1 m and 42.2 m. The LAST function estimates 

depths approaching 40 m with accuracies similar to the Half Anomaly Width Method by 

Panigrahi et al. (1995). The shallower 18.1 mdepth begins to illustrate the difference in 

the two methods. Depths decreasing from ~ 40 are more accurately estimated by the 

LAST function.

5.3 Depth estimation of buried thermo siphons in Alaska

Thermo siphons are a closed pipe system which removes heat from the bottom of the 

roadway and delivers the heat to the top of the roadway. This system was installed in an 

attempt to prevent or delay the deterioration of the permafrost on which the road is 

constructed by siphoning heat away from the delicate permafrost region. The LAST 

method was evaluated in this extreme arctic environment as different from a Hawaiian 

lava tube as possible. A FLIR™ image of a University of Alaska Fairbanks roadway 

with thermo siphons buried approximately 0.22 below the road surface was acquired 

the morning of February 4th 2005 by Douglas J. Goering (Figure 51). The air temperature 

was -40 °C and the surface temperatures ranged from -41 °C on the side of the roadway 

to -26 °C above the thermo siphons. The thermo siphons are spaced 4.88 m apart with a 

2.44 m offset from each side of the roadway.
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Figure 51 FLIR™ image of thermo siphons in a Fairbanks, Alaska roadway. The 
thermo siphons are buried approximately 0.22 m below the road surface. The image 
was taken the morning of February 4th 2005. The air temperature was -40 °C and the 
surface temperatures ranged from -41 °C to -26 °C. The thermo siphons are spaced 
4.88 m apart with a 2.44 m offset from each side of the roadway. Image and technical 
data courtesy of Douglas J. Goering.

Three transects were randomly selected perpendicular to the visible linear temperature 

anomalies created by the thermo siphons in the FLIR™ image (Figure 52). The oblique 

angle of the image produced LAST depth over and under-estimations from transects 

selected at the bottom and top of the image respectively. Geometric corrections are 

required on images acquired at non-nadir to eliminate this effect. The LAST method was 

evaluated for transects near the center of the image with excellent results (Figure 53).

The LAST depth estimations for these three transects are 0.23, 0.22 and 0.23 m which is a 

good estimation of the 0.22 m actual depth to the top of the tubes. The Half Anomaly 

Width Method overestimates the real depth by at least 100 %. The error, a, of these three 

transects are 0.028, 0.029 and 0.030 m, respectively.
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__________________________ Distance m________________________

— Road 1 — Road 2 — Road 3
Figure 52 Plot of three random transects taken perpendicular to the observed thermo siphon linear
temperature anomalies in the FLIR™ image (Figure 51). These transects were used for LAST depth 
estimate inputs in a arctic environment with surface temperature between -23 °C and -33 °C.
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Road 1 Road 2 Road 3

□ H a l f  A n o m a ly  W id t h  M e t h o d  ■ L A S T  ■ R e a l

Figure 53 Test application for buried thermo siphons in an artic roadway. Comparison of the 
Half Anomaly Width Method and the LAST method. The T, and TUm were determined from 
the FLIR™ temperature data. The average LAST depth estimation was equal to the actual depth 
to the thermo siphons. The error bars show the possible errors in measurements, a.
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6.0 DISCUSSION AND CONCLUSIONS

Lava tube systems, many kilometers in length, are extremely prevalent in many 

volcanoes throughout the world and form in both pahoehoe and aa flow fields. The shield 

morphology of Hawaiian volcanoes has been attributed to the great distances that lavas 

are transported away from the vent through tube systems. When molten rock erupts as 

lava from Pu'u 'O 'o, Kilauea Volcano’s active cone, it flows either onto the surface or 

through a 10 to 11 kmlava-tube system flowing into the sea.

Any calculation of mass effusion rates of a volcanic system must take into account both 

these surface lava flows as well as lava transported through these tube systems. Thermal 

budget analysis is typically used to determine volcanic effusion rates from surface lava 

flows and active vents. These analyses begin with a heat rate derived from Fourier’s law. 

The one unknown variable which is required to determine the heat flux from Fourier’s 

law for lava tubes is the distance from the roof of the lava tube to the surface. A 

technique for estimating this depth has been presented in this research.

Using a laboratory experiment scaled to an observed lava tube system and two 

dimensional numerical modeling techniques an independent depth function for a buried 

cylindrical hot source was derived. Lorentzian distributions were fit to experimentally 

derived and modeled surface temperature data. A linear regression of the resultant full 

width half max, maximum and minimum temperatures for 166 data sets, with varying 

parameters (Table 2), was used to empirically derive a depth estimation function. This is 

an empirical function which does not directly characterize a specific physical process or 

mathematical characteristic. This new linear anomaly surface transect (LAST) depth 

estimation function greatly improves upon the depth estimation from the Half Anomaly 

Width Method throughout a large range of scales. The Half Anomaly Width Method 

presented by Panigrahi et al. (1995) outlined in section 4.1.3 is the only published depth 

estimation technique located which can be solved with surface temperature data alone.
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The LAST function enhances the accuracy of this method for determining the depths of 

the hot sources from their thermal anomalies observed in remotely sensed thermal data 

and reduces the necessary input variables to previous models. A plethora of techniques 

are alternatively available to estimate this depth if a priori knowledge of the source is 

available.

The LAST function was used for three real world applications. These included depth 

estimations of a lava tube in Hawaii, underground coal mine fires in Jharia, India and 

buried thermo siphons in an Alaskan arctic environment. For large scale functions such as 

the coal fires at approximately 40 m both the Half Anomaly Width Method and the LAST 

method work equally well. However, the Half Anomaly Width Method produces 

increasing depth overestimation as the actual depth decreases. The new LAST method 

maintains accurate depth estimations throughout the complete range of scales tested. All 

the depth estimation variances as compared to real depths for tested applications are 

within the associated error in measurements.

This research is intended to enhance the tools available for thermal remote sensing 

analysis. The uses for an automated version of the LAST function for remote sensing 

analysis are numerous. However, this technique may be limited by the source width to 

depth ratio. This LAST function was tested on applications where this dimensionless 

ratio approximated one with individual ranges from 0.6 to 1.6. The function has not been 

tested outside this narrow range which represents the majority of lava tubes. Errors may 

also be introduced in the functions depth estimates from remotely sensed temperature 

data acquired at non-nadir look angles unless a correction is applied to approximate near

nadir look angles. An additional limiting factor is the current spatial resolution of 

satellite based TIR sensors. Applications of this function relies on surface temperature 

transects with a data resolution ~ 0.1 to 0.3 times the depth to the source. A sensor with a 

spatial resolution of 0.1 to 0.3 m is required for an accurate LAST depth estimation of a 1 

m deep lava tube. A spatial resolution of 10 to 30 m is required to accurately estimate a
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hot source at 100 mdepth (the minimum depth which can be estimated with currently 

available satellite based TIR data).

Current satellite based sensors in the TIR region typically do not posses the necessary 

spatial resolution for using this technique for real world applications. However, airborne 

and ground based measurements are suitable for continued testing of the technique. 

Thermal infrared sensors have progressively advanced at all three levels (ground, 

airborne and satellite) in recent years. The spatial and spectral resolution of a selection of 

major civilian TIR platforms used since 1975 is outlined in Appendix F Table 8.

The spatial resolution of TIR satellite sensors has increased from ~ 4000 to 20 in the

last 30 years (Appendix F). Airborne and hand held sensors have evolved similarly. 

Future applications of the LAST function are anticipated from satellite platforms not yet 

launched due to the current rate of sensor development. These applications may include; 

meteoric fed groundwater flowing in fractures, groundwater flowing in paleochannels, 

sub-glacial and inglacial drainage, hydrothermal conduits, igneous intrusions or dykes, 

military applications including locating tunnels and underground buildings and various 

civic applications including locating steam, water and sewage pipes.

Several acceptable techniques exist for determining the depth to a hot source with 

varying inputs as previously discussed. The general limiting factor to these functions is 

application. It is not practical to determine depths in the field with numerical techniques, 

nor are the material properties generally known for remote locations. Additionally these 

material properties, if measured, have the ability to change over time in most earth 

systems. The LAST function developed in this research fulfills the need for a simple 

depth estimation technique which is accurate for a wide range of conditions and can be 

applied with remotely sensed data alone. Currently this is limited to ground and airborne 

data with finer spatial resolution satellite data anticipated in the near future. The diverse
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sets of applications which have been successfully tested in this research demonstrate how 

robust the LAST function is to differing conditions.
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Surface convection coefficient considerations

Section 4.3.2 discussed the numerical method used to calculate the surface convective 

coefficient hs. This technique does determine an accurate hs for a surface where the 

surface temperature is constant. However, the temperature profile above a linear source 

will decrease away from the axis as demonstrated in the resistance ratio method (Figure 

32). The hs can be iteratively solved for each temperature dependent point on the surface. 

The Interactive Heat Transfer (IHT™) software package was used to compute the 

temperature dependence of the convective coefficient (Figure 54) which is based on 

equations (30 - 35) discussed in section 4.3.3.

Appendix A
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28 Degree Ambient Temperature

Surface Temperature °C

Figure 54 Plot of the temperature dependence of the surface convective coefficient.
The finite element model inputs assumed a constant surface convective coefficient since
correctly modeling the adaptive function was beyond the scope of this research. In
reality this value will increase as the temperature increases approaching the tube.

This range for hs is consistent with the laboratory experiment data where the integrated hs 

was determined by matching the finite element modeled Tmox and Tm,„ to the recorded 

TMax and Tmw by iteratively increasing hs in the model inputs. The value of hs was varied 

from 0.1 - 80 Wm2 K 1 for the finite element model inputs. A crude experiment by

Keszthelyi and Denlinger (1996) obtained values for hs above cooling pahoehoe of 35 -

150 W m 2 K 1 and a better estimation of 45 - 50 m 2 K 1 was calculated for volcanic 

surfaces between 400 °C and 550 °Cwith wind speeds ~ 10 by Keszthelyi et al. 

(2003). These values were again calculated for a semi infinite plate with a constant 

surface temperature. The integrated hs range used to calculate the LAST function is 

reasonable approximation of the real surface conditions. Further refinements on the
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LAST function might be possible by using a finite element software package which can 

iteratively compute hs for each surface element or node.

Plume or chimney effects are another factor which will also influence the surface 

convective profile at or near the axis of the anomaly. The porosity of the overburden will 

allow convective currents to rise due to the large temperature gradient between the source 

and the air above it. These currents will be a type of forced convection with internal 

turbulence. The literature on plume effects addresses the vertical turbulence as it pertains 

to hs but does not consider the effective change in hs at the surface above the axis of the 

source.

A detailed analysis of surface convection was beyond the scope of this research. Future 

research into the interactions between hs and linear heat flow from a buried tube in a 

porous medium is recommended. This type of work is needed to validate the use of an 

integrated hs for this type of modeling.
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A calibration of the FLIR™ images recorded in the laboratory experiment was necessary 

due an observed bias in all images (Figure 55). This section presents a possible reason 

for this bias, develops an experiment to quantify the bias and develops a function to

Appendix B
FLIR™ bias correction

Figure 55 Typical example of the FLIR™ temperature bias observed with the laboratory experiment 
data.
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The FLIR™ collects radiometric data incident upon the camera and determines the 

8 to 14 nm integrated spectral radiance for each pixel with

Lx = g sA¥ S(T?-TI)(49)

where a and e are the Stefan-Boltzmann’s constant and emissivity of the surface, A is the 

area of the pixel, *F is the transmissivity, S' is a shape or roughness factor of the surface 

and Ts and Tsur are the surface and air temperatures respectively. The FLIR™ software 

assumes values of 1 for the terms A, V  and S. This is appropriate for a uniform flat 

surface where the grain size is far less than the pixel dimensions. However, the pixel size 

in all the laboratory experiments was smaller than the average grain size of the basalt 

chips. The integrated temperature subsequently contains a larger percentage of pixels 

which partially or completely view the interstitial space between the grains. This 

drastically increases the area viewed by the sensor and effectively increases the 

calculated temperature of the pixel (Figure 56). The forced convection plume effect 

discussed previously for porous media cumulatively influences this phenomena. The 

void spaces observed by the sensor act as a sort of blackbody where the thermal flux 

increases the air temperature in the interstitial spaces well above the temperature of the 

basalt chips.
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Figure 56 Cartoon representation of the cumulative temperature bias experienced by the 
FLIR™ sensor at sub-grain size pixels, (i.) The radiance from the temperature of the media is 
represented by (a), the additional radiance due to infinite area increase is represented by (b) and 
the greater temperature of the interstitial air due to black body and convective influences is 
represented by (c). (ii.) Radiance from a solid semi smooth media.
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An experiment was constructed to quantify the bias versus temperature and grain size. 

This experiment simultaneously recorded surface kinetic temperatures and FLIR™ 

temperatures of 0.01 m3sorted samples of basalt chips while varying temperatures from 

20 to 200 °C. Individual experiments were run with sorted grain sizes from one-fifth to 

four times the size of a pixel. The results of these experiments showed a temperature 

dependent linear relationship for the bias correction. Figure 55 shows a typical 

temperature bias of 4 °C over the axis of the hot source and only 2 °C at some distance 

from the axis. For each FLIR™ transect a simple linear translation was performed which 

matched the appropriate pixel in the image to kinetic temperature data simultaneously 

recorded by thermocouples (Figure 57).

Distance m

^ " ■ " F L I R  •  Thermocouple Measurements

Figure 57 A typical bias corrected FLIR™ transect. This was used to fit a Lorentzian distribution 
for the LAST function. The profile now matches the simultaneously recorded thermocouple 
measurements. This is the same transect shown in Figure 55.
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Values and units of constants

Table 7 Table with values and units of the constants used throughout the thesis. These 
values were obtained from literature (Rowland and Walker 1987; 1990; Mattox et al. 
1993; Hon et al. 1994; Peterson et al. 1994; Calvari and Pinkerton 1998 and 1999; 
Kauahikaua et al. 1998; Incropera and DeWitt 2002).

Appendix C

Variable Description
LavaL
1000°C

Honey* 
90 °C

Glass, Aira 
27 °C

Units

c

Specific heat of 
the fluid at a 

constant 
pressure

840 243 1000 1014 J k g 1 K 1

k Thermal
conductivity 1.1 0.54 1.4 0.0338 W m 1 K 1

V

Mean velocity 
over a cross 

section of the 
tube

3 0.13 m s'1

P

Dynamic 
viscosity of the 
fluid in the tube 

(PASCAL’S)

1000 0.128 2.3E-5 kg m 1 s'1

V
Kinematic
viscosity 0.4 8.9E-5 2.6E-5 m2 s'1

a Thermal
diffiisivity 6.3E-7 2.57E-7 7.9E-7 3.8E-5 m2 s'1

D
Internal 

diameter of the 
tube

3 0.0154 0.018034 m

Z
Depth to the top 

of the tube 1-3 0.01-0.03 m

P Density 2500 1440 2107 0.8711 k g m 3

L
Characteristic 

length of 
the tube

1 1 1 m

Other Parameters

£ Emissivity of the basalt chip surface 0.97

g Acceleration due to gravity 9.807 m s'2

a Stefan Boatman’s constant 5.670 x 1 O'8 W m 2 K 1
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These are the input values used for all finite element models including the 20 laboratory 

data sets. The sample name prefixes indicate the type of data. An F prefix is used for the 

20 quasi steady state laboratory experiments, an M prefix is used for the finite element 

model data mimicking the 20 laboratory inputs, the S prefix is used for all the centimeter 

scaled finite element models and the D prefix is used for all meter scaled finite element 

models. The real depth is the depth from the surface to the top of the tube in m . The 

convective coefficient is the air-surface convective coefficient which was individually 

calculated for each of the F and M prefix data and varied as indicated in Table 2 for the 

other sample runs. The air and fluid temperature was measured in the lab for each of the 

F and M prefix data and varied as indicated in Table 2 for the other sample runs. The 

tube width is the outer diameter of the glass tube for all centimeter scaled data and 3 

for all the other data inputs. The volumetric heat capacity was varied as indicated in 

Table 2 for all data inputs and the conductivity functions are outlined in section 4.3.1 

with the average for each experiment listed in this appendix.

Appendix D
Finite element model input values

Sample
Name

Real
Depth

m

Convective
Coefficient

W/m2K

A ir
Temp

K

Fluid
Temp

K

Tube
Width

m

Volumetric 
Heat 

Capacity 
J/m3 K

Conductivity
W/mK

F1 0.010 22.70 301.35 341.35 0.018 1.25E+06 1.4425E-01
F2 0.010 57.20 301.35 341.15 0.018 1.25E+06 1.4432E-01
F3 0.015 57.40 301.45 350.60 0.018 1.25E+06 1.4388E-01
F4 0.015 57.80 301.65 340.45 0.018 1.25E+06 1.4369E-01
F5 0.015 24.80 301.65 340.55 0.018 1.25E+06 1.4377E-01

F11 0.025 66.70 301.25 354.25 0.018 1.25E+06 1.4377E-01
F12 0.025 66.70 301.25 354.25 0.018 1.25E+06 1.4387E-01
F13 0.030 31.20 300.15 346.55 0.018 1.25E+06 1.4341E-01
F18 0.015 72.00 301.65 340.50 0.018 1.25E+06 1.4386E-01
F19 0.015 57.60 301.65 339.90 0.018 1.25E+06 1.4394E-01
F20 0.030 64.90 301.25 346.00 0.018 1.25E+06 1.4388E-01
F21 0.030 64.90 301.25 346.15 0.018 1.25E+06 1.4393E-01
F23 0.025 28.00 301.15 354.75 0.018 1.25E+06 1.4373E-01
F24 0.025 28.00 300.55 354.90 0.018 1.25E+06 1.4381 E-01
F25 0.030 23.00 300.35 355.65 0.018 1.25E+06 1.4383E-01
F26 0.030 23.30 300.55 355.70 0.018 1.25E+06 1.4385E-01



Sample
Name

Real Convective Air
Depth

m
Coefficient 

W/m2 K
Temp

K
F27 0.030 21.00 300.45
F28 0.020 30.50 301.25
F29 0.020 29.00 301.25
F30 0.020 27.20 301.35
M1 0.010 22.70 301.35
M2 0.010 57.20 301.35
M3 0.015 57.40 301.45
M4 0.015 57.80 301.65
M5 0.015 24.80 301.65

M11 0.025 66.70 301.25
M12 0.025 66.70 301.25
M13 0.030 31.20 300.15
M18 0.015 72.00 301.65
M19 0.015 57.60 301.65
M20 0.030 64.90 301.25
M21 0.030 64.90 301.25
M23 0.025 28.00 301.15
M24 0.025 28.00 300.55
M25 0.030 23.00 300.35
M26 0.030 23.30 300.55
M27 0.030 21.00 300.45
M28 0.020 30.50 301.25
M29 0.020 29.00 301.25
M30 0.020 27.20 301.35
S1 0.010 0.10 301.35
S2 0.010 80.00 301.35
S3 0.010 20.00 301.35
S4 0.010 0.10 301.35
S5 0.010 80.00 301.35
S6 0.010 20.00 301.35
S7 0.010 0.10 301.35
S8 0.010 80.00 301.35
S9 0.010 20.00 301.35

S10 0.020 0.10 301.35
S11 0.020 50.00 301.35
S12 0.020 20.00 301.35
S13 0.020 0.10 301.35
S14 0.020 30.00 301.35
S15 0.020 20.00 301.35
S16 0.020 0.10 301.35
S17 0.020 80.00 301.35
S18 0.020 20.00 301.35
S19 0.030 0.10 301.35
S20 0.030 50.00 301.35

Fluid
Temp

K

Tube
Width

m

Volumetric 
Heat 

Capacity 
J/m3 K

Conductivity 
W/m K

356.20 0.018 1.25E+06 1.4392E-01
356.35 0.018 1.25E+06 1.4419E-01
356.45 0.018 1.25E+06 1.4424E-01
356.75 0.018 1.25E+06 1.4429E-01
341.35 0.018 1.25E+06 1.4448E-01
341.15 0.018 1.25E+06 1.4448E-01
350.60 0.018 1.25E+06 1.4425E-01
340.45 0.018 1.25E+06 1.4421E-01
340.55 0.018 1.25E+06 1.4421E-01
354.25 0.018 1.25E+06 1.4381 E-01
354.25 0.018 1.25E+06 1.4364E-01
346.55 0.018 1.25E+06 1.4369E-01
340.50 0.018 1.25E+06 1.4420E-01
339.90 0.018 1.25E+06 1.4420E-01
346.00 0.018 1.25E+06 1.4384E-01
346.15 0.018 1.25E+06 1.4393E-01
354.75 0.018 1.25E+06 1.4386E-01
354.90 0.018 1.25E+06 1.4385E-01
355.65 0.018 1.25E+06 1.4376E-01
355.70 0.018 1.25E+06 1.4376E-01
356.20 0.018 1.25E+06 1.4378E-01
356.35 0.018 1.25E+06 1.4399E-01
356.45 0.018 1.25E+06 1.4399E-01
356.75 0.018 1.25E+06 1.4401 E-01
338.15 0.018 1.25E+06 1.4486E-01
338.15 0.018 1.25E+06 1.4446E-01
338.15 0.018 1.25E+06 1.4451 E-01
348.15 0.018 1.25E+06 1.4488E-01
348.15 0.018 1.25E+06 1.4391 E-01
348.15 0.018 1.25E+06 1.4441 E-01
358.15 0.018 1.25E+06 1.4490E-01
358.15 0.018 1.25E+06 1.4422E-01
358.15 0.018 1.25E+06 1.4442E-01
338.15 0.018 1.25E+06 1.4449E-01
338.15 0.018 1.25E+06 1.4392E-01
338.15 0.018 1.25E+06 1.4406E-01
348.15 0.018 1.25E+06 1.4453E-01
348.15 0.018 1.25E+06 1.4398E-01
348.15 0.018 1.25E+06 1.4406E-01
358.15 0.018 1.25E+06 1.4456E-01
358.15 0.018 1.25E+06 1.4381 E-01
358.15 0.018 1.25E+06 1.4408E-01
338.15 0.018 1.25E+06 1.4418E-01
338.15 0.018 1.25E+06 1.4388E-01



Fluid
Temp

K

Tube
Width

m

Volumetric
Sample

Name
Real

Depth
m

Convective 
Coefficient 

W/m2 K

Air
Temp

K
Heat 

Capacity 
J/m3 K

Conductivity 
W/m K

S21 0.030 20.00 301.35 338.15 0.018 1.25E+06 1.4359E-01

S22 0.030 0.10 301.35 348.15 0.018 1.25E+06 1.4423E-01

S23 0.030 30.00 301.35 348.15 0.018 1.25E+06 1.4368E-01

S24 0.030 20.00 301.35 348.15 0.018 1.25E+06 1.4377E-01

S25 0.030 0.10 301.35 358.15 0.018 1.25E+06 1.4426E-01

S26 0.030 80.00 301.35 358.15 0.018 1.25E+06 1.4172E-01

S27 0.030 20.00 301.35 358.15 0.018 1.25E+06 1.4380E-01

S28 0.010 0.10 301.35 338.15 0.018 5.00E+05 1.4502E-01

S29 0.010 80.00 301.35 338.15 0.018 2.00E+06 1.4478E-01

S30 0.010 20.00 301.35 338.15 0.018 2.00E+06 1.4446E-01

S31 0.010 0.10 301.35 348.15 0.018 2.00E+06 1.4480E-01

S32 0.010 50.00 301.35 348.15 0.018 2.00E+06 1.4421E-01

S33 0.010 20.00 301.35 348.15 0.018 2.00E+06 1.4447E-01

S34 0.010 0.10 301.35 358.15 0.018 2.00E+06 1.4482E-01

S35 0.010 50.00 301.35 358.15 0.018 2.00E+06 1.4428E-01

S36 0.010 20.00 301.35 358.15 0.018 2.00E+06 1.4449E-01

S37 0.020 0.10 301.35 338.15 0.018 2.00E+06 1.4435E-01

S38 0.020 50.00 301.35 338.15 0.018 2.00E+06 1.4382E-01

S39 0.020 20.00 301.35 338.15 0.018 2.00E+06 1.4399E-01

S40 0.020 0.10 301.35 348.15 0.018 2.00E+06 1.4438E-01

S41 0.020 50.00 301.35 348.15 0.018 2.00E+06 1.4385E-01
S42 0.020 20.00 301.35 348.15 0.018 2.00E+06 1.4400E-01

S43 0.020 0.10 301.35 358.15 0.018 2.00E+06 1.4441 E-01

S44 0.020 50.00 301.35 358.15 0.018 2.00E+06 1.4386E-01

S45 0.020 20.00 301.35 358.15 0.018 2.00E+06 1.4402E-01

S46 0.030 0.10 301.35 338.15 0.018 2.00E+06 1.4397E-01

S47 0.030 80.00 301.35 338.15 0.018 2.00E+06 1.4371 E-01

S48 0.030 20.00 301.35 338.15 0.018 2.00E+06 1.4366E-01

S49 0.030 0.10 301.35 348.15 0.018 2.00E+06 1.4400E-01

S50 0.030 50.00 301.35 348.15 0.018 2.00E+06 1.4359E-01

S51 0.030 20.00 301.35 348.15 0.018 2.00E+06 1.4367E-01
S52 0.030 0.10 301.35 358.15 0.018 2.00E+06 1.4404E-01

S53 0.030 80.00 301.35 358.15 0.018 2.00E+06 1.4444E-01
S54 0.030 20.00 301.35 358.15 0.018 2.00E+06 1.4369E-01

S55 0.010 0.10 301.35 338.15 0.018 3.00E+06 1.4470E-01

S56 0.010 80.00 301.35 338.15 0.018 3.00E+06 1.4403E-01

S57 0.010 20.00 301.35 338.15 0.018 3.00E+06 1.4442E-01
S58 0.010 0.10 301.35 348.15 0.018 3.00E+06 1.4468E-01
S59 0.010 80.00 301.35 348.15 0.018 3.00E+06 1.4414E-01
S60 0.010 20.00 301.35 348.15 0.018 3.00E+06 1.4444E-01
S61 0.010 0.10 301.35 358.15 0.018 3.00E+06 1.4474E-01
S62 0.010 80.00 301.35 358.15 0.018 3.00E+06 1.4430E-01
S63 0.010 20.00 301.35 358.15 0.018 3.00E+06 1.4445E-01
S64 0.020 0.10 301.35 338.15 0.018 3.00E+06 1.4419E-01
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Sample
Name

Real
Depth

m

Convective 
Coefficient 

W/m2 K

Air
Temp

K

Fluid
Temp

K

Tube
Width

m

Volumetric 
Heat 

Capacity 
J/m3 K

Conductivity 
W/m K

S65 0.020 80.00 301.35 338.15 0.018 3.00E+06 1.4366E-01
S66 0.020 20.00 301.35 338.15 0.018 3.00E+06 1.4391 E-01
S67 0.020 0.10 301.35 348.15 0.018 3.00E+06 1.4422E-01
S68 0.020 80.00 301.35 348.15 0.018 3.00E+06 1.4392E-01
S69 0.020 20.00 301.35 348.15 0.018 3.00E+06 1.4392E-01
S70 0.020 0.10 301.35 358.15 0.018 3.00E+06 1.4425E-01

S71 0.020 80.00 301.35 358.15 0.018 3.00E+06 1.4384E-01

S72 0.020 20.00 301.35 358.15 0.018 3.00E+06 1.4393E-01

S73 0.030 0.10 301.35 338.15 0.018 3.00E+06 1.4374E-01
S74 0.030 80.00 301.35 338.15 0.018 3.00E+06 1.4315E-01
S75 0.030 20.00 301.35 338.15 0.018 3.00E+06 1.4353E-01

S76 0.030 0.10 301.35 348.15 0.018 3.00E+06 1.4377E-01
S77 0.030 80.00 301.35 348.15 0.018 3.00E+06 1.4364E-01
S78 0.030 20.00 301.35 348.15 0.018 3.00E+06 1.4353E-01
S79 0.030 0.10 301.35 358.15 0.018 3.00E+06 1.4380E-01
S80 0.030 80.00 301.35 358.15 0.018 3.00E+06 1.4358E-01
S81 0.030 20.00 301.35 358.15 0.018 3.00E+06 1.4355E-01
D1 1.000 0.10 298.15 773.15 3.000 1.10E+06 1.5500E+00

D2 1.000 0.10 298.15 773.15 3.000 2.10E+06 1.5500E+00
D3 1.000 0.10 298.15 773.15 3.000 3.10E+06 1.5500E+00
D4 1.000 0.10 298.15 1073.15 3.000 1.10E+06 1.4700E+00
D5 1.000 0.10 298.15 1073.15 3.000 2.10E+06 1.4700E+00
D6 1.000 0.10 298.15 1073.15 3.000 3.10E+06 1.4700E+00
D7 1.000 0.10 298.15 1373.15 3.000 1.10E+06 1.3250E+00
D8 1.000 0.10 298.15 1373.15 3.000 2.10E+06 1.3250E+00
D9 1.000 0.10 298.15 1373.15 3.000 3.10E+06 1.3250E+00

D10 3.000 0.10 298.15 773.15 3.000 2.10E+06 1.5500E+00
D11 3.000 0.10 298.15 773.15 3.000 1.10E+06 1.5500E+00
D12 3.000 0.10 298.15 773.15 3.000 3.10E+06 1.5500E+00
D13 3.000 0.10 298.15 1073.15 3.000 1.10E+06 1.4700E+00
D14 3.000 0.10 298.15 1073.15 3.000 2.10E+06 1.4700E+00
D15 3.000 0.10 298.15 1073.15 3.000 3.10E+06 1.4700E+00
D16 3.000 0.10 298.15 1373.15 3.000 1.10E+06 1.3250E+00
D17 3.000 0.10 298.15 1373.15 3.000 2.10E+06 1.3250E+00
D18 3.000 0.10 298.15 1373.15 3.000 3.10E+06 1.3250E+00
D19 6.000 0.10 298.15 773.15 3.000 1.10E+06 1.5500E+00
D20 6.000 0.10 298.15 773.15 3.000 2.10E+06 1.5500E+00
D21 6.000 0.10 298.15 773.15 3.000 3.10E+06 1.5500E+00
D22 6.000 10.00 298.15 773.15 3.000 1.10E+06 1.5500E+00
D23 6.000 10.00 298.15 773.15 3.000 3.10E+06 1.5500E+00
D24 6.000 20.00 298.15 773.15 3.000 1.10E+06 1.5500E+00
D25 6.000 20.00 298.15 773.15 3.000 2.10E+06 1.5500E+00
D26 6.000 20.00 298.15 773.15 3.000 3.10E+06 1.5500E+00
D27 6.000 0.10 298.15 1073.15 3.000 1.10E+06 1.4700E+00



Air
Temp

K

Fluid
Temp

K

Tube
Width

m

Volumetric
Sample
Name

Real
Depth

m

Convective 
Coefficient 

W/m2 K
Heat 

Capacity 
J/m3 K

Conductivity 
W/m K

D28 6.000 0.10 298.15 1073.15 3.000 2.10E+06 1.4700E+00

D29 6.000 0.10 298.15 1073.15 3.000 3.10E+06 1.4700E+00

D30 6.000 10.00 298.15 1073.15 3.000 1.10E+06 1.4700E+00

D31 6.000 10.00 298.15 1073.15 3.000 2.10E+06 1.4700E+00

D32 6.000 10.00 298.15 1073.15 3.000 3.10E+06 1.4700E+00

D33 6.000 20.00 298.15 1073.15 3.000 1.10E+06 1.4700E+00

D34 6.000 20.00 298.15 1073.15 3.000 2.10E+06 1.4700E+00

D35 6.000 20.00 298.15 1073.15 3.000 3.10E+06 1.4700E+00

D36 6.000 0.10 298.15 1373.15 3.000 1.10E+06 1.3250E+00
D37 6.000 0.10 298.15 1373.15 3.000 2.10E+06 1.3250E+00

D38 6.000 0.10 298.15 1373.15 3.000 3.10E+06 1.3250E+00

D39 6.000 10.00 298.15 1373.15 3.000 1.10E+06 1.3250E+00

D40 6.000 10.00 298.15 1373.15 3.000 2.10E+06 1.3250E+00

D41 6.000 10.00 298.15 1373.15 3.000 3.10E+06 1.3250E+00
D42 6.000 20.00 298.15 1373.15 3.000 1.10E+06 1.3250E+00

D43 6.000 20.00 298.15 1373.15 3.000 3.10E+06 1.3250E+00

D44 6.000 10.00 298.15 773.15 3.000 2.10E+06 1.5500E+00

D45 6.000 0.10 298.15 1373.15 3.000 2.10E+06 1.3250E+00
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Appendix E
LAST function input values

The LAST function input values follow the same nomenclature for sample name prefixes 

outline in Appendix D. The FEM FWHM indicated the full width half max value from 

the Lorentzian distribution fit to each of the sample runs not beginning with an F prefix. 

The F prefix data uses the actual width of the FLIR™ data distribution at the half max 

temperature. The Max Temp and Min Temp are the maximum and minimum 

temperature of the finite element modeled surface data or the temperatures measured by 

the thermocouple in the laboratory experiment above the tube axis and at 0.15 m away 

from the axis of the tube. The Max and Min variable used in the final two columns 

represent the maximum and minimum temperatures previously described.

Sample
Name

FEM
FWHM

m
Max

Temp
K

Min
Temp

K

F1
F2
F3
F4
F5

F11
F12
F13
F18
F19
F20
F21
F23
F24
F25
F26
F27
F28
F29
F30
M1
M2

0.04446 317.35
0.04770 317.15
0.04957 316.05
0.04331 313.75
0.04590 313.75
0.07630 310.58
0.08175 310.85
0.07315 307.95
0.04863 313.45
0.05144 313.25
0.09856 305.85
0.10237 305.45
0.07448 312.75
0.07834 312.85
0.09547 312.45
0.09704 312.55
0.10181 313.55
0.08436 315.15
0.08831 315.65
0.09252 316.35
0.05688 317.42
0.05649 317.17

301.22
300.55
300.55
300.45
300.45 
300.95
300.55
300.55
300.45
300.45
300.55
300.55
300.15
300.15
300.15 
300.25 
300.35
300.45
300.55
300.55
300.94
300.95

16.13
16.60
15.50
13.30
13.30 
9.63
10.30 
7.40 
13.00 
12.80
5.30 
4.90 
12.60
12.70
12.30
12.30 
13.20
14.70 
15.10 
15.80 
16.48 
16.22

99.89
101.26
97.76
90.38
90.38
76.76 
79.36 
67.10 
89.33 
88.63 
56.69 
54.49 
87.87 
88.23 
86.80 
86.82 
90.02
95.13 
96.46 
98.73 
100.94
100.13
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Sample
Name

FEM
FWHM

m

Max
Temp

K

Min
Temp

K
Max-Min

K
V (M a x 2-Min2)

m
M3 0.06665 316.02 300.71 15.30 97.15

M4 0.06421 313.71 301.08 12.63 88.11

M5 0.06424 313.66 301.10 12.56 87.88

M11 0.07816 310.89 300.93 9.96 78.05

M12 0.07023 310.89 300.93 9.96 78.05

M13 0.08653 307.96 300.24 7.72 68.53

M18 0.06387 313.49 301.11 12.38 87.22

M19 0.06409 313.28 301.12 12.17 86.46

M20 0.09627 305.88 301.08 4.80 54.00

M21 0.10244 305.46 301.10 4.36 51.41

M23 0.08133 312.89 300.50 12.39 87.16

M24 0.08033 312.83 300.15 12.68 88.14

M25 0.09112 312.42 299.95 12.47 87.39

M26 0.09102 312.57 299.98 12.60 87.84

M27 0.09217 313.74 300.03 13.71 91.73

M28 0.07124 315.19 300.74 14.45 94.33

M29 0.07176 315.69 300.70 14.99 96.11
M30 0.07268 316.33 300.67 15.66 98.31

S1 0.10104 320.23 300.79 19.43 109.85
S2 0.05504 313.88 301.18 12.71 88.41

S3 0.05872 310.83 301.25 9.58 76.58

S4 0.10536 324.46 300.79 23.67 121.65

S5 0.03377 316.66 301.18 15.48 97.79

S6 0.05238 310.55 301.25 9.30 75.42

S7 0.10929 329.79 300.79 28.99 135.21

S8 0.04332 319.94 301.18 18.76 107.95

S9 0.05281 312.70 301.25 11.45 83.84

S10 0.11480 313.63 300.80 12.83 88.78

S11 0.06757 308.26 301.18 7.08 65.70
S12 0.07528 306.47 301.25 5.21 56.29
S13 0.12074 317.02 300.80 16.22 100.10
S14 0.07112 310.52 301.18 9.34 75.59
S15 0.07574 307.48 301.25 6.23 61.59

S16 0.12413 320.57 300.80 19.77 110.84

S17 0.06249 312.72 301.18 11.54 84.15

S18 0.07695 308.97 301.25 7.72 68.64
S19 0.12563 309.64 300.81 8.83 73.41

S20 0.09850 305.78 301.18 4.60 52.82
S21 0.08171 304.21 301.26 2.96 42.33
S22 0.13090 312.20 300.81 11.39 83.55
S23 0.08648 307.20 301.18 6.02 60.50
S24 0.09180 305.19 301.26 3.93 48.84
S25 0.13466 314.74 300.81 13.92 92.58
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Sample
Name

FEM
FWHM

m

Max
Temp

K

Min
Temp

K
Max-Min

K
V (M a x 2-Min2)

m
S26 0.03372 314.74 300.81 13.92 92.58

S27 0.09331 306.08 301.26 4.83 54.14

S28 0.15145 319.49 300.65 18.84 108.08

S29 0.08648 314.62 301.17 13.44 90.98

S30 0.05545 311.30 301.25 10.05 78.46

S31 0.09070 325.12 300.87 24.26 123.23

S32 0.04290 318.07 301.17 16.89 102.28

S33 0.05616 314.06 301.25 12.81 88.78

S34 0.09340 330.39 300.87 29.53 136.52

S35 0.04586 322.29 301.17 21.12 114.75

S36 0.05712 317.95 301.25 16.70 101.69

S37 0.09817 312.89 300.87 12.01 85.87

S38 0.06331 308.35 301.18 7.17 66.12

S39 0.07126 306.91 301.25 5.66 58.65

S40 0.10157 316.40 300.87 15.53 97.91
S41 0.06445 310.64 301.18 9.46 76.09

S42 0.07202 307.97 301.25 6.72 63.99

S43 0.10425 319.97 300.87 19.09 108.88

S44 0.06516 313.06 301.18 11.88 85.43

S45 0.07298 309.86 301.25 8.62 72.56

S46 0.10541 308.86 300.88 7.98 69.74

S47 0.08809 305.70 301.18 4.52 52.36

S48 0.08495 304.31 301.25 3.05 43.00

S49 0.10829 311.21 300.88 10.33 79.53

S50 0.08165 307.09 301.18 5.91 59.97

S51 0.08571 305.32 301.25 4.07 49.66
S52 0.11119 313.63 300.88 12.75 88.52

S53 0.16235 308.57 301.18 7.39 67.12

S54 0.08669 306.42 301.25 5.17 56.03
S55 0.07634 319.56 300.92 18.64 107.54

S56 0.03679 314.07 301.17 12.90 89.07

S57 0.05305 310.77 301.24 9.53 76.37

S58 0.07425 324.85 300.92 23.94 122.38

S59 0.04049 318.16 301.17 16.99 102.57
S60 0.05382 314.64 301.24 13.40 90.84

S61 0.08067 329.94 300.92 29.02 135.31
S62 0.04666 322.29 301.17 21.12 114.75
S63 0.05467 318.06 301.24 16.82 102.06
S64 0.08437 312.28 300.92 11.36 83.44
S65 0.05693 308.33 301.18 7.15 66.03
S66 0.06714 306.41 301.25 5.17 56.04
S67 0.08654 315.54 300.92 14.62 94.93
S68 0.06780 310.53 301.18 9.35 75.64
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Sample
Name

FEM
FWHM

m

Max
Temp

K

Min
Temp

K
Max-Min

K V (M a x 2-Min2)
m

S69 0.06767 308.07 301.25 6.82 64.47

S70 0.08887 318.81 300.92 17.88 105.27

S71 0.06398 312.75 301.18 11.58 84.31

S72 0.06844 309.79 301.25 8.55 72.27

S73 0.08962 307.99 300.93 7.06 65.57

S74 0.06353 305.45 301.18 4.27 50.92

S75 0.07835 304.26 301.25 3.02 42.73

S76 0.09131 310.08 300.93 9.15 74.76
S77 0.08405 306.76 301.18 5.58 58.26

S78 0.07874 305.21 301.25 3.97 49.04

S79 0.09335 312.21 300.93 11.28 83.17

S80 0.08121 308.12 301.18 6.94 65.04

S81 0.07946 306.19 301.25 4.94 54.79

D1 12.42380 714.19 321.96 392.24 637.50
D2 12.27288 713.61 308.90 404.71 643.29

D3 12.01059 713.19 303.29 409.90 645.49

D4 11.98528 969.06 333.76 635.30 909.77

D5 11.82639 968.11 314.24 653.87 915.69

D6 11.56908 967.40 305.91 661.50 917.76
D7 11.65694 1218.59 344.06 874.53 1169.01

D8 11.49180 1217.25 318.87 898.38 1174.74

D9 11.23780 1216.26 308.15 908.11 1176.58

D10 16.91165 611.27 310.51 300.76 526.53

D11 17.17748 614.23 324.85 289.38 521.30
D12 16.45541 609.03 304.13 304.90 527.66

D13 16.74448 799.72 338.08 461.64 724.74
D14 16.46001 794.94 316.62 478.32 729.17
D15 16.00293 791.27 307.13 484.14 729.23

D16 16.42479 976.94 349.63 627.31 912.23
D17 16.12369 970.40 321.91 648.49 915.45

D18 15.66371 965.32 309.72 655.61 914.29
D19 23.11040 521.07 311.90 209.17 417.41
D20 23.10536 521.07 311.95 209.12 417.37
D21 22.25276 515.94 304.72 211.22 416.34
D22 14.95655 306.01 298.22 7.79 68.63

D23 14.73042 306.05 298.21 7.85 68.86
D24 14.61958 302.28 298.20 4.07 49.46
D25 14.62568 302.27 298.20 4.07 49.42
D26 14.40937 302.32 298.18 4.14 49.86
D27 22.65464 646.98 318.69 328.29 563.05
D28 22.65059 646.99 318.76 328.23 563.02
D29 21.78721 638.62 308.02 330.61 559.43
D30 14.88842 310.22 298.32 11.91 85.13
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Sample
Name

FEM
FWHM

m

Max
Temp

K

Min
Temp

K
Max-Min

K
\(M a x 2-Min2)

m
D31 14.88957 310.23 298.32 11.91 85.15

D32 14.73644 310.10 298.24 11.86 84.94

D33 14.73672 304.40 298.23 6.17 60.96

D34 14.68373 304.50 298.23 6.27 61.48

D35 14.52779 304.47 298.19 6.27 61.48

D36 22.29247 765.21 324.56 440.65 692.97

D37 22.28874 765.23 324.65 440.58 692.95

D38 21.41059 753.66 310.94 442.72 686.53

D39 14.87655 313.98 298.37 15.62 97.79

D40 14.89233 313.92 298.37 15.55 97.58

D41 14.69005 313.92 298.26 15.66 97.91

D42 14.72998 306.62 298.37 8.26 70.68

D43 14.53951 306.17 298.21 7.96 69.36

D44 14.88100 306.12 298.26 7.86 68.94

D45 14.58963 306.41 298.26 8.15 70.20
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Appendix F

A selection of major civilian Thermal Infrared (TIR) sensors used since 1975

Table 8 A selection of major civilian TIR sensors operating in wavelengths greater than 8 fjm used 
since 1975. Spectral ranges displayed may not be complete representations of the sensors capabilities.

Satellite Sensors

Name Full Name Years of Operation
Spatial

Resolution
(m )

TIR
Spectral 

Resolution  
>8 (M m )

Imager Imager 1975-Present 4000 10.2-11.2

HCMM Heat Capacity Mapping Mission 1978-1980 600 10.5-12.5

AVHRR Advanced Very High Resolution Radiometer 1978-Present 1100 10.5-12.6

TM Thematic Mapper 1982-Present 120 10.5-12.7

VISSR Visible Infrared Spin Scan-Radiometer 1995-2003 5000 10.5-12.5

MODIS Moderate Resolution Imaging Spectroradiometer 1999-Present 1000 8.4-14.4

ASTER
Advanced Spacebome Thermal Emission and Reflection 
Radiometer 1999-Present 90 8-12

ETM + Enhanced Thematic Mapper Plus 1999-Present 60 10.4-12.5

MTI Multispectral Thermal Imager 2000-Present 20 8-10.7

AATSR Advanced Along Track Scanning Radiometer 2002-Present 1000 10.8

HSRS Hot Spot Recognition System 2001-2004 370 8.5-9.3

GLI Global Imager 2002-Present 1000 10.6,12.8

CHRIS Compact High-Resolution Imaging Spectrometer 2000-Present 25 8-14

HRIS High Resolution Infrared Radiation Sounder 1997-Present 1000 8-15

HIRDLS High Resolution Infrared Dynamics Limb Sounder 2004-Present 500 18-Aug

Airborne Sensors
MAMS Multispectral Atmospheric Mapping Sensor 50-100 10.3-12.8

AOCI Airborne Ocean Color Imager 50 8.3-12.3

TIMS Thermal Infrared Multispectral Scanner 20-50 8.2-12.2

TMS Total Meteorological Sensor 12.2-29.5 8.5-14

DAIS Digital Airborne Imaging System 1994-Present 3-20 8.7-12.3

NS-001 NS-001 7.6 10.9-12.3

TABI-320 TABI-320 0.25-1.5 8-12

ROSIS Reflective Optic System Imaging Spectrometer 1992-Present 5.6 8-8.5

TIRIS Thermal Infrared Imaging Spectrometer Variable 8-14

LIF TIRS:I Livermore Imaging Fourier Transform Infrared Spectrometer Variable 8-12.5
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Web addresses for selected data and references

Western Regional Climate Center’s (WRCC)
National Climate virtual database____________

http://www.wrcc.dri.edu/sumniary/climsmhi.html
and

http://www.free-weather.com/Hilo-Hawaii.php?nav=

The National Oceanic and Atmospheric Administration
(NOAA) Coastal Service Center _

http ://www. csc.noaa.gov/crs/lca/hawaii/index.html______

Temperature/emissivity separation algorithm theoretical basis 
document (ATBD version 2.4) by Gillespie et al. (1999)

http://www.science.aster.erdac.or.jp/en/documents/pdf/2b0304.pdf

___________ National Physical Laboratory (NPL)___________
http://www.npl.co.uk/thermal/ctm/_____________

_________ Hawaiian Volcano Observatory_____________
http ://hvo. wr .usgs. gov/kilauea/erz_xsec .html_________

Eric Weisstein’s Math World - A Wolfram Web Resource
http ://mathworld.wolfram.com/CauchyDistribution.html

__________________ East 30 Sensors_____________________
http://www.east30sensors.com/conductivity.htm_______

__________________ Flir Systems ____________________
http://www.flir.com/___________________

Appendix G

http://www.wrcc.dri.edu/sumniary/climsmhi.html
http://www.free-weather.com/Hilo-Hawaii.php?nav=
http://www.science.aster.erdac.or.jp/en/documents/pdf/2b0304.pdf
http://www.npl.co.uk/thermal/ctm/
http://www.east30sensors.com/conductivity.htm
http://www.flir.com/
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Satellite band specifications
Appendix H

Table 9 List of Landsat 7 ETM+ band specifications

Band
Spatial

Resolution
Spectral

Resolution
1 (Blue) 30 m 0.45-0.52
2 (Green) 30 m 0.53-0.61

3 (Red) 30 m 0.63-0.69

4 (NIR) 30 m 0.78-0.90 nm
5 (SWIR) 30 m 1.55-1.75

6 (TIR) 60 m 10.4-12.5

7 (SWIR) 30 m 2.09-2.35

8 (Panchromatic) 15 m 0.52-0.90 jum

Table 10 List of ASTER band specifications

Band Spatial
Resolution

Spectral
Resolution

1 (VNIR) 15 m 0.52-0.60 jum
2 (VNIR) 15 m 0.63-0.69 jum
3 (VNIR) 15 m 0.76-0.86 jum
4 (SWIR) 30 m 1.60-1.70 jum
5 (SWIR) 30 m 2.145-2.185 urn
6 (SWIR) 30 m 2.185-2.225 ptm
7 (SWIR) 30 m 2.235-2.285 jum
8 (SWIR) 30 m 2.295-2.365 jim
9 (SWIR) 30 m 2.360-2.430 /urn
10 (TIR) 90 m 8.125-8.475 /urn
11 (TIR) 90 m 8.475-8.825 jum
12 (TIR) 90 m 8.925-9.275 jum
13 (TIR) 90 m 10.25-10.95 jum
14 (TIR) 90 m 10.95-11.65 jum


