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Abstract 

The Geoenvironmental Tactical Sensor Simulation program was established 
to develop high-fidelity computer models to predict and improve the 
performance of remote sensor systems. Specifically, electrooptical/infrared 
systems were studied. The reliability of any remote sensor varies based on a 
wide array of factors, including the weather/climate conditions and 
functional setting. Proper understanding of the underlying physics and the 
influence of the environment, can aid in the development of new sensors 
and the deployment of existing ones.  

Naturally, the performance of such sensor systems will vary in different 
regions and climates. To demonstrate the robustness of the program’s 
numerical modeling technique, multiple validation efforts were under-
taken in several climatic zones covering more than 75 percent of the 
earth’s landmass. This report summarizes the validation effort for an 
Undifferentiated Highlands climatic zone. These climatic regions are at 
high altitude with rugged terrain.  

A physical data collection effort was executed at an elevation of 3,430 m 
during September 2011 within the Fraser Experimental Forest in Colorado, 
USA. A virtual environment was then made to re-create many of the minute 
details of the physical site. Simulations were run to validate the computa-
tional models in the infrared. Good agreement was obtained between the 
field data and computational results. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

The Geoenvironmental Tactical Sensor Simulation (GEOTACS) program is 
an Army Technology Objective (ATO) executed by the U.S. Army Engineer 
Research and Development Center (ERDC). It is built upon the premise of 
using high performance computer (HPC) modeling and simulation (M&S) 
to improve the detection of buried targets across a number of sensing 
modes (or modalities). Current and future threats against U.S. and coalition 
forces typically involve the placement of improvised explosive devices 
(IEDs), explosively formed penetrators (EFPs), land mines, weapon 
systems, and caches of various sorts. By improving the capabilities of fielded 
systems to detect these types of surface and subsurface threats, ground 
forces will be better protected and will have enhanced maneuverability in 
many settings.  

The modeling efforts within GEOTACS set out to understand the full 
impact of disparate geoenvironmental factors on the performance of 
electro-optical/infrared (EO/IR) and ground-penetrating radar (GPR) 
sensor systems. These factors include, but are not limited to, solar 
conditions, weather, soil characteristics, vegetation, and natural/man-
made clutter. Naturally, the performance of such sensor systems will vary 
from region to region and climate to climate. To demonstrate the 
robustness of the numerical modeling technique used by the program, 
multiple validation efforts were undertaken in several climatic zones 
covering over 75 percent of the earth’s landmass. Over the course of the 
program, team members collected data in at least six different climatic 
regions. This data drove the subsequent numerical modeling efforts, 
additionally serving as validation for simulation results.  

This report summarizes a portion of the validation effort for simulations 
within an Undifferentiated Highlands climatic zone. These climatic regions 
are at high altitude with rugged terrain and encompass many important 
geopolitical regions. A physical data collection effort was executed during 
August-October 2011 within the Fraser Experimental Forest (FEF) in 
Fraser, CO, USA. The study site was over 3,400 m in elevation in an 
extreme mountain environment. Following this field data collection, a 
virtual environment was created to closely resemble many of the minute 
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details of the physical site. Simulations were run to validate the computa-
tional models against the field-collected data in the EO/IR regime. 

Section 1.1 will give a more detailed explanation of the computational 
models employed by the GEOTACS program. Section 1.2 will discuss the 
choice of an Undifferentiated Highlands climatic zone, and Section 1.3 will 
address the specifics of the test site within the FEF. Finally, Section 1.4 will 
present some of the data from the field-collection effort. This will not be an 
exhaustive discussion of those results; that information can be found in 
Berney, IV (Forthcoming). Instead, it will list only some of the details for 
which repetition will help frame the modeling work.  

Chapter 2 will describe the process of re-creating the entire scene of the 
Fraser site. Many of the details of the virtual environment are given, 
including information about the ground models. Chapter 3 will detail the 
one-dimensional simulations performed to train the model parameters, as 
well as compare the simulations to the field-collected data. Model initializa-
tion and the methodology for determining parameter values used during the 
simulations are also enumerated. Chapter 4 will recount the simulations on 
the fully three-dimensional (3-D) 5×5 domain. This includes comparisons to 
field-collected imagery. Chapter 5 will discuss the lessons learned from this 
validation effort. A list of hardware and software specifications for various 
GEOTACS components can be found in Appendix A. Finally, a list of all of 
the material input parameters to the soil model (with descriptions) is given 
in Appendix B. 

1.1 The GEOTACS models 

The GEOTACS computational paradigm for EO/IR simulations is actually 
a suite of models, each handling a distinct component of the physical 
processes inherent in IR imagery. Each computational model, ground, 
vegetation, atmospherics, camera, and Automated Target Recognition 
(ATR), is a fully parallel code in its own right, and can be operated 
independently. The models can also be run together at a macro-parallel 
level in an HPC environment. Details of the soil model are given here. 
Because of the complexities of the validation efforts, the other model 
components are described in Eslinger et al. (Forthcoming). Additionally, 
this report will focus on simulation results that used the soil model only. 
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1.1.1 The GEOTACS ground model 

The GEOTACS ground model couples moisture and heat transport 
processes in a fully 3-D subsurface domain. Both physical processes are 
modeled using the finite-element software framework ADH (Berger and 
Howington, 2002; Pettway et al., 2010) (Section A.7) originally developed at 
ERDC. This code uses linear finite elements on conforming tetrahedral 
meshes. At each time-step, these distinct physical processes are solved 
sequentially using a quasi-Newton framework with adaptive time-stepping. 
The ADH capability for spatial adaptivity is not leveraged for this work. For 
completeness, the full details of the equations modeled are given here, and 
ADH cards are described in Appendix B.  

Moisture transport is modeled using the constant-density, mixed form of 
Richards’ equation:  

 ( )
( )¶¶

+ =  +
¶ ¶

   · [ (ψ)  (ψ  )] w
S w S r

S ψψ
S S ψ φ K k z

t t
 (1) 

where  

 SS = specific storage 
 Sw(ψ) = saturation 
 ψ = pressure head 
 t = time 
 φ = porosity  
 KS = the saturated hydraulic conductivity 
 kr(ψ) = relative permeability  
 z = depth 

Although heat transport is the primary focus of this work, proper 
treatment of fluid flow through the soil pore space is essential because 
these systems are coupled. For the time scales of interest to this work, the 
fluid flow will manifest itself in two ways: through the current water 
saturation in the soils and during rain events.  

Heat transport is modeled using the well-known heat equation  

 ( ) = ( )p t effeff
c ρ u κ u  (2) 
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where 

 (cpρ)eff = effective volumetric heat capacity 
 u = temperature 
 t = time 
 κeff = effective diffusion 

The storage term is for the mixture (cpρ)eff , and it is weighted by volume. It 
is a function of porosity φ and saturation Sw. The volumetric heat capacity is  

 ( ) ( ) ( )( )= - + + -, , , 1     1 p p s s w p w w w p a aeff
c ρ φ c ρ φ S c ρ S c ρ  (3) 

where  

 φ = porosity 
 cp,s = heat capacity of solid 
 ρs = density of solid 
 Sw = water saturation 
 cp,w = heat capacity of water 
 ρw = density of water  
 cp,a = heat capacity of air  
 ρa = density of air. 

The effective diffusion term for the mixture, κeff , is also a function of 
saturation, among other terms. The basis for the mixture model is the 
combined work of Lu et al. (2006) and Johansen (1975). The exact choice 
can be specified at runtime (see the description of Thermal Mixture Model, 
TMT, in Appendix B).  

The exchange of energy at the ground surface is of prime importance to 
this model. Six major processes are captured by this term,  

   = + - + + +Flux SW LW LW H LE PH  (4) 

where  

 SW↓ = incoming shortwave solar radiation (in)  
 LW↓ = downwelling longwave radiation (in)  
 LW↑ = radiated longwave energy from the ground surface (out) 
 H = sensible heat exchange (in/out)  



ERDC TR-12-13 5 

 LE = latent heat exchange (in/out)  
 PH = energy exchanged with incoming precipitation (in/out). 

The incoming shortwave solar radiation (in) directly uses the measured 
shortwave radiation from the meteorological (met) station. Given the 
measurement, it is fairly straightforward to calculate the absorbed 
shortwave:  

 ( ) = - 1 g measuredSW α SW  (5) 

where αg is the bulk albedo for the ground. The arbitrary distinction 
between shortwave and longwave is 3 µm. The bulk albedo is given in the 
simulation input deck with the card ALB. The incoming longwave radiation 
(in) uses the measured longwave, also from the met station. The absorbed 
longwave is 

 ( ) = g measuredLW ε LW  (6) 

where εg is the bulk emissivity of the ground surface. The bulk emissivity is 
given in the simulation input deck with the card EMS. To calculate the 
outgoing longwave, the grey-body version of the Stefan-Boltzmann Law is 
used:  

 g gLW ε σT = 4  (7) 

where σ = Stefan-Boltzman constant and Tg = ground temperature.  

Sensible heat exchange signifies the exchange of heat between the 
atmosphere and ground without a chemical phase change, e.g., from 
convective and diffusive mixing. It is a function of the temperature 
difference between the air and the ground. This function is  

 ]( ),
  [   a p a

o s g a
c

o

ρ c K
H W W T T

S Z
log

Z

æ ö÷ç ÷ç ÷çæ ö ÷ç ÷÷ç ç ÷÷= -ç ç ÷÷ç ç ÷æ ö÷çè ø ÷ç ÷ç ÷ç ÷ç ÷ç ÷ç ÷÷çç øè ø

+

÷è

2

 

(8) 

where 
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 Wo = windless coefficient  
 ρa = air density 
 cp,a = heat capacity of the air 
 Sc = Schmidt number  
 K = von Karman coefficient 
 Z = measurement height 
 Zo = 0.001, roughness height of the ground  
 Ws = wind speed  
 Ta = air temperature 
 Tg = ground temperature 

Latent heat exchange signifies the exchange of heat between the atmosphere 
and ground corresponding to a chemical phase change, e.g., evaporation. It 
is written as  

 ( ) ( . )
 a

o a

ρ λ
LE e e

r P
= -

0

0 622
 (9) 

where  

 λ = latent heat of water vaporization 
 r0 = soil surface resistance 
 P = current air pressure 
 e0, ea = vapor pressures 

The heat exchange dictated by incoming precipitation is a function of the 
precipitation volume, Precip, and the respective temperatures of the 
ground and the air temperature, and is written as  

 ( )= , ,precip gPH f Precip T T  (10) 

For the simulations performed in this work, there was no incoming 
precipitation during the periods of interest. Therefore, this term was not 
utilized. 

1.1.2 Validating the GEOTACS models  

Validating computational models by matching synthetic and real IR imagery 
is a challenging task. There are many reasons for this, but put simply, field 
tests are not completely controlled experiments. This is definitely true in 
terms of weather (rain, wind, downwelling longwave, etc.). Soils in the field 
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are rarely completely uniform. Furthermore, soils cannot be exhaustively 
sampled nor tested for an entire field site. Additionally, computer 
simulations may not faithfully capture the true initial state of a site, and 
they may not be designed nor able to model 100 percent of the physical 
processes that occur.  

Therefore, image comparison via pixel-to-pixel matches was not the 
standard used for the GEOTACS program. Instead, basic information is 
compared in the two sets of information. This includes Region-of-Interest 
(ROI) analyses, comparisons of crossover times (disturbed versus 
undisturbed regions), and the general temperature response of the ground 
as environmental conditions changed. Since the IR camera at the field site 
was only 2 m above the ground, validation efforts were concentrated on a 
square region approximately 5 m on a side that encompassed the image 
collection area. The resulting 3-D simulations are discussed in Chapter 4.  

Additionally, the met station was equipped with a series of temperature 
probes that were buried at depths ranging from 1 cm to 30 cm. These 
measurements were accompanied by an apparent surface temperature and 
water content measurement at 15 cm. This 1-D data was also used in the 
validation effort to train the model prior to the 3-D simulations. Those 
results are discussed in Chapter 3. 

1.2 Undifferentiated highlands  

Using the Köppen climate classification system, most of the land mass on 
earth falls under five main categories: humid tropical, dry, humid 
mesothermal, humid microthermal, and polar. Subcategories and modifiers 
branch out from these main categories. There is, however, a special case 
that does not easily fall under these headings: Highlands. In the Köppen 
system, it is labeled as H, and these zones cover 6.28 percent of the earth’s 
landmass.  

Undifferentiated Highland regions tend to be at high altitude and generally 
have a very rugged terrain. Highly variable microclimates can be found 
throughout these types of areas, and sometimes within very short distances 
of one another. Vegetation is likewise varied from region to region, ranging 
from entirely barren through scattered grasses all the way to evergreen 
forests.  
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Examples of regions falling under this climatic designation can be found in 
the major mountain ranges on almost every continent. For instance, the 
Rocky and Cascade mountain ranges in North America, the Andes in 
South America, the Alps in Europe, and the Caucasus and Himalayas in 
Asia all contain Undifferentiated Highland regions. 

1.3 Fraser site information  

The site used for the validation effort undertaken in this work was inside 
the FEF, near Fraser, CO, USA. It is part of the U.S. National Forest 
Service (USFS), an agency of the U.S. Department of Agriculture. Located 
in the Rocky Mountains, it is less than 250 km from the greater Denver 
metropolitan area. The USFS describes the area in this way (U.S. Forest 
Service, 2012): 

The 23,000 acre Fraser Experimental Forest was established in 1937 as 
a representative site for conducting studies in the alpine/subalpine 
environment of the central Rockies. Most early research was oriented 
toward timber or water production resulting from forest management. 
For this research, many long-term study plots were established in both 
lodge-pole pine and Engelmann spruce, and 7 watersheds were 
monitored for streamflow, climate and snow. Some of the records now 
exceed 60 years in length. Research on forest/wildlife interactions 
began in the 1950’s. Biogeochemical studies began in the 1960’s, were 
restarted in the 70’s, and have been continuous since 1982. Much of 
this work is done in cooperation with the National Park Service.  

The Rocky Mountain Research Station maintains this 36 square-mile 
outdoor research laboratory, which is located about 50 air-miles from 
Denver. FEF is an ideal location to study water, forests, and other 
physical and biological processes, and their integration in high-elevation 
subalpine watersheds. Today, the primary research addresses questions 
that deal with water quantity and water quality, and their relationship to 
forest vegetation and management across a range of scales from the 
small plot, to the hillslope, and basin. Other contemporary research 
projects include silviculture, riparian habitats, sediment, invasives, 
insects, soils, climate, birds, and a number of other pertinent topics. 

The FEF is a good example of an Undifferentiated Highland region 
because of its high mountains and low river valleys in the heart of the 
Rocky Mountains. It is bordered by other areas under the control of the 
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USFS, such as the Arapaho National Forest. The area of the actual data 
collect was along a road that ascended, via switchbacks, from a valley to 
the alpine zone of the adjacent mountain. The test site was along this road 
immediately in the subalpine zone, at an elevation of 3,430 m. The Forest 
Service had previously closed this road to vehicular access although it was 
still used by USFS personnel. This area was near the spine of the mountain 
at high elevation, and therefore it is snow-covered at least half of the year 
with a more sparse level of vegetation than is found at lower elevations. 
The physical testing and simulations concentrated on a 5-m by 5-m ROI 
centered on the two wheel paths within the unimproved roadway.  

This downsloping area (where the testing was performed) is composed 
mostly of till material resulting from past glaciations and later retreat. 
Nearby the area drainage heads for the Elk Creek and the East Saint Louis 
Creek Soils within the area had been named as the Leighcan family, with a 
typical 5-40 percent slope component. The parent material is composed of 
till and colluviums overlying weathered igneous and metamorphic rocks. 
Hence, soil mineralogical composition is closely related to the area 
bedrock. Bedrock within the area is composed mostly of metamorphic 
rocks, usually biotite, gneiss, and schist (Berney, IV and Roig-Silva, 2012). 

1.4 Description of the field data 

A full description of the field data collection effort can be found in Berney, 
IV (Forthcoming), but a few details will be repeated here. Two pictures 
taken onsite can be seen in Figure 1. The rocky nature of the road can be 
easily seen, as well as the met station that was utilized. The 5×5 area 
discussed in this work was located within the yellow tape seen in Figure 1b. 
The bulk of the collection effort took place during the weeks of 5 September 
2011 (Julian Day 248) and 12 September 2011 (Day 255).  

1.4.1 Meteorologic data  

The meteorological (met) station, seen in Figure 1a, was set up at the Fraser 
test site on 25 August 2011 (Day 237) and taken down on 4 October 2011 
(Day 277) for a total of 40 days. A complete list of the instruments used can 
be found in Table A1. The measurements were taken at 5-min intervals over 
the entire study period. To drive the Computational Testbed (CTB), the 
following information is needed: from the met station air pressure, 
temperature, wind speed, and relative humidity from 2 m off the ground; 
incoming shortwave radiation; incoming longwave radiation; and incoming  
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a. The met station is shown in the foreground, 
and the IR camera can be seen in the 

background. 

b. The 5×5 domain is roped off with yellow tape. 
The rocky nature of the area can be seen along 

the road. 

Figure 1. The site of the data collection effort in the Fraser Experimental Forest. 

precipitation. Additionally, in order to train the model, the following is also 
needed: temperature measurements from 1, 5, 10, 15, 20, 25, and 30 cm; 
apparent surface temperatures from the radiometer; and soil moisture 
readings from 15 cm below the surface. 

1.4.2 Infrared Imagery  

Infrared imagery was collected on the 5×5 plot during Days 252-257. The 
ground remained undisturbed until Day 255. During that afternoon, three 
circular disturbed holes were dug. No objects were placed in the holes, but 
the mixed, disturbed soil was placed back into the holes. The surface, 
gravel layer was also replaced in an attempt to make the ground surface 
visually indistinguishable from before. Sample IR images can be seen in 
Figures 4b and 10. A discussion of the ROI analysis performed on the 
imagery can be found in Chapter 4.  



ERDC TR-12-13 11 

2 Scene Generation 

One of the long-term goals of the GEOTACS program was matching 
synthetic IR imagery created through simulations to field-collected IR 
imagery. Because of this, it was desirable to re-create as many of the 
details of the Fraser field site as possible. In particular, ground surface 
microtopography and the relative locations of plants are known to be 
significant contributors to the fine-grained details contained within 
imagery, and therefore required special care. The ground model uses a 
fully 3-D tetrahedral finite element mesh, which is composed of all of the 
scene elements that conduct heat with the subsurface. The precise 
description of the soil surface must then be captured by the top boundary 
of the computational domain, triangles in this case. The vegetation model 
uses 3-D geometric representations of plants both to model the energy 
balance on the visible portions of the plant and to provide shadows to the 
entire scene. Therefore, vegetation location, geometry, and orientation 
must be accurately captured within the synthetic scene.  

For all of these reasons, the field team paid great attention to topographical 
details during the data collection effort. In particular, Light Detection and 
Ranging (LIDAR) was collected at each of the GEOTACS field sites. Copious 
numbers of pictures were also taken before, during and after these 
exercises. The LIDAR equipment, Section A.2, was mounted on tripods 
approximately 1.5 m off of the ground, and the resulting point clouds had 
“subcentimeter” spacing. From this LIDAR information, the specific local 
topography of the site was reproduced by extracting a representative ground 
surface from the data. With this in hand, a finite element mesh was created 
with the explicit goal of capturing terrain features with the top boundary of 
the final tetrahedral mesh. The LIDAR data was also used to find the exact 
locations of plants and other features of interest. The locations and 
geometries of large plants (trees, bushes, etc.) were separately mapped in 
relation to the study grid during the data collection effort.  

The field imagery was collected by an IR camera, Section A.1, which was 
mounted approximately 2 m off the ground. Because of a sharp grazing 
angle, the focal area of the images tended toward a couple of meters on each 
side. These cameras remained in place for days at a time, pointed at the 
same piece of ground. For the M&S portion of the GEOTACS program, 
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synthetic scenes were created that completely contained this image 
collection area. Initially, a large scene was constructed, which was 
approximately 30 m on a side; it will be referred to as the 30×30 in this 
work. This domain size was chosen because it is approximately the size of an 
image taken by an airborne platform, and it captures many of the trees, etc., 
that cast shadows on the focal area of the ground-based camera. To reduce 
the computational effort needed for a simulation, a smaller inset domain, 
approximately 5 m on a side, was separately constructed. It will be referred 
to as the 5×5. The 5×5 immediately surrounded the focal area of the field-
collected IR imagery. Each domain was also approximately 1 m deep. 

The remainder of this chapter will detail the process used to re-create the 
synthetic Fraser scene prior to simulation: Section 2.1 will detail general 
information about the Fraser field site; Sections 2.2-2.5 will discuss the 
process of creating the subsurface meshes starting from the collected 
LIDAR data. For a list of the software used for this scene generation work, 
see Section A.4, and for a list of specifications of the desktop computers 
used for this preprocessing work, see Section A.3.  

2.1 The Fraser Test Site 

The physical testing and simulations concentrated on a 5×5 ROI, which 
was centered on the two wheel-paths within the unimproved roadway. 
GPS coordinates for the general 5×5 area are listed in Table 1. The 5×5 was 
square and approximately aligned with the cardinal directions. The 
roadway runs east-west immediately around the test site. Other than short 
grass, there is little vegetation within the 5×5. However, nearby trees cast 
shadows onto the test plot during different parts of the day.  

Table 1. Fraser test site 

GPS  39◦ 51’ 54.68" N  

105◦ 52’ 03.71" W  

Elevation  3427.9 m 

The local coordinates for the scenes created in GEOTACS are generally 
based on the coordinates within the LIDAR scans themselves. For this 
work, the (0, 0, 0) point is located less than 5 m to the east of the 5×5. The 
met station is located just west and north of the 5×5, less than 10m away.  
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2.2 LIDAR processing  

In order to focus the work of the scene generation process, the LIDAR was 
initially filtered to a 45×25 ROI centered on the (0, 0, 0) point. The extents 
are summarized in Table 2. This cropping brought the point cloud down to a 
more manageable size. This subset was then further cropped to a 6×6 area 
that contained the 5×5 region, summarized in Table 3. It took 4hours to 
process the 5×5 region. The original scans contained quite a bit of vegeta-
tion (branches, grass, etc.). Some issues were discovered during this 
process, ranging from minor to important with no severe problems. They 
include the following: the rotation of points was approximately -17.5 deg in 
the xy-plane, point intensity was not in the original files, point counts were 
omitted, and the scans were not concatenated. The scene generation process 
was conducted using the nonrotated LIDAR set; therefore, all extents listed 
are based on the initial orientation of the scans. The rotation was applied 
after the 5×5 mesh was generated. A summary of the scans can be found in 
Table 4. 

Table 2. LIDAR ROI in the local coordinate system 

Direction  Extents (m)  

X (West, East)  (-20, +25)  

Y (South, North)  (-15, +10)  

Z Vertical  (-3.4, +12.8)  

Note: This was the first cut filter to reduce the number of points during the 
scene generation process.  

Table 3. Cropped 6×6 LIDAR ROI in the local coordinate system. 

Direction  Extents (m)  Δ (m)  

X (West, East)  (-20, +25)  45  

Y (South, North)  (-15, +10)  25  

Z Vertical  (-3.4, +12.8)  16.2  

Note: This was the first cut filter to reduce the number of points during the 
scene generation process.  

Table 4. List of LIDAR scans associated with the Fraser data collect. 

Group File Name Points 

1  Scans 1 – 9  21,839,803  

2  Scans 10 – 18  25,030,693  

 Total  46,870,496  

Note: The LIDAR data collection team assigned the original file names. 
Both data sets spanned the entire region.  
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After obvious vegetation was removed using contour filters within 
PointsBuilder (Section A.4) the points were passed to the terrain extraction 
tool. The final result was a 6×6 point set on a Cartesian grid having a 
spacing of 5.7 mm. Several passes were needed, as the southwest corner of 
this data set could become overly smoothed, caused mainly by to LIDAR 
points from overhanging vegetation. 

2.3 Mesh Generation 

Two sets of meshes were used over the course of running simulations. A set 
of simple, essentially 1-D columns were created for the purpose of ramping 
up the simulations, comparing to thermal probe data, and estimating 
parameter values. These meshes were used for the work described in 
Chapter 3. A complex computational domain of the 5×5 study area was the 
main focus of this work. It was used in all of the final simulations and in the 
simulations that were compared to the field-collected imagery.  

2.3.1 Soil columns for parameter estimation  

A set of computational domains was constructed to quickly perform 
simulations that allowed for comparison to the essentially 1-D thermal 
measurements recorded by the met station in the subsurface. These 
domains were thin, rectangular columns, 0.04 m×0.04 m in the xy-plane 
and 1-5 m thick in the z-direction. The resulting meshes were uniform 
Cartesian blocks, refined into tetrahedra. The edge length in the vertical 
direction was always 0.01 m or smaller. Grid convergence studies showed 
that the spacing in the z-direction (at or below 0.01 m) did not affect the 
convergence of the simulation. These studies also showed that consistent 
results were achieved with all time-step sizes below about 10min.  

2.3.2 5×5 volume mesh  

The tetrahedral mesh for the 5×5 area from the data collection effort was 
constructed using the processed LIDAR out of Points-Builder. Thus the top 
of the domain matched the microtopography of the study site. Three rocks 
were placed on the surface of the mesh near the disturbed regions. The 
volume mesh was generated using the Internal Mesher option in 
ModelBuilder (Section A.4). The user-configurable options utilized are 
listed in Table 5. Generally, the goal is an average edge length of approxi-
mately 0.05 m. However, in order to capture the roughness of the terrain, a 
smaller edge length of 0.02 m was chosen. To reduce the number of  
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Table 5. The meshing constraints used to generate the tetrahedral 
mesh for the 5×5 in the CMB. 

Constraint Unit of Measure 

Edge length  2.0 E-2 m  

Area constraint  2.0 E-4 m2  

Volume constraint  2.083 E-5 m3  

Interpolating radius (LIDAR)  1.5 E-2 m  

Disc radius (LIDAR)  3.0 E-2 m  

elements in the mesh, a biasing algorithm was applied during the surface 
meshing process. The edge length for the bottom of the domain was set to 
0.06 m, three times the edge length of the top surface, and the bottom and 
side area constraints were set to 1.8 E-3 m2. Depending on the version of the 
Computational Model Builder (CMB) used (Section A.4) either this value or 
the values listed in the table was used. They both resulted in the same mesh. 
Generally, the domain was set to be approximately 1m in depth. The surface 
of the terrain sloped approximately 0.4 m from one side of the mesh to the 
other. Using the lowest elevation of the terrain surface, the bottom was 
offset approximately 1 m, putting the bottom of the domain at -3.5 m. An 
approximate edge length of 0.05 m, resulting in volume constraint of 
2.083 E-5 m3, was used to mesh the interior of the domain. This resulting 
mesh consisted of approximately 4.6 M tetrahedra. The meshing statistics 
are listed in Tables 6-9. Two elements were generated with an aspect ratio 
of > 100,000. These two elements were located on the top of one of the 
rocks, and therefore were easily removed from the mesh. 

Table 6. The meshing statistics reported by TetGen. All units are based on the default (meters). 

Input points:  814317 
Input tetrahedral:  4621063 

Mesh points:  814317 
Mesh tetrahedra:  4621063  
Mesh faces:  9370916  
Mesh sub faces:  257580  
Mesh sub segments:  328027  

Mesh quality statistics:  

Smallest volume:  2.089e-12  
Shortest edge:  0.0052268  
Smallest dihedral:  0.00052442  

Largest volume:  5.1061e-05 
Longest edge:  0.099269  
Largest dihedral:  179.9993 
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Table 7. The radius-edge ratio meshing statistics reported by TetGen 

Radius edge ratio histogram: 

< 0.707:  205338 
0.707 - 1:  3497442 
1 - 1.1:  473680 
1.1 - 1.2:  228524 
1.2 - 1.4:  171299 
1.4 - 1.6:  37894 

1.6 - 1.8:  6030 
1.8 - 2:  671 
2 - 2.5:  135 
3:  11 
3 - 10:  19 
10:  20 

(The radius-edge ratio of a tetrahedron is its radius of circumsphere 
divided by its shortest edge length.) 

Table 8. The aspect ratio meshing statistics reported by TetGen 

Aspect ratio histogram: 

1.1547 -1.5:  0  
1.5 - 2:  0 
2 - 2.5:  91  
3:  386981  
3 - 4:  2638611 
4 - 6:  1452502  
6 - 10:  141935  
10 - 15: 796  

15 - 25: 20  
25 - 50:  42  
50 - 100:  43  
100 - 300:  28  
300 - 1000:  12  
1000 - 10000:  0  
10000 - 100000:  0  
100000:  2  

(The aspect ratio of a tetrahedron is its longest edge length divided by 
the diameter of its inscribed sphere.) 

Table 9. The dihedral angle meshing statistics reported by TetGen 

0 - 5 degrees:  
5 - 10 degrees:  
10 - 30 degrees:  
30 - 40 degrees:  
40 - 50 degrees:  
50 - 60 degrees:  
60 - 70 degrees:  
70 - 80 degrees:  
80 - 90 degrees:  

123 
50 
421495 
1046869 
1740171 
1224733 
187617 
94002 
883441 

90 - 100 degrees:  
100 - 110 degrees:  
110 - 120 degrees:  
120 - 130 degrees:  
130 - 140 degrees:  
140 - 150 degrees:  
150 - 170 degrees:  
170 - 175 degrees:  
175 - 180 degrees:  

1289737 
 978211 
 634879 
 401796 
 244899 
 88565 
 5411  
40 
87  

2.4 Volume partitions  

The term vole partition in this work refers to the partitioning of the 3–D 
tetrahedral mesh into parts or partitions. In other works, these volume 
partitions may be referred to as regions, materials, groups, or some other 
combination of these terms. However, here it is desirable to keep the 
concept of material distinct from that of partition. The notion of a material 
in this context encompasses the physical properties needed for numerical 
simulations. A partition is a region of the computational domain that is set 
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aside as different from the rest of the domain. A volume partition cannot 
be further subdivided without working through the preprocessing steps. 
Ideally, the final zonation of partitions for a given mesh will have the 
flexibility to express all of the scenarios that the modeler will perform 
throughout all of the simulations using that domain.  

The idea of a material may seem more natural for the modeling process. 
Indeed, each material, Section 2.5, that is defined will have its own set of 
physical parameters, such as moisture and thermal properties, that are 
unique to that material. Although the concepts of materials and partitions 
are closely connected, the partition map is more general, in that all 
modeling scenarios must be captured by this zonation. Undoubtedly, 
several partitions may be designated as the same material during a parti-
cular simulation, but not the other way around. Thus, the total number of 
partitions will always be greater than or equal to the total number of 
materials used during a run. A mapping from the volume partitions to 
material sets is then needed for any simulation. In ADaptive Hydraulics/ 
Hydrology (ADH), this is done through the use of the MID cards. The 5×5 
mesh, colored by volume partition, can be seen in Figures 2, 3a, and 4a.  

In the 5×5 region for the Fraser study, there are a total of 12 volume 
partitions, which are listed in Table 10. These partitions should be sufficient 
for all of the Fraser simulations, both the disturbed and undisturbed cases. 
As noted before, the area of the Fraser data collect was a rocky hillslope at 
high elevation. The soil below the subsurface was determined to be uniform 
down to at least 1m. This soil is Partition 1. Immediately underneath the 

 

a. The full 5×5 Fraser mesh. The top gravel layer 
(grey), mulch (light blue), and three disturbed 

areas (orange) are clearly visible. 

b. A close-up view of the three 
disturbed soil regions. The three 

rocks are clearly visible. 

Figure 2. The computational mesh shown from directly above, colored by partition. 
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a. A cross section of a disturbed hole. Notice 
the disturbed gravel (orange) overlaying the 

disturbed deeper soil (light blue). 

b. Types of soil at the site. Notice the in 
situ gravel (light color) contrasted with the 

darker deep soil 

Figure 3. A comparison of the gravel layer, using an onsite photo and the mesh partition.  

 

a. A close-up of the mesh from the IR camera 
point of view. 

b. A thermal image taken at night of 
the 5×5 domain. The three holes can 

be clearly seen. 

Figure 4. A comparison of the computational domain with a typical IR image. 

evergreen trees in this vicinity, a thin mulch layer (mostly dead pine 
needles) formed a distinct mat overlaying the soil. This layer was less than 
0.05-0.10 m thick, and it will be referred to as a thatch or mulch layer. As it 
was in full contact with the subsurface soil, it must be included as part of the 
tetrahedral mesh (Partition 5).  

At the site, the uppermost layer of soil appeared to be a fine layer of 
pebbles (similar in size to aquarium gravel). These pebbles were of the 
same composition as the larger rocks in the area. Rain seemed to have 
washed the layer of most of the fine-grained soil. During the parameter 
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estimation process (Section 3.2) it was discovered that this layer had to be 
treated separately from the deeper soil in order to correctly capture all of 
the physical processes occurring in the shallow subsurface. This gravel 
layer is Partition 6. The layer is not necessarily uniform in thickness 
throughout the computational mesh. This variability is similar to the true 
state of the study area. This gravel layer can be seen clearly in Figure 3b. 

Table 10. Volume partitions of the 5×5 domain.  

ID  Name  Description  

1  Undisturbed  All undisturbed, deep soil  

2  Hole 1  Hole within the S wheel-path to the E (diameter 40 cm, 
depth 20 cm)  

3  Hole 2  Hole within the S wheel-path to the W (diameter 
40 cm, depth 23 cm)  

4  Hole 3  Hole within the N wheel-path (diameter 40 cm, depth 
20 cm)  

5  Thatch / Mulch  Layer of organic material (mainly dead fir or spruce 
needles) immediately under trees  

6  Gravel over Undisturbed  Gravel over all undisturbed soil  

7  Gravel over Hole 1  Gravel layer covering Hole 1  

8  Gravel over Hole 2  Gravel layer covering Hole 2  

9  Gravel over Hole 3  Gravel layer covering Hole 3  

10  Rock 1  Surface rock closest to Hole 1  

11  Rock 2  Surface rock furthest from holes  

12  Rock 3  Surface rock closest to Hole 3  

Note: These partitions represent the finest zonation of the 3–D tetrahedral mesh. Several 
partitions may be mapped to a single material at the time of simulation.  

In order to examine the effects of soil disturbance on IR images, several 
holes of various depths were dug within the study area. For this reason, 
the disturbances were concentrated within the focal area of the thermal 
cameras, and therefore were in the 5×5. Two of the holes were dug exactly 
in the south wheel-path, one to the east (Partition 2, depth 20 cm) and one 
to the west (Partition 3, depth 23 cm). A third hole was dug in the north 
wheel-path (Partition 4, depth 20 cm) approximately halfway between the 
first two holes. All of the holes were 40 cm in diameter. A thin gravel layer 
was also present over the holes. The gravel layers for Holes 1-3 are 
Partitions 7-9, respectively. 
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The area of the data collection effort was fairly rocky. Without digging, it 
was fairly easy to walk nearby and find rocks the size of a suitcase lying on 
the ground surface or half-buried. However, no rocks of that size were 
within the 5×5 on the surface. During the process of creating disturbed 
holes, rocks about the size of an apple were encountered. These were 
infrequent and have been homogenized in the Undisturbed Soil (Partition 
1) for modeling. However, loose rocks on the ground surface can be seen 
distinctly in the field-collected IR imagery. These rocks may have been 
imbedded in the soil at some point, but they appear to have been dislodged 
and/or simply lying on the surface. While they are obviously in contact 
with the ground, this contact was minimal. In order to study the thermal 
effect of these loose rocks, three separate rocks were included in the 
tetrahedral mesh. Each was given its own partition number, 10-12, so that 
they could be given different material properties when desired. 

2.5 Soil material definitions 

The current simulation schema does not use material properties that are 
stochastic in the sense that the properties change during the course of a 
simulation. Instead, any variation in soil properties requires a separate 
simulation. The determination of material property sets will be discussed 
in detail in Chapter 3. 
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3 Temperature Probe (1–D) Simulations  

The met station constructed onsite at the Fraser test site was a vital part of 
the validation effort. In addition to standard meteorologic data (air 
temperature, wind speed, etc.), it was also instrumented to measure soil 
temperatures via a string of thermocouples and the apparent surface 
temperature via a staring radiometer (Section A.6). For the work discussed 
in this chapter, both types of measurements were assumed to be accurate. 
Two sets of temperature measurements were recorded for 40 days at 5-min 
intervals, a set each for undisturbed and disturbed soil regions. These sets of 
essentially 1-D data were then used to train and fine-tune the parameters 
leveraged in the 3-D simulations. This chapter will de-scribe the parameter 
estimation process. The 3-D results for the 5×5 domain can be found in 
Chapter 4.  

Initially, a soils expert provided an a priori estimate of the soil properties 
needed for the CTB simulations. These estimates were then refined using 
both laboratory tests of soil samples from the site and the met station 
temperature probe data. Simulations were run on a simple computational 
domain representing a thin soil column, with a 1-D vertical transect used 
to compare against the field data. The results of this work tended to show 
that good agreement was obtained at the ground surface or at depth, but 
not both (Figures 5 and 6). Overall good matches could be achieved, 
however, with the introduction of an insulating soil layer right below the 
surface. For simulations with the soil column, this layer was 1 cm thick. 
The selection of this width was arbitrary, and in the larger 3-D domain it 
was variable. This insulator was inspired by a fine layer of pebbles and 
dust that were observed in situ throughout the study area shown in 
Figure 3b. With the inclusion of this insulating layer, both the magnitudes 
and phase shifts of the diurnal fluctuations were matched at all measure-
ment depths, generally to within 0.25-0.5 ◦C (Figures 7-9). 

The rest of this chapter is organized as follows. The methodology used to 
determine the parameters needed by the numerical model will be described 
in Section 3.1. A discussion of the soil parameters will begin in Section 3.2, 
and the disturbance process will be detailed in Section 3.3. An initial, a 
priori adjustment to those default values will be given in Section 3.4, based 
on interactions with a soils expert. In Section 3.5 the laboratory tests on the  
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a. A priori estimate, MID 1 b. Laboratory measurement, MID 3 

Figure 5. The match of the apparent surface temperature from Radiometer 2 (solid line) and 
simulations (dashed line) that use a single material for the 1–D column.  

 

a. A priori estimate, MID 1 b. Laboratory measurement, MID 3 

Figure 6. The match of the measured temperature at 5 cm from Probe 2 (solid line) and 
simulations (dashed line) that use a single material for the 1–D column.  

 

a. Probe 1, MID (51, 23) b. Probe 2, MID (50, 2) 

Figure 7. Measured apparent surface temperatures (solid line) compared to simulations (dashed 
line) using the parameters in Table 13, over 72hours.  
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a. Probe 1, MID (51, 23) b. Probe 2, MID (50, 2) 

Figure 8. Measured temperature values at 5cm (solid line) compared to simulations (dashed line) 
using the parameters in Table 13, over 72hours.  

 

a. Probe 1, MID (51, 23) b. Probe 2, MID (50, 2) 

Figure 9. Measured temperature values at 25 cm (solid line) compared to simulations (dashed 
line) using the parameters in Table 13, over 72hours. 

soil samples will be detailed. Further improvements, which were 
determined by using the met station thermal probe data, will be given in 
Section 3.6. Finally, a comparison of all simulation results to the 
temperature probe data will be given in Section 3.7. 

3.1 Methodology 

For the parameter estimation work, a rain-free period of approximately 
7 days was found within the meteorologic data, corresponding to Days 267-
273. This period was used for the initialization effort because of its length, 
lack of rain, and uniformity of the weather in general. Although the image 
collection period was relatively dry, those days were not completely alike in 
terms of cloud cover and other details. That period was also preceded by 
heavy precipitation. The 7-day period used for initialization had relatively 
consistent weather for the location, altitude, and time of year. Additionally, 
it was preferable to initialize the model using a time frame different from 
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that of the image collection. Ideally, the data used to train the model will not 
also be used for validation. The lack of any rain during this 7-day period and 
the lack of preceding heavy rain events meant that the soil moisture from 
Probes 1 and 2 was fairly constant over the entire period (approximately 8 
and 12 percent water content respectively). This removed any moisture-
dependent changes in parameter values from consideration. Indeed, the 
measurement error of the device used to obtain this value was ±2 percent 
(Section A.6), effectively rendering the difference to be the same to within 
measurement error. 

The general procedure used to refine model parameters within the CTB 
follows. For all of the GEOTACS validation sites, soil temperature probe 
data was exploited. Depending on the availability of site-specific soil 
parameters, one of the following was used as the initial guess in Step 1: 
default values, estimates from a soils expert, or lab-measured parameters 
(in that order). As often as is possible, this process uses the soil model only 
to speed up the model training process. 

1. Estimate the thermal properties.  
2. Ramp up the simulation for at least 48hours.  
3. Use the final state as an initial condition.  
4. Run a simulation of 48hours (or more).  
5. Compare with data at measurement depths for a 24-hour period.  
6. Adjust parameters as needed.  
7. Repeat Steps 2-6, until desired convergence returns.  

Step 6 of this process could be done with a human in the loop, or with 
parameter estimation software such as PEST (Doherty, 2004). PEST is a 
model-independent parameter estimation package that uses a Gauss-
Marquardt-Levenberg technique for nonlinear problems. PEST was 
leveraged for this work as a black box, and used without significant tweaks 
or advanced settings. 

This parameter estimation work was performed on computational 
domains representing soil columns, detailed in Section 2.3.1. In addition 
to replicating the 1-D nature of the radiometer and thermocouple data, the 
simulations had a much faster turn-around time than the 5×5 3-D domain. 
The CTB was run using the ground model only, for simplicity and for the 
sole purpose of training the model. 
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Because of the nature of heat exchange between the shallow subsurface and 
the atmosphere, the magnitude of diurnal fluctuations in the surface temp-
erature dampens exponentially with depth. The rate of decay depends on a 
few factors, but it can be quite pronounced in the top 30 cm of soil. There-
fore, when PEST was used, it was desirable to equalize the residuals from all 
of the measurement depths in some manner. Otherwise, it appeared that 
the relatively noisy data from shallow depths would drown out the deeper 
depths. These shallow depths also had relatively large amplitudes because of 
the natural dampening e.g., the amplitude at a depth of  

1 cm could be 30 times larger than at 30 cm at the Fraser site at the time of 
this study. This was accomplished by using sets of weights whose values 
were inversely correlated to the overall magnitude at a given depth. For 
instance, at depths of 1, 5, 10, 15, 20, 25, and 30 cm, weights of 0.075, 0.1, 
0.125, 0.21, 0.3125, 0.5, and 0.7140 were used, respectively. While this was 
not the only set of weights utilized, the relative magnitudes remained about 
the same. 

Another issue encountered at the Fraser site was localized shadowing. The 
shadowing of a domain with disturbed holes is of prime importance to this 
work. However, for the purposes of parameter estimation in a reduced 
domain, this was a hindrance. There are noticeable "notches" in the 
temperature response of the shallow subsurface within the temperature 
probe data. These are the direct result of persistent shadows from nearby 
trees. Therefore, extra care was required when data was selected to drive the 
estimation process. Different techniques were attempted to patch this data 
prior to PEST runs. In the end, a combination of adjusting the weights and 
smoothing the data were adequate to find good fits to the data. However, 
because of the noise, the radiometer readings of apparent surface tempera-
tures were not used in the optimization loop. There appeared to be no 
single, elegant solution to the adjustment problem, so this process was done 
manually.  

In general, a ramp-up period is an essential part of matching soil 
temperatures at depth during simulations. However, it was found that for 
this particular time frame, a flat initial condition of 7◦C could be used 
throughout the soil column. Very good matches to the data were still 
obtained. Therefore, a flat initial condition was used (effectively negating 
Steps 2 and 3). For the parameter estimation work discussed herein, the 
simulations were started at midnight of Day 267, 48hours were simulated, 
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and data were compared only for the last 24hours of that period. The data 
and simulations were compared on both 2 and 4-hour intervals. Other 
simulation lengths were attempted with consistent results. 

3.2 Soil parameters 

The same modeling procedure described in this work could be applied to 
any given geographic location in the world. However, the GEOTACS 
validation sites were purposefully sampled during the field collections in 
an effort to acquire any and all of the details needed to re-create them 
through simulation. In general, though, this level of a priori knowledge 
will not be available to a modeler. The full list of soil input parameters, 
each with a description, is given in Appendix B. A possible set of default 
values is listed in Table 11 along with the a priori undisturbed and 
disturbed estimates specific to Fraser.  

Table 11. Default and estimated material properties for the Fraser test site.  

Symbol Property [ Units ] Defaults 
A Priori 
Estimate A Priori, Disturbed Estimate 

MID  Tag  N/A  1  21  

POR  Porosity  0.40  0.28  0.424  

QTZ  Quartz Fraction  0.25  0.45  0.4  

FSG  Fraction Sand & Gravel  0.925  0.925  0.925  

K  Hydraulic Conductivity [ m/hr ]  0.1000  0.0657  0.0657  

SS  Specific Storage  1.0 E-6  1.0 E-6  1.0 E-6  

RSD  Residual Saturation  0.05  0.01  0.007  

VGA  van Genuchten α [ 1/m ]  1.00  0.75  1.032  

VGN  van Genuchten N  1.25  1.60  1.60  

SHS  Specific Heat of Solid [ W-hr/g-K ]  2.0 E-4  2.0 E-4  2.0 E-4  

SGS  Specific Gravity of Solid [ g/cm3 ]  2.70  2.65  2.65  

TKD  Dry Thermal Conductivity [ W/m-K ]  0.25  0.3532  0.315  

TKS  Saturated Thermal Conductivity [ W/m-K ]  1.75  2.1887  2.058  

ALB  SW Albedo (soil-only)  0.400  0.400  0.400  

EMS  LW Emissivity (soil-only)  0.950  0.950  0.950  

Note: The estimates were obtained by consulting an expert in soil mechanics and using some of those values to drive 
empirical relationships.  
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3.3 Estimating disturbed parameters from undisturbed parameters  

For this work, the act of disturbing a soil involves digging a particular 
volume out of the ground, mixing it, and replacing that soil in the same 
location. In this process, some of the soil parameters will change due to 
the mixing and others will not. For instance, the following properties 
should remain unchanged: QTZ, FSG, SS, VGN, SHS, and SGS. Using, in 
part, the work of Berney, IV and Roig-Silva (2010), the other properties 
can be estimated using empirical relationships. All of the estimates for 
disturbed soil properties given herein were approximated in this manner. 
The only exception is described in Section 3.6. Within the optimization 
loop using the thermal probe data, the same initial guess was used for both 
probe data sets. This resulted in different estimates for SHS, while POR 
remained the same. The resulting mixture terms in the heat equation 
should remain consistent, even though, at first glance, it appears to be 
logically incompatible. 

3.4 Soil parameters, no a priori data 

In order to begin the process of simulating the heat transport within the 
shallow subsurface, estimates for various parameters are needed for the 
model to be complete. Without any a priori information, other than a 
geographic location, reasonable values were obtained by consulting an 
expert in soil mechanics. These properties are summarized in Table 11, 
including disturbed versions of the same soil. The consultation resulted in 
the following soil description, based only on location and expert opinion of 
Berney, IV and Roig-Silva (2012): 

It is assumed that the location has primarily a cohesionless soil, ruling 
out general silt and clay type soils. This is due to the young nature of 
exposed rock and shallow erosion. There may still be pockets of these 
soil types, but not the overriding soil encountered on a long stretch of 
road/terrain. Secondly, it was assumed that the soil was coarser in 
nature, having more gravel and sand than fines, again owing to a 
younger age of the weathered material. These two assumptions put the 
soil in classifications such as GP or GP-GM which would be poorly 
graded gravels or poorly graded gravels with silt. The second designation 
exists because a true GP has less than 5 percent fines, whereas the GP-
GM can go up to 12 percent fines. This would be a typical range of fines 
in a rocky type soil. As well, the fines would be of a silty nature and not 
clayey meaning there is no plasticity to the soil. With so much exposed 
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rock, the quartz fraction was placed in the 40-50 percent range. As for 
soil properties, a medium dense GP would have a dry density of 
1.92 g/cm3 with a moisture content of about 6-8 percent below the 
surface in an area not continually affected by evaporation or rainfall. The 
porosity of this soil would be about 28 percent in situ and about 
32 percent or higher when disturbed. Since it is rocky, its disturbed 
porosity is affected more than a pure sand where there would be little 
difference between the two. Therefore the disturbed density would be 
about 1.83 g/cm3. It was assumed that a percent sand/gravel would be 
between 90 and 95 percent with these types of soils. Moisture 
permeability would be fairly high with these soils because of a lack of 
fines. Specific gravity of these soils is assumed to be 2.65. Denser 
minerals can lead to higher dry densities than those suggested. 

The median values were taken when appropriate, so that POR = 0.28, SGS 
= 2.65, FSG = 0.925, and QTZ = 0.45. The values for TKD/TKS were 
estimated using the empirical relationship of Lu et al. (2006). Previous 
modeling attempts have shown that setting SHS = 2 E-4 W-hr/g-K is a 
reasonable default value. This value is near to that of fused silica. Because of 
the lack of water movement, the fluid flow parameters (K, RSD, VGA, and 
VGN) were chosen to match the static saturation observed over the ramp-up 
period. They should not be interpreted as “best” guesses for this type of soil. 
The depth to the water table was set to be 26 m below the ground surface in 
order to approximately match the measured water content values. Values 
for bulk albedo (ALB = 0.4) and emissivity (EMS = 0.95) were also taken to 
be the defaults. 

3.5 Soil parameters, with lab measurements  

At the Fraser test site, soil samples were collected in situ and returned to 
the laboratory for detailed testing. These tests covered most of the input 
parameters. The results are summarized in Table 12, which also includes 
estimates for the disturbed properties. The pit used to collect soil samples 
is seen in Figure 3b. Two samples were collected just below the surface 
layer and also at 15 cm. The two shallow samples were tested to generate 
the properties in Table 12. For example, with porosity, an average of the 
two samples is used. The properties for QTZ and FSG were inherited from 
the a priori estimate. The thermal conductivity values (TKD and TKS) were 
taken from measured values. As the empirical function of Lu et al. (2006) 
is used within the CTB soil model, additional adjustments were made to 
TKD/TKS in order to improve the fit to the measured data. 
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Table 12. Measured values of material properties for the Fraser test site obtained through detailed laboratory testing.  

Symbol Property [Units] Lab Measured 
Lab Measured 
Disturbed Estimate 

MID  Tag  3  22  

POR  Porosity  0.39  0.447  

QTZ  Quartz Fraction  0.45  0.45  

FSG  Fraction Sand & Gravel  0.925  0.925  

K  Hydraulic Conductivity [ m/hr ]  0.0657  0.0657  

SS  Specific Storage  1.0 E-6  1.0 E-6  

RSD  Residual Saturation  0.01  0.009  

VGA  van Genuchten α [ 1/m ]  0.223  0.250  

VGN  van Genuchten N  1.30  1.30  

SHS  Specific Heat of Solid [ W-hr/g-K ]  2.23 E-4  2.23 E-4  

SGS  Specific Gravity of Solid [ g/cm3 ]  2.65  2.65  

TKD  Dry Thermal Conductivity [ W/m-K ]  0.072  0.062  

TKS  Saturated Thermal Conductivity [ W/m-K ]  1.790  1.615  

ALB  SW Albedo (soil-only)  0.325  0.375  

EMS  LW Emissivity (soil-only)  0.950  0.950  

The specific heat of the solid (SHS) was estimated by performing a least-
squares fit to the lab-measured thermal conductivity and backing out a 
moisture-independent value. The spectral properties (ALB and EMS) were 
found using in situ measurements, which were then refined during 
simulations. 

3.6 Soil parameters, optimized with thermal probe data 

An additional effort was made to improve the soil parameters by leveraging 
some of the field data. The next level of available information included data 
from the onsite met station (Section 1.4.1). The results are given in Table 13. 
The same process was also attempted using the lab data from Section 3.5 as 
a starting point. Consistent results were obtained, and that work is not 
shown here.  

In addition to the standard met data, two sets of soil temperature measure-
ments were taken at 5-min intervals during the 40-day period, Days 237-
277, in 2011. The two sets are labeled Probe 1 and Probe 2, and each 
includes buried thermocouples at 1, 5, 10, 15, 20, 25, and 30 cm, as well as a  
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Table 13. Estimated material properties for Probes 1 and 2.  

Symbol  Property [ Units ]  Gravel 1  Gravel 2  Deep 1  Deep 2  

MID  Tag  51  50  23  2  

POR  Porosity  0.28  0.28  0.28  0.28  

QTZ  Quartz Fraction  0.45  0.45  0.45  0.45  

FSG  Fraction Sand & Gravel  0.925  0.925  0.925  0.925  

K  Hydraulic Conductivity [ m/hr ]  0.0657  0.0657  0.0657  0.0657  

SS  Specific Storage  1.0 E-6  1.0 E-6  1.0 E-6  1.0 E-6  

RSD  Residual Saturation  0.01  0.01  0.01  0.01  

VGA  van Genuchten α [ 1/m ]  0.75  0.75  0.75  0.75  

VGN  van Genuchten N  1.60  1.60  1.60  1.60  

SHS  Specific Heat of Solid [ W-hr/g-K ]  1.55 E-6  8.87 E-4  2.19 E-4  1.60 E-4  

SGS  Specific Gravity of Solid [ g/cm3 ]  2.65  2.65  2.65  2.65  

TKD  Dry Thermal Conductivity [ W/m-K ]  0.20  0.20  0.3532  0.3532  

TKS  Saturated Thermal Conductivity [ W/m-K ]  0.20  0.20  2.1887  2.1887  

ALB  SW Albedo (soil-only)  0.35  0.35  0.35  0.35  

EMS  LW Emissivity (soil-only)  0.941  0.914  0.950  0.95  

Note: These properties were derived by matching the thermal probe data from the met station for the dry period following 
Day 267. A 1-cm gravel layer was assumed in order to match radiometer temperatures. The deep soil refers to the soil 
below this gravel layer.  

staring radiometer pointed at the ground surface immediately above each 
thermal probe. One set measured an undisturbed soil region, and the other 
measured a disturbed soil region. It was not necessarily known in advance 
which set represented the undisturbed soil and which represented the 
disturbed soil. A soil moisture probe was also buried at 15 cm associated 
with each data set (see Section A.6 for all of the technical specifications). 

The disturbance process has the potential to change a soil’s porosity. 
However, for the purposes of estimation, differences in POR can be 
expressed through a corresponding adjustment to SHS. Adjustments to 
SGS, SHS, and POR affect only (cpρ)eff (refer to Equation 3), which is 
constant for a constant soil moisture. Thus, a value of 0.28 was chosen for 
both disturbed and undisturbed POR, as it was the estimate from the 
expert. SHS was left to be a free parameter. Both TKD and TKS were set 
using the empirical function of Lu et al. (2006) and they remained the 
same for all of this parameter estimation work. This reduced the number 
of unknowns, leaving SHS as the only free parameter that affects the 
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volumetric heat capacity and thereby effective diffusivity. Additionally, the 
only other soil parameters needed were the bulk ALB and bulk EMS. 

It was quickly apparent from simulations with the soil columns that an 
upper layer of soil needed to be treated as a different soil type from that of 
the deeper (more uniform) soil. Good matches to the buried thermocouple 
data were obtained without this distinct upper layer. However, the radio-
meter temperatures could not be matched at the same time. In order to 
approximate the temperatures at depth, unrealistic ALB and EMS values 
were needed. For instance, ALB = 0.6 and EMS = 0.4 worked well. How-
ever, for typical soils found in the field, ALB is generally less than 0.5 and 
EMS is greater than 0.8. Therefore, neither is a valid estimate. Other 
adjustments were attempted, such as tilting the columnar domain to 
replicate the angle of a hill slope. Additionally, it was conjectured that the 
temperature probe apparatus was not actually buried at the correct depth, 
but instead it was buried deeper. None of these approaches gave satisfactory 
results, nor were they appealing from the standpoint of consistency with the 
field data collection effort.  

Therefore, the presence of two soil layers was determined to be a legitimate 
avenue to pursue. The rocky nature of the highlands environment had 
produced many fine pebbles that covered much of the ground surface 
forming a distinct layer. This layer can be seen in Figure 3b, which shows a 
contrast between the darker, deep soil and the lighter, surface gravel layer. 
In addition, the radiometer takes the average surface temperature over a 
circle 30 cm in diameter (approximate size given the installation height). 
The ground surface was not uniformly flat, and even small variations in 
micro-topography can produce a non-constant surface temperature over 
such a large area. Therefore, two soil materials were used for each probe 
data set (1 and 2): a 1-cm layer touching the surface and a deep, uniform soil 
layer below that. In Table 13, these layers are labeled Gravel and Deep, 
respectively. Estimates of ALB and EMS were needed for the gravel only, 
leaving SHS as the only free parameter for the deeper soil. However, 
estimates for SHS, TKD, and TKS of the gravel layer were now added to the 
list of unknowns. The remaining soil input parameters were taken to be the 
same as the deeper soil. For simplicity with the gravel, TKD and TKS were 
taken to be the same value, further reducing the parameter set as now only 
gravel TKD was needed.  
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The final set of unknowns then were SHS for the deeper soil, and SHS, 
ALB, EMS, and TKD for the gravel layer. The methodology for parameter 
estimation laid out in Section 3.1 was used, driven by the field data for soil 
temperatures at depth and an initial condition of 7◦C. Again, the apparent 
surface temperatures reported by the radiometer were not used in this 
estimation process. Instead, they were used separately as a sanity check on 
the results.  

Because of the presence of the gravel layer, the optimization process was, 
in essence, finding the effective diffusivity of the deeper soil. The satura-
tion was constant. As TKD/TKS were both set via the empirical function of 
Lu et al. (2006), the mixture model gave thermal conductivity of about 
1.1 W/m-K. Thus, determining SHS meant that volumetric heat capacity 
and effective diffusivity could be backed out. For Deep Soil 1, SHS was 
approximately 2.2 E-4 m2/hour, and for Deep Soil 2, SHS was approxi-
mately 2.8 E-4 m2/hour. Thus, the Probe 1 data set represented a less 
diffusive soil by about 25 percent. This implies that diurnal variation in 
surface temperatures should be greater for Probe 1 than for Probe 2, which 
does match the field data.  

The gravel layer ALB was determined by comparing simulation and data 
values outside the PEST optimization paradigm. The reason for this was 
that the surface temperature data were not used in the PEST objective 
function, and therefore the optimization returned inconsistent results. 
However, a visual comparison quickly determined that ALB = 0.35 for the 
gravel. The remaining unknowns were determined using PEST. The 
24-hour period used for comparison was Day 268, which was a very sunny, 
dry day. Comparisons were made at 4-hour intervals starting at midnight 
and running until the following midnight. A variety of initial conditions 
were attempted, along with multiple ramp-up periods of 24, 48, 72, and 
96 hours. That is, the simulation start time was altered, but the data was 
always from Day 268. After some simulations to improve the initial 
estimates, the PEST runs could use a flat initial condition of 7◦C and still 
obtain very appealing results that matched the data to an acceptable level of 
accuracy. The final parameter values are given in Table 13. 

3.7 Results  

Using a single soil type in these numerical experiments produced mixed 
results. The original a priori parameters given in Table 11 produced good 
results on the surface, which can be seen in Figure 5a. However, the quality 
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of the results did not match the data at depth, as can be seen in Figure 6a. 
The exact opposite was true for the laboratory measurements given in Table 
12. Good results were seen at depth (Figure 6b). But the match to apparent 
surface temperatures was not good, as can be seen in Figure 5b. It was 
possible to give better fits at depth with the a priori estimates simply by 
adjusting EMS and ALB. However, this was at a detriment to the surface 
temperature fits. The solution to this was the thin insulating layer already 
discussed.  

With the introduction of an insulating layer, good matches were seen both 
at depth and at the ground surface. The parameters used are given in 
Table 13. The results for both probes can be seen in Figures 7-9 at the 
surface, 5 cm, and 25 cm, respectively. This set of soil parameter values 
was also used in the 3-D simulations.  

For comparison, the gravel layer was examined with multiple thicknesses. 
However, for all of the tests, the final SHS value for the deeper soil was 
determined to be nearly identical. This was encouraging. It should be 
expected, as the flow of energy within the soil is governed by the diffusivity 
term from the heat equation alone. This does not depend on the presence 
nor thickness of a gravel layer. However, the gravel layer did need to be 
present. The loose composition and relative dryness of this layer produced 
an insulation effect that reduced the diurnal variation at depth. Throughout 
the site, the “gravel” in the gravel layer was not truly uniform. It varied from 
small pebbles, e.g., the size of aquarium rocks, to rocks the size of golf balls, 
or bigger, fully embedded in the soil. The field work did not determine a 
single, uniform thickness for that layer. In the final mesh for the full 
domain, creating a perfectly consistent gravel layer is impossible and, most 
likely, unrealistic. Therefore, it was determined that dwelling on the 
thickness of the layer or trying to determine SHS, TKD, and TKS to a high 
precision was not warranted. It should be noted that the ALB and EMS 
values tended to be consistent and realistic for all of the tests with variable 
thickness. 

One downside of this methodology is that only a single value for deep soil 
diffusivity is determined. It would be preferable to obtain an effective 
diffusivity for both probes that was a function of saturation. But, in 
general, the combination of theoretical estimates and the field-collected 
data can be quite adequate for a wide range of scenarios.  
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Given that the effective thermal diffusivity of Probe 1 is higher than Probe 
2, it could be assumed that Probe 1 represents the disturbed soil and Probe 
2 is the undisturbed soil. If this is indeed true, then based on the original 
estimate from the soil expert, it might be preferable to use a 32 percent 
porosity for Deep Soil 1 instead of 28 percent. The effective diffusivity 
estimate could then be used to make a corresponding adjustment to the 
SHS value for Deep Soil 1. That is not done here.  

It should be noted that the effective diffusivity of the gravel layer was 
always less than the deeper soil (i.e., it was indeed an insulator). The ratio 
ranged from <0.1 for Probe 2 to about 0.75 for Probe 1. The exact ratio 
varied for reasons discussed previously concerning the thickness of the 
gravel layer. A good, consistent value for the thermal conductivity of the 
gravel was 0.2 W/m-K. This is an important value, as it influences the 
energy flux at the ground surface. This supports the case that this layer is 
simply a supremely dry mixture of small pebbles/rocks with a bit of the 
deeper soil. Another explanation also comes close to estimates using Lu et 
al. (2006) if the gravel is viewed as a loose (noncompacted) assortment of 
pebbles with minimal interpebble contact (which induces a large porosity). 
Letting the gravel TKS differ from TKD did not improve the results, and 
the same effective values were found. 

Finally, material properties are needed for the Thatch/Mulch layer in the 
5×5. Approximate properties are given in Table 14. Future work will include 
a more extensive investigation of the material properties for this layer.  
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Table 14. Estimated material properties for the Thatch/Mulch layer.  

Symbol Property [ Units ] Thatch/Mulch 

MID Tag 201 

POR Porosity 0.80 

QTZ Quartz Fraction 0.00 

FSG Fraction Sand & Gravel 0.99 

K Hydraulic Conductivity [ m/hr ] 1.0 

SS Specific Storage 1.0 E-8 

RSD Residual Saturation 0.01 

VGA van Genuchten α [ 1/m ] 0.75 

VGN van Genuchten N 1.60 

SHS Specific Heat of Solid [ W-hr/g-K ] 1.0 E-2 

SGS Specific Gravity of Solid [ g/cm3 ] 1.50 

TKD Dry Thermal Conductivity [ W/m-K ] 0.10 

TKS Saturated Thermal Conductivity [ W/m-K ] 0.10 

ALB SW Albedo (soil-only) 0.10 

EMS LW Emissivity (soil-only) 0.95 

Note: These properties were derived by matching the thermal probe data from the met station for the 
dry period following Day 267. 
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4 5×5 Domain (3–D) Simulations  

As discussed in the previous chapter, the 1-D simulations focused on 
comparing simulation temperatures with the soil probe data to determine 
and refine material properties. Though some comparison of the probe data 
was performed for the 3-D runs, the simulations discussed in this chapter 
concentrated on comparing apparent surface temperatures from imagery 
with simulated surface temperatures. First it should be noted that 
throughout this chapter the word “temperature” will be used somewhat 
loosely. For the sake of brevity, physical temperatures from numerical 
simulations will simply be called temperatures. Likewise, the apparent 
surface temperature backed out of the imagery collected from the onsite IR 
camera will also be referred to as temperature.  

For the 3-D simulations, two simulations were performed separately in 
order to compare the undisturbed and disturbed regions. Both simulations 
utilized the same mesh, described in Section 2.3.2, but with different 
material properties assigned to the volume partitions. It would be possible 
to alter the simulation workflow to “disturb” the holes as was done in the 
field. However, since material properties are assigned at the beginning of a 
simulation, creating two simulations was a simpler and more robust 
approach.  

The undisturbed simulation consisted of three materials: Deep 2, Gravel 2, 
and Mulch/Thatch. The material assignments of the volume partitions in 
the undisturbed runs can be seen in Table 15. The disturbed simulation 
consisted of five materials: Deep 1, Deep 2, Gravel 1, Gravel 2, and 
Mulch/Thatch. The material assignments of the volume partitions for the 
disturbed runs can be seen in Table 16. Some initial work was performed 
in determining material properties for the rocks in the scene. However, 
because of time constraints this work is left for future investigation. 
Therefore, in both simulations the rock partitions (10-12) were assigned 
the same material properties as the main gravel layer (Gravel 2). 

The rest of this chapter will be laid out as follows. A description of the 
methodology used to choose simulation dates will be detailed in Section 4.1. 
The initial conditions used for the simulation runs will then be discussed in 
Section 4.2. Descriptions of the ROIs used to generate average camera 
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temperatures and average simulation surface temperatures will be 
described in Sections 4.3 and 4.4, respectively. Finally, the results will be 
discussed in Section 4.5. 

Table 15. Materials assigned to the volume partitions of the 5×5 during undisturbed runs. 

Volume Partition  Partition Name  Material  Material Name  

1  Undisturbed  2  Deep 2  

2  Hole 1  2  Deep 2  

3  Hole 2  2  Deep 2  

4  Hole 3  2 Deep 2  

5  Thatch / Mulch  201 Thatch  

6  Gravel over 
Undisturbed  

50 Gravel 2  

7  Gravel over Hole 1  50 Gravel 2  

8  Gravel over Hole 2  50 Gravel 2  

9  Gravel over Hole 3  50 Gravel 2  

10  Rock 1  50 Gravel 2  

11  Rock 2  50  Gravel 2  

12  Rock 3  50 Gravel 2 

Table 16. Materials assigned to the volume partitions of the 5×5 during disturbed runs. 

Volume Partition  Partition Name  Material  Material Name  

1  Undisturbed  2  Deep 2  

2  Hole 1  23 Deep 1  

3  Hole 2  23  Deep 1  

4  Hole 3  23 Deep 1  

5  Thatch / Mulch  201 Thatch  

6  Gravel over 
Undisturbed  

50  Gravel 2  

7  Gravel over Hole 1  51 Gravel 1  

8  Gravel over Hole 2  51 Gravel 1  

9  Gravel over Hole 3  51 Gravel 1  

10  Rock 1  50 Gravel 2  

11  Rock 2  50 Gravel 2  

12  Rock 3  50 Gravel 2 
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4.1 3-D methodology  

Image collection began at 16:00 on Day 252 and ended at 10:00 on Day 257. 
However, there was a gap during those days from 14:00 on Day 253 to 11:00 
on Day 254 where no images were collected. Because of the gap in the image 
collection, it was decided that the undisturbed simulation run should begin 
on Day 254 and run through the end of the data collect, Day 257. The holes 
were dug in the afternoon of Day 255. Thus, the disturbed simulation was 
chosen to run from Day 255 through Day 257. 

Initially the temperature range for the images was statically set to 7.4-
39.8◦C. This produced dark nighttime images from 19:00 to 08:00 on the 
nights between Days 252-253 and 253-254. Despite the dark images 
produced using the static range, temperatures could still be extracted from 
the images. At 09:30 on Day 254, the dynamic range option was turned 
on, thus allowing the camera to determine the best range. 

4.2 Initial conditions  

The soil model requires initial conditions of pressure head and temperature 
to be specified at each point in the mesh. Unlike the days chosen for the 1-D 
simulations, the weather fluctuated during the image collection time period, 
and this time frame was also preceded by a heavy rain. Therefore, it proved 
to be important to ramp-up the initial conditions for the 3-D simulations. 
These initial conditions were generated by performing simulations of the 
preceding days, Days 251-253 for the undisturbed run and Days 251-254 for 
the disturbed run. The ramp-up simulations used a flat 7◦C initial condition 
for the temperature and -27.5 m for the pressure head. The last time-step 
was extracted from each ramp-up run and used as the initial condition for 
the simulations used in the validation effort.  

4.3 Camera ROI analysis 

In order to compare the simulation results with the camera images, ROIs 
were chosen to extract temperature values. Six regions were chosen for 
comparison: one ROI for each disturbed hole and one ROI for an undis-
turbed region next to each disturbed hole. The ROIs chosen are shown in 
Figure 10. Circles represent disturbed ROIs and squares represent 
undisturbed ROIs. These shapes (and their sizes) in the figure are for 
illustration only and are not the exact ROIs. For the camera images, ROIs 
were chosen using the Forward Looking Infrared (FLIR) camera software 
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ThermaCAM Researcher. The ROIs contained approximately 1000-
2000 pixels. The corresponding temperatures were taken at the beginning 
of each hour, resulting in one set of statistics for each region per hour. 

 
Figure 10. A thermal image of the 5 x 5 domain taken during the day after the holes 

were made. The circles show the distrubed ROIs and the squares mark the undisturbed 
ROIs, approximate sizes and locations only. 

4.4 Simulation ROI analysis  

Six ROIs were similarly defined for the temperatures from the simulations. 
This was accomplished using ParaView (Section A.4). Surface elements 
were selected in approximately the same area as the camera ROIs. Each one 
contained approximately 400-500 elements. An average temperature for 
the selected elements was produced by integrating the surface temperatures 
across the ROI and dividing by the area. This was achieved using the Extract 
Selection, Integrate Variables, Cell Data to Point Data, and Calculator filters 
inside ParaView.  

4.5 Results 

Figures 11-13 compare averaged simulation and camera temperatures for 
each hole generated using the ROIs discussed in Sections 4.3 and 4.4. Time 
0 for the disturbed plots is midnight the morning of Day 255. Time 0 for the 
undisturbed plots is midnight the morning of Day 254.  



ERDC TR-12-13 40 

 

a. Disturbed b. Undisturbed 

Figure 11. Simulation and camera temperature for disturbed and undisturbed Hole 1. 

 

a. Disturbed b. Undisturbed 

Figure 12. Simulation and camera temperature for disturbed and undisturbed Hole 2  

 

a. Disturbed b. Undisturbed 

Figure 13. Simulation and camera temperature for disturbed and undisturbed Hole 3  

The first thing to note is that the daytime simulation temperatures are 
generally hotter than the camera temperatures. This is believed to be caused 
by the lack of shadowing on the simulation domain. Full CTB simulations, 
including the vegetation and ray caster models, will be discussed in Eslinger 
et al. (Forthcoming). Secondly, image collection did not begin until 16:00 on 
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Day 254, which resulted in a flat line for the first 16hours with the camera 
ROIs. Otherwise, the simulation results compare well with the camera 
temperatures. The small deviations in temperatures could be due to the 
varying thickness of the gravel layer as well as to differences in choosing the 
choice of ROIs for the simulation and camera results. 
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5 Conclusions 

As a part of the GEOTACS Program at ERDC, field data were collected in 
September 2011 within the Fraser Experimental Forest near Fraser, CO. 
One of the goals of this field effort was to collect IR images of undisturbed 
and disturbed soil regions over several diurnal cycles in order to study 
their respective thermal responses. GEOTACS researchers collected 
similar data in various climatic zones representing over 75 percent of the 
earth’s landmass; the study area at Fraser represented an Undifferentiated 
Highlands climatic zone. Further motivation and specifics about this site 
were discussed in Chapter 1.  

Sufficient details of the Fraser site were recorded in order to recreate a 
virtual version of the data collection area. This virtual environment was 
used to perform numerical simulations of the diurnal temperature response 
of the shallow subsurface. For this work at Fraser, the field-collected LIDAR 
data and vegetation maps were used, and a synthetic version of the 5-by 5-
by 1-m study area was built. The resulting computational domain contained 
800k nodes and 4.6 M tetrahedra, as well as 12 volume partitions 
representing distinct subsurface regions. They included representations for 
the three disturbed holes, gravel layers, a deeper undisturbed soil, rocks, 
and a mulch layer. Chapter 2 summarizes the scene generation work.  

Multiple sets of potential material input parameters were found for the 
Fraser simulations. This work leveraged a surrogate soil column, as well as 
the opinion of a soils expert and laboratory measurements of the soil. In 
order to capture the temperature response both on the surface and at depth, 
it was determined that a single material (from the ground surface down) 
was not adequate. Instead, a thin gravel layer was needed to act as an 
insulator. This was the only method attempted that successfully matched all 
of the measurement depths to an adequate level of fidelity. This result fed 
back into the partitioning of material regions within the 3-D computational 
domain. This model training effort used a different time frame from the 
field IR image collection, which is ideal. Chapter 3 summarizes the model 
training, and Table 13 lists the best estimates for the disturbed and 
undisturbed soil properties.  
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Finally, simulations were performed on the 3-D domain. It appears that the 
CTB-simulated physical temperatures closely matched the apparent surface 
temperatures backed out of the field-collected IR imagery. This was true for 
both the daily trends and the highs/lows, although the CTB (soil only) could 
not reproduce shadowing from the vegetation. The results from running the 
ground model confirmed that the CTB was capturing the major physical 
processes occurring in the shallow subsurface during this period. In addi-
tion, the CTB matched both the disturbed and undisturbed soil regions 
relatively well. ROI comparisons between the imagery and the simulations 
are given in Chapter 4. Small discrepancies in the daytime high tempera-
tures were somewhat masked by the relative cloudiness during the times of 
peak shortwave that occurred during the data collection effort. However, the 
lack of shadowing is noticeable upon closer inspection. This will be 
remedied by running the CTB with both the ray caster and vegetation 
model. That work will be detailed in Eslinger et al. (Forthcoming).  

5.1 Future work 

Many interesting sensitivity analyses would be a natural follow-on to this 
work. For instance, there are many ways to resample the meteorological 
data, which could indicate preferable collection methodologies for future 
field efforts. There are many approaches to setting the soil input parameters 
that could be explored. For instance, could the temperature response of the 
ground surface be faithfully captured without also matching the tempera-
tures of the deeper soil?  

A probability distribution function (PDF) could be assigned to one or more 
of the physical parameters used as input to the CTB model. The CTB model 
is not stochastic in the sense that parameter values can be changed or 
reassigned during the course of a simulation. Instead, multiple simulations 
could be run, each of which samples from the PDF to set the input 
parameters.  

Another sensitivity analysis could explore the zonation of material regions 
within the geometric partition used for material assignment. For this work, 
a partition map was created that included a gravel layer at the ground 
surface, a deeper homogeneous soil, etc. Using geostatistics, multiple 
subzones could be established within the deeper soil region, within the 
gravel layer, and so on. At runtime, each subzone could sample from a PDF 
to give similar but not equal values to the various model input parameters. 
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There were many medium to large rocks throughout the field site and 
surrounding area. Many of these rocks were partially or fully buried in the 
shallow subsurface. An exploration of these solid objects and a comparison 
of their temperature response to that of the soil would be worthwhile. 
Additionally, the backup IR camera did image one diurnal cycle of a large 
quartz rock, which resembled an iceberg in its partial burial. Many of these 
rocks had become dislodged from the surrounding soil (either naturally or 
from being kicked out of place). In the IR imagery, many of these loose 
rocks have a larger daily temperature swing than the soil. Initial efforts to 
model this response with the CTB were unsatisfactory. A closer 
examination of this phenomenon would be warranted.  

The presence of a mulch layer underneath the larger trees in the area was 
noticeable both at the site and within the imagery. The dead pine needles 
tended to be dark and, in full sun, quite warm. A full investigation of the 
correct input parameters for this layer would be beneficial to future CTB 
modeling exercises.  

5.2 Summary 

In summary, the surface expression of both the disturbed and undisturbed 
soil regions are clearly seen in the simulations performed with the CTB. 
Field-collected apparent surface temperatures and physical temperatures at 
depth are matched over the study period. For this data collection effort in an 
Undifferentiated Highlands region, the CTB faithfully captured the ground 
temperature response over multiple diurnal cycles. Many interesting 
analyses could be performed using this computational testbed for this and 
other climatic regions. The countermine CTB can truly act as a supplement 
to field collection efforts of IR imagery. 
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Appendix A: Equipment and Software 
Specifications 

This appendix lists the specifications for hardware and software used 
during this GEOTACS simulation exercises. These specifications apply to 
the fiscal years FY2011 and FY2012.  

A.1 IR camera 

The camera used during the field data collection was a FLIR SC640 
infrared camera mounted on a 2.5-m-tall tripod with a depression angle of 
at least 45 deg. This camera collected images every 5min. These images 
were approximately 680 kB in size. Image resolution was 640×480. The 
camera was fitted with a 19-mm lens (PN T197091). Autoranging was used, 
which can be controlled by the ThermaCam Pro software.  

A second, rover camera was also used. This camera was a FLIR S60 
infrared camera mounted at various heights from 1 to 2.5 m with various 
depression angles based the subject being viewed. This camera collected 
images every 5min. The images were approximately 140 kB in size. Image 
resolution was 320×240. The camera was fitted with a 45-deg lens (PN 
194401). Autoranging was also used.  

A.2 LIDAR equipment  

The LIDAR (Light Detection and Ranging) scanner used during the data 
collection effort was a Riegl LMS-Z390i (Class 1 Laser Product). It has a 
range of 400 m at Laser Class 1 with a repeatability of up to 2 mm. The 
measurement rate extends up to 11,000 points/s using a wavelength in the 
near infrared. The accuracy is 6 mm with a repeatability of 4mm and an 
average of 2 mm. The field of view is 80 deg×360 deg. A standard survey 
tripod was used to support the scanner. 

For RGB information, the Riegl scanner uses a mounted camera with 
which it interfaces directly. For this work a Nikon D300 was used. To 
power the LIDAR equipment, a 1000-W generator was employed. It also 
powered a 17-in. high-performance Dell Laptop for storage and driving the 
proprietary scanning software. 



ERDC TR-12-13 48 

A.3 Desktop computing 

The computer platforms used to process the LIDAR, place plants, etc. were 
primarily desktop machines with sufficient memory and graphics capabilities 
for the tasks. They were a mix of Macs and PCs. The specifications are 
described in the following paragraphs.  

The MacPro models were MacPro(2,1) and MacPro(4,1). The processors 
ranged from 2.66-GHz to 3.0-GHz Dual/Quad-Core Intel Xeon setups. 
They had from 4 GB to 32 GB of DDR2/DDR3 RAM running at 667-1066 
MHz. Bus speeds ranged from 1066 MHz to 1.33 GHz. The operating 
systems on these machines were a mix of Mac OS X flavors (specifically, 
10.5.X and 10.6.X).  

The PC model version was the Dell Optiplex 980 Desktop. The processor 
was a 2.93-GHz Intel i7 Quad-Core. It had 4 GB of DDR3 RAM. The bus 
speed was 926 MHz, and the operating system used was Windows XP 
Professional 32-bit with Service Pack 3.  

A.4 Pre-and post-processing software  

The CMB Suite used for the majority of the LIDAR processing and scene 
generation was CMB Suite Version 1.6.1, release date 24 October 2010. 
Follow-up work on the scene used subsequent releases: CMB Suite Version 
1.6.2, release date 16 December 2010; CMB Suite Version 1.6.3, release 
date 22 February 2011; and CMB Suite Version 1.6.4, release date 12 
August 2011. Mesh generation, material assignment, and boundary 
condition assignment were performed using CMB Suite Version 1.6.4, 
release date 12 August 2011. There was an initial alpha release of CMB 
Suite Version 1.7.0 during the same time frame; however, this work 
focused on the 1.6.X series of releases. The CMB Suite contains several 
packages, including PointsBuilder and ModelBuilder (Hines et al., 2009; 
King, 2008; Shewchuk, 1996; Si, 2008). 

Post-processing was performed using ParaView version 3.10.0, released 12 
August 2011 (also from Kitware, Inc., and distributed with the CMB Suite). 
See Henderson (2004). 
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A.5 HPC machines  

The simulations were run on a variety of HPC machines hosted at the U.S. 
Army Engineer Research and Development Center Department of Defense 
Supercomputing Resource Center in Vicksburg, MS. See U.S. Army 
Engineer Research and Development Center Department of Defense 
Supercomputing Resource Center (2012).  

Jade is a Cray XT4 containing 2,146 compute nodes (8,584 compute 
cores). Each compute node contains a 2.1-GHz AMD Opteron 64-bit quad-
core processor and 8 GB of dedicated memory. The nodes are connected to 
one another in a 3-D torus using a Hyper-Transport link to a dedicated 
Cray SeaStar2 communications engine that provides high-bandwidth and 
high-performance interconnects. Jade has 379 TB of Fibre Channel RAID 
disk storage and a peak performance of 72.3 TFLOPS.  

Diamond is an SGI Altix Ice containing 1,920 compute nodes (15,360 
compute cores). Each compute node contains two 2.8-GHz Intel Xeon 
64-bit quad-core Nehalem processors and 24 GB of dedicated memory. 
The nodes are connected to one another in a HyperCube topology DDR 4X 
InfiniBand network. Diamond has 721 TB of InfiniBand RAID disk storage 
and a peak performance of 172.3 TFLOPS.  

Garnet is a Cray XE6. The login and compute nodes are populated with 
AMD Opteron processors. Garnet uses a dedicated Cray Gemini high-
speed network for MPI messages and IO traffic. Garnet has 1264 compute 
nodes that share memory only on the node; memory is not shared across 
the nodes. Each compute node has two 8-core processors (16 cores per 
node) that operate under a Cray Linux Environment (CLE) sharing 32 GB 
of DDR3 memory, with no user-accessible swap space. Garnet is rated at 
194.2 peak TFLOPS and has 737 TB (formatted) of parallel disk storage. 
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A.6 Met station 

Table A1. Met station details 

Property  Instrument  Specification  Notes  

Soil Moisture  Campbell Scientific, 
Model CS-616  

±2%  Measures the return signal from two 
excited 30-cm stainless rods. 
Deviation of the returned signal is 
dependent on the dielectric properties 
of the soil, which determine water 
content. The output is the average of 
1-sec samples collected on the output 
interval of 5min. The units are percent 
of volumetric water content.  

Soil 
Temperature  

Omega Engineering 
Inc. Type T 
Thermocouple 
Junction, PP-T-24-
SLE  

< ±0.1 ◦C  The range is -35 to +100 °C. The 
output is the average of 1-sec samples 
collected on the output interval of 
5min. The units are °C.  

Radiated 
Surface 
Temperatures  

(Radiometer) Apogee 
IRTSP  

±0.2 °C from 15 to 
35 °C, ±0.3 °C from 
5-45 °C, ±0.1 °C 
when sensor body 
and target are same 
temperature  

The wavelength is 6-14 µm. The field 
of view is 3:1. For example, at 3 m 
from the sensor, the target area is a 
1-m-diameter circle. The output is the 
average of 1-sec samples collected on 
the output interval of 5min. The units 
are °C.  

Air 
Temperature  

Vaisala HMP45C  ±0.2 ◦C from -40 to 
+60 ◦C  

The output is the average of 1-sec 
samples collected on the output 
interval of 5min. The units are °C.  

Relative  
Humidity  

Vaisala  
HMP45C  

±2% RH (0-90% RH) 
and ±3% (90-100% 
RH)  

The output is the average of 1-sec 
samples collected on the output 
interval of 5min. The output is percent 
relative humidity.  

Barometric  
Pressure  

Vaisala PTB110, 
BoAA Pressure 
Transmitter  

±6 millibars at -40 to 
+60 °C  

The installation height is 
approximately 0.25 m. The output is 
the average of 1-sec samples 
collected on the output interval of 
5min. The units are millibars.  

Global Solar 
Infrared 
Radiation  

Eppley Laboratory 
Precision Infrared 
Radiometer  

4µV/(W/m-2)  The installation height is ap-
proximately 2.0 m. The light spectrum 
waveband is approximately 3.5-50 µm. 
The output is the average of 1-sec 
samples collected on the output 
interval of 5min. The units are watts 
per square meter (W/m-2).  

Soil Thermal 
Flux  

Hukseflux HFP01 Soil 
Heat Flux Plate  

-40 to +55 ◦C  The sensor is buried at 15 cm. The 
output is the average of 1-sec samples 
collected on the output interval of 
5min. The units are watts per square 
meter (W/m-2).  
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Property  Instrument  Specification  Notes  

Wind Speed  Windsonic 2–D Sonic 
Anemometer  

±2% of reading  The range is 0-60 m/s, which is 
134 mph. The threshold sensitivity is 
0.0 m/s. The output is the mean 
horizontal wind speed over the output 
interval of 5min. The units are meters 
per second.  

Wind 
Direction  

Windsonic 2–D Sonic 
Anemometer  

±3 deg  The output resolution is 1 deg. The 
output is the unit vector of the mean 
wind direction over the output interval 
of 5min. The units are degrees from 
due north.  

Precipitation  Texas Electronics 
TE525 MM  

Up to 10 mm/hr 
(±1%), 10-20 mm/hr 
(+0, -3%), 20-30 
mm/hr (+0, -5%)  

The output is summed over the output 
interval of 5min. The units are 
millimeters.  

GPS 
Information  

Garmin, Inc., 16-HVS 
GPS Receiver  

12-channel GPS 
receiver  

It supports Wide Area Augmentation 
System and differential GPS. It 
supports 1-pulse-per-second timing 
signal. It was used primarily to 
maintain accurate datalogger time.  

Power Supply  Campbell Scientific, 
Inc. CH100 Charging 
Regulator  

 The battery was a Yuasa NP2412 12V 
24Ah gel type. The solar panel was a 
BP Solar Model SX10M.  

Data Storage 
Media  

Silicon Systems 
Compact Flash Card  

1GB would allow 
more than 4 months 
of 5-min intervals.  

The collected data is retrieved from 
the card using the Campbell Scientific 
proprietary software.  

A.7 CTB -ADH soil model  

ADH Version 5.0.4 was used for this work. The original release of V.5.0.0 
was May 2011. The tagged release of patch 4 corresponded to Revision 
9037 in the SVN repository at http://adh.usace.army.mil/svn/adh/ on the fawkes 
main directory, which had broken from the original ADH trunk in August 
2010 at Revision 7483. 
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Appendix B: Material Property Definitions  

The following is a quick list of the material properties that are needed by 
the ground model (ADH) during a simulation. The ADH tag is listed in 
capital letters, immediately after the name, in the order they appear in the 
tables. Units are listed, where applicable; otherwise it is unitless.  

Porosity-POR: The pore (or void) space within a material. Typical values are 
0 ≤ POR < 1. If POR = 0, the material is a solid. A value must be specified.  

Quartz Fraction-QTZ: The volume fraction of quartz within a material. 
Used to calculate the dry thermal conductivity of a material in the absence 
of a specified TKS. A value must be specified, even if TKS is specified.  

Fraction Sand and Gravel-FSG: The mass fraction of a material that does 
not pass through a number 200 sieve (0.75 mm). For GEOTACS, this was 
performed at ERDC. The default value is 0.30 if omitted.  

Saturated Hydraulic Conductivity-K (m/hr): The rate at which water flows 
through a porous medium. This is the saturated value. The relative 
permeability will be determined using the van Genuchten curve (VGA/ 
VGN). It is listed as a symmetric tensor, and generally the off-diagonal 
entries (the last three out of six values) are zeros. A value must be specified.  

Specific Storage-SS: The compressibility of the solid. A value must be 
specified.  

Residual Saturation-RSD: Starting from a saturated state, this is the 
percentage of pore space occupied by water after gravity drainage. A value 
must be specified. 

van Genuchten α-VGA (1/m): The van Genuchten parameter related to the 
inverse of the air entry suction (van Genuchten, 1980). A value must be 
specified.  

van Genuchten N-VGN: The van Genuchten parameter related to the 
measure of pore-size distribution (van Genuchten, 1980). A value must be 
specified.  
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Specific Heat of Solid-SHS (W-hr/g-K): The amount of energy required to 
raise 1 g of the material by 1 K. This assumes a solid material. A value must 
be specified.  

Specific Gravity of Solid SGS (g/cm3): The specific gravity of the solid, that 
is the density. This assumes that the solid is nonporous. Typically, soils 
have SGS values of 2.65-2.75. A value must be specified.  

Dry Thermal Conductivity-TKD (W/m-K): A measure of the ability of a 
material to conduct heat. This is the value for a completely unsaturated 
material. For solid materials it is the only value used. For porous media, it 
is used in conjunction with TKS. If a value is not specified, then it will be 
calculated at runtime (see TMT).  

Saturated Thermal Conductivity-TKS (W/m-K): A measure of the ability of 
a material to conduct heat. This is the value for a completely saturated 
material. For porous media, it is used in conjunction with TKD. If a value 
is not specified, then it will be calculated at runtime (see TMT).  

Thermal Mixture Model-TMT: The thermal mixture model to use for 
calculating the thermal conductivity of a material at run time. The default 
is 0, which corresponds to the mixture model of Lu et al. (2006). A value 
of 1 will use only the TKD value times the anisotropy tensor. A value of 3 
will use the mixture model of Johansen (1975). Normally, the default is 
used and this entry is omitted.  

Shortwave Albedo (soil-only)-ALB: The bulk shortwave albedo for the 
material. This roughly corresponds to the amount of incoming shortwave 
energy that is reflected by its surface. It corresponds approximately to the 
reflectance values for bands 1-4. It is used only during a met-only run, 
otherwise the band-specific reflectance and emittance values are used. The 
angle of the sun hitting a surface facet will also influence the amount of 
inbound SW energy absorbed. The solar zenith and azimuth values from 
the met file are used, along with the surface facets, to determine the angle 
of the inbound direct radiation. A typical value would be 0.35. A value 
must be specified (Eslinger et al., Forthcoming). 

Longwave Emissivity (soil-only)-EMS: The bulk longwave emissivity for the 
material. This corresponds roughly to the amount of incoming long wave 
energy absorbed (and also emitted) by the surface. This is approximately the 
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emittance value for band 6. It is used only during a met-only run; otherwise 
the band-specific reflectance and emittance values are used. A typical value 
is 0.95. A value must be specified (Eslinger et al., Forthcoming). 
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