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Detection of Bedrock Topography 
Beneath a Thin Cover of Alluvium 
Using Thermal Remote Sensing 
Thermal modeling of the annual heating cycle within a granitic 
bedrock substrate veneered with a thin cover of alluvium indicates 
that, under desert climatic conditions, thermal remote sensing may 
detect some topographic features on the bedrock surface through the 
obscuring cover of alluvium. 

T HE FEASIBILITY of using thermal remote sensing 
for indirectly observing topographic relief on a 

granitic bedrock surface beneath a thin (less than 2 
m thick) veneer of loose alluvium in desert regions 
is examined. This remote sensing technique would 
provide a means for locating abandoned channels or 
faults on the surface of buried pediment surfaces 
(sometimes termed sub-alluvial benches) which 
could be of use in the study of groundwater circu- 
lation and for delineating seismically active areas 

changes over topographic features on the bedrock 
and may result in the development of a detectable 
surface temperature contrast across the feature. By 
way of introduction to this thermal detection tech- 
nique, the case of simple cyclical heating is con- 
sidered (the diurnal and annual heating of the 
ground surface are both crudely cyclical). If surface 
temperature To, over a given heating cycle of pe- 
riod, P, is assumed a simple harmonic function of 
time, t ,  then 

ABSTRACT: Modeling of the annual heat flow within a thin alluvium veneer on a 
granitic bedrock substrate in desert environments, such as found in the south- 
western United States, predicts that at certain times of the year the depth to 
bedrock has a measurable effect on the surface temperature if the alluvium cover 
is less than 2 m thick. Changes in the thickness of the alluvial cover caused by 
bedrock topography will produce contrasts in the surface temperature. If temper- 
ature contrasts as small as 0.1" C can be resolved, a linear topographic feature 
having several metres of relief buried by 1.5 m of alluvium may be visible in thermal 
imagery acquired during Januay or August in the southwestern U.S. under op- 
timal conditions. Thermal remote sensing may provide a means for delineating 
some buried faults, fluvial channels, and other features of interest on buried, 
granitic pediment surfaces. 

where there may be little or no surface manifesta- 
tion of faulting (as in the Basin and Range province 
where alluvium masks or completely buries many 
pediment surfaces broken by range-front faulting). 

The depth to an underlying granitic substrate be- 
neath a thin veneer of alluvium will have a measur- 
able effect on the surface temperature. This depth 

* NASA-National Research Council Resident Research 
Associate at the Jet Propulsion Laboratory, 1981-1984 (on 
leave from the Department of Geology, University of Cin- 
cinnati, Cincinnati, OH 45221). 

PH~TOGRA\IMETRIC: ENGINEERING A N D  REMOTE SENSING, 
Vol. 51, No. 1, January 1985, pp. 77-88. 

where To is the mean surface temperature during 
the cycle and + is its phase. The amplitude of the 
resulting surface temperature cycle, A,, will be in- 
versely proportional to the thermal inertia, I, of the 
surface material ( I  = VIE where K is conductivity 
and C the volumetric heat capacity). When a high 
inertia material such as granitic bedrock (1 = 5.6 x 

cal s-lk OK-' ) is overlain by a low inertia 
material such as gravel alluvium ( I  = 2.5 x 
cal cm-2 s-lh OK-l) (Kahle, 1980), the resulting 
value of A,, is a progressive, non-linear function of 
the thickness of the veneering low inertia material 
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(Van Wijk and Derksen, 1963). With a thin veneer 
(a few cm) of alluvium, A, is strongly influenced by 
the granite ifP is one day or longer. With increasing 
depth of burial, the granite exerts less influence 
until, at some threshold of burial, it has no measur- 
able effect on the surface temperature of the over- 
lying alluvium, and A. for the alluvium veneered 
granite is identical to that of alluvium alone. The 
amplitude (A,) of the subsurface temperature cycle 
at a depth z decreases rapidly with depth such that 

where D is the thermal skin depth or damping depth 
(D = m) (Van Wijk and De Vries, 1963). At 
a depth of several skin depths,A, is negligible and 
the temperature remains at To. Features located 
below this depth will have little or no effect on the 
overlying surface temperature. Because P is 365 
times larger for the annual than the diurnal cycle, 
buried features will be detectable at m 5  or 19.1 
times greater depths when considered over the an- 
nual rather than diurnal cycle if the amplitude of 
the heating cycle and the thermal properties of the 
materials are kept constant. Although reference will 
be made to the "diurnal and annual ground tem- 
perature cycle," the treatment above is too simpli- 
fied; thus, harmonic heating is not assumed in the 
model used in this study. 

Climatic conditions identical to those in Las 
Vegas, Nevada during 1978 are used with a realistic, 
finite differences model of heat flow (modified from 
Kahle, 1977) to investigate the magnitude of the 
surface temperature contrast that develops across an 
alluvium buried depression in granitic bedrock 
(Figure 1) and the influence depth of burial and 
season have on this contrast. 

The influence that masked or buried objects and 
materials have on the thermal regime within the 
overlying, obscuring material has been investigated 
by geologists, ground water hydrologists, agrono- 
mists, and planetologists. Heat flow within an al- 
luvium cover over granitic bedrock is similar, in sev- 

FIG. 1. Cross section through a linear depression on the 
surface of a granitic pediment buried by a thin (i.e., zp < 
1.5 m) cover of alluvium. A contrast will develop between 
the surface temperature over the depression, Td, and the 
surrounding pediment surface, T,, that may be detectable 
in thermal imagery. 

era1 respects, to several other systems such as dry 
soil over a shallow aquifer, or lichens on rocks, or 
tilled soil over untilled soil. Heat flow in all of these 
analogous systems and others has been investigated 
by model and field studies. 

Van Wijk and Derksen (1963) use a two-layer soil 
model to examine the effect of tilling (which pro- 
duces a loose, low inertia surface layer) on the 
diurnal and annual surface temperature cycle. 
Watson (1973) uses an analytical approach to model 
the diurnal heat flow within lichens ( I  = 4 x 
cal s-'h O K - ' )  or dry sand (I = 1.5 x cal 

s-'k OK-') over rock. He finds a 10-cm cov- 
ering of either lichen or sand is sufficient to mask 
completely the thermal effects of the underlying 
rock when considered over a diurnal heating and 
cooling cycle. Bryne and Davis (1980) report that a 
10-cm thick layer of dry peat or dry grass over dry 
soil (having a higher thermal inertia) yields surface 
temperatures during the diurnal heating cycle sim- 
ilar to an infinite thickness of the overlying material 
alone. They further find that, when the thickness of 
the overlying low thermal inertia layer is less than 
10 cm, there is a positive phase shift of the surface 
temperature cycle of the layered system relative to 
the surface temperature cycle that would develop 
on the high inertia material alone. On the basis of 
his thermal modeling, Pratt (1980) reports a 6-cm 
thickness of dry sand is sufficient to obscure com- 
pletely the presence of an underlying layer when 
considered over the diurnal temperature cycle. 

Modeling or field studies of the thermal regime 
above an aquifer are reported by Cartwright (1968), 
Birman (1969), Moore and Myers (1972), Myers and 
Moore (1972), Rosema (1976), Huntley (1978), Tun- 
heim et al. (1981), and Heilman and Moore (1981a 
and 1981b). Saturated soil has an inertia close to that 
of many rocks (I = 4 x cal cm2 s-% OK-'), and 
buried, shallow aquifers have been modeled as 
simply a high thermal inertia layer beneath a low 
inertia layer (e.g., Tunheim et al.,  1981). Myers and 
Moore (1972) report detecting the presence of a 
water table at a depth of from 1.5 to 4.5 m using 
thermal infrared imagery of a flood plain in South 
Dakota. On the basis of theory and observation, 
they suggest that the optimal time for detecting 
shallow ground water is late August or early Sep- 
tember when the temperature contrast between the 
surface and the ground water is the greatest. How- 
ever, Huntley (1978) questions what is actually 
causing the reported thermal anomalies above 
shallow aquifers and suggests that such anomalies 
probably are due to higher surface moisture con- 
tents and thus larger latent heat fluxes above the 
aquifer resulting from capillary action. 

A one-dimensional heat flow model is used with 
an extensive meteorological data base to contrast the 
surface temperature above a wide but sharp linear 
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depression on the surface of an alluvium-masked, 
granitic pediment surface, Td, with the surface tem- 
perature above the surrounding pediment, T, 
(Figure 1). The pediment and the bottom of the 
depression are located at depths of zp and zd, re- 
spectively, beneath the overlying alluvium. Cooke 
and Warren (1973) provide a comprehensive diicus- 
sion of the morphology, distribution, and origin of 
pediments. Linear depressions may be formed in 
the otherwise remarkably flat surfaces of pediments 
by faulting, differential weathering and erosion 
along joints, faults, and dikes, or by fluvial channel 
incision. 

The model uses a finite differences approach in 
preference to an analytical approach. Although the 
finite differences technique is considerably more 
cumbersome, it readily enables the use of non-cy- 
clical, rapidly varying heat fluxes. Few, if any, of 
the annual heat fluxes in the following discussion 
can be adequately described as a single, simple pe- 
riodic function of time (as assumed in Equation l). 

To model the soil temperature regime, the 
thermal diffusion equation must be solved with 
complex, constantly changing, upper boundary con- 
ditions. The upper boundary-the ground sur- 
face-is heated or cooled by the insolation flux, H,; 
the latent heat flux, HI ,  resulting from evaporation 
or condensation of water; the flux conducted into or 
out of the ground, H$ the flux absorbed from long 
wave radiation from the atmosphere, Hd; the flux 
from long wave radiation from the surface, H,; and 
the sensible heat flux between the air and the 
ground, Ha. Any modeling of the ground surface 
temperature must satisfy the conversation of energy 
or 

Fluxes are considered positive when directed to- 
wards the ground surface (directed upward from 
below the surface or downward from above the sur- 
face). 

With the exception of H,, all of the fluxes are 
simulated with empirical expressions described by 
Kahle (1977). Only a very brief treatment of these 
expressions is given here. 

LATENT HEAT FLUX, H I  
The latent heat flux is difficult to assess. Although 

several models use empirical expressions for HI ,  in- 
cluding those described by Rosema (1975, 1976), 
Kahle (1977), Njoku et al. (1980), and Kahle et al. 
(1981), as in many other published thermal models, 
including Watson (1973), Pratt (1980), and Tunheim 
et al. (1981), it is assumed to be negligible in this 
study. HI can be quite significant, as indicated in 
several studies including Sasamori (1970), Rosema 
(1976), and Kahle et al. (1981). Thus, the results of 
the model study are only valid for extreme desert 
regions where the latent heat flux is quite low. The 
impact of the latent heat flux on the detectability of 

OF BEDROCK TOPOGRAPHY 

buried faults is discussed in a subsequent section of 
this report. 

INSOLATION HEAT FLUX, H ,  
The heat flux resulting from solar insolation is 

simulated with an equation discussed by Kahle 
(1977) (her Equation 3). The zenith and azimuth 
angles of the sun are continuously changed over the 
diurnal and annual cycle. No provision is made for 
simulating cloud cover or other changes in the short 
wave transmissivity of the atmosphere, which again 
limits the applicability of the model to desert re- 
gions such as those of the southwestern U. S., which 
are relatively unclouded. The significance of cloud 
cover in affecting the detectability of buried faults 
is assessed later. Although the model can simulate 
insolation on an inclined surface, a horizontal sur- 
face was assumed in this study. 

DOWNWARD LONG-WAVE, ATMOSPHERIC, RADIATIVE HEAT 

FLUX, Hd 
Idso and Jackson (1969) propose an empirical 

equation relating air temperature, To, (in OK) at 
screen height to atmospheric radiation (assumed 
here to be entirely absorbed). 

Hd = a T: (1 - 0.261 exp [ - 7.77 x 
(273 - Ta)21) (4) 

where a is the Stefan-Boltzman constant. 

UPWARD LONG-WAVE RADIATIVE HEAT FLUX FROM THE 

GROUND SURFACE, HU 
It will be assumed that the ground surface is a 

perfect emitter of long-wave radiation; therefore, 

H ,  = - UG (5) 

where T, is the surface temperature (in OK). 
Although the ground surface does not actually have 
an emittance of 1, it is quite high (generally greater 
than 0.9 for non-vegetated surfaces). As Watson 
(1981) notes, T, will decrease while H ,  increases 
with increasing emissivity, and, because these two 
effects work against each other, the net effect of 
emissivity variation is reduced. 

SENSIBLE HEAT FLUX, H ,  
The sensible heat flux is calculated from a simple 

empirical relationship between the air and ground 
temperatures (T,, and T , respectively) and wind 
speed, W, presented by kahle (1977); i.e., 

H,  = C ,  C d  W (T, - T,) (6) 

where C ,  is the volumetric specific heat of air and 
Cd is a site specific drag coefficient. A constant of 2 
m/s is added to the observed wind speed to account 
for gustiness. This method for calculating H,, 
termed the "bulk aerodynamic" method by Kahle 
et al. (1981), is not as accurate as calculations em- 
ploying the vertical profile of wind velocity and air 



temperature. Schieldge (1978) and Watson (1980) If the boundary between the alluvium and granite 
propose techniques for modifying the  profile occurs at a single profile point, b, Equation 8 be- 
method to use only one measurement of wind ve- comes 
locity and air temperature at a single height. How- 
ever, Kahle et al. (1981) compare values of H, using T 6 ~ + 1  = T 6 ~  

the bulk aerodynamic method with values using the + V'ii (Tb+l,J - TbJ) - * (T,,, - T,,-1,) 
profile method and find the overall correlation is 
good. % + gq 

(13) 
FLUX INTO AND OUT OF THE GROUND, H g  

~h~ flux of heat conducted towards or away froln where kg and k, are the thermal diffusivities for the 
the ground surface is proportional to the soil tern- granite and alluvium stratum, respectively. I t  
perature gradient at the surface, should be noted that Equation 13 is only appro- 

priate if Az is calculated according to Equation 11 
aT 

H z =  K -  '7) for each stratum. 
az= =" The lower boundary of the temperature profile is 

assumed to be closed (reflective). Thus. if the Dro- 
file consists of N profile points, to calculate TxJ+l where a is depth measured down from the ground using Equation 12, surface. 

HEAT FLOW WITHIN THE GROUND 

The flow of heat into and out of the ground will 
cause a constant change in temperature at a given 
point in the subsurface temperature profile. The 
temporal change in temperature is a function of the 
divergence of the heat flux, or 

where k is thermal diffusivity (k = KIC). Because k 
is assumed constant within the alluvium and within 
the granite, Equation 8 becomes 

A geothermal heat flux, H,, at the lower end of the 
ground temperature profile may be modeled by 

The inclusion in the model of a geothermal heat flux 
typical of the  southwestern U.S. (H, = 1 - 2 
x cal s- '  is found to have little ef- 
fect on the predicted surface temperature contrast. 

Values used for the thermal properties of alluvium 
and granite are listed in Table 1. Hourly wind speed 
(Figure 2) and air temperatures (Figure 3), collected 

TABLE 1 .  THERMAL PROPERTIES OF ALLLI\,ILIS~ AKD 
within each stratum. GRANITE USED IN THE: &MODEI. 

In the finite difference solution to Equations 8 
and 9, the subsurface temperature profile is repre- Parameter Alluvium Granite 
sented with an array of points a fixed vertical dis- 
tance, Az,  apart. Time is incremented in equal steps Volumetric Heat Capacity 0.432 0.416 
of At duration. Ti, is the temperature at the ith pro- Ca~C1n-3 OK- '  

file and jth time increment. Solution of Equation 9 Thermal Conductivity 
yields 

1.4 x 1 0 - ~  7 .5  x 1 0 - ~  
Cal cm-' OK-' s-1 

kAt K 
TI ,+, = TI + - (T,,,, - 2T,, + T,- ,,). (10) Thermal Dlffu~tvit~ 

Az2 
3.24 x lo-? 1.80 x 

cm2/s 
k = KIC 

In order to reduce computation time, Az is allowed T h ~ ~ ~ ! ~ ~ ~ ~  2.46 x 5.58 x 
to "float" to its maximum stable value for a given I = fi 
value of At; i.e., Diurnal Skin Depth 9.44 22.3 

Az = V'ZE (11) rd: = d ~ ( 8 6 , 4 0 0 ) / ( ~ n )  
(Az  will thus be different for the alluvium and the Annual Skin Depth 180.4 425.4 
granite). Substituting Equation 11 and 10 yields cm 

(12) 
D, = t/r<(31,536,000)/(~.rr) 

T,,j+l = TI, + f (TI+,, - 2T,, + T,-1,). 
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FIG. 2. Daily maximum (upper curve), minimum (lower curve), and mean (middle curve) 
of hourly air temperature measured at the Las Vegas, Nevada airport during 1978. 

by the National Weather Service at Las Vegas, Ne- 
vada for 1978, are used to calculate Hd and H ,  
(Equations 4 and 6, respectively). A value of 1800 s 
is used for At, yielding values of 3.42 cm and 8.06 
cm for Az in the alluvium and granite, respectively. 
An 18-m temperature profile is considered (the re- 
sults of the model are very little affected by in- 
creasing the profile depth beyond 18 m). It is as- 

sumed that the short wave length albedo used in 
the calculation of H,  is 44 percent (Kahle, 1977). 

To investigate the influence of buried granitic 
bedrock on surface temperature, the hourly surface 
temperatures calculated by the model are con- 
trasted (differenced) with a "control" case of an 18- 
m thickness of alluvium alone (Figure 4). The sur- 
face temperature of granite veneered with 20 cm of 
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9 

TIME [ 7 / 1 / 1 9 7 8  - 1 2 / 3 1 / 1 9 7 8 ]  

FIG. 3. Hourly wind speed measured at the Las Vegas, Nevada airport during 1978. 
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FIG. 4. Daily maximum (upper curve), minimum (lower curve), and mean (middle curve) 
of hourly ground surface temperature for the alluvium control. 

alluvium contrasts strongly with that of the alluvium With increasing depth of burial of the bedrock, 
control (Figure 5). The temperature contrast shows the temperature contrast decreases rapidly and be- 
up clearly over the diurnal cycle. The low frequency comes progressively less obvious over the diurnal 
changes in the contrast result from slow weather heating cycle until it can only be seen over the an- 
changes (Figure 2). nual cycle. At a bedrock burial depth of 1 m, broad 
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FIG. 5. Hourly surface temperature difference between granite veneered with 20 cm of 
alluvium and alluvium control (i.e., temperature of veneered granite minus temperature 
of alluvium alone). The highest frequency changes in contrast occur over the diurnal 
temperature cycle. The intermediate frequency changes result from wind speed and 
temperature changes due to passing storms. The lowest frequency contrast change results 
from the annual temperature cycle. 
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(i. e., forty day wide) maxima in the surface temper- 
ature contrast peak in mid-January and mid-August 
(Figure 6). During these maxima, high frequency 
variations in wind speed result in rapid changes in 
contrast as large 50 percent. The mid-August con- 
trast maximum occurs during a sharp lull in wind 
speed. These rapid changes in contrast make the 
optimal time for thermal imagery acquisition diffi- 
cult to predict. 

The maximum values of the temperature contrast 
predicted for burial depths of the granite from 10 
cm to 2 m are shown in Figure 7. With increasing 
depth of burial, the dates at which the contrast 
maxima occur are delayed (Table 2). The exact time 
and date at which a maximum occurs for a given 
burial depth is determined by high frequency 
weather changes and will therefore differ slightly 
from year to year (the time and dates in Table 2 are 
derived using 1978 weather data from Las Vegas, 
Nevada). 

Although the near surface portion of the temper- 
ature profile (depths less than 20 cm) is nearly iden- 
tical for granite veneered with 1 m of alluvium and 
for the alluvium control over the diurnal cycle 
(Figure 8), their temperature profiles at greater 
depths are substantially different. The presence of 
buried granite can be detected at deeper depths of 
burial by using shallow (-2 m) thermistor probes 
rather than by using surface temperature measure- 
ments. Cartwright (1968) and Birman (1969) use 

such probes to detect the difference in soil temper- 
ature above shallow aquifers. The similarities in the 
temperature profiles of granite veneered with 1 m 
of alluvium and of the alluvium control are greatest 
in May and November and least in January and Au- 
gust (Figure 9). 

Although it is difficult to determine precisely 
what impact the simplifying assumptions have on 
the results of the model, some educated guesses 
may be made. The detectability of buried granite 
increases if the  contrast between summer and 
winter ground surface temperatures increases. Most 
of the siinpllfying assumptions made in the model 
will either increase or decrease this contrast, 
thereby increasing or decreasing the predicted de- 
tectability of faulted bedrock. 

CLOUD COVER 

Cloud cover decreases the amount of insolation 
energy reaching the surface while decreasing the 
effective amount of energy radiated from the surface 
(increases Tsb). Geiger (1959) reports the results of 
a field study of the complex effects of cloudiness on 
the near surface air temperature. For a summer day, 
his study finds that, although the amplitude of the 
diurnal temperature cycle is reduced by several de- 
grees, the average temperature is little affected by 
cloud cover. However, for a winter day, the average 

FEBRURRV IIRRCH 

TIME [ 1 / 1 / 1 9 7 8  - 6 / 3 0 / 1 9 7 8 1  

ul TIME ( 7 / 1 / 1 9 7 8  - 1 2 / 3 1 / 1 9 7 8 ]  

FIG. 6. Hourly surface temperature diEerence between granite veneered with 1 m of 
alluvium and alluvium control (temperature of veneered granite minus temperature of 
alluvium alone). The contrast changes slowly over the annual cycle, producing broad 
maxima in mid-January and mid-August. The high frequency changes in contrast result 
from rapid changes in wind speed. The contrast maximum*f 15 August corresponds to 
a sharp lull in wind speed (Figure 3). 
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FIG. 7. Maximum yearly positive and negative temper- 
ature differences between alluvium veneered granite and 
alluvium control (temperature of veneered granite minus 
temperature of alluvium control) as a function of the thick- 
ness of the alluvium cover. 

temperature is increased by several degrees and the 
amplitude of the diurnal temperature cycle is re- 
duced by cloudiness. If the effect of cloud cover on 
the surface temperature is similar to the effects on 
the near surface air temperature, it would reduce 
the amplitude of the annual ground temperature 
cycle by increasing the temperature during the 
winter while leaving the summer temperature un- 
affected. It is likely that inclusion of the effects of 
cloudiness into the model would reduce the pre- 
dicted detectability of faulted bedrock. Thus, the 
predicted detectability is only valid in relatively 
cloud free, desert areas. 

LATENT HEAT FLUX 

Warming and cooling by condensation and evap- 
oration of water will decrease the amplitude of the 
diurnal ground surface temperature cycle. On the 
basis of his modeling study, Rosema (1976) finds that 
the inclusion of the latent heat flux reduces the am- 
plitude of the diurnal surface temperature cycle by 
as much as 50 percent on a saturated soil with a 
constant 10 m/s wind velocity. Although he does not 
examine the impact of the latent heat flux on the 
amplitude of the annual surface temperature cycle, 
it is reasonable to assume it is also reduced. It is, 
thus, likely that the inclusion of the latent heat flux 
in the model would reduce the detectability of the 
buried bedrock in a humid climate. However, Veh- 
rencamp (1953) concludes from a field study of a dry 
playa surface in the Mojave Desert that the latent 
heat flux is insignificant during the period of obser- 
vation. Because much of the Basin and Range region 
is quite arid (less than 10-cm rainfall per year), it is 

probable that the latent heat flux would not signif- 
icantly decrease the predicted detectability of 
buried bedrock. 

RAINFALL 

Moore and Myers (1972) observe that the specific 
heat of water is roughly five times that of soil ma- 
terial and that the downward percolation of rain- 
water will drastically alter the soil temperature pro- 
file. It is likely that a significant rainfall would ob- 
scure the contrast between Td and T, (Figure 1) by 
establishing nearly identical temperature profiles 
within the upper surface of the alluvium. A sub- 
stantial rainfall less than several weeks before the 
acquisition of the imagery would drastically de- 
crease the detectability of bedrock topography. 
Rainfall in deserts is generally more frequent in the 
winter than summer; it is thus more likely that in- 
terference from a recent rain storm could be 
avoided by flying imagery during the summer 
rather than during the winter temperature contrast 
maximum. 

GROUNDWATER 

No provisions are made in the model for the in- 
fluence of groundwater. The potential effects of 
groundwater on the detectability of bedrock topog- 
raphy are quite complex. If the groundwater surface 
is parallel to the ground surface and above the bed- 
rock topography, it would reduce the detectability 
of the topography, decreasing the contrast between 
the thermal inertias of the alluvium and the bedrock 
and, if sufficiently shallow, increasing the evapora- 
tive latent heat flux. Moving groundwater could 
have the effect of maintaining a constant subsurface 
heat flux, thus also reducing the detectability of 
bedrock topography. However, if the bedrock to- 
pography alters the configuration of the ground- 
water table or of the groundwater flow (as it fre- 
quently does), it is probable that this perturbation 
would influence the surface temperature and pos- 
sibly the vegetation pattern. 

This study suggests that, under ideal circum- 
stances, topographic features on granitic bedrock 
buried by gravel alluvium in hot arid climates may 
be detected by the surface temperature contrast 
that develops above the feature. Under such con- 
ditions, a thermal imaging system able to resolves 
temperature differences of *lo C would be suffi- 
cient to detect a linear feature with several metres 
of relief (zd - z,) veneered with up to 13 cm of 
alluvium (z,) (Figure 1). A more sensitive detector 
able to resolve temperature contrasts of k0.5" C 
could detect the same feature buried with up to 30 
cm of alluvium. A detector with a capacity to resolve 
temperature differences of -to. lo C would be able 
to delineate the feature when buried with more than 
1 m of alluvium. 



TABLE 2. MAGNITUDE, TIME, A h D  DATE O F  MAXIMUM POSITIVE A h D  NEGATIVE TEMPERATURE CO~TRAST BETWEEN GRANITE V E ~ E E R E D  WITH VARIOUS 
THICKNESSES OF ALLUVIUM A ~ D  AN ALLUVIUM CORTROL 

Maximum Negat~ve Contrast Maximum Positive Contrast 

Depth to T\'eneered Granite 

Granite - TAII?;~ contm1 
(cm) . Time* Date 

T\'eneered Grantte - 
T~lluriunx ConIra1 

e c )  Time* Date 

10.25 1.78 19:OO 618 1.53 7:OO 11/25 
13.66 1.03 19:OO 618 1.14 11:OO 1219 
20.49 0.66 17:OO 7/22 0.80 18:OO 1219 
23.91 0.56 5:OO 7/22 0.69 18:OO 1219 
30.74 0.45 5:OO 7/22 0.52 18:OO 1219 
40.99 0.38 8:OO 8/12 0.41 23:OO 12/12 
51.23 0.33 8:OO 8/12 0.31 23:OO 12/12 
61.48 0.29 8:OO 8/12 0.24 8:OO 12/17 
68.31 0.27 8:OO 8/12 0.22 3:OO 114 
78.56 0.24 8:OO 8/12 0.18 7:OO 1/11 
88.81 0.20 8:OO 8/12 0.15 7:OO 111 1 
99.05 0.18 8:OO 8/12 0.13 7:OO 1/11 

109.30 0.16 8:OO 8/12 0.11 7:OO 1/11 
119.55 0.13 8:OO 8/12 0.08 7:OO 111 1 
129.79 0.11 2:OO 9/12 0.07 8:OO 311 
140.04 0.10 2:OO 9/12 0.06 8:OO 311 
150.28 0.09 2:OO 9/12 0.04 8:OO 31 1 
201.52 0.06 4:OO 10122 0.02 23:OO 419 

Based on hourly wind speed and air temperature data from Las Vegas, Nevada collected during 1978. 
* Local time (PST) 
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THERMAL REMOTE SENSING OF BEDROCK TOPOGRAPHY 

The detectability of bedrock topography increases 
as the thermal inertia of the bedrock increases. Sev- 
eral rock types have thermal inertias higher than 
granite including dolomite (I = 7.5 x lop2 s-lh 
OK-') and basic and ultrabasic rock types (I = 5.5 
- 8.4 x cal s-lh OK-') (Kahle, 1980). 
Buried topography on these bedrock types could be 
detected at depths greater than detectable for gran- 
itic bedrock. 

Several factors will either degrade the sharpness 
of the surface temperature contrast across buried 
bedrock topography or otherwise decrease its de- 
tectability in thermal imagery. Lateral flow of heat 
in the alluvium will cause the temperature contrast 
to be reduced and spread over a zone wider than 
the width of the bedrock feature. Areal inhomoge- 
neities in the alluvium veneer, including differences 
in the thermal properties and albedos of individual 
rock clasts and in plant cover such as creosote 
bushes, introduce "noise" to remotely measured 
surface temperatures having an amplitude larger 
than the temperature contrast across the bedrock 
feature. Much of this noise will be eliminated by 
using a scanner with an instantaneous field of view 
(IFOV) larger than the spatial frequency of the areal 
inhomogeneities. Because the spatial frequency of 
some of the inhomogeneities is quite large, a 
scanner with a large IFOV (perhaps 10- to 20-m wide) 
and a high temperature resolution will be best 
suited for detecting large linear features such as 
faults and channels. Creosote bushes will also influ- 
ence the energy balance at the ground surface by 
shading it from the sun and sheltering it from the 
wind. Fortunately, these bushes often are uniformly 
and sparsely distributed in very arid regions. 

Although lateral heat flow and areal inhomoge- 
neities make buried bedrock topography more dif- 
ficult to detect in thermal imagery, features such as 
faults, joints, and channels frequently are remark- 
ably linear; thus, the diffuse surface temperature 
contrast above the feature will also be quite linear. 
Linear features are relatively easy to find in im- 
agery; enhancement and filtering of digital imagery 
make them even more detectable. 

Latent heat flux and the influence of clouds are 
not considered in this study, thus limiting the ap- 
plicability of the results to relatively cloud-free, hot, 
sparsely vegetated deserts. Despite this limitation, 
such deserts are fairly extensive throughout the 
world. Range-front faults in the arid areas of the 
southwest U.S. should be particularly amenable to 
detection by the technique described here. The op- 
timal times of year for detecting thermal contrasts 
over faults in granitic bedrock buried with over 50 
cm of alluvium are mid-January and mid-August, 
but the surface temperature contrast is not signifi- 
cantly reduced during the preceding or following 20 
days. High frequency changes in the wind velocity 
result in rapid and large (50 percent) changes in the 
surface temperature contrast. Although the model 

results indicate that the maximum temperature con- 
trasts often occur during the early and late daylight 
periods, it may be more practical to acquire night- 
time imagery when linear features resulting from 
cloud trials and differences in albedo are at a min- 
imum. The thermal image should be collected in 
digital form so that it may be subsequently en- 
hanced for detecting linear features. 

The predictions made in this study have been 
tested and confirmed in a field investigation of a 
faulted pediment surface in the Mojave desert, Cal- 
ifornia. The results of that study will be presented 
in a forthcoming article. Blom et al. (1984) have 
recently demonstrated the ability of radar to detect 
shallow subsurface features in another, nearby area 
in the Mojave desert. A comparison of the relative 
detecting abilities of thermal and radar remote 
sensing is planned. 

This work was done while the author was a NASA- 
National Research Council resident research asso- 
ciate at the Jet Propulsion Laboratory, California 
Institute of Technology, under the supervision of 
Dr. Anne B. Kahle. Dr. Kahle is thanked for her 
guidance and for sharing her thermal modeling ex- 
pertise. The author gratefully acknowledges the 
many suggestions and contributions of Drs. Anne 
B. Kahle and Frank D. Palluconi. The research de- 
scribed in this paper was carried out by the Jet Pro- 
pulsion Laboratory, California Institute of Tech- 
nology, under contract with the National Aeronau- 
tics and Space Administration. 
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Special Invitation 

The Engineering A$plications Committee of the ASP Remote Sensing Applications Division wish to 
hold a special session on Remote Sensing Solutions to Engineering Problems in New Frontier Areas at the 
1986 Fall Technical Meeting in Anchorage, Alaska. The committee welcomes early proposals for papers 
on this topic. 

For further information please contact 

Mr. Geoff Tomlins 
B. C. Research Council 
3650 Westbrook Mall 
Vancouver, B.C. V6S 2L2, Canada 
Tele. (604) 224-4331 


