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ABSTRACT 

The thermal properties and the temperature of selected Arizona 

soils were analyzed. The thermal conductivity of Supersition sand, 

Gila loam and Agua sandy loam was measured at various moisture contents 

with a probe. Thermal diffusivity was calculated using an estimate 

for the volumetric heat capacity of the soils. These values compare 

favorably with those reported in the literature. 

Soil temperature data are presented from five sites in Arizona. 

The sites are located at the University of Arizona experimental 

farms in Safford, Tempe, Yuma, Tucson and Marana. The data provide 

a general description of soil temperature in Southern Arizona. 

ix 



CHAPTER 1 

INTRODUCTION 

Soil temperature and the thermal properties of soils are 

of interest for several reasons. Agriculturally, seed germination 

and seedling growth are dependent upon soil temperature. These are 

both related, in part, to the effect that soil temperature has on 

the chemical reactions taking place in the soil. Soil temperature 

is a major factor influencing the rate of evaporation of water, vapor 

transport, and heat movement in the soil. 

Knowledge of soil thermal properties can be applied to the 

problems of heat exchange with any body in contact with the soil. 

For example, architects may be interested in estimating the influence 

of the thermal properties of soil on the temperature of buildings. 

Also, engineers might want to know the heat transfer rate from a 

buried wire or any other type of heat exchanger using the soil as 

a heating or cooling medium. This study is intended to provide some 

of the information necessary to provide answers to questions concerning 

heat transfer and soil temperatures in Arizona. 

This document is divided into three sections: a literature 

review providing a summary of work done in the subject area of this 

research, the results of experiments with a probe used to measure 

soil thermal conductivity, and an analysis of soil temperature data 

that has been collected at five Arizona locations. The literature 

1 



review contains a discussion of the basic principles of heat transfer 

in soils and discusses previous research that pertains to the two 

following sections. The probe section discusses both laboratory 

and in 3itu thermal conductivity measurements and also provides esti

mates of heat capacity and thermal diffusivity for the soils involved. 

The last section is an analysis of soil temperature data from five 

different University of Arizona experimental farms located at various 

sites in Southern Arizona. The data from these sites provide informa

tion about the range of temperatures that occur in their vicinity. 



CHAPTER 2 

REVIEW OF LITERATURE 

This chapter is divided into two sections. The first discusses 

information pertaining to soil thermal coefficients, while the second 

is a discussion of soil temperature. 

Soil Thermal Coefficients 

This review begins with brief definitions of the three mech

anisms of heat transfer: radiation, convection and conduction. 

Radiation, Convection and Conduction 

The radiative mode of heat transfer consists of energy trans

ported in the form of electromagnetic waves (material in this section 

is summarized from Hillel, 1980). All physical objects on the earth 

emit electromagnetic waves at a rate, q (Win ), given by the Stefan-

Bo ltzmann Law: 

q = ECTT4  (1) 

in which T is the temperature (°K), a is the Stefan-Boltzman constant 

2 -4 
(Win K ) and e is the emissivity. A perfect emitter, or so called 

blackbody, has an emissivity of one while for less efficient emittors 

e is less than one. When radiation strikes an object such as the 

soil, is it either absorbed or reflected. The albedo of an object, 

a , is the fraction of incoming radiation that is reflected from 

3 
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the surface. The sun and sky both emit radiant energy, some of which 

the soil absorbs or reflects and the soil emit radiation according 

to its temperature and emissivity. The net radiation flux into a 

soil surface is the radiation absorbed by the soil minus the radia

tion leaving the surface. 

Convection is the process of heat transport due to the mass 

movement of a fluid. Common examples of convection in soils is the 

heat transferred due to the movement of soil air or soil water. 

Heat conduction is the transfer of energy (heat) in the form 

of molecular vibrations. Molecules vibrating at an energy level 

(indicated by temperature) relatively higher than an adjacent molecule 

will, on a statistical basis, transfer energy to those molecules. 

Therefore, the process of heat conduction transfers energy from high 

to low temperature. 

Other terms frequently used in the literature are sensible 

and latent heat. Sensible heat refers to energy that results in 

a temperature change in matter. Latent heat refers to energy that 

causes a phase change, i.e. the melting of ice to liquid water. 

Thus, in the process of boiling water, heat input is first manifested 

as sensible heat by first raising the temperature of the water to 

the boiling point at which point additional energy provides the latent 

heat energy for the phase change that occurs when liquid water vaporizes. 
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The three forms of energy exchange mechanisms have been applied 

to a soil volume in the form of an energy balance equation. This 

is a continuity equation in which the net energy input to the soil 

is equal to the change of energy in the soil. At some depth over 

most of the earth there is no temperature fluctuation on an annual ~ 

basis (Davis and DeWeist, 1966). Thus, all energy exchange occurs 

on the surface if the soil section is assumed to be infinite in areal 

extent. The heat emanating from deep in the earth is neglected, 

although it does raise the mean annual soil temperature several degrees. 

The general energy balance equation across the soil surface 

is (Hillel, 1980): 

N R - S - A - L E = 0  ( 2 )  

where NR is the net radiation exchange between the soil and both 

the sun and the sky,S is the soil heat flux, A is the net sensible 

heat flux from the soil, and LE is the latent heat flux, i.e. evapora

tion or condensation in the soil. 

Theory of Heat Conduction 

Generally, conduction is the most important heat exchange 

mechanism in the soil (Kirkham and Powers, 1972), so it will be discus

sed in detail. As previously mentioned, convection due to air and 

water movement also plays a role in soil heat transfer and will be 

discussed subsequently in various contexts. Radiative heat transfer 
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in the soil is minimal (Hillel, 1980) and will not be discussed further 

until the soil temperature section. 

This discussion is written after Krieth and Black (1980). 

The two basic heat flow equations, one for steady conditions and 

the other for time varying conditions are both named after Josef 

Fourier (1768-1830), a French mathematician who made extensive contri

butions to the analysis of heat conduction. The first equation is 

an expression of the principle that the rate of heat conduction is 

proportional to the negative of the thermal gradient. That is: 

q a - A dT/dx 

where q i3 the heat flux density in direction x, dT/dx is the temperature 

gradient in the x direction and A is the cross sectional area through 

which the heat is flowing. 

Thermal conductivity, K, is a proportionality constant between 

the heat flux and the temperature gradient so that, 

q = - KA dT/dx (4) 

which is the common form of Fourier's First Law. For the sake of 

brevity, the thermal conductivity will be henceforth referred to 

as K in this study. 

Fourier's transient conduction equation can be derived by 

applying the steady state equation along with the conservation of 

energy principle across a control volume (Figure 1). This control 

volume is imagined to be a homogeneous slab of thickness Ax and area 



x+Ax 

( X )  

Constant 
K,C 

q(x+Ax) 

•x ** Ax-

Figure 1. One-dimensional control volume. 

(Krleth and Black, 1980) 
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A with heat flowing only in the direction perpendicular to the faces. 

The principle of energy conservation states that the net heat flux 

out of the volume must equal the change in heat storage in the section 

if there are no heat sources or sinks in it. The heat flow into 

and out of the section is obtained by applying Fourier's First Law 

at each of the two faces. The heat storage term is the volume of 

the section times the volumetric heat capacity, C, which is the quantity 

of heat required to raise one cubic centimeter of material one degree 

centigrade. 

The conservation of energy equation for the volume is: 

-KA3T(x) = -KA3T (x+Ax) + CAAxST (5) 
3x 3x 3t 

rearranging and dividing by the control volume A x yields: 

K JJI (*+4=0 ..SIW J /4X . ̂ _ (6) 

When Ax goes to zero Equation 6 becomes: 

K 82T/9X2 = C 3T/3t . (7) 

Dividing by K and defining the diffusivity, D as K/C yields the common 

expression of the transient heat conduction equation for a homogeneous 

medium: 

D 32T/3X2 = 3T/3t ( 8 )  
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From Equation 8 it is seen that the basic parameters of conduction 

are the temperature and the diffusivity which is a function of K 

and C. 

Thermal Conductivity and Diffusivity Applied to Soils 

DeVries (1975) discusses some qualitative aspects of soil 

thermal conductivity which are summarized here before proceeding 

to a discussion of its measurement. The soil i3 heterogeneous on 

a granular level, but it is convenient to take a section of soil 

large enough so that it may be considered homogeneous macroscopically. 

However, K in a given soil varies with water content, bulk density 

and temperature. Therefore, a sufficiently small sample must be 

considered so that this variation is minimal. Figure 2 shows represent

ative K versus water content curves for several different textured 

soils. DeVries explains the shape of the mineral soil curves in 

terms of the microscopic properties of soils. In a very dry soil, 

heat is conducted through very small granular contacts. At slightly 

higher moisture content all the water is adsorbed to the soil particles 

so K increases only slightly. As the moisture content increases 

further, rings of water enclose the granular contacts, substantially 

increasing their effective conduction area, resulting in a rapid 

K increase for small moisture increases. Finally, at high moisture 

contents only small gaps in the middle of the larger pores remain 

to be filled with water, resulting in small increases in K for further 

increases in moisture. DeVries alsodi3cus3es the limitation of ignoring 

moisture carried latent and sensible heat which can be important 
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when surface water flows through the soil and in unsaturated soils 

where heat is transported by the movement of water vapor. 

The effect of bulk density on K is illustrated in Figure 

3 which shows that it is important at dry and wet moisture contents 

but not as significant at intermediate moisture contents. DeVries 

(1963) states that the effects of temperature on K under most field 

conditions is negligible. 

Gila loam was one of the soils used for K measurements in 

this study. Hares (1982) estimated K versus moisture content for 

this soil as shown in Figure 4. This curve was obtained from lysimeter 

experiments using heat flux plates which will be explained shortly. 

Because the thermal diffusivity, D, of soils is K divided 

by C, both largely dependent on the mositure content, the shape of 

the D versus moisture content curve may be discussed in terms of 

these two parameters. There is disagreement in the literature on 

the shape of the curve representing D versus moisture content. Jackson 

and Kirkham (1958) found this curve to be continually increasing 

while others (Baver, Gardner, and Gardner, 1972) found it to decrease 

after the initially rapid increase at low moisture contents. Jackson 

and Kirkham attribute this effect (shown in Figure 5) to moisture 

movement, which, they submit, yields apparent rather than real D 

(see Figure 6) values. They devised a method of measuring D that 

avoids the problems of moisture movement that will be discussed later. 
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Figure 4. Thermal conductivity of Gila loam soil as a function 
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Measurement and Estimation of Soil Thermal Parameters 

Methods have been developed for both measuring and estimating 

each of the parameters, volumetric heat capacity, C, the thermal 

conductivity, K, and the thermal diffusivity, D. A review of these 

methods follows. 

Volumetric heat capacity, C. As previously discussed, the 

volumetric heat capacity is the quantity of heat (in calories or 

Joules) required to raise the temperature of a unit volume of material 

one degree centigrade, therefore, it may also be defined in terms 

of specific heat and density. The specific heat is the amount of 

heat required to raise one gram of material one degree centigrade. 

Multiplying the specific heat by the density results in the volumetric 

heat capacity. The volumetric heat capacity of soils, C, may be 

calculated with the following equation (DeVries, 1963) 

X C + Xu C + X C (9) 
s s ww a a 

where X , X and X are the volume fractions of solid, water and 
s w a 

air and C , C , C are their respective heat capacities. The specific 
S W cl 

heat of air is 0.003 cal/cm^ °C as compared to an average of 0.46 

cal/cm^ °C for mineral particles, 0.60 cal/cm^ °C for organic matter 

and 1 cal/cm^ °C for water. Therefore the air component may be con

sidered negligibly small and equation 9 may be written as: 

C = 0.4b X + 0.60 X + X (10) 
m o w 
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where Xffl and XQ are the volume fractions of mineral particles and 

organic matter respectively. 

and experimentally determining soil thermal conductivity have been 

developed. The experimental methods are based on either the steady 

or unsteady heat conduction equations. DeVries (1963) discusses 

a method for estimating soil thermal conductivity which will be de

scribed before a discussion of some of the experimental techniques. 

DeVries method i3 based on assumptions concerning the different 

soil constituents; solids, air and liquid. The solids are assumed 

to be ellipsoidal in shape, separated from adjacent particles by 

a continuous medium and randomly oriented. The equation developed 

by using these assumptions is: 

where N is the number of types of granules and the subscript o is 

representative of the contents of the continuous pore space. X is 

the volume fraction of substance i. k is a factor defined as follows: 

Thermal conductivity. Several methods for both estimating 

( 1 1 )  

-1 
(12)  

where g , g. , g are taken to be factors due to the three different 
a. D C 

axes of the ellipsoidal particles. The sum of the g factors is always 



one and each g is one-third for spherical particles. DeVries presents 

a method for the determination of g which is dependent on the ratios 

of the axes a, b, and c. 

DeVries found that his model applies only reasonably well 

to soils so he suggests multiplying equation (11) by different cor

rection factors depending on the ratio of to kq. These guidelines 

are restricted to the case of one type of particle. Computed K values 

are too low if K./K >1 and too high if K./K <1. Further, if K./K 
i o i o i o 

< 10 the computed K is within of the real K, and if K^/K is 

on the order of 100, the calculated K is about 25% low for solid 

fractions from .4 to .7, the case for most soils. This method has 

been used by other researchers (Wierenga, Nielsen and Hagan, 1969, 

Kimball, et al. 1976, Horton, 1982) with the finding that additional 

correction factors were necessary to obtain satisfactory results. 

The steady state equation is satisfactory for K measurement 

in dry soils, but in moist soils moisture moves in response to the 

temperature gradient and latent heat transfer occurs, both of which 

may be mistaken in determinations for conduction of heat and result 

in erroneous valus of K (DeVries and Peck, 1958b). When values of 

K include the effects of moisture movement, they are frequently called 

the apparent conductivity (Moench, 1969, Jackson and Taylor, 1965) 

as opposed to the real thermal conductivity. 

As discussed by Fritschen and Gay (1979), a common method 

for measuring soil heat flux is a heat flux transducer or heat flux 

plate, which consists of a thermopile that generates an electromotive 



force in rsponse to the temperature gradient across it. For use 

in soils, they are usually thin, flat plates, which should have a 

thermal conductivity on the same order of magnitude as the soil that 

is being evaluated so as not to overly distort the soil heat flow 

pattern. In a laboratory steady state measurement, the heat flux 

plate is placed in a layer of soil while the soil on each side of 

the plate is held at a different temperature. Fourier's Law is then 

solved for the thermal conductivity and values for the thermal gradient 

and heat flux are substituted to give the final answer. Several 

different temperature gradients may be used as a check. 

Thermal conductivity probes are either inserted or buried 

in soil, heated over a known period of time with an electrical 

power input, during which time the temperature rise in the probe 

or nearby soil is monitored. This rate of temperature rise is related 

to K. After the power input is turned off, the rate of temperature 

decline is similarly related to K. One advantage of this method 

is that it is a transient method so that if a small temperature rise 

is used over a short period of heating the effects of heat transfer 

by water movement and distillation may be kept to a minimum. Because 

of the short heating and cooling periods, it is also less time consuming 

than steady state methods in which equilibrium must be attained. 

Small cylindrical probes may be inserted with a minimum of soil dis

turbance, an advantage for measurements in undisturbed soils (DeVries 

and Peck, 1958b). 
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The cylindrical probe has been used by various investigators 

(DeVries, 1952, Moench, 1969, Wierenga, Nielson and Hagan, 1969, 

Jury and Bellantuoni, 1976, Horton, 1982), and is the primary method 

used in this study for the measurement of soil thermal conductivity 

so it is reviewed in some detail here. 

According to Van der Held and Van Druen (1949) this type 

of probe was first conceived by Stalhane and Pyke in 1932 to measure 

the conductivity of homogeneous media. They used a thin, straight 

wire embedded in the medium, monitored the temperature rise over 

time and applied the following empirical formula to estimate the 

thermal conductivity: 

T - Tq = Aq/K £n(r2/t + b) (13) 

where q is the heat production of the wire, t is the time of heating, 

r is the radius of the wire and A and B are constants (Van der Held 

and Van Druen, 1949). 

Van der Held and Van Druen had difficulty repeating the results 

using the empirical equation and developed an alternative expression 

incorporating both the empirical equation and the mathematics developed 

by Fourier for heat conduction. The assumptions they made are: 

the wire approximates an infinite line heat source, there is negligible 

contact resistance between the medium and wire and the medium is 

homogeneous. Their solution uses the transient conduction equation 

in radial coordinates: 

3T/3t  =  (1 /D)  [3 2T/8r 2  + (1/ r ) (3T/3r ) ]  (14) 



where r is the radial distance from the line source. The boundary 

and initial conditions used with equation 14 are: 

3T/3t = 0 at r = «. , t = 0 (15) 

3T/at s 0 at r = o, t = 0 (.16) 

q = -2titk 3T/3r = constant for r+ 0 t> 0 (17) 

The last condition is an expression of Fourier's First Law in radial 

coordinates. Their solution to this equation for the temperature 

at the surface of the wire is: 

T = q/4*K [-Ei(-4 Dt/r2)] (18) 

where Ei is the exponential integral: 

-Ei = 
, 0 0 - i  . 2  

- exp (-x) dx = - In x + -^fr _ t (19) 

p 
If r /4Dt is negligibly small, equation 18 may be written as: 

T • A - °-5772> (2o) 
r
0 

It was noted that constant A in equation 13 matched well when equation 

20 was used in experimental results but the constant B did not. 



Therefore, it was decided to use temperature and time differences 

in eq. 20 to obtain: 

T -  T =  (q /4 i rK)£M(t 2 / t 1 )  
o 2' 1 (21)  

where TQ is the initial temperature of the wire. Experimentally,. 

these authors used a heating wire with an attached thermocouple enclosed 

in a glass capillary tube placed in the medium for which K was desired. 

When T-Tq was plotted versus Hn TG/T^ it was found that a correction 

factor, tQ was required to give a straight line indicated by equation 

21. Their final form for the equation used in conjunction with their 

probe became: 

source theory for cylindrical probes and used operational calculus 

to derive a solution that accounts for the finite diameter of the 

probe and the finite contact resistance between the probe and the 

medium. He made measurements in relatively large diameter geophysical 

test bore holes for which small diameter probes were insufficient 

and a good thermal contact between probe and medium was difficult 

to obtain. Moench (1969) used the results of Blackwell to determine 

K for two different soils. To obtain a final solution, a digital 

T -  T =  (q/4 i rK)In [ ( t  +  t  ) / ( t .  +  t  ) ]  
O Z O 1 o (22) 

Blackwell (1954) commented on the limitations of the line 



computer was required to approximate an otherwise insolvable integral 

in the solution to the problem.. 

In the 1950*3, several designs for probes which were analyzed 

by the line source method arose. DeVries and Peck (1958a and 1958b) 

published two papers which remain the definitive works on the analysis 

of small diameter soil thermal conductivity probes. The first of 

these papers considers probe measurements in dry soils, while the 

second analyzes the effects of soil moisture on conductivity measure

ments. Because of the significance of these two papers, the next 

several paragraphs will summarize the conclusions that are drawn 

in them. 

DeVries and Peck (1958a) used the transient conduction equation 

with the same initial and boundary conditions as Van der Held and 

Van Druen to analyze a small diameter probe as a line source. They 

obtained equation 19 which they wrote as: 

2 
T - Tq = (q/4uK) (-y + In t + In 4D/r ) (23) 

p 
again, under the condition that r /4Dt «1. They also derived an 

expression for the cooling of the line source that occurs after the 

power is turned off at time t1 which they obtained by replacing condition 

17 with: 

q = 0 t > t1 (24) 
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Their solution for this situation is 

T - Tq = (Q/4irK)(-Ei [-r2/4Dt] + Ei [-42/4D(t-t1)] (25) 

or for r^/4D(t-t^) «i: 

T " TO = (Q/4TTK)Zn It/(t-t1)] (26) 

For the heating portion of the curve, K is found by plotting 

T-T versus In t and for the heating curve T-T versus In (t/t-t.). 
o on 

DeVries and Peck (1958a) also analyzed the effects of having 

a cylindrical probe of finite length and finite contact resistance 

between the probe and the soil. They concluded that small diameter 

cylindrical probes can be used with the line source analysis if certain 

precautions are taken. Specifically, the probe diameter should be 

of the order of 1 mm or less, the volumetric heat capacity of the 

probe should not be substantially larger than that of the soil and 

the thermal conductivity of the probe should not be much smaller 

than that of the soil. 

Another significant conclusion in this paper is a guideline 

for the radius of influence for a probe measurement. To assure that 

the radius of the sample is sufficiently large, the following expres

sion should be satisfied: 



EXP (R^/lDt) « 1 (27) 

where is the radius of the soil sample. 

In the second paper, DeVries and Peck (1958b) discuss the 

effects of moisture movement on the probe measurement of K. The 

analysis uses two simultaneous differential equations which describe 

the flow of moisture and heat in the soil. The conclusions are that 

the conductivities calculated from both the heating and cooling curves 

should be compared. If they are greatly different there is a pos

sibility that heat flow associated with moisture movement has occurred. 

Also, the probe should not be much smaller than 1 mm in diameter 

due to the increasing temperature gradient at the probe surface with 

decreasing diameters, which would increase moisture vaporization 

and movement. This latter effect at the surface of the.probe would 

also change the contact resistance as the experiment progressed. 

A commonly used probe was described by DeVries (1952). This 

probe consists of a glass capillary with a small diameter constantan 

heating wire loop inside and a thermocouple on the outside. The 

capillary, along with the thermocouple is coated with parafin wax 

and then covered with a single thickness of monel gauze. 

More recently Fritton, Busscher and Alpert (1974) have' developed 

a probe intended to be sturdier than that of DeVries. This probe 

(Figure 7) consists of a loop of fine constantan wire inside a length 



26 

Heat Shrink Tubing 

/////// /Steel. T u i e "  / / / / / /  7 

/ / / / / / / / / / / / /  / / > / ) f. 

1 1 
2 poxy 

Figure 7. Thermal conductivity probe as described by 
Fritton, Busscher and Alpert (1974). 
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of stainless steel tubing. A thermocouple is then placed on the 

outside of the tubing and the whole unit is covered with heat shrinkable 

tubing which forms the outer probe covering. 

Results using these types of probes have been published by 

various investigators (Wierenga, Nielsen and Hagan 1969, Jury and 

Bellantuoni, 1976, and Horton, 1982). Results have been obtained 

both in the field and in the laboratory. 

Jury and Bellantuoni (1976) suggest a background temperature 

correction for field use which accounts for long term trends in observed 

soil temperature variation, observed before and after the determination 

of thermal conductivity. This observed variation is then added or 

subtracted to all readings. 

For laboratory studies, Horton (1982) developed a procedure 

for redistributing moisture in a column using a microwave oven. 

The soil is packed dry and a quantity of water is infiltrated into 

one end. That end is sealed off and a small hole is left in the 

opposite end. The column is then placed in a microwave oven and 

heated so that a portion of the water vaporizes. The column is then 

removed from the oven so that the water that has vaporized and migrated 

down the column will condense. This process is repeated until all 

the water is uniformly distributed in the column. 

Thermal Diffusivity, D. 

D may be calculated using values of K and C, but there are 

also methods of direct determination. A line source method has been 



developed for the determination of soil thermal diffusivity by Nix 

et. al. (1968) that uses small diameter probes similar to those dis

cussed earlier in conjunction with another thermocouple located in 

the soil. The solution uses the line source method to obtain K. 

This value, along with the value for the temperature taken in the 

medium a small distance from the probe, is substituted into equation 

18, the series solution for the cylindrical temperature distribution 

around the source, and D is obtained by an iterative method. 

Jackson and Kirkham (1958) measured the thermal diffusivity 

of a moist soil using a slab of soil between two plates that were 

alternately heated at constant rates to provide heat waves which 

are assumed in the mathematical analysis to be sinusoidal. The temp

erature was monitored throughout the slab so values could be substi

tuted into a solution of the transient conduction equation. The 

boundary condition used with equation 8 describes a heat wave: 

T(0,t) = Tocos(2irt/P) 

where T(o,t) is the temperature of the soil at the heat source, TQ 

is the amplitude of the temperature wave at the soil surface, t is 

time and P is the period of the wave. 

The solution of the transient conduction equation by harmonic 

analysis is well known: 

T(x,t) =» To exp [-x(TII/2D) ̂  ] sin [tot -X(OJ/2D-)^ ] 
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Equation 29 may be used with observations of either the heat 

wave amplitude change between two depths or the lag time of temperature 

changes between two depths. The equations for these methods are 

for amplitudes: 

. <D(x0-X,)2 
D = 2 1 (30) 

2[£n(T1/T2]2 

and, for time differences: 

2 

(31) D = i X2_X1 V'l 

where T1 and T2 are the amplitudes of the temperature wave at depths 

x1 and x2 at times t1 and tg respectively. 

These equations were used with diminishing amplitude heat 

waves to obtain a diffusivity versus wave period graph for different 

moist soil samples. This curve was extrapolated to zero to obtain 

the real thermal diffusivity. The results of these determinations 

are shown in Figure 6. 

This same analysis has been used with the soil assuming that 

the sun generates a sinusoidal temperature wave on both an annual 

and diurnal basis. This procedure will be discussed in a following 

section on the analysis of soil temperature data. 

Soil Temperature 

The second portion of this thesis presents an analysis of 

soil temperature data from various sites in Southern Arizona for 



the purpose of providing a general description of soil temperature 

variation with depth and time. In this section of the literature 

review, some of the parameters that affect soil temperature are dis

cussed as well as specific work done on this topic by various research

ers. 

Factors that Influence Soil Temperature 

Radiation. The variation of radiation from the sun absorbed 

by the soil surface is the major cause of fluctuation of the surface 

soil temperature (Van Wijk and DeVries, 1963). In addition to its 

direct effect on the soil, this radiation heats the atmosphere result

ing in additional energy transfer to the soil by both the conductive 

and radiative modes. The quantity of radiation that is transferred 

to the soil is influenced by many parameters among the most important 

of which are latitude, soil albedo, vegetative cover, and surface 

aspect and slope (Baver, Gardner and Gardner, 1972). 

The latitude at which solar radiation is highest on an annual 

basis in the Northern Hemisphere is about 30°. Above 30° the radiation 

intensity decreases rapidly and below there is a slight decrease 

(Houghton, 1954). This change is due to the decreasing elevation 

of the sun in the sky above and below 30° on an average annual basis. 

The effect of slope and aspect variations are similar to those of 

latitude; the closer the suns rays are to forming a right angle with 

the soil surface, the greater the energy transfer. Thus, above the 

equator, fields sloping to the south would be warmer than fields 

sloping to the north under otherwise similar conditions. 
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Soil albedo is largely determined by the color of soils. 

Light colored soils have a higher albedo than dark. Increasing the 

moisture content has the effect of darkening the soil (Baver, Gardner 

and Gardner, 1972). White plastic may be applied to the soil surface 

to increase the albedo, reducing the fluctuation of soil temperature. 

Clear plastic is used to create a greenhouse effect, providing an 

overall increase in soil temperature. Thicker vegetation lessens 

the influence of soils radiation. Thi3 may also depend upon the 

orientation of rows in crops such as corn. At lattitudes above and 

below the equator, crops planted in east-west rows could shade the 

soil more than rows running in the north-south direction (Van Wijk 

and DeVries, 1963). 

Water. Water can have a major influence on soil temperature. 

It may transfer energy into the soil by convection (for example waste 

water) or remove latent energy by water evaporation from the soil 

surface. Precipition both cools the soil and increases its heat 

capacity resulting in smaller temperature fluctuations. However, 

it increases the depth of annual and diurnal fluctuations because 

of the increased thermal diffusivity (Sellers, 1965). 

Analysis of Soil Temperature Data 

One of the most basic parameters for describing the soil 

temperature regime is the mean annual soil temperature (MAST), which 

is approximately the same for all depths and several degrees warmer 

than the mean annual air temperature (Soil Survey Staff, 19?5>. 

The Soil Conservation Service uses the MAST along with the mean winter 
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temperature (Dec.-Feb.) and mean summer temperature (June-August) 

in their classification system. McDole et al. (1980) have published 

maximum and minimum mean daily soil temperatures on a weekly basis 

for various sites in Southern Idaho. 

Other researchers have fitted equations to temperature data. 

The most common types of equations are Fourier series. Schmidlin, 

Peterson, and Gifford (1981) give an equation, which is the first 

harmonic of a Fourier analysis, to predict the mean soil temperature 

at 50 cm in central and southern Nevada. This equation is: 

T = 15.37 + 10.02 (30 (t - 7.39)) 32) 

where T is the average daily temperature (°C) of month which ranges 

from 1 to 12 (January to December). Meikle and Treadway (1979, 1981, 

1982) have obtained equations through a regression analysis procedure 

that describe soil temperatures in the United States, Canada, and 

France. All of these equations are fourth order polynomials of the 

following form: 

T = A + Bx + Cx2 + Dx3 + Ex4 (33) 

where T is the soil temperature on the day of the year x, (1-365) 

and A, B, C, D, and E are constants. These equations are for the 

maximum and minimum soil temperatures for sites in Canada and the 

United States and for noon soil temperatures in France, which are 
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suggested to be an average of the minimum and maximum values. Most 

of these equations are for the ten centimeter depth and are taken 

for a bare soil. 

A further step in the prediction of soil temperatures is 

the inclusion of different parameters such as air temperature, eleva

tion and latitude in some type of statistical analysis. This has 

been done by Schmidlin, Peterson and Gifford (1981) in the previously 

cited study. They included elevation and latitude into a Fourier 

analysis, again for the mean soil temperature on a monthly basis 

at a 50 cm depth. Toy, Kuhaida and Munsen (1978) established a linear 

relationship between air temperature and soil temperature at a 5 

cm depth. 

Thermal Diffusivity Related to Soil Temperature 

As previously noted, solar radiation has a primary influence 

on soil temperature fluctuation. In Southern Arizona there is both 

a diurnal and annual fluctuation in the quantity of radiation impinging 

on the soil. These variations are the result of change in the position 

of the sun in the sky. The "higher" the sun elevation the greater 

the relation that strikes a specified area. Thus, the diurnal and 

annual radiation flux to the soil is at a maximum at solar noon and 

mid-sunnier, respectively. The minima are at night and winter (Baver, 

Gardner and Gardner, 1972). These variations are reflected in the 

soil, but are damped and retarded at progressively deeper depths 

due to the finite heat capacity of the soil. The damping and 



retardation of the soil temperature wave is a function of the diffusivity 

(Jackson and Kirkham, 1958). 

The harmonic analysis of heat waves discussed in the previous 

section has been applied to both the diurnal and annual heat waves, 

assuming the waves are sinusoidal and that the soil profile is homo

geneous. Equations (30) and (31) have been used to calculate soil 

diffusivity using both the annual and daily wave. Sellers (1965) 

states that the most satisfactory results are obtained using the 

phase lag with depth relation (Eq. 31) on an annual basis. Van Wijk 

and DeVries (1963) have used this analysis to estimate the depth 

of heat penetration on a daily and annual basis. This was done by 

noting that the amplitude of the wave described by equation (29) 

is: 

T = Tq EXP [-x(o)/2D)^] ( 34) 

The term (2D/to)^ is defined as the damping depth, d. The amplitude 

of the temperature wave at depth d is e = 0.37 of its surface value, 

Tq and at 4.6 d the amplitude is 0.01 Tq (Sellers, 1965). The results 

of damping depth calculated for the normal range of diffU3ivities 

are presented in Table 1. Sellers (1965) estimates that the heat 

wave penetration is from 20 and 80 cm on a diurnal basis and 5 to 

20 m on an annual bais. 



Table 1. Damping depth, d, as a function of thermal diffusivity, D. 

, 1 Daily Cycle Annual Cycle 
D (cm aec~ ) d(cm) 4.51 d(cm) d(m) 4.61 d(m) 

0.001 5.2 24 1.0 4.6 

0.004 10.5 48 2.0 9-2 

0.008 14.8 68 2.8 13.1 

0.012 18.2 84 3.5 16.0 

•Adapted from Sellers, 1965. 



CHAPTER 3 

SOIL THERMAL PROPERTIES" 

Methods 

Thermal conductivity measurements, were made in several soils 

using a probe supplied by Fritton and probes constructed using instruct

ions in a paper published by him (Fritton, and Busscher and Alpert, 

1974). As a check on the accuracy of the probe, it was used to measure 

K in water. Determinations were made with the probe, heat flux plates 

and the theoretical method described by DeVries (1963) in order to 

compare the methods. Heat capacity was estimated using bulk density 

and water content measurements in equation 10. Estimates of the 

thermal diffusivity were obtained by dividing the measured thermal 

conductivity by the estimated volumetric heat capacity. 

Thermal Conductivity Measurements 

Probe determinations of K in the laboratory. Several probes 

were constructed. They are indentical to the probe of Fritton (Figure 

1) except #36 gauge copper wire was used for the heating and thermo

couple wires instead of the specified #38 gauge wire and the thermo

couple was insulated with enamel spray paint instead of polystyrene 

cement. The outside diameter is approximately 1.2 mm as compared 

to 1.8 mm for the probe supplied by Fritton. The length of the new 

probes is about 15 cm. Thus the general guidelines (DeVries and 

36 
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Figure 8. Laboratory equipment arrangement for probe thermal 
conductivity determination. 



Peck 1958b), that probes be on the order of 1 mm in diameter and 

10 cm long are satisfied. 

The typical laboratory set up for a soil thermal conductivity 

determination is shown in Figure 8. All soil used in the laboratory 

was first passed through a 2 mm seive. Dry soils were poured directly 

into the column, the probe was inserted into the soil and measurements 

were made. Saturation was obtained by placing the columns in a container, 

deeper than the column, and adding water to the container to allow 

the soil to wet up from the bottom. When the water ponded on the 

soil surface it was assumed saturation had been attained. The probe 

was inserted to measure K, while the soil samples were submerged 

in water. Moist soil samples were prepared by mixing water with 

soil by hand and carefully hand packinjg it in the cylinder with the 

probe in place to ensure a good thermal contact between the probe 

and soil. 

DeVries' and Peck's (1956a) criteria for the radius of the 

soil sample was used to ensure that the boundary of the cylinder 

did not influence the measurements. A heating period of approximately 

100 seconds was used as suggested by DeVries and Peck (1958b) and 

used by Horton (1982). This value along with a maximum diffusivity 

o o 
value of 12.6X10 cm /sec obtained from Baver, Gardner and Gardner 

(1972) and the column radius of 4.25 cm was used in expression 27 

yielding 0.03 a number which is sufficiently less than one. 

A Hewlett Packard 721A power supply was used to supply between 

0.05 and 0.2 Amps of direct current to the heater. The current was 
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monitored with the ampmeter on the power supply. The power was ad

justed to keep the temperature rise of the probe thermocouple to 

within several degrees of the initial temperature. The temperature 

difference was monitored between a copper-constantan thermoelectric 

junction in a constant temperature medium and the jucticn in the 

probe with a microvoltmeter. A change in electric potential of 40 

microvolts was taken to be equal to a temperature change of one degree 

centigrade. This value is based on a linear interpolation of values 

of 38.7 V/ C at 0 °C and 46.8 V/ C at 100 °C (Fritschen and Gay, 1979), 

assuming that measurements were made at 22 °C. The constant tempera

ture medium wa3 either a fairly large soil sample or room temperature 

water in a Dewar flask. The voltage was recorded initially and 

every ten seconds during the heating period and also for the cooling 

period with the power supply off. 

Data for a dry #20 silica sand are plotted in Figure 9. 

A 120 second heating curve was used in this trial. The temperature 

rise is graphed versus the natural logarithm of time and in [t/t-t^)] 

for the cooling period in figure 10. 

From the analysis of DeVries, the slopes of these two lines 

are equal to : 

S = q/4ITK (35) 

solving for K, 
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Figure 9. Temperature versus time plot for silica sand thermal 
conductivity determination. 
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K = q/4irS 
(36)  

The heat input q is: 

q = 0.24I2 R (37) 

where, 

I is the current through the heating wire in amperes and 

R is the resistance of the probe heater in.ohms/cm. The electrical 

resistance of the heating wire was measured with a sensitive ohmmeter. 

The resistance per unit length of wire must be doubled to obtain 

the resistance per unit length of probe because the wire is doubled 

inside the probe. 

Substituting the slopes for the heating and cooling curves 

yields for heating: 

K = (.019)(.105)2(.88)/43 = 0.42 x 10~3 cal/cm sec. °C 

and for cooling: 

K = (.019)(.105)2(.88)/0.47 = 0.39 x 10~3 cal/cm sec °C 

A simple regression analysis was used to determine the slopes 

of the two lines. The first two points in the curves were not used 

p 
in the regression to ensure that the r /4Dt term that is neglected 
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in the analysis of the probe is sufficiently small. Using a minimum 

_-3 ? 
D value of 1X10 cm /sec along with the distance, r, at which the 

temperature is measured (0.5 mm) and a time of 20 seconds this term 

is .03 which is sufficiently less than one. 

The conductivity of three other soils at various moisture 

contents was measured in the laboratory. These are presented in the 

results and discussion section. The soils used were Superstition 

sand, Agua sandy loam and Gila Loam. A minimum of two samples at 

each water content were used and two K determinations were made with 

each sample. Measurements with the Gila soil were made only at dry 

and saturated moisture contents in the laboratory. Field measurements 

were made at different moisture contents as will be explained later. 

Probe K determination of water. As a check on the accuracy 

of the probe it was used to measure the thermal conductivity of water. 

Only a heating curve was recorded because large fluctuations in the 

readings of the microvoltmeter were observed after approximately 

30 seconds. This fluctuation is discussed in the results and discus

sion section. Only the straight line portions of the temperature 

rise versus time curves was used to calculate thermal conductivity. 

The results, which are presented in the following section, correspond 

favorably with values reported in the literature of 1.4 mcal/cm 

sec °C (Black and Krieth, 1980). 

Heat flux plate K determination. A further check was made 

using data from a heat flux plate calibration procedure using the 

same it20 silica sand discussed earlier. The apparatus is shown in 
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Figure 11. Two heat flux plates, connected in series, were buried 

in a pan of water that was partially immersed in a constant temperature 

water bath. The bath was held at various constant temperatures while 

the heat flux through the plates was monitored. An estimate of the 

thermal conductivity was obtained by solving the steady state conduction 

equation for K and substituting values for the heat flux and the 

temperature gradient which was estimated by assuming a room temperature 

of 23 °C, subtracting from that the temperature of the water bath 

and dividing by the depth of the sand, 4 cm. A sample calculation 

follows. 

Water bath temperature = 65 °C 

Voltage from heat flux plates = -4.7mV 

Constant for plates in series = 642 mV-sec-cm/cal 

Heat flux = (-4.76 mV)/624 mV sec cm2 cal"1 = 

7.4 x 10"^ cal/cm^ sec 

Solving Fourier's First Equation for K, and substituting the above 

values yield: 

K = -QAdx/dT 

= (-7.4 x 10 3 cal/cm2 sec)(l cm2)(4 cm/(65-23)°C) (38) 

= 0.70 mcal/cm sec °C 

K estimation for sand with DeVries method. Equation (11) 

was used along with the suggested correction factor of DeVries to 
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Figure 11. Apparatus for thermal conductivity determination of 
silica sand with heat flux plates. 



estimate K of the sand. It was assumed that the sand i3 100$ quartz 

with a K of 21 mcal/cm-sec °C; 0.06 mcal/cm sec°C was used for the 

K of air. The value for the solid particles was calculated with 

equation (12) using all g values as 1/3 under the assumption that 

all the particles are spherical: 

k = [l+(21/.06)-l] 0.33 = 0.0085 
j 

K for the medium is one because it is entirely air. The measured 

bulk density of the sand was 1.34 g/cm which, when divided by an 

assumed particle density of 2.65g/cm gives an estimate of 0.51 for 

the volume fraction of the solids. The pore fraction is thus 0.49. 

Substituting into equation (11): 

K - (D(0*^9)(0.06*) + (0.0085)(.51)(21*) , „ 24 cal/cm sec 0(, 

(Note: * = mcal/cm sec °C) 

The guidelines of DeVries state that if K^Kq is on the order of 

100 and x , the volume fraction of solids, is between 0.4 and 0.7, 
s 

K is underestimated by approximately 25%. For this sand, K^/Kq is 

about 350 and the solid fraction falls within the specified range, 

so dividing 0.24 by 0.75 should improve the estimation. This yields 

a value of 0.32 mcal/cm sec °C. 

In Situ K determinations. K measurements were made with 

limited success at two different sites in the Tucson area. The first 



47 

site was a bare plowed field of Gila loam at the University of Arizona 

Experimental Farm on Campbell Avenue. The second was an undisturbed 

site at Davis Monthan Air Force Base. 

At the Campbell Avenue Farm, 5 probes were installed at dif

ferent locations in a 20 x 20 meter plowed field. The soft soil 

permitted direct insertion of the probes. The reference thermocouples 

were buried approximately one half meter away from each probe. The 

field was sprinkler irrigated until a mass water content of approx

imately 14$ was obtained at probe depth. Measurements were attempted 

with all of the probes, but three apparently leaked water during 

the irrigation and showed an electrical connection between the heating 

element and the thermocouple when tested with an ohmmeter. Several 

measurements were obtained from the two remaining probes before they 

also failed several days later. These data along with unsaturated 

and saturated laboratory measurements appear in the results and discus

sion section. 

At Davis Monthan Air Force Base, measurements of K were made 

on two different days at two different sites separated by about 100 

meters. One site was close to creosote bushes and the other was 

in a bare area. The soil texture at both sites was sandy loam. 

On each of the two days, four probes were placed at various depths 

down to approximately 20 cm at each of the two sites. The reference 

junctions were placed at approximately the 20 cm level and buried 

along with the exposed soil profile in which the probes were installed. 

The probes were installed by first piercing a hole in the soil with 



a metal rod of slightly smaller diameter than the probe and then 

inserting the probe. Moisture and bulk density samples were taken 

at the time the probes were installed. Aluminum foil was placed 

over the site to minimize the heating effects of the sun. 

As suggested by Jury and Bellantuoni (1976) the microvoltmeter 

was monitored before each measurement to determine if the soil tempera

ture was fluctuating. In this case it was found that there was minimal 

drift in the system so the correction procedure was not used. The 

data for these measurements appears in the next section. 

Estimation of Volumetric Heat Capacity and Thermal Diffusivity 

The volumetric heat capacity, 0 C was estimated for the Super

stition, Agua and Gila soils using equation (10). This value was 

then divided into the thermal conductivity, as determined by the 

probe, to yield an estimate of the diffusivity. A sample calculation 

follows for a Superstition sand sample with a measured K value of 

3.3 mcal/cm sec °C, a bulk density of 1.5, and a moisture content 

on a mass basis of .08. 

Assuming a particle density of 2.65 g/cm (Baver, Gardner 

and Gardner, 1972) the volume fraction of paticles, X, is: 

(1.5 g/c,3)/(2.65 g/cm3) = 0.57 

The volume fraction of water, 0 , is the bulk density, p, times the 

water content on a mass basis,0 , divided by the density of water, 

©v = [(1.5 gm/cm3)/(1.0 gm/cm3)] (0.008) = 0.12 
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The quantity of organic matter in this soil is negligibly 

small (0.1$). Substituting into equation (10) yields the volumetric 

heat capacity. 

C = (0.46 cal/cm3 °C)(0.57) + (1.0 cal/cm3 °C) (0.12) 

=0.38 cal/cm3 °C 

For the diffusivity, D 

D = K/C = (3.3 mcal/cm sec °C)/(0.38 cal/cm3 °C) 

-3 2 
= 8.7 x 10 cm /sec. 

Results and Discussion 

This section presents curves for moisture content versus 

thermal conductivity as well as diffusivity curves for three different 

soils. Thermal conductivity of a dry quartz sand was determined 

with the probe as well as two other methods. 

Comparison of Three Determinations of the 
Thermal Conductivity of a Dry Coarse Sand 

The thermal conductivity, K, of a dry quartz sand was determined 

with the probe method, a heat flux plate method and a theoretical 

method. The resulting values for each method are as follows: 

Thermal Conductivity (mcal/cm sec °C) 

probe .42 

heat flux plate .63 

theoretical .32 
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Because there is no one standard, it is impossible to know 

what the true K value is for this sand. These values are all similar 

to values reported in the literature. 

There were several possibilities for error in the heat flux 

plate method. The most obvious is the fact that the thickness of 

the sand layer was estimated but not measured because the procedure 

was originally intended only for the calibration of heat flux plates. 

Also room temperature was assumed to be the same as that of constant 

temperature bath when a negligibly small heat flux was measured through 

the plates. In the calculations it was assumed that the thermal 

resistance of the aluminum pan and the contact resistance between 

the sand and the air were sufficiently small as to be negligible. 

This is true for the aluminum which has a resistivity of 1.8 cm sec 

°C/cal but may not hold as well for the contact resistance. These 

factors could account for the difference in the conductivity values 

between this method and either of the other two methods. 

The basic problem with the theoretical DeVries method is 

that it assumes certain shapes for the particles, in this case spheri

cal, which do not conform to the real situation. In addition, the 

particles are assumed to be separated which would decrease the calcu

lated K. However, when the correction factor is used the number 

becomes reasonably close to the K determined by the probe. 

According to DeVries and Peck (1958a), the most likely possibil

ities for error in a dry soil K measurement with a probe are the 

thermal contact between the probe and the soil and a soil sample 



of insufficient radius so that the boundaries of the soil influence 

the measurement. It was assured that the latter did not have an 

effect because expression (27) was satisfied. The fact that the 

sand loosely collapsed around the probe as it was inserted is a qualita

tive indication of a good thermal contact. The increase in bulk 

density caused by the insertion of the probe may have increased the 

measured K value. This could have been avoided by placing sand around 

the probe already in the column. 

Thermal Conductivity Measurement of Water 

The results of the measurements of the thermal conductivity 

of water are shown in Figure 12. Only the portions of the curves 

that are approximately straight lines were used in the determination 

of K. A linear regression was used to obtain the slopes of the lines. 

The average thermal conductivity obtained was 1.2 mcal/cm sec °C, 

which compares favorably with the value of 1.4 given by Kreith and 

Black (1980). The deviations obtained at larger temperatures are 

probably caused by the movement of water due to density changes in 

the higher temperature water next to the probe. The water circulation 

could cause the temperature decrease. This convective heat transfer 

makes the cooling curve useless for determining the thermal conductivity 

of water. 

Thermal Conductivity and Diffusivity Versus 
Moisture Content for Three Soils 

The data for the K determinations for the Agua, Gila and 

Superstition soils is presented in Figure 13. All of these data 
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were measured in the laboratory with the exception of the points 

for the Gila loam at between 10 and 20 percent moisture content which 

were recorded in a well cultivated field as described in the methods 

section. The curves drawn in Figure 13 must be considered approxi

mations due to the small number of points concentrated in limited 

ranges of moisture contents. 

The general shapes of all these curves match reasonably well 

with those in the literature (see Figure 2). The values are also 

of the same order of magnitude of previous studies for similarly 

textured soils. However, the minimal numbers of data points makes 

it impossible to detect the slow increase in K as the moisture content 

increased from dry to slightly moist. This same logic also holds 

for the higher moisture ranges of the Gila and Agua soils, where 

there are too few data points to obtain more than an approximate 

curve. 

The data exhibit the most scatter in the intermediate moisture 

ranges; measurements for individual soil samples are plotted for 

these while the points at dry and saturated moisture levels represent 

at least two different soil samples. This scatter may arise from 

differences in packing of cylinders with soil in the laboratory and 

differences in soil properties at different sites in the field. 

The packing in the lab resulted in different bulk densities for dif

ferent samples and also may have resulted in varying densitites close 

to the probe where the soil has the most important effect on K deter

mination. In the field, variations of bulk density and moisture 



content, along with variations in the contact resistance between 

the probe and the soil could explain the variations in the measured 

K value. 

The K values for the Gila soil do not correspond well with 

those of Hares (Figure 4). However, the values of Hares are higher 

than even published sand values in the literature (see Figure 2). 

The reason for Hares excessive values is perhaps due to an inaccuracy 

in the heat flux plates. The data used for the heat flux plate 

determination here, was the same data that Hares used to calibrate 

his plates. That K value was found to be higher than either of the 

other methods. Therefore the value used as the heat flux through 

the plates may have been too high resulting in excessively large 

values of K. 

Thermal diffusivity versus moisture content curves are shown 

in Figure 14. These were obtained by dividing the probe measured 

thermal conductivity by the estimated heat capacity as explained 

in the methods section. Therefore the variation of the data is similar 

to that of the K values. One point worthy of discussion is the fact 

that the diffusivity of Superstition and Gila soils appears to increase 

at low moisture contents and to decrease as saturation is approached. 

This is contrary to the findings of Jackson and Kirkam (1958). They 

measured the diffusivity of a clay loam and found the values to be 

continually increasing with the maximum value at saturation. This 

suggests that the values of thermal conductivity measured in the 
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Figure 14. Thermal diffusivity versus moisture content for Superstition 
sand, Gila loam, and Agua sandy loam soils. 



intermediate moisture regions may be apparent rather than real. 

Wierenga, Nielsen and Hagan (1969) found by laboratory measurements 

that the heat capacity of Yolo loam was underestimated by about 13). 

This could have an effect on the estimated D values. 

In Situ Thermal Conductivity Measurements at 
Davis Monthan Air Force Base 

The data from Davis Monthan Air Force Base are shown in 

Table 2. It ranges from 0.62 to 0.32 mcal/cm sec ° C. The intent 

of the measurements was to obtain thermal conductivity versus depth 

curves for two different days, but there is too much scatter in the 

data to draw any relationships. According to Fritton (1982), soil 

thermal conductivity is a log normally distributed property in the 

field and would therefore require numerous measurements at different 

sites in a field to obtain the magnitude of differences sought here. 

Similarly, the number of moisture content determinations was insuffi

cient to draw conclusions on the change in moisture content between 

depths over the two day period. The results do show a general figure 

for the thermal conductivity at this site for a mass moisture content 

of between five and ten percent. 
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Table 2. Results of thermal conductivity (K) 
Monthan Air Force Base. 

measurements at Davis 

Depth 
(cm) 

K 
(mcal/cm 
sec °C) 

August 16, 1982 
Mass Moisture 

Content 
Depth 
(cm) 

August 18, 1982 
K Mass Moisture 

(mcal/cm Content 
sec °C) 

Plot 1 

4 .51 .04 5 .40 .04 

13 .42 .06 12 .48 .06 

19 .42 .06 19 .62 .06 

25 .34 .04 25 .06 

Plot 2 

4 .47 .04 5 .32 .05 

8 .48 .08 12 .46 .06 

16 • 36 .08 19 .40 .06 

25 .55 .06 25 .56 .05 

Average K = 0.45 mcal/cm sec °C 



CHAPTER 4 

ANALYSIS OF SOIL TEMPERATURE DATA 

This section describes the methods and the results of an 

analysis of soil temperature data from five different locations in 

Southern Arizona. All of the measurements were taken from University 

of Arizona experimental farms located in Safford, Tempe, Yuma, Tucson 

(on Campbell Avenue), and Marana by farm staff members. Table 3 

contains the taxonomic classification of the soils at each of the 

sites along with the mean annual precipitation. All of the plots 

have a bare surface with the exception of Tempe which is in an irrigated 

citrus orchard. A quantitative analysis was made where three or 

more years of data were available. Some of the data for less than 

three years is graphed to provide very general information on the 

temperature variation. Thermal diffusivity estimates were made for 

three different sites in an attempt to predict temperatures at greater 

depths. 

Analysis of Data 

Mean daily and mean annual temperatures at various depths 

at Safford, Yuma and Tempe were calculated. Fourth order polynomials 

of the type of equation (33) were fitted to the mean daily temperatures 

using a multiple regression analysis. The results of this analysis 

are given in Tables 4-6. The mean daily temperatures along with 

the appropriate regression equations are plotted in the appendix. 

Also included in the appendix are plots of soil temperature data 
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Table 3. General information for soil. 
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Temperature Recording Sites (Elevation and Annual Rainfall 
Sellers and Hill (1974) except for Marana, which is from (Reylier, 1982) 

Site Elevation Annual Soil Taxonomic 
(cm) Rainfall (cm) Classification 

Safford 884 22 cm 

Tempe 360 20 

Yuma 366 

Pima clay loam 
Fine-silty, mixed 
themic family of 
type Torrifluvents 
(Post, Hendricks 
and Hart, 1977) 

Estrella loam 
fine-loamy, mixed 
calcareous type 
family of Torri
fluvents (Adams, 1974) 

Holtville clay 
Clayey over loamy, 
mcntmorillionic 
(calcareous) hyper
thermic family 
typic torrifluvents 

(Barmore, 1980) 

Campbell Avenue 
Experimental Farm 
Tucson 710 28 

Marana 597 24 

Gila loam, coarse-
loamy mixed (calcareous), 
thermic family of typic 
torrifluvents 
(Gelderman, 1972) 

Pima Clay loam, fine-
silty, mixed, thermic 
family of typic 
torrifluvents 
(Post, Hendricks and 
Pereira, 1978) 



Table 4. Safford regression equation for soil temperature estimation. 

T = A + Bx + Cx2 + Dx Ex 

T = Temperature, x = Day of the year 

Depth Years A Bx10 Cx103 Dx105 Cx108 R2 

(cm) Data 

5 cm Maximum 67--80 14 .0 -1.25 4.67 -2.21 2.81 0.987 

5 Minimum 67--80 4 .83 -1.72 4.01 -1.76 2.14 0.978 

10 Maximum 67--80 10 .4 -1.05 3.87 -1.79 2.20 0.987 

10 Minimum 67--80 5 .29 -1.54 3-91 -1.73 2.11 0.982 

20 Minimum 67 -80 9 .18 -0.929 3.30 -1.50 1.80 0.980 

20 Maximum 67' -80 7 .57 -1.25 3.44 -1.51 1.80 0.996 

50 cm (8 AM) 67 -80 10 .23 -1.10 3.10 -1.39 1.68 0.991 

100 cm 67 -80 12 .6 -1.25 3.03 -1.35 1.68 0.994 



Table 5. Tempe regression equation for soil temperature estimation. 

T 
2 

= A + Bx + Cx 
3 

+ Dx + Ex4 

T = Temperature, X = Day of Year 

Depth Years A Bx10 Cx103 Dx105 Ex108 R2 

(cm) Data 

5 Maximum 72--80 12.7 -1.67 6.03 -2.96 3.91 0.97 

5 Minumum 72--80 8.74 -2.41 4.97 -2.18 2.70 0.974 

20 Maximum 72--80 11.7 -1.65 4.48 -2.05 2.58 0.981 

20 Minimum 72--80 10.1 -1.92 4.30 -1.90 2.34 0.979 

50 (8 AM) 72--80 12.3 -1.48 2.98 -1.19 1.31 

100 72--80 15.1 -1.49 2.37 -0.839 0.81 0.984 

22b 67--71 18.7 -0.898 0.861 -0.151 -5.62 0.985 



Table 6. Yuma regression equation for soil temperature estimation. 

T = 3 
A + Bx + Cx 

3 
+ Dx + Ex4 

T = Temperature X = Day of Year 

w 
Years A Bx 10 Cx103 Dx105 ExlO8 R2 

5 Minimum 4/79-1/82 15.3 -2.02 3.88 -1.62 1.91 0.967 

5 Maximum ii 20.8 -1.65 3.97 -1.75 2.14 0.976 

10 Minimum ti 18.6 -1.56 3.57 -1.54 1.83 0.972 

10 Maximum it 16.5 -1.98 3-70 -1.52 1.77 0.970 

20 Minimum ti 18.0 -1.58 3.03 -1.22 1.36 0.977 

20 Maximum ii 18.8 -1.77 3.47 -1.44 1.68 0.969 
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temperature as opposed to the more consistent night time conditions 

that exert an influence on the minimum temperatures. 

Values of mean annual soil temperature and mean annual air 

temperature are presented in Table 7 for Safford, Tempe and Yuma. 

As expected, the stations with warmer mean air temperatures have 

the higher soil temperatures, and the soil temperatures are higher 

than the air temperatures by several degrees. Variations in the 

mean annual soil temperature with depth are sufficiently small that 

they could be attributed to measurement error. 

Diffusivity Calculations 

The thermal diffusivity at several sites was estimated using 

the harmonic wave equation solutions. Both equations (30) and (31) 

were applied to annual temperature fluctuations but only the time 

lag equation (31) was found to give reasonably consistent results 

which is in agreement with the statement of Sellers (1965). Diffusivities 

were estimated using data from Safford, Tempe and Yuma. A sample 

calculation follows. 

The interval from 50 to 100 cm at Safford is used with equation 

(31). From Figures A-4 and A-5 the approximate time lag between 

the maximum temperature at 50 cm and 100 cm is 10 days. The frequency 

of the wave, w, is 2 ir/P where the period P in thi3 case is twelve 

_7 
months. When expressed in seconds to is 2X10 /sec. Substituting 

the appropriate values into equation (31) yields: 
9 

100 cm - 50 cm 
D = 

2(2xl0_7sec"1) (100 days) (86,400 sec/day) 

2 
= 0.0084 cm /sec 



/ /  
Table 7. Mean annual air temperature and mean annual soil temperature 

for various depths at Safford, Tempe and Yuma. 

Mean annual 
Air Temp 

Mean Annual Soil Temp (MAST) 

Station 5cm 10 cm 20 cm 50 cm 100 cm 

Stafford 16.9 21.1 19.1 19.1 19.1 19.5 

Tempe 19.4 22.6 20.6 19.2 19.8 

Yuma 21.5 24.2 24.5 24.8 

20.3 

o\ 
U1 
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from Safford, Yuma, Campbell Avenue farm and Marana that represent 

two years of data or less. 

As a means of illustrating the annual temperature variation 

with depth, the average annual maximum and minimum soil temperatures 

are plotted in Figures 15—19- Data at depths of 50 cm and greater 

are not very accurate at Cambell Avenue, Yuma and Marana because 

of the unreliability of the battery powered thermister meter used 

at these sites. The information is useful however, in obtaining 

an approximation of the amplitude of temperature variation with depth 

at these sites. 

The graphs illustrate general trends of decreasing temperature 

fluctuations and delay in the temperature wave with depth. This 

is illustrated by both the decreasing amplitudes of the wave equations 

with depth and by the decreasing data scatter around the polynomial 

curves at the deeper depth. The decrease in scatter is also evident 

in the plots of mean daily temperatures and was also observed in 

the computed variances for the individual daily means. For example, 

at Safford, for the 5 cm depth the variances generally range from 

10 to 50 for the maximum and 5 to 20 for the minimum temperatures. 

This is in contrast to variances at the 50 and 100 cm depths which 

are less than ten and five respectively. It was also observed that 

there is more variation in the maximum temperatures than the minimum 

temperatures. A possible reason for this trend is the greater variation; 

in daytime solar radiation that directly affects the maximum 
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Figure 15. Safford average annual maximum and minimum soil temperature 
temperatures versus depth. 



68 

TEMPERATURE CO 

£ 
o 

35 
En 
CL, 
W 
a 

too -

200 

3 0 0 -

Data for 
2/81-1/82 

4-00 -

Figure 16. Tempe average amual maximum and minimum soil temperatures 
versus depth. 



69 

TEMPERATURE CC) 

s 
o  

EH 
a, 
to 
a 

50 -

100 -

150 -

200 • 

250 

300 

Figure 17. Yuma average annual maximum and minimum soil temperature 
with depth. 



TEMPERATURE ('C) 

Figure 18. Campbell Avenue experimental farm average annual maximum 
and minimum soil temperature with depth. 



TEMPERATURE CO 

Figure 19. Marana average annual maximum and minimum soil temperature 
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The results of this calculation at the three sites are given in Table 

8. Only the deeper levels were used with the rationale that they 

would be the most representative figures for the depths of interest. 

p 
The average value for all three sites is approximately .004 cm /sec 

which, from Table 1, indicates the damping depth would be about 200 

cm at each site and the depth of negligible temperature variation 

is on the order of 900 cm. This calculation is only an indication 

of magnitude. The basic assumption is a homogeneous soil profile 

with a constant diffusivity. In fact, most soil profiles are stratified 

and have a changing moisture content over the year, causing diffusivity 

changes both spatially and temporily. 

Conclusion 

The data presented here give a general impression of soil 

temperatures in Southern Arizona; it should be remembered that the 

landscape of Arizona is frequently interrupted by mountain ranges 

and valleys and the effects moisture, elevation, soil slope and ground 

aspect could cause major deviations from the data included here. 

Other factors such as high water tables and densely vegetated surfaces 

3hould also be considered. Finally, the best way of determining 

soil temperature is with a thermometer at the appropriate site and 

depth. 



Table 8. Results of thermal dlffusivity calculations 
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Station Depths (cm) Calculated Diffusivity 

(cm2/sec) 

Safford 50-100 0.0084 

100-200 0.0010 

50-200 0.0017 

Average = 0.0037 

Tempe 50-100 0.0021 

100-226 0.0021 

50-226 0.006 

Average = 0.0030 

Yuma 50-100 0.0037 

50-350 0.0051 

50-200 0.0039 

100-200 0.0040 

100-350 0.008 

200-350 0.008 

Average = 0.0047 

Overall Average Diffusivity = 0.0038 (cm2/sec) 



APPENDIX A 

GRAPHS OF SOIL TEMPERATURE DATA FROM SAFFORD, TEMPE, 

YUMA AND TUCSON 
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Figure A.3. Safford average daily minimum and maximum 20 cm soil 
temperatures and regression equation. 
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Figure A.M. Safford average daily 8 AM 50 cm soil temperature and 
regression equation. 
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Figure A.5. Safford average daily 100 cm soil temperature and 
regression equation. 
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and regression equation. 
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and regression equation. 
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Figure A.9. Tempe average daily 8 AM 50 cm soil temperature and regression 
equation. 
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Figure A.10. Tempe average daily 100 cm soil temperature and regression 
equation. 
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Figure A.11. Tempe average daily 225 cm soil temperature and regression 
equation. 
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and regression equation. 
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and regression equation. 
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Figure A.14. Yuma average daily minimum and maximum 20 cm soil 
temperatures and regression equation. 
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