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ON THE COVER 
Tillage ranks prominently among soil managements available 
for modifying the energy balance of a bare soil surface. Soil 
porosity and surface roughness are changed by tillage, and 
these soil structural parameters in turn influence balances of 
energy at the soil surface. Soil temperature, evaporative dry
ing, reflected radiation, and air temperature are therefore 
indirectly managed by tillage. These relations are evaluated 
for four kinds of tillage on Nicollet and Doland soils in western 
Minnesota. 

It is the policy of the Agricultural Experiment Station of the University of Minnesota that all persons shall have equal opportunity 
and access to its programs and facilities without regard to race, creed, color, sex, or national origin. 
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Surface Energy Balance and Soil Thermal Property Modifications 

by Tillage-Induced Soil Structure1 

by R. R. Allmaras, E. A. Hallauer, W. W. Nelson, and 
S. D. Evans2 ,3 

Introduction 

Tillage is one of the most important field methods for 
managing soil thermal properties and heat flow partitions 
between air and soil. Changes resulting from tillage can 
have significant effects on soil temperature and moisture 
environments of bare soil as well as on the microclimate 
of plants, especially early in their growth period. Much 
arable land is bare soil during a large part of the year. 
Tillage methods to produce these bare soil surfaces range 
from moldboard plowing to packing soils through secon
dary cultivation and harvest operations. 

Tillage influence on soil temperature management can 
briefly be emphasized by the surface energy balance: 

(1-a.) R. + R1net = H,oil + Hair + HevllP 1 
with all components expressed as energy per unit horizon
tal area. R. is shortwave radiation; R1net is net longwave 
radiation; and a. is a reflection coefficient for shortwave 
radiation. Coulson and Reynolds (1971) and Idso et al. 
(1975) showed that soil roughness can change as, and a 
typical impact of this change on soil temperature as af
fected by time of tillage (fall or spring) was shown by 
Allmaras et al. (1972). R1net may change as a function of 
surface temperature when soil heat flow, H.01h is changed 
by tillage. Hsoil for a given insolation may be changed by 
tillage-induced changes of thermal admittance - a func
tion of thermal conductivity and heat capacity. Mutual 
dependence of the right-hand terms of equation 1 illu
strates, furthermore, that changes of H.o!! can bring 
about changes of both sensible heat, Hair, and latent heat, 
HeYllI" to the air. More detailed consideration of these fac
tors is given by van Wijk (1963). 

1 Joint contribution from the Agricultural Research Serv
ice, USDA, and the Minnesota Agricultural Experiment 
Station, S1. Paul, Lamberton, and Morris. 

2 Soil Scientist, USDA, Pendleton, Oregon; Programmer, 
USDA, Morris, Minn.; Superintendent, Southwest Min
nesota Experiment Station, Lamberton; and Soil Scient
ist, West Central Minnesota Experiment Station, Morris. 

S The authors express their appreciation for field and lab
oratory assistance to C. G. Senst, Agricultural Research 
Technician, ARS, Lamberton, Minn.; Russell Rosenau, 
Agricultural Research Technician, ARS, Kimberly, 
Idaho; and R. T. Hagstrom, Electronics Technician, 
ARS, Morris, Minn. Appreciation for manuscript typing 
is also expressed to Marion Hibbard, Clerk-Stenographer, 
ARS, Pendleton, Oregon. 

Relations of tillage and soil thermal properties have 
been investigated repeatedly by temperature measurements 
before and after tillage, but without a physical basis for 
evaluation, the results have often been confusing. Van 
Duin (1956) was among the first to treat tillage and re
lated thermal properties in a systematic physical manner. 
His treatment of tillage and thermal properties was made 
possible by the earlier work of de Vries (1952), who 
calculated thermal conductivity for granular materials 
using the dielectric analogue. These workers showed that 
thermal conductivity and heat capacity of soil depend on 
organic matter, mineral composition, porosity, and water 
content (the latter two are readily changed by tillage). 
They also showed the importance of tillage for creating a 
layered system. Willis and Raney (1971) considered com
paction (reduced porosity) and water content effects on 
soil thermal properties. 

Comparisons of theory with field experiments are few 
(van Wijk, 1963), because only in rare cases were the 
relevant microclimatic, soil temperature (or heat flow), 
and . soil structural properties all measured. Moreover, the 
associated in situ measurements of thermal diffusivity or 
thermal conductivity were often cumbersome or inaccurate. 

Many field measurements of thermal diffusivity have 
been made using harmonic analysis of depth-time soil 
temperature measurements. This method (van Wijk, 
1963) requires that surface temperature must be a true 
periodic function of time and that thermal diffusivity re
mains constant over time and depth. Failures of these as
sumptions are illustrated by the analyses of Carson 
(1963), wherein reasonable estimates of thermal dif
fusivity from the diurnal period could only be obtained by 
first averaging temperatures of several diurnal periods be
fore performing the harmonic analysis. Another manifesta
tion is shown by Lettau (1954), who showed that a 
depth-time field of both soil temperature and heat flux 
would permit estimation of thermal diffusivities that differ 
with soil depth. Interestingly, both of these studies con
cerned estimation of thermal diffnsivity under a grass 
cover or compact bare soil - both conditions can 
create extreme time and depth changes of thermal dif
fusivity due to water content changes. Recently, Wierenga 
et al. (1969) showed that harmonic analysis gave suitable 
estimates of thermal diffusivity for bare (dry or irrigated), 
relatively homogeneous Yolo silt loam, provided that sur
face temperatures were nearly periodic and that sufficient 
soil water measurements were made to recognize and ex
clude the extremely dry layers above 10 cm. 
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De Vries and Peck (1958a, 1958b) proposed measur
ing thermal conductivity with a cylindrical heat source. 
Wierenga et al. (1969) showed that accurate field meas
urements can be attained within practicable limits of probe 
dimensions and heat input to limit water movement. How
ever, use of a probe for in situ estimates of thermal con
ductivity in tillage-induced soil structures may be limited 
when soil bulk densities are L1.0 gm/cm3. At this density, 
thermal contact-impedence can be expected to interfere 
with probe performance. Van Wijk and Bruizn (1964) 
and van Wijk (1965) proposed measuring thermal con
ductivity by Laplace transform analysis of the half-square
wave heat pulse which is produced by heat plates placed 
on the surface. For studies of tillage-induced thermal 
properties, this method may also be inadequate because of 
both artificial surface properties (such as altering air tur
bulence or its effects) and limitations of measurements to 
the upper 2.5 cm. Numerical analysis and selected thermal 
diffusivity values were used to reproduce measured (depth 
and time) soil temperatures (Wierenga et al., 1969; Wier
enga and deWit, 1970; and Hanks et al., 1971). Just as 
with harmonic analysis, this method requires a complete 
soil temperature description. However, the requirements 
of true periodicity and homogeneous conductor are not 
required. 

Because of the extensive influence of tillage-induced 
thermal properties on soil environment and plant micro
climate, field information is needed on the relation of soil 
structure and thermal properties. This is especially true 
because simple methods are available (de Vries, 1952) to 
estimate thermal conductivity and heat capacity. These 
can be used with numerical methods for estimating heat 
flow. Limitations and applicability of these methods for 
different tillage and soil structures are currently unknown. 
Our objectives in this study were to field measure soil 
structure, to compare estimates of thermal diffusivity, and 
to provide some coincident measurements of the surface 
energy balance. Thus, we could approximate the influence 
of tillage management on soil structure, thermal properties, 
and evaporation. 

THEORY 

Thermal properties from harmonic analysis of soil 
temperature 

The definition of thermal diffusivity as a transport co
efficient for molecular heat transfer in the Ap soil layer 
(considered as a homogeneous conductor) is based on 
some stringent assumptions imposed on the heat flow 
equation: 

oT 
--=a 	 2ot 

where T is temperature, t is time, z is depth positive down
ward, and a is thermal diffusivity constant with time and 
depth. It is assumed that heat flow is unidirectional in a 
homogeneous conductor, with no motion (such as turbul
ence) on a macroscopic scale. Also, no heat generation or 
energy conversion (such as heat of vaporization or con
densation) is assumed. Since it is known that turbulence
related macroscopic flows (Farrell et al., 1966) and 
coupled heat and moisture flow (Philip and de Vries, 

1957) can occur in soil, any estimated thermal diffusivity 
for soil layers must include these effects. 

Equation 2 is a differential equation for T (z,t), which 
must be obeyed for any possible temperature variation 
caused by unidirectional heat flow in a homogeneous med
ium. For t>o and any ZlL Z , the temperature may 
be specified with suitable initial and boundary conditions. 
For estimating a from soil temperature measurements, 
some of the problems can be emphasized by a brief de
scription of the initial and boundary conditions on equa
tion 2, following the detailed development by van Wijk 
(1963). 

Because of the sequence of day and night (diurnal) 
temperature variation at the surface boundary, (z=O), is 
expressed as: 

T (0, t) 	= TA + AT (0) sin (rot '1') 3 
where T 	A is an average temperature, 

AT (0) is the amplitude of temperature, 
00 is radial frequency=7.27 X 10-5jsec for the 
diurnal variation, and 
'1' is a constant to time reference the periodic 
function. 

Besides the surface boundary condition, a semi-infinite 
thickness slab is considered in which: 

T (z=co,t) - TA 4 
No additional initial condition is necessary because sur
face temperature was assumed to be a periodic function of 
t for all t L co. When boundary conditions 3 and 4 are 
applied to equation 2, temperature variation in a soil slab 
is expressed as a periodic variation of time: 

T(z,t) =TA+A'l' (1.) sin (wt ~(z) '1') 5 
Here we see that the amplitude of the temperature: 

-zlll 6AT (1.) = AT {oj e 
and the phase constant: 

" (z) = -z/D 7 
are both functions only of depth. D is the damping depth 
and is related to a as: 

D = (2a/w)6 
The equalities of 6 and 7 may be found by substituting 

the solution of equation 5 back into equation 2. Equation 
5 could be obtained if, instead of a periodic surface tem
perature, it were specified that: 

T (z, 0) = TA + Ar (oj e-z/llsin (-z/D) 8 
For equation 5 to apply, surface temperature must be a 
periodic variation about an average temperature, and the 
slab must have a semi-infinite depth with uniform a over 
time and depth. 

When soil temperature at the surface is an arbitrary 
periodic function of time with a radial frequency ro, it can 
be represented by a Fourier series with radial frequencies 
that are integral mUltiples of w: 

<Xl 

T (O,t) - TA + l (ak cos k wt + 13k sin kwt) 9 
k=l 

Equation 9 can be written in a different form: 
<Xl 

T (O,t) = TA + l AT(o.k) sin (kwt + 'fd 10 
k=l 

where: 
ak AT (0, k) sin fPk; 13k = AT(o.k) cos fPk 11 
AT (0,k}2=a 2k + f32k; fPk = tan-1 (ak/{3k) 

6 
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Since, for each depth of temperature measurement, a Four
ier series may be fitted and a constant a can be assumed, 
a general periodic variation may be expressed when T (00, 
t)=TA : 

T (z,t) = TA + i AT(o.k)e- zk% sin (kwt +<Pk-zki/D) 
k=1 12 

Considering only the first harmonic (k= 1) of a Fourier 
series, equation 12 reduces to equation 5. 

Soil temperature literature contains many studies util
izing harmonic analysis of soil temperature to determine 
a. In these analyses, the most frequently mentioned prob
lems are variable a with depth and time and deviations 
from temperature periodicity at the surface. Both are vio
lations of the assumptions for T (z,t) in equation 5 to 
describe temperature variations in a finite slab ZlLZL~. 
Another problem is the accuracy of the temperature mea
surements themselves. Various procedures have been sug
gested to overcome these difficulties. Carson (1963 ) 
averaged the temperatures for several periods before har
monic fitting. Even though this procedure may satisfy the 
necessary internal checks (linearity of In AT or ~ with 
depth, and similar a estimation by both functions of 
depth) on the validity of equation 5, the true cause for 
failure in one period is not clarified. Another method 
often used to overcome failure of equation 3 is to estimate 
D by utilizing higher order harmonics in addition to the 
first harmonic, recognizing that: 

Dk Dk "'l/ki 13 

However, ak and 13k generally decrease as k increases, and 
as depth of temperature measurement increases; their pre
cision may be limited by the accuracy of temperature meas
urement. Lamont (see discussion by van Wijk, 1963) 
proposed a linear correction for systematic non periodicity , 
but the correction was not satisfactory because it rendered 
a discontinuity of temperature at the end of the diurnal 
period. Lettau (1954) showed theoretically how higher 
order harmonics of temperature and heat flow may be 
used to express a depth dependency of a. Use of such an 
analysis is limited by precision of higher order harmonics 
where diurnal periods are of interest. To achieve this 
analysis, Lettau first used a linear correction for non
periodic surface temperature conditions. All of these cor
rection procedures showed that harmonic analyses of soil 
temperature were seriously disturbed by nonperiodic surf
ace temperature variations. 

The periodic solution, equation 5, of the heat conduc
tion equation 2 is entirely determined by boundary condi
tions shown in equation 3 and 4. The initial condition can
not be specified because the temperature distribution with 
depth must be identical at the beginning and end of the 
period (diurnal, in this research). Rarely does this identity 
occur, even if analyses are made for clear cloudless days 
which invariably are intermittent with cloudy weather and 
rainfall in summers of the western Com Belt. A transient 
correction, proposed briefly by van Wijk (1963), is tested 
here. This transient correction was based on the following 
solution of the basic heat flow equation: 

0 2ToTe = a c 14 
ot 
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subject to Te = 0 at z=o and t>o, and 
Tc = f [z] when t=O 

In equation 14, Tc is the correction to be applied to T ob
served as a function of depth and time. The derivation of 
Tc (z,t) is given by Carslaw and Yaeger (1959 p 60 to 
62): ' 

Te (z,t) = 
1vII fa;) 

2 
f [b'; + z] e-' d'; 

-~ ~ 
2 

f [b';-z] e-' d'; 
15 

where b=2 V at. Equation 15 specifies temperature in a 
semi-infinite solid extending to infinity in the positive 
direction, the surface boundary is kept at zero temperature 
for all t >0, and temperature at zero time is given as a 
function of depth. .; is a dummy variable, and t is time in 
sec. The construction f[b'; -+- z] is functional notation, 
which depends on the depth description of the temperature 
change over the period of analysis. We tested two forms of 
f [z] a quadratic and a cubic function of z. A special 
problem in applying this transient correction is the a 
priori estimate of a. The a determined from harmonic 
analysis of the uncorrected temperature was used at first, 
but this produced even more variable a than the original 
harmonic analysis. Finally, a was iteratively obtained as 
the value at which Tc became a minimum for a depth z 
arbitrarily near zero at the end of the 24-hour period. The 
actual value of z used was 10-6 cm, and the correction at 
this depth was about 10-8 0c. 

De Vries dielectric analogue estimation of thermal dif
fusivity in tillage-layered soil 

The dielectric analogue method of de Vries (see van 
Wijk, 1963, p. 211-235) allows estimating thermal dif
fusivity, a=VA/C., using measurements of total porosity, 
volumetric water content, mechanical analyses, and organ
ic carbon content. Heat capacity was computed as: 

C. = CmXm + CoXo + CwXw 16 
where Xm is the volumetric mineral solids, 

Xo is the volumetric organic solids, and 
Xw is the volumetric water. 

Volumetric heat capacity of mineral solids was taken as 
0.46, that of organic solids as 0.60, and that of water as 
unity (see van W ijk, 1963, p. 211). Thermal conductivity 
(A) was computed using the dielectric analogue of de 
Vries: 

N 
lk1X1A; 
;=1 17A= 

lk1X j 

1=1 

N is the number of types of granules, each with a con
ductivity )'1 and a volume fraction Xl. The kl of equation 
17 were estimated as: 
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In estimating kh it was assumed (except where noted) that 
~ gb - g., = 1/3 for spherical granules in a continuous 
medium. AI was taken as the conductivity of the ith dis
persed medium in the continuous medium with a conduc
tivity, 1.0 ' Also, for the continuous medium, kl = 1. 

The conductivity of tilled layers was computed using 
a three-stage application of both equations 17 and 18. In 
the first stage, A of the solids was computed assuming that 
organic matter and quartz were dispersed granules in the 
nonquartzic mineral component. The volumetric fraction 
of the former components were each less than that of non
quartzic mineral solids. In Nicollet soil, these mineral 
properties were assumed: 100 percent light mineral (den
sity <2.70 gm/cm3 ) composition, 65 percent quartz in 
sand and silt fractions, and 10 percent quartz in the clay 
fraction. These assumptions are based on studies by Arne
man and McMiller (1955) and personal communication 
from R. H. Rust, University of Minnesota. For the Doland 
loam (silt loam), mineral composition characteristics were 
similar except that the sand fraction was assumed to be 
50 percent quartz, while the silt fraction contained 60 
percent quartz based on studies by Redmond (c. E. Red
mond 1964. Genesis, morphology, and classification of 
some till derived chernozems in eastern North Dakota. 
Unpublished Thesis. Michigan State University). Organic 
matter density was assumed to be 1.3 gm/cm3 , as sug
gested by van Wijk (1963). 

From measurements of aggregate density as a function 
of gravimetric water content and the matching gravimetric 
water determined during the various runs, A of the aggre
gate was computed. In this second computational stage, 

the s?lids and ~ir were considered as the dispersed gran
ules m the contmuous water phase of the wet soil. Ration
ale for this arrangement of dispersed and continuous med
ium is exemplified by Voorhees et al. (1971). Since air is 
the continuous medium in a soil much drier than in this 
stUdy, some knowledge was required about g.. gb for 
the air medium as a function of the volumetric air fraction 
Xa. For the Nicollet soil, Xw (the volume fraction of wate; 
at saturation) is approximately 0.550 (see Voorhees et al., 
1966). Van Wijk (1963, page 226) assumed that ~ for 
air varies linearly from 0.333 at Xa = 0 to 0.035 at Xw 
= O. Thus: 

Xa g.. = gb = 0.333 0.55 (0.333 - 0.035) 

For the Doland soil with an Xw 0.490 at saturation, the 
description of ~ = gb for air was: 

g.. = gb - 0.333 - O~~ (0.333 0.035) 

Van Wijk (1963, page 224) used diffusion measurements 
to deduce ~ = gb = 0.144 and g., = 0.712 for solid 
particles. These values of g were utilized in equation 18 
to deduce the constant (k;) for the solid phase. 

From A of the aggregate determined above in the sec
ond stage and the additional knowledge of total porosity 
of tilled layers, conductivity of the tilled layers was then 
computed. Here we assumed that the aggregates were the 
dispersed granules in a continuous air medium. We further 
assumed that g.. = gb = g., for the aggregate in an air 
medium. 

Table I.-Organic carbon, mechanical composition, water contents of tilled layer, and tillage depths corresponding 
to the location-years of the study 

Location 
year 

Organic 
carbon 

Mechanical composition 
of Ap layer 

Sand Silt Clay 

Water content 
At Lower 

tillage plastic 
time limit 

Depth 
of 

plowing 

Depth of 
rotary 
tillage 

gm/100 gm gm/100 gm gm/l00 gm cm cm 

L·1965 2.39 40 27 33 23.8 25.0 18.7 
M·1966 2.99 27 47 26 26.6 26.6 17.3 16.8 
L·1966 2.58 40 30 30 18.3 24.4 18.7 16.2 

MATERIALS AND METHODS 

General field culture and tillage treatments 

Three location years· of tillage treatments were estab
lished after which soil structural parameters, soil thermal 
properties, and heat balance measurements were made. 
The soils are Mollisols with organic carbon contents 
>0.023 gm/gm, :::::"'26 percent clay, and lower plastic limit 
water content of about 0.26 gm/ gm (table 1). These soils 
are also highly aggregated with at least moderate resist
ance to slaking. 

A description of location-year identification, site treat
ment before tillage treatment, chronology of soil thermal 
and micrometeorological measurements, and fetch condi
tions follows: 

1. 	 Nicollet clay loam in 1965 at the Southwest 
Minnesota Experiment Station, Lamberton (L-1965): 
The 1964 small grain stubble was disked and uniformly 
packed with tractor traffic in the fall of 1964. Tillage 
treatments were made on June 21, 1965; three sub
sequent 48-hour runs were made on 6/234 through 6/25, 
6/29 through 7/1, and 7/13 through 7/15. During 
these runs, soil thermal properties and heat balance 
measurements were made. The site (collection of till
age treatments) had less than 1 percent slope and was 

4 Throughout this manuscript, dates and times are ex
pressed as 6/23 0810 which designates June 23 at 8:10 
a.m. 
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error among heights observed on a 5- by 5-cm grid over 
a 100- by 100-cm area. These height readings were used 
for both fractional total porosity and random roughness. 
Whenever changes of fractional total porosity or random 
roughness were re-estimated after rainfall and before 
measurement of thermal properties, the microrelief read
ings were repeated as above. 

Bulk density of individual aggregates was determined 
on bulk samples of aggregates taken randomly after tillage 
in each experiment. Two different diameter groups were 
collected: 10 to 25 and >25 mm. After air drying, ag
gregates were coated with SARAN5, and the air dry den
sity was determined using the method of Brasher et al. 
(1966). To determine density at water contents corre
sponding to field observed water contents, a small section 
of the SARAN on the top and the bottom was removed, 
after which the aggregate was wetted under vacuum and 
then des orbed at various suctions up to 500 mbar. 
Bulk density was then determined as for the air dry ag
gregate, followed by water content (gmjlO0 gm) measure
ment. From these measurements and associated particle 
densities, the intra-aggregate porosity fraction was de
termined. Together with the field measurements of frac
tional porosity described in the previous paragraph, the 
inter-aggregate porosity was also determined. 

An estimation of the diameter distribution of the ag
gregates was made from bulk samples of aggregates hand
picked from the Plow, PDH, and RT treatments. These 
samples were taken about 2 months after tillage from 
areas that were covered with plastic and that were allowed 
to dry somewhat before handling for diameter analysis. A 
galvanized metal frame, 30- by 30-cm plan view, was 
forced into the soil to tillage depth, and the aggregates 
contained therein were handpicked. After air drying, 
aggregates in diameter classes 200-150, 150-100, 100-50, 
50-25, and 25-12 mm were separated by hand, while dia
meter classes 12-9, 9-5, 5-3, 3-2, 2-1, 1-0.5, and <0.5 
mm were determined by rotary sieving. Assuming a log
normal distribution of aggregate diameters, the GMD and 
O"log d were estimated using methods described by Allmaras 
et al. (1965). 

Soil thermocouple placement 

Soil thermocouples were placed at tillage time because 
of the special placement procedures needed for some till
age treatments. A single thermocouple assembly was used 
in each of two replications of a tillage treatment. In each 
thermocouple assembly, the soil temperature was meas
ured at six depths: plow depth minus 15.2, 10.2, or 5.1 
cm; plow depth; and plow depth plus 15.2 or 30.5 cm. 
Since depth is positive downward, the estimated plow 
depth is the reference point for determining absolute depth. 
This convention applies only to the description of thermo
couple depth. The base of tillage was also used as the ref
erence depth in the R T treatment. Each depth in a thermo
couple assembly was sensed in quadruplicate using a par

5 Trade names and company names do not infer any en
dorsement or preferential treatment of the product listed 

by the USDA or the University of Minnesota. 

allel connection of thermocouples. A thermocouple output 
from a given depth was provided from four 8-m lengths of 
thermocouple wire parallel-connected to one lead pair that 
ranged from 30 to 50 m long, depending on the arrange
ment of tillage treatments at a site. For six depths, there 
were then six of these connections. All junctions were 
twisted tightly, soldered, cast in epoxy, and then coated 
with an adhesive epoxy for waterproofing. 

Following several passes with a moldboard plow in the 
Plow treatment, thermocouples were inserted from the side 
yet to be plowed. A heavy duty steel plate about 1 cm 
thick, 140 cm long, and 30 cm high was sharpened on the 
bottom edge. Slits were then cut upward from the bottom 
edge of the plate to the proper thermocouple placement 
depth when the bottom edge rested on the interface be
tween the Ap layer and the underlying undisturbed soil. 
This plate was placed parallel to tillage depth and partially 
sliced the last furrow slice. From the side yet to be plowed, 
the thermocouples at plow depth and above were inserted 
after a suitable channel was formed using an electric drill 
and a Ys-inch (5mm) diameter rod about 45 cm long. The 
thermocouples below plow depth were placed from pits 
starting at the exposed base of the furrow slice. Then 
another pass was made with a plow, and the metal plate 
was then lifted leaving the thermocouples in place. For all 
other tillage treatments utilizing the moldboard plow, 
thermocouples below plow depth were placed from pits 
starting at the exposed base of the furrow slice. Those at 
plow depth and above were placed from the side of a pit 
dug after tillage was completed. In these instances, proper 
placement depth and alignment was assured by using the 
steel plate which was forced into the ground along the 
edge of the pit and to the depth of recent tillage. Soil was 
replaced into the pit before the steel plate was removed. 
With the RT treatment, the procedure for thermocouples 
at tillage depth and shallower was the same as other tillage 
treatments requiring secondary tillage. The deeper thermo
couples were placed from a depth extension of the same 
pit. 

The result of these thermocouple placement techniques 
was a sensing zone defined on the surface by a rectangle 
about 20 cm wide and 140 cm in the direction of tillage. 
The rectangle was also spaced at least 35 cm from un
representative soil structure caused when access pits were 
dug for thermocouple placement. Recordings from thermo
couples were made each 20 minutes during runs, giving 
for each depth an average of four sensing points in each 
of two replications. 

Instrumentation for surface energy balance 

The surface energy balance was estimated as an aver
age for 20-minute intervals during selected nominal 48
hour periods for determination of soil thermal properties. 
For each of these periods, this above-ground instrumenta
tion was utilized: 
1. 	 Wind travel was recorded from a standard Weather 

Bureau cup-anemometer at a 100-cm height in the cen
ter of the assembly of tillage treatments. 

2. Relative humidity was 	measured at the 10- and 100
cm heights at the center of the assembly of tillage treat
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Table 3.-Fractional total porosity in tilled layer of Do Table 5. Random roughness of surface of Nicollet clay 
land loam (silt loam) during measurement of thermal loam during measurement of thermal properties as af. 
properties as affected by tillage treatments (M·1966) fected by tillage treatments (L-1965) 

Fractional total porosity, Xp Random roughness-em 
Before After After 3.25 Before After After 4.17 After 10.29 

Tillage tillage tillage em rain3 Tillage tillage tillage em rain em rain 
treatment! 5/3 5/182 6/7 treatmentl 5/17 6/16 6/232 7/133 

Plow 0.534 0.672 0.671 	 Plow 0.47 2.92 2.19 1.52 
PDH 0.47 1.56 1.10 0.52PDH 0.534 .647 .652 
PP 0.47 0.93 0.75 .45PP 0.534 .555 .566 

RT 0.534 .672 .682 Std. error: .032 .129 .162 .120 

Std. error: .005 .032 .032 1 Random roughness of soil surface under the small grain 
straw mulch during period 6/16 through 7/15 taken as 

1 Tillage depth was 16.8 cm for RT and 17.4 cm for all other those values observed on 6/16. 
treatments. 2 Random roughness during runs 1 (6/23 through 6/25) and 

2 Porosity during run 1 (5/26 through 5128). Rainfall accum· 2 (6/29 through 7/1). 
ulation after tillage before 5/26 was 0.96 cm. H Random roughness'during run 3 (7/3 through 7/15). 

S Porosity during run 2 (6/7 through 6110). Rainfall accum· 
ulation after tillage before 6/7 was 3.25 cm. 

Table 4.-Fractional total porosity in tilled layer of Nic Table 6. Random roughness of surface of Doland loam 
ollet clay loam during measurement of thermal proper (silt loam) during measurement of thermal properties 
ties as affected by tillage treatments (L-1966) as affected by tillage treatments (M·1966) 

Fractional total porosity, Xp Random roughness-em 
Before After After 6.80 Before After After 3.25 

Tillage tillage tillage em rain 3 Tillage tillage tillage em rain 
treatment! 6/8 6/22 7/14 treatment 5/3 5/181 6/72 

Plow 0.519 0.664 0.657 Plow 0.69 3.61 3.20 
PDH 0.519 .648 .651 PDH 0.69 1.84 1.45 
PP 0.519 .538 .526 PP 0.69 1.15 1.01 
RT 0.519 .636 .636 RT 0.69 1.75 1.28 

Std. error: .006 .027 .027 	 Std. error: .038 0.160 0.124 

I 	 Tillage depth was 16.2 cm for RT and 18.7 cm for all other 1 Random roughness during run 1 (5/26 through 5/28). 

treatments. Porosity for the Plow plus 4530 kg/ha small 2 Random roughness during run 2 (6/7 through 6/10). 

grain straw mulch treatment was estimated by that for the 

Plow treatment. 


2 Porosity during run 1 (6/28 through 6/30). 
3 Porosity during run 2 (7/15 through 7/17). Table 7. Random roughness of surface of Nicollet clay 

loam during measurement of thermal properties as af
Random roughness measurements (tables 5, 6, and 7) fected by tillage and straw mulch treatments (L-1966) 

show an arrangement of tillage treatment differences quite 
unlike that for total porosity. There were large differences Random roughness-em 
of random roughness among treatments in the order: Before After After 0.46 
Plow >PDH >PP. RT had a random roughness about Tillage tillage tillage em rain 
equal to the PDH treatment. Rainfall effects on random treatment 6/8 6/221 7/142 
roughness were also different than on total porosity. Re

Plow 0.68 3.47 2.79ductions of random roughness as much as 40 percent oc
curred on the Plow, PDH, and RT treatments because of PDH 0.68 2.01 1.28 
rainfall. Meanwhile, reductions of random roughness on PP 0.68 1.09 0.78 
the PP treatment were relatively smalL Where comparisons RT 0.68 1.55 .86 
were made on the Plow treatment with and without a straw 

Plow + M 0.68 3.47 3.023
mulch (table 7), the reduction of random roughness be

cause of rainfall on the Plow + M treatment was about Std. error: .03 0.12 0.13 

70 percent of that on the Plow treatment surface. These 


I 	 Random roughness during run 1 (6/28 through 6/30). Aftereffects of rainfall on soil structure agree with earlier meas
tillage and before 6/28 there was 0.46 cm rainfall. urements on the same soils (Allmaras et ai., 1966, 1972; 

2 Random roughness during run 2 (7/15 through 7/17).
Burwell et ai., 1966). Known comparisons on soils more 3 Mulch (4530 kglha small grain straw) placed after tillage, 
susceptible to slaking (Kuipers and van Ouwerkerk, 1963) before rain and removed to determine surface roughness. 
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Table 8. Aggregate diameter distribution of tilled layer as affected by tillage treatments at three tocation-years 

Parameters of aggregate diameter distribution1 

L·1965 L·1966 M·1966Tillage 

treatment 1.1. GMD u.1. 1.1. GMD u.1. 1.1. GMD u.1. 


mm 

Plow 4.8 38 293 0.9 7 62 0.6 5 42 
PDH 2.3 9 36 .7 6 51 .5 4 35 
RT .3 1 6 .4 2 11 

1 G.M.D. is the geometric mean diameter. Lower limit (1.1.) and upper limit (u.l.) are defined as log GMD 1 Glogd' 

showed comparable reductions of surface roughness, but there was a much greater difference of geometric mean 
notably greater reductions of the total porosity component. diameter in the L-1965 location-year, which is a more re

From aggregate samples collected from the high por~ity liable estimate of the true difference of aggregate diameter 
treatments (Plow, PDH, and RT), an estimate of aggre between the Plow and PDH treatments. This assertion is 
gate diameter characteristics is shown in table 8. In all 3 verified by comparison of the random roughness among 
location years, the treatment ranking is the same in order the two treatments and the consistency between location
of decreasing diameter: Plow >PDH >RT. However, years. In the L-1966 location-year, where plowing was 

Figure 1. Volumetric water in Nicollet clay loam, 1965, Figure 2. Volumetric water in Doland loam (silt loam), 
at time of tillage (6/16), and during thermal measure· 1966, at time of tillage (5/18) and during thermal 
ments (6/23 to 7/15) measurements (5/29 to 6/10) 
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done at a lower soil water content (table 1), the larger porosity ranged 0.519 to 0.566-a porosity at which these 

clods (nominally 10 cm in diameter after tillage) had soils cannot be considered as an assemblage of loose ag

many fracture lines, but no separation resulted, except by gregates. 

further disturbance produced during sampling for aggre

gate analyses. The low bulk density of dry clods suggests 

also that the clods in the M-1966 location-year could be 
 Soil water content 
relatively more susceptible to fragmentation during sieving 
for aggregate diameter analysis. Table 8 does not show ag Because soil water content strongly influences thermal 
gregate diameter estimates for the PP treatment, where total conductivity and volumetric heat capacity, intensive gravi
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Table 9. Gravimetric water content of Ap and immediate lS-cm sublayer during measurement of thermal properties 
as affected by tillage treatments 

Water content (gm/100gm) in indicated soil layer and dates of run Location Tillage ________________ Ap layer ________________ __________ 15-cm layer below Ap _________year treatment 

L·1965 ________ . 6/23·6/25 6/29·7/1 7/13·7/15 6/23·6/25 6/29·7/1 7/13·7/15 

Plow 
PDH 
PP 
Plow + M 
S.E. of trt. mean 

M·1966 
Plow 
PDH 
PP 
RT 
S.E. of trt. mean 

L·1966 _________ 

Plow 
PDH 
PP 
RT 
Plow + M 
S.E. of trt. mean 

23.3 
25.1 
25.2 
28.2 

0.8 

5/26·5/28 
23.3 
22.7 
25.3 
21.6 

1.3 

6/28·6/30 
13.8 
15.4 
16.6 
12.5 
14.4 
0.5 

20.6 
24.3 
25.0 
26.6 

0.9 

6/7·6/10 
23.3 
23.0 
25.0 
23.8 

1.2 

7/15·7/17 
23.0 
24.4 
23.5 
24.6 
24.7 

0.5 

metric water content measurements were made in the Ap 
layer and the IS-cm sublayer each day that thermal prop
erties were measured. Mean values during each run (at 
least two consecutive days) for each treatment are shown 
in table 9. In the Ap layer of the bare treatments, water 
content of the Plow treatment was lower than that of the 
PP treatment, and that of the PDH treatment generally 
varied over the range set by the Plow and PP treatments. 
The maximum difference between the Plow and PP treat
ments was less than 0.044 gm/gm. Differences among 
treatment water contents in the layer beneath the Ap layer 
were less than 0.02 gm/gm. Within the Ap layer, any 
gradients of water content below the l-cm depth could 
not be detected during sampling. 

Water content changes in the Ap layer were <0.029 
gm/gm bet'Yeen 2 consecutive days, and statistically signi
ficant (p <0.05) differences were observed in 4 of 7 
cases. Comparable tests for the IS-cm layer underlying the 
Ap layer showed statistically significant changes in 2 of 7 
cases, and changes of about 0.012 gm/gm. In no case was 
there a treatment X time interaction. Thus, the temporal 
changes over a 1-day period were less than the differences 
recorded among treatments (table 9). Later, the water 
contents as a function of tillage will be discussed in re
lation to evaporation estimates. Based on the temporal 
water content changes, less than a 5 percent change in ).. 
or C. was calculated (see later discussion). 

Representative soil-profile water contents are shown 
in figures 1 through 3 for the 3 location-years. These 
water contents are shown for time of tillage and extending 
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0.9 

5/26·5/28 
25.9 
23.6 
24.0 
23.0 

1.3 

6/28·6/30 
17.8 
17.8 
18.6 
17.0 
17.1 

1.0 

25.7 27.0 
28.1 28.5 
27.1 27.1 
26.5 28.8 

0.9 1.2 

6/7·6/10 
25.1 
22.8 
22.7 
22.3 

1.8 

7/15·7/17 
19.3 
20.1 
20.9 
19.4 
19.5 

1.3 

Figure 3. Volumetric water in Nicollet clay loam, 1966, 
at time of tillage (6/23) and during thermal measure
ments (6/28 to 7/17) 
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Figure 4. Density of Nicollet aggregates (l-1965 and Figure 5. Density of Doland aggregates (M-1966) at 
l-1966) at various water contents various water contents 

Table 10. Distribution of volumetric solid, water, and air in aggregates and in tilled layers as affected by tillage 
treatments in 1965 on a Nicollet clay loam (l-1965) 

Volumetric fraction in tilled layer 

Date of run Volumetric fraction in aggregates! Inter· 
Intra· 

aggregate 
Intra· 

aggregate 
and 

(Run number) 
Tillage 

treatment 
Solids 

X. 
Air 
Xa' 

Water 
Xw 

Aggregate 
Xc 

Aggregate 
Xa1 

air 
Xc Xa, 

water 
Xc Xw 

6/23·6/25 Plow 0.543 0.136 0.322 0.720 0.280 0.098 0.232 
(1) PDH .533 .129 .339 .762 .238 .098 .258 

PP .532 .128 .340 .884 .116 .113 .301 
Plow + M .512 .122 .366 .763 .237 .093 .279 

6/29·7/1 Plow .556 .153 .290 .703 .297 .108 .204 
(2) PDH .537 .132 .330 .756 .244 .100 .250 

PP .533 .129 .338 .882 .118 .114 .298 
Plow + M .523 .124 .352 .748 .252 .094 .263 

7/13·7/15 Plow .545 .140 .315 .739 .261 .103 .233 
(3) PDH .539 .134 .327 .775 .225 .104 .253 

PP .532 .128 .340 .902 .098 .115 .307 
Plow + M .523 .126 .351 .770 .230 .097 .270 

1 Total porosity, Xp, is the sum of X•• and Xw. and is equal to 1-X,. 
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through the periods for measurement of soil thermal prop
erties. Also shown are estimates of saturation volume
fraction obtained from wet bulk density measurements. 
These samples were taken at water content ranges shown 
in the figure. Also shown are the volumetric water, 6\" 
contents at IS-bar suction. Figures 1 and 3 show two di
verse water regimes for Nicollet soil. The possibility of 
upward capillarity was much greater in 1965 than in 1966. 
There was 10.3 cm rainfall during the period 6/1'6 to 
7/15 in 1965 while that from 6/23 to 7/17 was 6.8 cm. 
The soil profile water content (figure 2) in the Doland 
loam (silt loam) was moderately moist compared to the 
two extremes in the Nicollet soil. A moderate stand of 
winter rye was used in the L-1966 location-year to assure 
a drier soil profile for comparison with the wet profile 
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noted in L-1965. Location-year M-1966 was also cropped 
to winter rye. 
Inter- and intra-aggregate porosity components 

Inter- and intra-aggregate porosity components of the 
tilled layers in the three location-years are shown in tables 
10, 11, and 12. Field measurements of porosity (tables 2, 
3, and 4) and water content (individual day values shown 
as run averages in table 9) were augmented by measure
ments of aggregate density shown in figures 4 and 5. The 
grouping of points and the scatter within groups in figures 
4 and 5 did not indicate a relation other than a linear extra
polation through the water content range 0.05 to 0.15 gm/ 
gm. No field water contents <0.138 gm/gm were observed. 
Comparison of curves in figures 4 and 5 show that the Do
land and Nicollet soils had similar aggregate densities when 
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Table 11. Distribution of volumetric solid, water, and air in aggregates and in tilled layers as affected by tillage 
treatments in 1966 on a Doland loam (M·1966) 

Volumetric fraction in tilled layer 

Date of run Tillage Volumetric fraction in aggregatesl Inter· 
Intra

aggregate 
Intra· 

aggregate 

-= 
and Day 

(Run number) No. 
treat
ment 

Solids 
Xs 

Air 
X". 

Water 
Xw 

Aggregate 
Xc 

Aggregate 
X. i 

air 
Xc Xa, 

water 
Xc Xw 

5/26·5/28 1 Plow 0.526 0.159 0.315 0.656 0.344 0.104 0.207 
(1) PDH .528 .169 .302 .704 .296 .119 .213 

PP .522 .145 .333 .892 .102 .129 .297 
RT .532 .175 .294 .650 .350 .114 .191 

2 Plow .534 .182 .284 .647 .353 .118 .184 
PDH .534 .181 .286 .697 .303 .126 .199 
PP .526 .161 .313 .891 .110 .143 .279 
RT .538 .194 .268 .642 .358 .124 .172 

6/7-6/10 1 Plow .527 .164 .309 .658 .342 .108 .203 
(2) PDH .529 .169 .301 .692 .308 .117 .208 

PP .524 .152 .324 .873 .127 .132 .283 
RT .527 .162 .312 .637 .363 .103 .199 

2 Plow .530 .170 .300 .655 .345 .111 .196 
PDH .529 .169 .301 .692 .308 .117 .208 
PP .524 .153 .323 .873 .128 .134 .282 
RT .528 .166 .306 .636 .364 .106 .194 

3 Plow .532 .175 .293 .652 .348 .114 .191 
PDH .533 .180 .287 .687 .313 .124 .197 
PP .527 .163 .310 .868 .132 .141 .269 
RT .530 .171 .299 .633 .367 .108 .189 

1 Total porosity, Xp' is the sum of X.' and Xw ' and is equal to 1--X." 

wet, but the Doland aggregates were less dense than were 
the Nicollet aggregates when at air-dry water content. Ag
gregates used in figures 4 and 5 were sampled from the 
Plow and PDH tillage treatments, and we assumed that 
these densities would be representative of the PP and R T 
treatments. Larson and A1lmaras (1971) cited field evi
dence that intra-aggregate porosity components reflect 
long term management and soil properties; whereas, inter
aggregate porosity components represent recent tillage. 
Moreover, little aggregate deformation should be expected 
until bulk density of the tilled layer approaches that of the 
individual aggregates. 

Volumetric fractions in the aggregates (tables 10, 11, 
12) were different among treatments as predicted by the 
gravimetric water contents of the Ap layer (table 9). Vol
umetric fraction of aggregates and inter-aggregate space 
in the tilled layer (columns 7 and 8) are determined by 
the differences of total porosity among treatments shown 
in tables 2, 3, and 4. Intra-aggregate air and water frac
tions are a function of both water content and the total 
porosity. Except for differences of water content in L
1965 and L-1966, these porosity components show con
sistent year-ta-year effects from similar tillage treatments 
on the same soil. Porosity components and tillage-treat
ment effects were similar in these two soils. As described 

above, the porosity components of tables 10, 11, and 12 
were utilized in a stagewise computation of A and Cs. 

Calculated thermal conductivity, volumetric heat capa
city, and thermal diffusivity 

Calculated thermal conductivity (table 13) was ob
tained using the de Vries dielectric analogue (equation 
17) and measurements of total porosity and water content 
in the Ap layer (both of which differed among tillage 
treatments). Although there were small differences of 
water content among treatments, A are in decreasing 
order: PP >PDH > Plow, a ranking similar to that for 
total porosity. The A for the RT treatment was nearly 
equal to that for the PDH treatment. Meanwhile, small 
differences of A between the Plow and Plow + M treat
ments resulted from water content differences in Ap layers 
of the same porosity. 

Relative contributions of water content and porosity to 
the changes of A can be shown by estimating the conduc
tivities of solids, aggregates, and tilled layers for the treat
ments in L-1965 and L-1966. Calculated Asolids were 
11.85 and 10.39 m cal/cm °C sec in L-1965 and L-1966, 
respectively. Calculated Aaggregate which considers water 
content differences and intra-aggregate porosity as affected 
by water content, were 3.8 to 4.2 m cal/em °C see and 

18 



Table 12. Distribution of volumetric solid, water, and air in aggregates and in tilled layers as affected by tillage 
treatments in 1966 on a Nicollet clay loam (L·1966) 

Volumetric fraction in tilled layer 

Date of run 
and Day 

(Run number) No. 

Tillage 
treat· 
ment 

Volumetric fraction in aggregatesl 

Solids Air Water 
X. Xli' Xw 

Aggregate 
Xc 

Inter-
Aggregate 

Xa\ 

Intra· 
aggregate 

air 
Xc Xa, 

Intra· 
aggregate 

water 
Xc Xw 

6/28-6/30 1 Plow 0.575 0.203 0.222 0.589 0.411 0.120 0.131 
(1) PDH .571 .193 .236 .622 .378 .120 .147 

PP .567 .186 .248 .821 .179 .153 .204 
RT .580 .213 .207 .636 .364 .135 .132 
Plow M .573 .197 .230 .594 .406 .117 .137 

2 Plow .589 .234 .177 .578 .422 .135 .102 
PDH .581 .213 .206 .611 .389 .130 .126 
PP .574 .201 .225 .811 .189 .163 .182 
RT .594 .246 .160 .621 .379 .153 .099 
Plow + M .587 .227 .186 .580 .420 .132 .108 

7/15·7/17 1 Plow .540 .137 .322 .635 .365 .087 .204 
(2) PDH .534 .129 .337 .654 .346 .084 .220 

PP .539 .137 .324 .811 .189 .111 .263 
RT .535 .129 .337 .684 .316 .088 .230 
Plow + M .534 .129 .337 .642 .358 .083 .216 

2 Plow .547 .150 .303 .626 .374 .094 .190 
PDH .540 .137 .322 .644 .356 .088 .207 
PP .544 .145 .311 .804 .196 .116 .250 
RT .540 .137 .323 .678 .322 .093 .219 
Plow + M .539 .137 .323 .636 .364 .087 .205 

1 Total porosity, Xp, is the sum of X•• and Xw, and is equal to I-X,. 

Table 13. Calculated thermal conductivity (A) of tilled layers of Nicollet and Doland soils as influenced by tillage 
and straw treatments 

A (m caljcm sec °C) for indicated 
Location 

year 
Run date and 

(number) 
Day 

number Plow PDH 
tillage treatment 

PP RT Plow + M 

L·1965 6/23·6/25 1 & 2 1.35 1.53 2.34 1.52 
(1) 

6/29·7/1 1 & 2 1.29 1.50 2.33 1.46 
(2) 

7/13·7/15 1 & 2 1.43 1.60 2.53 1.56 
(3) 

L·1966 6/28·6/30 1 0.93 1.01 1.81 1.05 0.94 
(1) 2 .90 0.98 1.74 1.00 .91 

7/15·7/17 1 1.05 1.10 1.74 1.19 1.07 
(2) 2 1.02 1.07 1.70 1.17 1.05 

M·1966 5/26·5/28 1 1.09 1.21 2.25 1.05 
(1) 2 1.04 1.19 2.18 1.03 

6/7-6/10 1 1.08 1.18 2.05 1.02 
(2) 2 1.07 1.18 2.04 1.02 

3 1.07 1.16 2.01 1.01 
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Table 14. Calculated heat capacity (C.) of tilled layers of Nicollet and Doland soils as influenced by tillage and 
straw treatments 

Location 
year 

Run date and 
(number) 

Day 
number Plow 

C.(caljcms (lC) for indicated 
tillage treatment! 

PDH PP RT Plow + M 

L·1965 6/23·6/25 
(1) 

6/29·7/1 
(2) 

1 & 2 

1 & 2 

0.416 

.388 

0.450 

.442 

0.522 

.520 

0.464 

.448 

7/13·7/15 
(3) 

1 &2 .437 .448 .532 .461 

L·1966 6/28·6/30 
(1) 

1 
2 

.290 

.261 
.313 
.292 

.421 

.401 
0.303 

.272 
.296 
.266 

7/15·7/17 
(2) 

1 
2 

.366 

.352 
.385 
.368 

.469 

.456 
.406 
.395 

.379 

.368 

M·1966 5/26·5/28 
(1) 

1 
2 

.363 

.341 
.381 
.367 

.511 

.491 
.348 
.329 

6/7·6/10 
(2) 

1 
2 

.361 

.354 
.375 
.375 

.491 

.489 
.351 
.346 

3 .348 .363 .477 .342 

Estimation shown in equation 16. 

were about 8 percent greater in L-1965 than in L-1966. shows calculated C. using equation 16. Relative influences 
However, values of "tilled layer in table 13 ranged from 30 of water content and total porosity on these estimates are 
to 50 percent greater in L-1965 than in L-1966 for similar similar to their influences on '" but the proportional 
treatments. The 100 percent decrease of " for the Plow change in C. produced by both factors is somewhat 
treatment relative to the PP treatment is a manifestation smaller. 
of the calculated influence of porosity. These comparisons Thermal diffusivity (table 15) calculated from the 
illustrate the need for carefully determined porosities when above estimated " and C. showed that (I. ranged from 4.8 
" is estimated for low density, tilled soil layers. Table 14 to 2.9 X 10 - S cm2/sec, was typically higher for the PP 

Table 15. Calculated (de Vries method) thermal diffusivily «(I.) of tilled layers of Nicollet and Doland soils as in
fluenced by tillage and straw treatments 

(1,103 (cm2/sec) for indicated 
Location Run date and Day tillage treatment 

year (number) number Plow PDH PP RT Plow + M 

L·1965 6/23-6/25 1 & 2 3.26 3.40 4.49 3.27 
(1) 

6/29-7/1 1 & 2 3.32 3.41 4.48 3.25 
(2) 

7/13·7/15 1 & 2 3.39 3.55 4.76 3.38 
(3) 

L·1966 6/28·6/30 1 3.20 3.23 4.30 3.46 3.19 
(1) 2 3.46 3.37 4.35 3.70 3.41 

7/15·7/17 1 2.86 2.85 3.72 2.93 2.82 
2 2.92 2.91 3.74 2.97 2.85 

M·1966 5/26·5/28 1 2.99 3.18 4.41 3.02 
(1) 2 3.06 3.24 4.43 3.13 

6/7·6/10 1 2.98 3.13 4.18 2.91 
(2) 2 3.02 3.13 4.18 2.93 

3 3.07 3.19 4.21 2.95 
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Table 16. Temperature variance accounted by the first four harmonics as affected by soil depth and location-year 

Percent of variance accounted by Total 
location Total indicated harmonic number variance 

year Depth variance accounted 

cm (oC)2 % 
l-1965 7.4 770 94.0 3.5 0.3 0.3 98.1 

12.5 302 93.0 3.4 0.5 0.4 97.3 
17.6 139 94.0 3.0 0.6 0.2 97.8 
22.6 59 88.4 3.3 0.9 0.4 93.0 
37.9 10 67.1 6.1 3.2 1.3 77.9 
53.2 4 44.7 12.3 3.9 2.3 63.2 

l·1966 8.8 551 92.7 4.1 1.0 0.3 98.1 
13.9 296 92.3 3.3 1.2 0.4 97.2 
18.9 170 90.8 2.4 2.0 0.6 95.8 
24.0 63 85.9 1.8 3.3 0.8 91.8 
39.3 9 55.5 4.1 8.7 2.5 70.8 
54.5 4 25.8 8.0 10.5 3.5 47.8 

M-1966 7.4 968 95.7 3.2 0.3 0.0 99.2 
12.5 355 95.6 2.4 0.4 0.1 98.5 
17.6 164 94.6 2.2 0.6 0.2 97.6 
22.6 49 87.5 2.8 2.1 0.8 93.2 
37.9 24 76.1 3.6 3.2 1.3 84.2 
53.1 8 46.6 7.9 5.7 3.8 64.0 

treatment, and decreased about 25 percent as porosity 
increased to that of the PDH and Plow treatments. As 
shown by van Duin (1963), the increase of porosity 
among treatments produced a much greater decrease of A 
than of a. Yet the comparison in L-1965 and L-1966 
(table 15) shows that carefully determined porosity is 
necessary for accurate estimates of a. 

Thermal diffusivity estimates from harmonic analysis 

Soil temperatures observed at 20-minute intervals were 
averaged over replications after preliminary analysis show
ed little difference between the two replications. Thus, 
each 20-minute temperature record was the average of 
eight sensing points in the soil and had an approximate 
standard error of 0.20 C. The harmonic analysis, equation 
12, included the first four harmonics and was applied 
separately to each of all days on which temperature rec
ords were obtained. 

Total soil temperature variance for 24-hour peri
ods and the amount of variance accounted for by the first 
four harmonics (periods :::""3 hours) both provided infor
mation about constancy of a as a function of depth in re
cently tilled layers. Percentages of the total soil tempera
ture variance accounted for by each of the first four har
monics (table 16) are averaged over days and treatments 
within each of 3 location-years. Even though there was at 
least a four-fold variation of total temperature variance 
among treatments and days within a location-year (not 
shown), there was no corresponding effect on the variance 
accounted for by the various harmonics at all six depths. 

Total variance accounted for by the first harmonic 
ranged above 90 percent for the three shallowest tempera
ture records (all of which depths were within the Ap 
layer). Meanwhile, there was about a 150 percent de
crease of (total variance)! with depth within the Ap layer, 
which shows that variance accounting was unrelated to the 
magnitude of the diurnal temperature wave. Temperature 
variance accounted by the first harmonic notably declined 
at the base of the Ap layer and continued with depth (fig
ure 6). At the lower three depths, variance accounting by 
the first harmonic followed a linear relation of much dif-

Figure 6. Temperature variation accounted for by the 
first harmonic in a layered soil produced by tillage. 
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ferent slope than that of the three uppermost depths. Fig
ure 6 also illustrates that the variance accounting by the 
first harmonic differed somewhat by treatments, especially 
in the lower three depths. Each point in figure 6 is the 
average of all days for one depth in a tillage treatment in a 
location-year. 

Variance accounting by the second harmonic is addi
tive to that accounted for by the first harmonic and shows 
some evidence for a 12-hour period generated at the 
surface but declining within the tilled layer. Thermal dif
fusivity of this harmonic is expected to be similar to that 
of the first harmonic. Therefore, the amplitude of the 
second harmonic, equations 12 and 13, at the base of the 
Ap layer should have decreased to about 5 percent of the 
surface value. An increased accounting (of the total vari
ance) by the second and third harmonics was evident be
ginning at the base of the AI' layer and increasing with 
depth below the depth of tillage. Again, this accounting of 
total variance by the second and third harmonics varied 
relatively more among treatments and days at the deeper 
depths. Yet the variance accounting by the first harmonic 
predominated over the accounting by the second or third 
harmonics. 

Variance accounting characteristics by the second and 
third harmonics at deeper depths and not at shallow depths 
(table 16) are not consistent with periodic generation of 
heat sources or sinks at the surface and the subsequent 
depthwise decay of the surface-generated harmonics. Three 
possible causes for the above features of the variance ac
counting are: (1) nonperiodic temperature variations; (2) 
difference of a in the AI' layer and sublayer; and (3) water 
transfers in vapor and liquid phases. The influence of non
periodic temperature variations will be treated later for 
estimating a in the tilled layer. 

Nonhomogeneous a should be expected between tilled 
and sublayers. Variance accounting trends were similar 
among treatments, including the PP treatment which had 

tilled-layer structure and water contents most nearly like 
those of the sublayer. An a of 4.5 X 10-3cm2/sec was 
estimated for the AI> layer (table 15), while that of the 
22 to 40-cm layer was 6.3 X 1O-3cm2/sec. The corre
sponding damping depth for the All layer was about 12 
cm, which projects at the base of the tilled laycr an ampli
tude about 20 percent of that of the surface. Later analys
es will indicate that 10 percent estimates are possible, 
even with this approximation of homogeneous a. The 
greatest deviation from 24-hour periodicity occurred at 
the two deepest depths, suggesting that water transfers 
were occurring at these depths of a soil recently layered 
by tillage. In these experiments, tillage treatments were 
completed less than 2 weeks before the first temperature 
measurements. Thus, poor capillary continuity of the sub
layer with the Ap layer would be expected, especially in 
the high porosity treatments. 

The high accounting of variance by the first harmonic 
in the tilled layer and at its base and the low accounting 
in the sublayer discourage a harmonic analysis including 
either more than the first harmonic or depths below the 
AI' layer when estimating a of the tilled laycrs. Moreover, 
the kth harmonic has little value for predicting a when 
estimates of Ar (z,k) approach the error of temperature 
measurement. These errors increase as k and Z increase. 
Our harmonic analyses for estimating a were, therefore, 
confined to the first harmonic on soil temperatures ob
served in the tillage depth. 

Equation 5, specifying T (z,t), implies that TA is the 
same for all depths. The 24-hour average temperature, T 
(shown in tables 17, 18, and 19), are not the same for all 
depths, Le., TA is a function of depth. This function can
not be specified from the brief presentation of T shown 
in the tables. However, these tables show some interesting 
average temperature relation~related to tillages. At the 
50-cm depth (nominally), T increased in the order, 
Plow< PDH< PP, and is consistent for all 3 location-

Table 17. Average 24-hour soil temperature (1) as affected by tillage and straw mulch treatments (L-1965) 

T at the indicated depth 

Date of run 
and Day 

Tillage 
treat· 

Tillage depth 
minus 15.2 em Tillage depth Tillage depth plus 30.4 em 

(Run number) no. ment Depth °C Depth °C Depth °C 

em em em 

6/23·6/25 
(1) 

1 Plow 
PDH 
PP 
Plow M 

8.8 
8.0 
4.8 
8.8 

17.9 
19.2 
19.6 
16.8 

24.1 
23.2 
20.0 
24.1 

17.6 
18.7 
19.4 
17.1 

54.6 
53.7 
50.5 
54.6 

15.8 
16.3 
17.1 
15.3 

2 Plow 
PDH 
PP 
Plow M 

8.8 
8.0 
4.8 
8.8 

19.3 
21.5 
22.5 
17.0 

24.1 
23.2 
20.0 
24.1 

17.6 
18.8 
19.9 
16.4 

54.6 
53.7 
50.5 
54.6 

16.2 
17.0 
15.2 

6/29·7/1 
(2) 

1 Plow 
PDH 
PP 
Plow M 

8.8 
8.0 
4.8 
8.8 

24.2 
25.9 
27.0 
21.3 

24.1 
23.2 
20.0 
24.1 

22.1 
23.1 
24.4 
20.0 

54.6 
53.7 
50.5 
54.6 

18.7 
19.1 
20.0 
17.4 
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Table 17. (Continued) Average 24·hour soil temperature (1) as affected by tillage and straw mulch treatments 
(L-1965) 

T at the indicated depth 

Date of run Tillage 
and Day treat· minus 15.2 em Tillage depth Tillage depth plus 30.4 em 

(Run number) no. ment Depth °C Depth °C 

2 	 Plow 8.8 24.5 24.1 22.2 54.6 19.1 
PDH 8.0 26.4 23.2 23.3 53.7 19.5 
PP 4.8 27.7 20.0 24.5 50.5 20.4 
Plow M 8.8 21.4 24.1 19.9 54.6 17.6 

7/13·7/15 1 Plow 8.1 23.1 23.4 21.5 53.8 18.5 
(3) 	 PDH 7.3 24.4 22.6 22.4 53.0 19.1 

PP 4.4 24.8 19.6 23.0 50.1 19.7 
Plow + M 8.1 20.2 23.4 19.2 53.8 16.9 

2 Plow 8.1 23.5 23.4 21.7 53.8 18.9 
PDH 7.3 25.2 22.6 22.7 53.0 19.5 
PP 4.4 25.9 19.6 23.4 50.1 20.0 
Plow + M 8.1 19.9 23.4 19.0 53.8 17.1 

Table 18. Average 24-hour soil temperature (T) as affected by tillage treatments (M-1966) 

T at the indicated depth Date of run Tillage 
and Day treat· Tillage depth minus 15.2 em Tillage depth Tillage depth plus 30.4 em 

(Run number) no. ment Depth °C Depth °C Depth °C 

em em em 

5/26·5/28 
(1) 

1 Plow 
PDH 
PP 

9.4 
7.7 
3.0 

19.6 
21.2 
22.2 

24.7 
22.9 
18.2 

13.6 
14.6 
17.3 

55.1 
53.4 
48.6 

9.1 
10.0 
11.6 

RT 8.7 20.2 23.9 13.5 54.4 10.0 

2 	 Plow 9.4 17.1 24.7 13.8 55.1 9.8 
PDH 7.7 18.6 22.9 15.1 53.4 10.8 
PP 3.0 19.3 18.2 17.4 48.6 12.7 
RT 8.7 18.4 23.9 14.2 54.4 10.9 

6/7-6/10 1 Plow 9.3 16.2 24.6 14.2 55.0 12.0 
(2) PDH 8.0 17.8 23.3 15.4 53.7 13.3 

PP 3.4 18.2 18.6 16.8 49.1 14.7 
RT 9.4 17.8 24.6 15.4 55.1 13.5 

2 	 Plow 9.3 16.1 24.6 14.1 55.0 12.0 
PDH 8.0 17.5 23.3 15.4 53.7 13.3 
PP 3.4 17.9 18.6 16.7 49.1 14.6 
RT 9.4 17.6 24.6 15.3 55.1 13.5 

3 Plow 9.3 18.2 24.6 14.5 55.0 11.9 
PDH 8.0 20.1 23.3 16.0 53.7 13.3 
PP 3.4 20.4 18.6 17.6 49.1 14.6 
RT 9.4 19.7 24.6 15.7 55.1 13.5 
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Table 19. Average 24-hour temperature (f) as affected by tillage and straw mulch treatments (L.1966) 

T at the indicated depth 
Tillage depth Date of run Tillage 

and Day treat· minus 15.2 em Tillage depth Tillage depth plus 3004 em 
(Run number) no. ment Depth "C Depth °C Depth °C 

em em em 

6/2S·6/30 
(1) 

1 Plow 
PDH 
PP 

11.6 
lOA 
4.3 

23.5 
2504 
27.5 

26.S 
25.6 
19.5 

19.5 
21.6 
22.9 

57.2 
56.0 
50.0 

17.2 
lS.2 
lS.7 

RT 6.1 
Plow + M 11.6 

26.5 
2204 

21.3 
26.S 

22.1 
19.1 

51.S 
57.2 

lS.7 
17.0 

2 Plow 11.6 24.S 57.2 17.6 
PDH lOA 26.S 25.6 23.0 56.0 lS.7 
PP 4.3 29.1 19.5 24.7 50.0 19.3 
RT 6.1 27.5 27.3 2304 51.S 19.3 
Plow M 11.6 23.S 26.S 20'.0 57.2 17.1 

7/15·7/17 1 Plow 11.0 23.0 26.3 21.4 56.7 19.9 
(2) PDH 10.6 24.7 25.S 23.2 56.3 21.4 

PP 504 25.9 20.6 24.3 51.0 2204 
RT 6.1 25.2 21.3 23.6 51.S 21.S 
Plow MILO 21.7 26.3 20.9 56.7 1904 

... ---... 

2 Plow 11.0 24.2 26.3 21.7 56.7 19.5 
PDH 10.6 26.3 25.S 23.9 56.3 21.4 
PP 504 27.9 20.6 25.2 51.0 22.2 
RT 6.1 27.2 21.3 24.6 51.S 21.S 
Plow + MILO 22.1 26.3 20.7 56.7 19.2 

years. T for the R T treatment r~ged between that of the 
PDH and PP treatments. Also, T at the base of the tilled 
layer ranked tre~ments the same as at the 50-cm depth. 
Comparisons of T at the shallowest temperature measure
ment (tillage depth minus 15.2 cm) also ranked treat
ments similar to the deeper depths. However, the depth 
of measurement for the PP treatment is roughly 3 cm 
closer to the surface than that for the other treatments. 
Since temperature changes as a function of depth are 
relatively greater at shallow depths, the temperature at a 
nominal 8-cm depth for the PP treatment may be near 
that of the PDH treatment. 

Gradients of Twere relatively constant in L-1965 from 
6/24 to 7/15 (table 17). Tillage treatments for this e~ 
periment were completed on 6/21, and differential T 
amon&...treatments at 50 cm had already developed on 
6/23. T for the Plow + M treatment (table 17) suggests 
that heat fluxes were still changing abruptly, but changes 
in other treatments had been essentially completed. All of 
the temperat!!!e measurements were clear-day measure
ments, so the T shown may not have ranked the treatments 
in a similar manner throughout the period 6/23 tlL7/15. 
In the M-1966 location-year, the gradient of Twas 
large initially and decreased over the period 5/26 to 6/10 
(table 18) as expected because of timing with the annual 
temperature wave. Tillage treatments at this location-year 
were completed 10 days before temperature measure
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ments. In the L-1966 location-year, the gradients of T 
were again similar to those of L-1965, which was expected 
because temperature measurements were made during 
about the same portion of the annual temperature wave. 
Tillages were completed in L-1966 on 6/22 or 6 days be
fore temperature measurements. 

Estimates of AT (0) (amplitude of temperature at the 
soil surface) and ~o (time of maximum surface tempera
ture) were obtained from harmonic analysis and use of 
equations 6 and 7. Estimates from the first harmonic are 
shown in table 20. Within a tillage treatment for a given 
location-year, some variation of these estimates is evident, 
but differences among tillage treatments are consistent. 
Averages over individual daily estimates for a location
year are shown at the bottom of the table. In the bare 
treatments, AT (0) are greatest for RT and PDH treat
ments, followed by the PP treatments, with lowest ampli
tude for the Plow treatment. The total range of AT(o) was 
3.96 to 17.27 0c. Relative amplitudes in table 20 would 
not have been accurately predicted for the Plow treatment 
using calculated a shown in table 15. This theory limita
tion has not previously been recognized; it will be discus
sed later after comparing calculated and measured a. 

{o was approximately inversely related to the ampli
tude. The greatest AT (0) were as much as 100 percent 
greater than those for the Plow treatment, and ~o differed 
by as much as 2 hours. The use of a straw mulch on the 



Table 20. Surface temperature amplitude (AT{o) in oC) and hour of maximum surface temperature (~o) as affected 
by tillage and mulch treatments 

Date of run 
Plow PDH PP RTLocation and Day 

year (run number) no. AT(o) ~o ~o AT(o) ~o 

L·1965 6/23·6/25 
(1) 

1 
2 

6.71 
5.32 

15.71 
16.03 

13.93 
9.71 

13.87 
13.62 

8.67 
8.03 

14.67 
14.37 

4.78 
2.65 

15.65 
15.16 

6/29·7/1 
(2) 

1 
2 

6.28 
6.33 

15.24 
16.62 

12.12 
10.73 

13.42 
14.23 

10.64 
9.40 

14.24 
14.96 

4.70 
4.30 

14.71 
16.11 

7/13·7/15 
(3) 

1 
2 

5.72 
5.54 

15.58 
15.81 

12.05 
11.13 

13.77 
13.47 

9.58 
9.25 

15.01 
14.68 

4.24 
3.88 

14.90 
15.20 

L·1966 6/28·6/30 
(1) 

1 
2 

7.40 
3.96 

18.29 
16.10 

9.36 
6.42 

17.21 
15.48 

6.63 
5.23 

17.18 
16.20 

7.32 
5.68 

16.40 
15.24 

6.12 
3.23 

19.91 
18.36 

7/15·7/17 
(2) 

1 
2 

6.03 
7.22 

16.93 
17.59 

11.52 
10.01 

15.46 
15.74 

8.22 
7.82 

15.80 
15.88 

8.13 
7.88 

15.45 
15.63 

7.33 
5.07 

16.01 
18.40 

M·1966 5/26·5/28 
(1) 

1 
2 

8.15 
9.77 

15.72 
14.59 

10.15 
15.97 

12.85 
12.10 

6.96 
9.11 

15.28 
14.94 

9.79 
13.50 

14.82 
13.22 

6/7·6/10 
(2) 

1 
2 

8.33 
8.18 

15.50 
15.72 

14.72 
13.44 

12.35 
12.48 

8.11 
7.31 

15.26 
15.12 

17.27 
14.67 

14.10 
13.94 

3 10.25 16.37 14.87 12.81 8.62 15.50 17.24 14.49 

L·1965 Mean 5.98 15.83 11.61 13.73 9.26 14.66 4.09 15.29 
l·1966 Mean 6.15 17.23 9.33 15.97 6.98 16.26 7.25 15.68 5.44 18.17 
M·1966 Mean 8.94 15.58 13.83 12.52 8.02 15.22 14.49 14.11 

Plow treatment decreased AT(o) as much as 50 percent 
with only small changes of ~o. The much larger Co for the 
L-1966 location-year compared with L-1965 is related to 
the dry surface soil and the lower evaporation estimates in 
L-1966 (seelater discussion). 

Use of the estimates in table 20 is contingent upon 
recognition of methods for their estimation. From tem
perature records in the plow layer, the shallowest of which 
are shown in tables 17, 18, and 19, extrapolations were 
made through a layer especially subject to changes in a 

and short duration temperature variations with a small 
depth of penetration. Evidence is weak in these studies for 
variations of temperature (similar for all treatments), 
with frequencies ranging between 12- and 3-hour periods 
(table 16). Undoubtedly, a changed at shallow depths, 
but the changes were similar for all treatments, judging 
from the soil water values shown in table 9. For these 

reasons, the estimates of table 20 reflect significant dif
ferences of drying and heat storage among treatments. 

Thermal diffusivities estimated by harmonic analysis 
are shown in tables 21, 22, and 23. The "before transient 
correction" estimates were made without previous correc
tions of the soil temperature observations. The "after 
transient correction" estimates were obtained from har
monic analysis after the transient correction (equation 15) 
was used to adjust the observed temperatures. We esti
mated a from amplitude decrease with soil depth (AT=f(z) 
in equation 6) , or from phase lag with soil depth (C=f (z) in 
equation 7) while remembering that D = (2a/wp. In the 
tables, these alternative estimation methods are labelled 
methods a and b, respectively. Column four shows the 
slope B in In AT - A + B ~, where agreement of the two 
methods yields B = -1. Estimates of B and a were made 
using least squares fitting. 

Table 21. Thermal diffusivity (103a in cm ll/sec) estimates from harmonic analysis of soil temperatures as affected 
by tillage and mulch treatments (l-1965) 

Before transient correction After transient correction Date of run Tillage 
and Day treat· 103 a from indicated method 103 a from indicated method 

(Run number) no. ment SIope1 a b Mean SIope1 a b Mean 

6/23·6/25 1 Plow -2.26 2.99 17.34 10.16 -1.14 6.23 8.40 7.32 
(I) PDH -1.60 2.08 5.31 3.69 -1.17 3.23 4.46 3.85 

PP -1.44 3.52 7.36 5.44 -1.14 4.52 5.86 5.19 
Plow + M -3.94 3.50 115.12 59.31 -1.94 5.08 23.55 14.32 

2 Plow -0.82 9.41 7.13 8.27 -1.05 6.42 7.66 7.04 
PDH -0.88 4.36 3.40 3.88 -1.23 3.14 4.88 4.01 
PP -0.80 6.39 4.09 5.24 -0.95 4.70 4.28 4.49 
Plow + M -0.82 9.50 6.33 7.91 -1.10 7.34 9.02 8.18 
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Table 21. (Continued) Thermal diffusivity (103 a in cm2/sec) estimates from harmonic analysis of soil temperatures 
as affected by tillage and mulch treatments (l·1965) 

Before transient correction After transient correction Date of run Tillage 
and treat· 103 a from indicated method indicated method 

(Run number) ment SIope1 a b Mean SIope1 

6/29·7/1 1 Plow -1.00 6.96 7.10 7.03 -1.09 6.20 7.94 7.07 
(2) PDH -1.04 3.51 3.84 3.68 -1.13 3.21 4.16 3.68 

PP -1.00 4.69 4.64 4.67 -0.97 4.83 4.58 4.71 
Plow + M -1.03 5.91 6.76 6.33 -1.16 5.71 8.05 6.88 

2 Plow -0.90 8.44 7.34 7.89 -1.13 5.92 8.16 7.04 
PDH -0.92 4.40 3.73 4.06 -1.22 3.11 4.63 3.87 
PP -0.83 6.45 4.47 5.46 -1.00 5.34 5.33 5.34 
Plow + M -0.97 7.24 7.17 7.20 -1.10 6.93 8.66 7.80 

7/13·7/15 1 Plow -1.02 6.38 7.06 6.72 -1.08 6.48 8.50 7.49 
(3) PDH -1.10 3.20 3.91 3.55 -1.10 3.36 4.08 3.72 

PP -1.07 4.54 4.23 4.39 -0.98 5.22 5.00 5.11 
Plow + M -1.51 4.43 11.05 7.74 -1.01 5.59 5.98 5.79 

2 Plow -0.82 9.00 6.41 7.70 -0.93 7.80 7.22 7.51 
PDH -0.90 4.04 3.28 3.66 -1.07 3.53 4.05 3.79 
PP -0.84 5.90 4.16 5.03 -0.97 5.12 4.86 4.99 
Plow + M -0.91 6.34 6.46 6.40 -0.92 6.34 5.89 6.12 

Mean Plow -1.14 7.96 -1.07 7.24 
PDH -1.07 3.75 -1.15 3.82 
PP -1.00 5.04 -1.00 4.97 
Plow + M -1.54 15.82 -1.21 8.18 

Slope is d In Aid!: (see text for explanation). 

Table 22. Thermal diffusivity (103a in cm2/sec) estimates from harmonic analysis of soil temperature as affected 
by tillage treatments (M·1966) 

Before transient correction After transient correction 
Date of run Tillage 

103 a from indicated method 103 a from indicated method and Day treat· 
(Run number) no. ment SIope1 a b Mean SIope1 a 

5/26·5/28 
(1) 

1 Plow 
PDH 
PP 
RT 

-0.93 
-0.69 
-0.71 
-0.94 

6.10 
4.86 
5.92 
4.14 

5.44 
2.38 
2.97 
3.63 

5.77 
3.62 
4.44 
3.88 

-1.30 
-0.76 
-0.82 
-1.21 

3.28 
3.56 
4.25 
2.01 

5.67 
2.12 
2.89 
2.86 

4.47 
2.84 
3.57 
2.43 

2 Plow 
PDH 
PP 
RT 

-1.15 
-1.05 
-1.45 
-1.18 

2.84 
1.99 
1.90 
2.00 

3.78 
2.27 
4.07 
2.77 

3.31 
2.13 
2.98 
2.39 

-0.80 
-0.86 
-1.00 
-0.78 

5.99 
3.32 
3.44 
4.26 

3.88 
2.48 
3.49 
2.57 

4.94 
2.90 
3.47 
3.41 

6/7·6/10 
(2) 

1 

2 

Plow 
PDH 
PP 
RT 
Plow 
PDH 

-1.11 
-0.91 
-1.00 
-1.33 
-1.06 
-0.90 

4.43 
3.00 
3.75 
2.16 
5.23 
2.41 

5.62 
2.53 
3.86 
3.67 
4.84 
2.97 

5.03 
2.76 
3.81 
2.91 
5.04 
2.69 

-1.14 
-0.94 
-1.06 
-1.47 
-1.02 
-0.92 

4.20 
2.79 
3.32 
1.83 
4.85 
2.86 

5.74 
2.46 
3.82 
3.75 
5.22 
2.40 

4.97 
2.63 
3.57 
2.79 
5.03 
2.63 
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Table 22. (Continued) Thermal diffusivity (103 in cm2/sec) estimates from harmonic analysis of soil temperature 0. 

as affected by tillage treatments (M·1966) 

Before transient correction After transient correction 
.--~-----...Date of run Tillage 

and treat· 103 a from indicated method 103 a from indicated method 
(Run number) ment Siopel a SIope1 a 

PP -0.96 3.26 3.41 3.33 -0.94 3.66 3.24 3.45 
RT -1.19 3.19 2.76 2.97 -1.25 2.24 3.37 2.81 

3 Plow -1.02 5.86 6.43 6.15 -1.00 5.09 5.24 5.17 
PDH -0.78 4.16 2.57 3.36 -0.89 2.90 2.30 2.60 
PP -0.79 5.44 3.42 4.43 -0.97 3.56 3.38 3.47 
RT -1.14 2.90 3.60 3.25 -1.49 1.55 3.22 2.39 

Mean Plow -1.05 5.06 -1.05 4.92 
PDH -0.87 2.91 -0.87 2.72 
PP -0.98 3.80 -0.96 3.51 
RT -1.16 3.08 -1.24 2.77 

Slope is d In Aid \ (see text for explanation). 

Table 23. Thermal diffusivity (103 a in cm2/sec) estimates from harmonic analysis of soil temperatures as affected 
by tillage and mulch treatments (L·1966) 

Before transient correction After transient correction 
Date of run Tillage 

103 a. from indicated method 103 a. from indicated method and Day treat· 
(Run number) no. ment Siopel a b Mean Siopel a b Mean 

6/28·6/30 1 Plow -1.26 7/53 12.80 10.22 -0.90 8.35 6.97 7.66 
(1) PDH -1.15 7.20 10.00 8.60 -1.08 5.07 6.00 5.54 

PP -0.68 11.41 5.65 8.53 -0.79 6.78 4.30 5.54 
RT -0.84 9.64 6.54 8.09 -0.91 5.98 5.03 5.50 
Plow + M -1.84 4.95 19.23 11.91 -1.87 0.89 3.07 1.98 

2 Plow -0.89 8.22 7.16 7.69 -1.21 4.14 6.97 5.56 
PDH -0.96 6.25 5.71 5.98 -1.44 3.19 6.48 4.84 
PP -0.73 7.83 4.27 6.05 -0.99 5.19 4.36 4.78 
RT -0.84 6.52 4.68 5.60 -1.09 4.28 5.10 4.69 
Plow + M -1.19 5.48 7.99 6.74 -1.17 2.12 2.89 2.50 

7/15·7/17 1 Plow -1.06 5.88 7.38 6.63 -0.99 5.98 6.38 6.18 
(2) PDH -1.20 4.79 6.95 5.87 -1.21 4.20 6.10 5.15 

PP -0.88 6.05 4.74 5.40 -0.94 4.96 4.41 4.69 
RT -0.98 6.90 6.66 6.78 -1.06 5.66 6.42 6.04 
Plow + M -1.99 1.28 5.25 3.26 -2.31 1.42 7.72 4.57 

2 Plow -1.18 6.35 8.84 7.59 -1.07 5.82 7.13 6.48 
PDH -1.03 6.65 7.01 6.83 -1.35 3.78 6.88 5.33 
PP -0.79 7.34 4.72 6.03 -1.00 4.42 4.47 4.45 
RT -0.87 8.79 6.68 7.74 -0.95 6.30 5.95 6.13 
Plow + M -1.68 2.93 8.65 5.79 -2.30 1.77 14.80 8.28 

Mean Plow -1.10 8.03 -1.04 6.47 
PDH -1.09 6.82 -1.27 5.21 
PP -0.77 6.50 -0.93 4.86 
RT -0.88 7.05 -1.00 5.59 
Plow + M -1.68 6.92 -1.91 4.33 

1 Slope is d In Aid l' (see text for explanation). 
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Table 24. Statistical characteristics of the linear fits of 
temperature amplitude, AT , or phase lag, ~ , as a func
tion of depth 

Number Number of statistically 
of significant fitsl 

Loca· regres· Linear Range of 
tion sion function coef. of 
year fits fitted 5% 1% variation2 

L·1965 24 AT= f (z) 24 15 0.928·0.999 
~ = f (z) 20 12 .756·1.000 
InAT=f m 23 15 .606-1.000 

M·1966 20 AT =f (z) 20 13 .908·0.996 
~ = fez) 20 12 .958- .996 
InAT=f m 20 16 .963· .999 

L·1966 20 AT =f (z) 20 9 .909· .999 
~ f (z) 20 9 .903· .992 
In AT=f (~) 19 11 .876· .999 

1 Number of fits having statistical significance at the 5 and 
1% probability levels. 

2 With n = 4 in each fit of A-r fez) or t;, = f(z). an r2 of 0.902 
was required for statistically significant (p <0.05) regression 
and a value of 0.980 was required for p <0.01. 

Table 24 shows the statistical characteristics of the 
regressions used to estimate a. Nearly all of the regression 
fits of AT or ~ versus depth had a statistical significance at 
the 5 percent level, and about 50 percent had fits statis
tically significant at the 1 percent level. A linear relation 
is a necessary and sufficient condition for a homogeneous 
conductor medium. The analysis shows relatively strong 
evidence for a homogeneous conductor medium. From 
these regression fits, evidence was only sparse that a was 
estimated more precisely by method a than by. method b. 

After estimates of a were made by each method (a 
and b) and were averaged for each day of estimation, 
analysis of variance was used to test for significance of the 
effects: runs; treatments; and treatment X runs. A run 
consisted of the average values obtained on 2 (or 3) con
secutive days. In L-1965 and M-1966, the only effect 
significant at p <0.05 was treatments. However in L
1966, the only significant effect was runs, indicating that 
treatment effects were not different and that the inter
action of treatments X runs was not real. Lack of signific
ance in L-1966 for treatments is attributed to the variable 
estimation of a on the Plow + M treatment, as indicated 
by its estimated B in column 4, table 23. (Later, this point 
will be discussed in connection with estimates of a after 
the transient correction). 

In the comparison of the Plow, PDH, and PP treat
ments, the highest a (average values for a location-year) 
was produced in the Plow treatment, and the lowest was 
observed for the PDH treatment in L-1965 and M-1966. 
For L-1966, a for the PDH and PP were within 4 per
cent of each other. When measurements were made on the 
RT treatment (tables 22 and 23), they were nearly the 
same as in the PDH treatment. Estimates of a for the Plow 
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+ M treatment were more variable and showed no con
sistent relation to a estimated for the Plow treatment even 
though the soil water content was not sufficiently different 
to expec.t a~ great a difference as was observed (table 9). 
One mdIcatIOn of the unreliability of the estimates for the 
Plow + M treatment was the greater deviation of B from 
its expected value of 1, if the two methods give identical 
estimates. Within a location-year and comparing treat
ments, B for Plow M deviated the most from -1. 

Fitting characteristics of the linear function (In AT = 
fa), table 24) were nearly like those functions of z used 
to estimate a, Whenever the r2 was low, the corresponding 
B generally deviated greater from -1 and linear 
fi~s, versus depth tended to show less instances of a fit sig
nIfIcant at p <0.0l. Apparently, a change in amplitude 
corresponded with a corresponding phase shift, but the fit 
of either amplitude or phase shift with depth was the more 
critical test. Within given treatments over days in a loca
tion-year, these fits were examined for systematic error of 
thermocouple placement, but the scatter of points differed 
on different days. Either a non periodic temperature tran
sient, a nonhomogeneous a with depth, or both can account 
for the failure to get better plots of In AT or , versus depth. 
These analyses did not distinguish the cause. 

In the determination of a without correction of the 
original soil temperature, the fits of AT = fez) and ~ = 
fez) were significant at p <0.01. These fits precluded any 
large deviations from homogeneous a with depth. Other 
characteristics of the harmonic fit discussed above pre
clude large deviations of a with depth in the tilled layers. 

The values in column 2 of table 25 comprise one ex
ample showing that soil temperatures were not a true 
periodic function about a mean. Consequently, a transient 
correction was applied to the soil temperatures from which 
estimates of a were made "after transient correction" (see 
tables 21, 22, and 23). 

The transient correction is specified by the differential 
equation 14 and its associated initial and boundary con
ditions. Observations in table 25 are an example of the 
features of the correction. The first column shows thermo
couple depths, with the lower two in the soil layer below 
plow depth; the second column shows the temperature in
creases over the 24-hour period; column 3 shows the 
temperature increases where a cubic equation in z was 
used to describe To at time zero; and the remaining col
umns show To estimated from equation 15. A special prob
lem in the estimation of To for t>o is the a priori estimate 
of a required for equation 15. An a priori estimate of a 

was iteratively obtained as the value at which T e became 
a minimum at the end of the 24-hour period (~10-8 in 
the last column of table 25). Some improvement of the 
manner of a priori estimation of a could have been attained 
because, in some instances, several minima of To at z=o 
and t=24 hours were obtained, each with a different a. 

We simply chose the value of a nearest that estimated by 
the "before transient correction" harmonic analysis. Also, 
some improvement of Te = f(z) couldhave been achieved 
(columns 2 and 3 in table 25) with an order of poly
nomial higher than three. Yet the number of depths in
volved did not seem to warrant a more refined estimate of 
To f(z). A polynomial of order two was not satisfactory 



Table 25. Transient temperature correction for the PDH treatment in L-1965 for the 24-hour period beginning 6/23 
0820 and ending 6/24 0800 

Observed temperature Transient correction in °C at indicated times (hours) after beginning 
increase for 24-hour of 24·hour period2 

03Depth period1 	 6 12 18 24 

cm 
4 o 0.87 ::::::10-8 

8.0 1.17 1.22 0.30 0.13 0.09 0.08 
13.0 1.41 1.31 0.45 0.22 0.15 0.13 
18.1 1.29 1.32 0.57 0.29 0.20 0.19 
23.2 1.21 1.26 0.63 0.34 0.24 0.24 
38.4 0.79 0.77 
53.7 0.08 0.08 

1 These observations used to obtain. at time zero, the values of Tc (8.71 X 10- 1 + (6.02 X 10-2) Z-(2.25 X 10- 3) 

Z2 + (1.59 X 10-") Z3. 
2 a for this transient was 10.27 X 10- 3 cm2/sec. These values are to be subtracted from the measured soil temperatures. 
3 Values in this column are To = f(z) at t O. 
4 Value used as an approximation of boundary condition in equation 14. 

for T c = f (z). After correction of temperatures, a har
monic analysis was made such as that done in the "before 
transient correction." Figure 7 shows the depth dependency 
of In AT and { before and after the transient correction 
displayed for the example PDH treatment in table 25. The 
change of these functions is typical, showing the relatively 
greater effect of the transient correction on the estimated 
{ or In AT at greater soil depths. The correction had little 
effect on the estimates of AT(ol and to. The least square 
fits of all four functions of depth were significant at p 
<0.01. The same tests were performed on the a estimated 
"after transient correction" as "before transient correc
tion." The fitting characteristics of AT = f{z) and t = 
f{z) were nearly the same as before the transient correc
tion shown in table 24. Fitting characteristics of In AT 
f «) were also nearly the same. When these estimates of 

a were subjected to an analysis of variance testing for 
treatments, runs, and treatments X runs effects, the treat
ment effect was highly significant in all 3 location
years, and the other two effects were not statistically 
significant. Just as with the estimates before transient cor
rection, the Plow M treatment contributed most to the 
treatment X run interaction. The other treatments pro
duced a estimates that varied little among runs (as pre
dicted by the calculated a of table 15 which includes any 
water content and porosity changes). 

Estimates of a "after transient correction" are shown 
in the last column of tables 21, 22, and 23. In nearly all 
comparisons, a were reduced and more nearly approxi
mated that calculated using the de Vries dielectric ana
logue. Variability of the Plow + M treatment estimates 
was not improved, possibly because heterogeneous con-
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ductivity, resulting from the straw layer overlying the Ap 
layer, precluded any improvement from correction for 
temperature transients. By contrast, the variability of the 
other treatments was much reduced. Rankings of tillage 
treatments within a location-year were not changed by the 
transient correction. The Plow treatment still had the 
greatest a among bare tillage treatments. In L-1965 and 
M-1966, the PP treatment had the next highest a, followed 
by the PDH treatment. Except for the smaller a of the PP 
compared to the PDH treatment in L-1966, the bare treat
ment comparisons are similar to the other two location
years. Estimated a in the RT treatment was nearest that of 
the PDH treatment. Just as with the a estimates before 
transient correction, estimates of a for the Plow M 
treatment varied and bore little consistent relation to the 
Plow treatment. All of the considerations indicate some 
improvement of a estimates for the bare treatments using 
the transient correction. Failure to get consistent a esti
mates for the Plow M treatment casts doubt on values 
for the Plow + M treatment. The greatest value of tran
sient correction occurred on day 1 in L-1965, a day in 
which To f(z) at t - 0 had maximal values, and in 
which d In A/de diverged especially far from 1. 

Convection influences on thermal conductivity 

Thermal conductivities (table 13) calculated using 
the de Vries method ()'dV) include heat transfer by con
duction and diffusional vapor movements, but do not in
clude heat transfers associated with macroscopic air move
ments (convective heat transfers). Thermal conductivities 
(tables 21, 22, 23) determined by harmonic analysis, Ab, 
(i.e., direct determination of a and subsequent determina
tion of A using calculated C.) can include all three heat 
transfer mechanisms. At low porosity (exemplified by the 
PP treatment with Xp <0.55), Adv and Ab agree within 10 
percent of a 1: 1 relation (figure 8). For the higher por
osity treatments (viz Xp :::"'0.6 in tables 2, 3, and 4), Ab is 
greater than Adv, and the difference increases as Adv in
creases. The Plow treatment also shows the greatest dif
ference between Ah and Adv, while the PDH treatment in 
L-1965 failed to follow this scatter of points. This scatter 
of points in figure 8 indicates that convection is indeed 
producing a component of additional heat transfer. Thus, 
for tillages with fractional porosity greater than about 0.60 
and Adv <1.6 m cal/cm sec °C, a convective component 
can be expected for heat transfer. This convective com
ponent for heat transfer may also indicate a dispersion 
component in vapor transfer and evaporation. 

The predictive relation in figure 8 was developed fur
ther by assuming both methods give equal A predictions 
for the PP treatment. Thus, no convective heat transfer 
component is expected in the PP treatment. Then, the 
quotient (Ab/Adv) observed in the PP treatment was used 
as a multiplier of the Actv for all treatments to adjust the 
Adv. A plot of adjusted Adv versus Ah is shown in figure 9. 
A linear fit of the adjusted points for treatments other 
than the PP treatment shows that, when Adv<1.6 m cal! 
cm sec °C and the porosity fraction is >0.6, the following 
fit can be used to adjust for convective heat transfer: 

Ab +2.17 3.45 Adv 
When Adv is assumed to equal 1.6 (the maximum Adv of 
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the high porosity treatments), then Ah is calculated to be 
2.35 m caljcm sec °C. Assuming that Ah contains the heat 
transfer mechanisms of Adv plus convective transfer, the 
convective mechanism is estimated to reach a magnitude 
of 50 percent of the sum of the other two processes. 

Up to this point, the fractional porosity structure com
ponent was emphasized relative to enhanced turbulent 
heat transfer, but the consistently greater Ah relative to Ad" 
for the Plow treatment indicates pore size may also be a 
factor. Random roughness (tables 5, 6, and 7) is an index 
of average pore size, but (as will be shown later) a more 
highly turbulent boundary layer is produced over the more 
randomly rough surface. Both the greater permeability 
and turbulent boundary layer are responsible for enhanced 
turbulent heat transfer. 

Our field-observed convective component of heat 
transfer corroborates and extends laboratory and theoreti
cal projections of turbulent-enhanced water vapor move
ment in soils. With sinusoidal air-pressure-fluctations sim
ulating random fluctuations at the soil surface in the field, 
Scotter and Raats (1969) predicted a dimensionless vapor 
dispersion ratio of up to 1.6, which compares to our en
hanced dimensionless heat transfer of 1.5. In their analysis, 
they assumed a bed of 5-mm diameter spheres from which 
evaporation was occurring at the bottom of the bed of ag
gregates - a situation similar to the Plow, PDH, and RT 
treatments. Geometric mean diameters of the aggregates in 
the tillage treatments ranged from 1 to 40 mm. Kimball 
(1973) suggested a dispersion ratio of 1.26 based on 

analysis of drying of beds of aggregates with diameters of 
1. mm. Acharya and Prihar (1969) observed that evapora
tion . through bed~ of aggreg~tes relative to potential evap
oratlon was a lInear functIon of bed thickness, except 
where fractional porosity was greater than 0.62 and wind 
velocities were greater than 3.3 m/sec. 

Tillage effects on soil surface energy balance 

Components of the energy budget were estimated as 
an average for 20-minute periods during the runs noted 
in tables 26, 27, and 28. Each estimate of evaporation 
was made in this manner: 

E = Rn -H8011 (19)1+13 
where Rn is net radiation, cal/cm2 minute, 

H.olI is surface soil heat flux, calJcm2 minute, 

and 

13 is the Bowen ratio. 


-1 

13 cpP Kh ~ T (~ e~ 20 
L f Kw ~ z\~ z/ ()

where Cp is specific heat of dry air at constant pressure, 
0.238 cal/gmO Cat 30 0 C, 

P is absolute pressure, 979.9 mbar, 
L is latent heat of vaporization, 580.4 cal/gm 
at 30 0 C, 

Table 26. Components of energy budget as affected by tillage and straw mulch treatments on a Nicollet clay loam 
CL-1965) 

Components of energy budget, caIJcm2 

Date, positive net 
radiation period, 

Tillage 
and mulch Net 

Soil heat flux 
Plow Below plow Sensible heat Evapo· 

Evapo· 
ration 

and mean windspeed 1 treatments radiation layer layer to the air ration (mm) 

6/23,0620·1930, 
2.99 m/sec 

Plow 
PDH 
PP 
Plow + M 

531 
481 
497 
402 

29.7 
59.6 
61.4 
15.5 

5.6 
5.1 
4.2 
2.8 

183 
155 
159 
138 

313 
261 
272 
246 

5.24 
4.37 
4.55 
4.12 

6/24,0640·1950, 
2.88 m/sec 

Plow 
PDH 
PP 
Plow + M 

463 
453 
426 
374 

61.8 
87.5 
91.4 
41.6 

11.5 
12.1 
14.1 
2.8 

174 
167 
148 
164 

216 
186 
172 
166 

3.62 
3.11 
2.88 
2.78 

6/29,0640·1920, Plow 456 53.3 18.1 220 165 2.76 
2.46 m/sec PDH 453 78.7 17.9 213 144 2.41 

PP 432 79.3 19.8 189 135 2.26 
Plow M 366 36.9 10.5 180 139 2.33 

6/30,0700·1920, Plow 472 63.1 14.8 228 166 2.78 
1.69 m/sec PDH 451 95.6 14.6 193 148 2.48 

PP 435 107.5 16.8 193 117 1.96 
Plow + M 390 51.1 8.7 191 139 2.33 

7/13,0650·1940 Plow 438 41.7 15.8 207 174 2.91 
4.65 m/sec PDH 442 75.7 13.0 203 150 2.51 

PP 408 76.3 14.3 151 167 2.80 
Plow + M 386 18.5 8.3 166 193 3.23 

1 Winds peed observed at I-meter height. 
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f is mole weight (0.6212) of water vapor rel
ative to that of dry air, 
e is water vapor pressure in the air, mbar, 
Kh is the transfer coefficient for heat, cm/sec, 
and 
Kw is the transfer coefficient for water vapor, 
cm/sec. 

Kh and Kw are assumed to be equal. 6.T/6.z was obtain
ed from site determinations of air temperature at 100 cm 
and 10-cm air temperatures observed over each treatment. 
Fetch (consisting of bare surfaces and closely mown veg
etation) to sensor height ratios were at least 40: 1. The 
same 100-cm air temperature over all tillage treatments 
was assumed. Based on duplicate air temperature measure
ments at the 10- and 100-cm heights, the error in 6.T/6.z 
was ± 0.005°C/cm. 6.e/6.z was calculated as the dif
ference of e at the 10- and 100-em heights; each e was 
obtained as the product of measured relative humidity and 
saturated vapor pressure at the indicated air temperature. 
Relative humidity at both the 10- and 100-cm heights 
was assumed uniform over the whole site. Since the varia
tion of evaporation among treatments was less than 25 
percent (see tables 26,27,28), this assumption was likely 
acceptable. Maximum errors in 6.e/6.z were less than 
0.009 mbar/cm, based on air temperature duplication and 
accuracy specifications of the relative humidity sensors. 
Rn was obtained from 5-minute readings of duplicate radio
meters, each with an error less than ± 10 percent - a 

standard error of 0.08 cal/cm2 minute was estimated. 
H.Oil was estimated from measured soil temperature 
changes and C. (table 14) in the plow layer and from 
heat flux measurements at the base of the plow layer. For 
soil depths between the shallowest thermocouple and the 
surface, H.oll was estimated from the thermocouple obser
vations and from surface temperatures projected from 
Al'(o) and Co in table 20. Consequently, an error estimate 
for Hsoil was projected to be less than 0.05 ca1/em2 min
ute. The resultant errors in E were estimated to be about 
6 caljcm2 minute. 

Components of the energy budget are tabulated in 
tables 26, 27, and 28 as a sum for the positive net radia
tion periods. The energy balance for 7/14 in the L-1965 
location-year is not shown in table 26 because of obvious 
failure Of the Bowen ratio and associated fetch. Rn over 
the Plow and PDH treatments was up to 16 percent great
er than on the PP treatment. Only in 2 out of 14 cases was 
RIl on these treatments less than on the PP treatment. 
Average increases of RIl sums over the Plow treatment, 
compared with those over the PP treatment as a base, 
were 7.3, 12.2, and 0.6 percent for location-years L-1965, 
L-1966, and M-1966, respectively. Corresponding per
centages for the PDH treatment were 3.7, 10.5, and 6.2. 
Meanwhile, Rn sums over the RT treatment followed 
those of the PDH treatment. In location-years L-1965 
and L-1966, Rn over the Plow + M treatment ranged 
from 0.81 to 0.95 and 0.81 to 0.99 of that on the PP 

Table 27. Components of energy budget as affected by tillage treatments on a Doland loam·silt loam (M·1966) 

Components of energy budget, cal/cm2 

Date, positive net Tillage Soil heat flux Evapo
radiation period, and treat- Net Plow Below plow Sensible heat Evapo ration 
mean windspeed1 ments radiation layer layer to the air ration (mm) 

5/26.0650-1930, Plow 400 58.1 9.2 190 143 2.39 
3.55 m/sec PDH 423 68.3 12.0 189 154 2.58 

PP 398 63.0 22.8 187 126 2.11 
RT 405 59.3 1.7 199 145 2.43 

5/27,0650·1930, Plow 456 36.2 5.3 292 122 2.04 
3.50 m/sec PDH 480 44.3 8.6 287 140 2.34 

PP 444 40.9 14.3 268 120 2.01 
RT 447 39.6 0.7 282 125 2.09 

6/7,0640-1940, Plow 439 57.1 1.9 202 178 2.98 
3.96 m/sec PDH 467 74.5 2.8 208 181 3.03 

PP 459 62.5 7.1 224 176 2.95 
RT 495 71.4 -0.2 219 204 3.42 

6/8,0630-1930, Plow 401 61.4 2.1 246 92 1.54 
2.17 m/sec PDH 417 76.6 2.8 233 105 1.76 

PP 383 55.0 5.6 231 92 1.54 
RT 398 67.3 2.4 226 103 1.72 

6/9,0630-1930, Plow 439 75.2 3.3 267 94 1.57 
1.89 m/sec PDH 466 96.2 5.7 250 104 1.74 

PP 437 73.2 11.8 270 82 1.37 
RT 435 88.9 1.5 255 90 1.51 

1 Average windspeed observed at I-meter height. 
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treatment. Rn increased with time on the Plow + M 
treatment. Similar increases of Rn with time were obtained 
by von Hoyingen-Huene (1971), perhaps because of 
straw decay or dust collection on the straw. Comparative 
relative net radiations on the Plow + M treatment (using 
Plow as a base) were 0.76 to 0.88 and 0.73 to 0.85. 
These comparisons, therefore, show greater Rn over Plow 
and PDH surfaces than over a PP surface, while decreases 
were produced by straw cover. 

Net radiation comparisons on these tillage treatments 
must be analyzed as a balance of long and short wave 
radiation components R as follows: 

(1 -as) R. + (RI~'- R1j) Rn 
where a. is albedo, s represents short wave, and 

1 represents long wave radiation. 
As R1j increases, Rn decreases when all other components 
are held constant. An evaluation of surface temperature 
is necessary to estimate R1j and, therefore, project as from 
Rn measurements. Comparative soil and air temperatures 
are shown in figure 10 for the three bare treatments and 
the Plow + M treatment for 6/30 in L-1965. Surface 
temperature, To, was estimated from the first four har
monics, and other temperatures are as measured. Average 
surface temperatures for the Plow, PDH, PP, and Plow + 
M treatments during the hours 0700 to 1920 were 28.1, 
34.1, 33.9, and 23.6"C, as obtained from integration of 
the surface temperature function of time (see equation 10, 
where k = 4). Because of the nearly equal average sur-

Figure 10. Typical comparison of soil surface tempera
ture, and shallow depth soil temperature in Plow, POH, 
PP, and Plow + M treatments (6/30/66 in L-1965; 
subscripts refer to distance away from soil surface
positive upward and negative downward) 
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Table 28. Components of energy budget as affected by tillage and straw mulch treatments on a Nicollet clay loam 
(L-1966) 

Components of energy budget, cal/cm2 

Soil heat flux 
Date, positive net Tillage 
radiation period, and mulch 
and mean windspeed 1 treatments 

Net 
radiation 

Plow 
layer 

Below plow Sensible heat 
layer to the air 

Evapo· 
ration 

Evapo. 
ration 
(mm) 

6/28,0640·1950, Plow 468 91.0 5.8 207 164 2.75 
2.06 m/sec PDH 451 97.4 6.1 168 170 2.85 

PP 424 81.4 10.2 191 141 2.36 
RT 453 87.4 12.8 184 169 2.83 
Plow M 343 63.4 3.0 144 132 2.21 

6/29, 0650·2000, Plow 532 53.1 10.9 221 247 4.14 
4.05 m/sec PDH 523 51.2 10.1 208 254 4.25 

PP 479 47.8 14.1 220 197 3.30 
RT 491 47.2 15.8 212 216 3.62 
Plow + M 390 32.1 5.4 179 173 2.90 

7/15,0640·1940, Plow 518 69.2 2.0 152 294 4.92 
2.57 m/sec PDH 521 111.2 1.9 132 276 4.62 

PP 464 91.7 2.7 115 255 4.27 
RT 513 99.0 8.3 128 278 4.65 
Plow + M 425 29.3 2.0 144 250 4.19 

7/16,0700·1940, Plow 500 79.4 3.7 209 208 3.48 
3.02 m/sec PDH 492 115.1 4.5 169 204 3.42 

PP 431 92.2 6.2 179 153 2.56 
RT 454 95.4 14.0 169 174 2.91 
Plow + M 427 41.9 2.4 170 213 3.57 

1 Winds peed observed at I-meter height. 
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face temperatures on the PDH and PP treatments, their 
Rlf component was nearly the same. At 303 0 K, the esti
mated increase in Rlf per 1 degree increase in surface 
temperature is 6.7 caljcm2 over the 12.33-hour positive 
Rn period on 6/30 in L-1965. The estimated increase of 
Rn on the Plow treatment relative to the PP surface be
cause of lower surface temperature is 39 caljcm2, while 
the observed (table 26) increase was 37 caljcm2. Lower 
Rn are expected in the Plow + M treatment based on an 
increase of a. (see von Hoyningen-Huene, 1971). These 
comparisons of Rlf show that as was about the same on 
the Plow and PP treatments, while a decreased a. was ob
served on the PDH treatment. Thus, the increases of ran
dom roughness in the PDH treatment (tables 5, 6, and 7) 
are associated with greater Rn based on change of a •. 
Coulson and Reynolds (1971) and Kondratyev (1965) I " I .... I,' have also observed decreases of a. as random roughness ...... II 

, , I15 
',,_. I' increases in the roughness range noted here. Idso et al. - I,' 

......... 4~' noon 	 (1975) observed a similar effect on an approximate 1 cm 

! I ! 

o 	 3 6 9 12 15 18 21 24 surface roughness. Their rough surface corresponded most 
Hour closely to our PP treatment, because the random rough

ness (a standard error) of the PP treatment ranged from 
0.45 to 1.15 cm and was produced by harrowing a soil 
surface uniformly packed by tractor traffic. Bowers and 

................... 
, Hanks (l965) showed reflectance decreases as diameterPlow a slro... mulch , , ',T,O , ,30 , of clay aggregates increased in the range 22p. to 2.8 mm.,, , 
..................... ,' Additional features of the comparative air and soil 

" temperatures in figure 10 relate to the tillage treatments 
I' " 

and associated surface characteristics. The traces of 100cm"I'
--\\ air temperature in figure 10 are not arranged to show\'~\ , 

"'II; ..... , changes due to tillage treatment. These changes were noted , . 
in plots (not shown) of temperature difference (10 minus 
100-cm air temperature) versus time. During the 1000 to 
1400 hour, the 10-cm air temperature over the Plow 
M treatment was as much as 1°C greater than over the 
PP treatment, while that of the Plow and PDH treatments 
was between the extremes. This difference of 10-cm air 

noon temperature was occuring while the 10-cm air temperature 10 
0 3 6 9 12 15 18 21 24 was about 4°C warmer 	than the reference 100-cm air 

hour 
temperature. Estimates of To using four harmonics con
sistently lagged the morning air temperature rise, about 1 
hour after positive Rn. Also, the To for bare surfaces was 
within 3°C greater than the isothermal air temperature at 
about 2000 hour. At this time of day, Fuchs and Tanner 
(1967) noted higher surface temperatures from thermo
couples than from use of infrared measurements on a 
smooth sand .surface. With soil surface roughness varia
tions like those experienced in these studies, estimation of 
surface temperature by multiple harmonics may indeed be 
the most accurate method available. The most difficult 
estimate in equation 10 is TA , but for comparison of treat
ments on a single day, similarity of extrapolation would 
be expected. Estimated To oscillated some during the 
period from midnight to 0600. Small errors in estimating 
AT(o) and '0 could easily have produced these oscillations. 

Soil heat flux, Haclh ranged from 6.6 to 28.6 percent 
of Rn and was affected by soil water content, wind travel, 

I tillage treatment, and surface straw residue. In L-1965 ,,-I 

15 (table 26), H.oll was low on a wet soil on 6/23, whileI," 
......... I~' 
 higher values were observed later as the soil dried out .......-.,!# noon 

somewhat (table 9). In the L-1966 location-year, H.oll o 3 6 9 12 15 18 21 24 
Hour 	 was notably higher in a relatively dry Ap layer when the 
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wind velocity was lowest (compare days 6/28 and 6/29 
in table 28). In all three location-years, the Plow treat
ment had notably lower Hsoll as compared with PDH, PP, 
and RT treatments as a group (i.e., 14.5 versus 18.9 per
cent of Rn). Meanwhile, H.oll in the Plow + M treatment 
was 10.8 as compared with 14.5 percent of Rn for the 
Plow treatment. 

After partition of Rn into H.olh the residual energy is 
available for evaporation and sensible heat to the air. 
These components, as a sum, were a greater fraction of 
Rn in the Plow treatment than in the other bare (PDH, 
RT, PP) treatments because of the higher Rn and lower 
H.oll ' The PDH and R T treatments also had a greater 
energy sum, Hair + Hevap, than did the PP treatment. This 
was because of the higher Rn on these treatments than in 
the PP treatment. The net effect of the greater energy into 
Hair + Hevap on the Plow, PDH, and R T treatments is 
that greater heat transfer coefficients are to be expected, 
depending on the soil surface temperature and equivalent 
temperature. Hair is proportional to the product of the 
heat transfer coefficient and the temperature difference 
between the surface and air at 100 cm. Temperature dif
ferences in figure 10 suggest that heat transfer coefficients 
over the Plow treatment are greater than over the PDH 
and RT treatment. Interestingly, the low' Rn and HBOil in 
the Plow + M treatment nearly compensated, and the 
amount of energy going into Hair Hevap was nearly 
equal to that in the PP treatment. This distribution of Rn 
in the Plow + M treatment predisposes high evaporations 
at later times as compared with the bare treatments. Such 
an evaporation pattern by mulch was predicted by Bond 
and Willis (1971) in the laboratory, especially when 
evaporation was produced by radiant energy (heat 
lamps). 

Tillage treatments produced up to 17 percent of po. 

tential evaporation variations in daily stage 2 evaporation. 
Potential evaporations in table 29 were estimated using 
a modified Penman equation (see equation 6.16 and table 
6.1 in Jensen et ai., (1973»: 

1 [ /':, y
Ep = 585 /':, + y (Rn - Hsoll ) + /':, + y (15.36) 

(1.0 + .0062 uz ) (eo
z - e.B 

where /':, is the slope of the saturation vapor pressure
temperature curve, 
Y is the psychrometer constant, 
Uz is daily wind traveE at 1 m height. 

Rn and Hsoll were obtained from the PP treatment (table 
26, 27, 28). ez was obtained from 100-cm air temperature 
and relative humidity observed at the beginning and end 
of the positive Rn period, while eO. was obtained from an 
average of the saturation vapor pressure at the maximum 
and minimum air temperature at 100-cm height. These Ep 
ranged from 7.6 to 4.2 mm/day, while the aerodynamic 
component varied from 0.8 to 2.4 mm/day. Evaporation 
(as determined from equation 19) from the tillage-treat
ed Ap layers is shown (table 29) as a fraction of Ep. In 
L-1965, relative evaporation greater than 0.70 occurred 
on 6/23 following a 1.9-cm rain on 6/22, while relative 
evaporation <0.54 occurred on 6/29 and 6/30. Evapora
tion on 6/23 was judged to be partially in stage 2, because 
surface drying occurred at about 1000 hour (Idso et al., 
1974, has an explanation of stage 2 evaporation observa
tion in the field). Before 6/29, only one rainfall of <0.11 
em on 6/27 occurred since the rainfall of 6/22. Observa
tions of evaporation on 7/13 were obtained 1 day after 
a 0.2-cm rainfall on 7/12. In this location-year, relative 
evaporation rates increased as volumetric soil water in the 
Ap (table 9) increased. However, variations of daily evap-

Table 29. Potential evaporation and the ratio of actual to potential evaporation as affected by tillage treatments 
in three location-years 

Potential evaporation, Ratio of actual to potential evaporation on indicated 
Location· mm/day tillage treatment 

year Date Radiative Aerodynamic Plow PDH PP RT Plow + M 

L·1965 6/23 4.68 1.17 0.90 0.75 0.78 0.70 
6/24 3.67 1.67 .68 .58 .54 .52 
6/29 3.94 1.18 .54 .47 .44 .46 
6/30 3.73 1.42 .54 .48 .38 .45 
7/13 3.70 0.79 .66 .57 .63 .73 

M·1966 5/26 3.78 2.39 .39 .42 .34 0.39 

5/27 4.09 2.01 .33 .38 .33 .34 

6/7 3.99 1.26 .49 .50 .48 .56 

6/8 3.22 1.01 .36 .42 .36 .41 

6/9 3.75 1.38 .31 .34 .27 .29 

L·1966 6/28 4.32 1.36 .48 .50 .42 .50 .39 
6/29 5.48 2.09 .55 .56 .44 .48 .38 
7/15 4.38 0.95 .92 .87 .80 .87 .79 
7/16 4.13 1.30 .64 .63 .47 .54 .66 
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oration and volumetric soil water were greatest on the 
Plow treatment. The 1965 volumetric water contents in 
this Nicollet soil (figure 1) suggest flows of at least 10 
cm/day between the 30 and 45-cm depths. Relevant con
ductivities and hydraulic gradients are shown in Allmaras 
et al. (1975). In the L-1966 location-year, lower relative 
evaporations occurred on 6/28 and 6/29 than on 7/15 
and 7/16. The Ap layer was relatively dry for the first 2 
days and relatively wet during the latter 2 days. At least 
5 cm of rain had fallen on 7/13. Even with a dry surface 
layer, the relative evaporation had not fallen below 0.42. 
The estimated upward water flow from the 45 to the 30
cm depth was 2 mm/day based on water contents shown 
in figure 3. Thus, volumetric water decreases, as measured 
in L-1966, were expected in the Ap layer. These gravimetric 
water decreases ranged up to 0.029 gm/gm in the Ap 
layer and up to 0.012 gm/gm in the 16-cm layer beneath 
the Ap layer during the 48-hour sequence on 6/28 to 
6/29. 

Relative evaporations among treatments in M-1966 
were <0.56 and varied little among tillage treatments. 
Observations on 5/26 and 5/27 were taken after 0.72 
cm of rain on 5/22 and 5/23; those on 6/7 were taken 
after 0.32-cm rainfall on 6/6. The series of observations 
beginning on 6/7 showed a decreasing relative evaporation 
for each subsequent day of measurement. Daily decreases 
of volumetric water in the Ap layer ranged from 0.003 to 
0.021 gm/gm. Simultaneously, there were water content 
increases because of drainage into the 15- to 30-cm layer, 
but observed water content changes in the 0- to 15-cm 
layer could not account for both evaporation and drainage 
losses. 

Soil surface roughness effects on air turbulence 

Turbulence was measured within the 100-cm air layer 
above the Plow as compared with the PP treatment. Turb

ulence was assumed as a train of sinusoidal pressure waves 
moving over the soil surface as was done by Farrell et al., 
(1966). Pressure fluctuation measurements were made 
with ports (each 0.32 cm LD.), each secured flush with 
the upper surface of a thin piece of stainless steel (5 x 10 
cm). These ports were aligned normal to the wind travel 
direction and mounted 1 meter from a support frame. 
Thus, the ports could be spaced horizontally (from 5 to 
70 cm), and both were elevated to various heights above 
a tilled surface. The pair of ports was connected to a dif
ferential strain-gage pressure transducer (error < 10-acm 
H20; range ± 10 cm H20). Two such pairs of ports were 
operated simultaneously (1 pair over each tilled surface) 
and recorded on a 2-channel oscillograph. 

Each turbulence description contained 600 readings 
digitized from a 30-second strip chart providing 20 read
ings of pressure difference per second. This set of 600 
readings was corrected to zero mean, detrended, and 
analyzed to give an auto correlation function and a power 
density spectrum (a plot of variance, ,.,. bar2, versus fre
quency, cycles/sec). Such a plot is often described as nF 
(n) versus log n. Power density spectrum estimates were 
smoothed three times using the Hanning procedure of 
Blackman and Tukey as described by Bendat and Piersol 
(1966). Average windspeed during the measurements was 
4.32 ±0.17 m/sec as determined from to-minute travel 
totals on a standard cup anemometer at I-m height. Fetch 
over the experimental site was 70 m and at least 12 m for 
each set of paired ports over a tilled surface. 

Root mean square (RMS) of pressure-differences 
over both the Plow and PP treatments (table 30) increas
ed with height above the soil surface, especially at heights 
>30 cm. Judging from the 3.8-,.,. bar standard deviation 
of RMS as obtained from duplicate 30-second records 
(due to windspeed variations), RMS increased as hori
zontal spacing of ports increased, especially at greater 

Table 30. Root mean square of pressure difference variation (,.,. bar) over a Plow or a PP treatment surface 

Height above 
soil surface, Horizontal spacing of ports, cm 

cm 5 10 20 30 40 50 60 70 

Plow treatment! 
14 5.8 7.5 9.3 6.0 8.8 7.6 9.5 16.4 
19 6.1 11.2 7.9 9.3 8.5 10.8 12.0 13.7 
29 6.0 8.7 10.7 14.4 12.7 9.2 26.2 17.0 
49 20.4 16.7 29.8 
79 51.7 37.5 69.3 

PP treatment! 

8 3.5 3.0 4.9 4.3 6.4 4.8 7.6 9.1 
13 5.0 8.5 8.9 7.4 6.4 10.7 12.2 8.6 
23 4.2 4.8 7.6 12.1 8.4 7.3 13.4 13.8 
43 9.9 13.3 15.0 
73 37.6 27.6 54.3 

Ratio: Plow /PP 
11 1.67 2.50 1.89 1.41 1.39 1.59 1.25 1.82 
16 1.20 1.32 0.90 1.25 1.32 1.01 0.85 1.61 
26 1.45 1.82 1.41 1.19 1.52 1.27 1.96 1.23 
46 2.08 1.19 2.00 
76 1.39 1.37 1.28 

Standard error of entries is 3.8 !J. bar. Average winds peed 4.32 m/sec. 
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Ta~le 31. Freq~ency distribution of pressure-difference variations as affected by tillage treatment, port height, and 
hOrizontal spacing 

Tillage 
Height above 
soil surface, Percentage of n F(n) in indicated frequency range, cycles/sec1 

treatment cm .06/.20 .20;'47 .47/1.17 1.17/3.49 3.49/10 

Plow 14 2.5 4.4 9.9 30.8 52.4 
19 3.0 4.9 11.3 34.9 45.8 
29 2.2 3.4 8.0 34.0 52.7 
49 4.0 5.3 14.4 29.9 46.4 
79 29.8 17.6 17.0 17.4 18.4 

PP 8 4.0 5.2 11.5 31.8 
-  47.5 

13 5.1 7.1 13.4 33.8 40.5 
23 3.3 4.8 8.0 33.7 50.3 
43 10.4 10.4 17.5 26.7 35.1 
73 14.2 14.9 18.9 23.7 28.2 

1 	 Percentages are averaged over horizontal tube spacings (see table 30). In uniformity trials, the standard deviation of an indi
vidual determination was 3 percent. When standard deviation of the entries (averages over horizontal spacings) was greater 
than 6 percent the entry was underlined. 

heights above the surface. RMS of the pressure differences Table 32. Amplitude characteristics of pressure varia

over the Plow treatment surface averaged 1.47 of those tions over a Plow and a PP surface 

over the PP surface (table 30). 


Percentages of the pressure~difference variation in fre Wave· Amplitude, /L bar RMS2 
qutincies less than 1.17 cycles/sec increased with height length 1 Frequency Period Plow PP 
from the soil surface (table 31), but percentages of the 

cm cycles/sec secpressure-difference variation in the frequency range 1.2 
to 10 cycles/sec decreased overall, especially for the 140 0.1 10 0.070 0.042 
higher frequency class. Apparently, eddy size was in 80 .4 2.5 .042 .029
creasing with height above the soil surface. 40 .6 1.5 .019 .018Entries in table 31 are averages over horizontal spac

20 1.0 1.0 .011 .008ings illustrated in table 30. Their standard error was de

termined by conformance of percentages as a function of 10 2.0 0.5 .005 .004 

port spacing. When this standard error was larger than 10 5.0 0.2 .009 .007 

twice the random standard error (3.0 percentage units), 


1 	 Arbitrarily taken as two times the horizontal port spacing.horizontal spacing was adjudged to affect the percentage 
2 	 In 67 percent of the instances, the amplitudes would be lessof the pressure~difference variation in the indicated fre than, or equal to, the values shown. These amplitudes were 

quency class. Thus, horizontal spacing generally did not estimated from ordinates at the indicated frequency in the 
affect the percentage of the pressure-difference variation n F(n) versus log n generated at horizontal port spacings 

in the 0.06- to 1.17-cycles/sec frequency range, but in the corresponding to one-half the indicated wave· length. The 
lowest three heights (see table 30) were used in these1.17- to lO~cycle/sec frequency range, pressure-difference 
analyses.

variations were shifted to the lower frequency as horizontal 
spacing increased. In other words, the smaller eddies were times greater than that over the PP surface. At frequencies 
not being detected with the greater horizontal spacing of higher than 0.6 cycles/sec, the pressure amplitudes over 
tubes. the Plow surface were also greater than over the PP sur

Based on table 30, the integrated n F(n) would be face. 
greater in the Plow treatment. Within this integrated n F The above measurements of pressure-difference are 
(n) for the Plow treatment (table 31), there was a higher somewhat preliminary and incomplete for estimating the 
percentage of pressure-difference variation in the higher expected effect of surface pressure variations on air flow 
frequencies than is the case for the distribution of pres in the soil. However, they do characterize that turbulence 
sure-difference variation within the integrated nF (n) for over the Plow surface is greater than over the PP surface. 
the PP treatment. Both the greater turbulence over the Relative turbulence ratios ranged from 1.5 to 1.7 when 
Plow and the characteristic change of this turbulence with considering, respectively, RMS or amplitude of the lower 
frequency is shown in table 32. At a frequency of 0.6 frequency pressure variations. Earlier (tables 26, 27, 28), 
cycles/sec, the pressure amplitudes over both surfaces are a greater heat transport coefficient was expected because 
nearly the same, but at lower frequencies, the pressure of the greater Hsoil + Hair in the Plow than in the PP 
amplitude over the Plow treatment surface was up to 1.67 treatment. 
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SUMMARY AND CONCLUSIONS typical range was from 0.3 for the Plow treatment to 
Different soil structural conditions were created by five 0.1 for the PP treatment. Complement values of aggre

combinations of tillage: moldboard plowing (Plow); gate volume were 0.7 to 0.9. As a fraction of the tilled 
plowing-disking-harrowing (PDH); plowing and packing layer volume, the intra-aggregate air porosity was about 
by tractor traffic (PP); rotary tilling (RT); and plowing 0.12., while that of the intra-aggregate water was 0.27. 
followed by a 4530 kgjha straw mulch application. Agam, these components were characteristic of the till
Measured soil structure parameters of the tilled layer age treatment, as evidenced by little variation for a 
were porosity components and random roughness of the given tillage treatment among the 3 location-years. 
surface. Two separate repetitions of these tillages were 3. Thermal. conductivities of the plow layers differed 
conducted on a Nicollet clay loam and one repeti among tlliage treatments, depending on the method of 
tion on a Doland loam, both Mollisols in the western estimation, and showed similarity among location years. 
Corn Belt. Thermal conductivity and heat capacity of the When thermal conductivity was estimated from the de 
tilled layers were each estimated from porosity compo Vries dielectric analog using measured soil properties 
nents, water content, organic matter, and mineral composi in the tilled layer (including water content and fraction
tion. Thermal diffusivity was estimated from harmonic al porosity), thermal conductivities were in decreasing 
analysis of measured soil temperature as a function of time order of tillage treatments: PP>PDH=RT > Plow. 
and depth in the tilled layer. A special analysis was made Thermal conductivities ranged from 0.9 to 2.5 m calf 
to reduce transient temperature invalidations of the har cm sec°C. For the PP treatment, thermal conductivities 
monic analysis. Net radiation, soil heat flux, sensible derived from harmonic analysis agreed with those using 
heating of the air, and evaporation were all estimated as the de Vries calculation. For the other three tillage 
components of the surface energy balance. These com tr~atments, turbulence enhanced heat transport in the 
bined measurements of tillage-induced soil structure, soil soil as much as 50 percent of the combined heat trans
thermal properties, and surface energy balance show the port from conduction and diffusion transfer of vapor. 
range and interaction of these factors to be expected in The latter two heat transfer components are accounted 
tillage comparisons. for in the de Vries method of thermal conductivity 

The following findings are summarized in tabular estimation. Apparently, tilled layers with >0.61 frac
form: tional total porosity are subject to turbulence effects. 
1. 	 Total porosity of the plow layer before any tillage These field estimates of turbulence enhanced heat 

ranged from 0.49 to 0.53, while the Plow, PDH, and transport in tilled layers corroborate laboratory and 
RT treatments as a group produced total porosities theoretical estimates of turbulence effects on vapor 
ranging from 0.61 to 0.67. Total porosity of the PP transfer in media with similar porosity characteristics. 
treatment ranged from 0.52 to 0.56. These total porosi Computation of thermal conductivity by harmonic 
ties changed less than 10 percent, even after rainfall analysis before and after correction for temperature 
amounts as great as 10 cm. After tillage, there were transients superimposed on the diurnal temperature 
essentially 3 ranges of random roughness which dis wave illustrated this disturbing influence on harmonic 
tinguished the Plow (2.9 to 3.6 cm) or PP (0.9 to 1.2 analysis estimates without correction for transient tem
cm) treatments from PDH and RT treatments (1.5 to perature effects - and also the consistency of estimates 
2.0 cm) as a group. Decreases of random roughness when this correction was made. Consistency was shown 
due to rainfall were as great as 40 percent. The three by estimation of thermal conductivity within 5 percent 
repetitions of these tillage treatments demonstrated a on consecutive days when soil water contents had not 
wide range of total porosity or random roughness and changed. There was also day-to-day consistency be
characteristic ranges of these parameters for particular tween thermal conductivities estimated by the harmonic 
tillage combinations on these Mollisols. Sometimes, analysis and de Vries dielectric analog methods. 
the same narrow range of total porosity (or random As experienced by others, harmonic analysis did 
roughness) was achieved by more than one tillage not provide precise estimates of thermal conductivity 
combination. Because definite thermal properties and when the soil was covered with a straw mulch. 
surface energy balances were associated with particular 4. Average soil temperatures, diurnal amplitude of sur
ranges of soil structure parameters, this study demon face temperature, and time of maximum surface tem
strates the utility of soil structure measurements to perature showed consistent among-tillage effects. A ver
infer ranges of thermal characteristics. It also permits age temperatures increased in the order: Plow <PDH 
attainment of a tillage management objective with a RT <PP. These trends among tillages were estab
choice of tillage alternatives. lished within several days after tillage and persisted 

2. 	Additional measurements of water content and aggre throughout the measurement period. Amplitudes of 
surface temperature ranged from 4 to 16°C and were gate density permitted estimation of porosity com

ponents, including inter- and intra-aggregate. Intra characteristic of the tillage treatments in the same 
manner as was thermal conductivity; Surface temperaaggregate volumetric fractions of water and air varied, 
ture amplitudes for the PDH and RT treatments were as determined by water content which was usually 
as much as 100 percent greater than for the Plowlower on the treatments with greater total porosity 

fractions. Their sum ranged from 0.41 to 0.48. Mean treatment, even though all three tillages produced 
while, inter-aggregate void in the tilled layer decreased nearly the same fractional porosity in the tilled layer. 
as the total porosity of the tilled layer decreased - a However, the random roughness and geometric mean 
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diameter of aggregates was greater in the Plow than in 
the other two treatments. An application of straw 
mulch on the Plow treatment decreased surface tem
perature amplitudes by as much as 50 percent, with 
only negligible changes in time of maximum surface 
temperature. Times of maximum surface temperature 
among tillage treatments were as great as 2.5 hours, 
where surface temperature maximums in the Plow 
treatment were especially delayed as compared with 
PDH or RT treatments. Surface temperature ampli
tudes and times of maximum temperature were consis
tent with thermal conductivities estimated by harmonic 
analysis, but not with those using the de Vries dielectric 
analog on treatments other than the PP treatment. 

5. 	 Components of the surface energy balance differed 
significantly by tillage treatment. Daily sums of net 
radiation were up to 16 percent greater on the Plow, 
PDH, and RT treatments than on the PP treatment. 
Since this higher net radiation could not be fully ac
counted for by different outgoing long-wave radiation 
related to soil surface temperatures, albedos on the 
Plow, PDH, and RT treatments were smaller than on 
the PP treatment. This reduced albedo is associated 
with the greater random roughness on the Plow, PDH, 
and RT treatments. Soil heat fluxes during these posi
tive net radiation periods ranged from 6 to 29 percent of 
net radiation and were up to 30 percent less in the Plow 
than in the PDH or PP treatments. Again, this reduced 
soil heat flow can be associated with a high porosity 
fraction and a random roughness greater than was ob
served on the PDH and RT treatments. The combined 
higher net radiation and lower soil heat storage on the 
Plow and PDH (also RT) treatments as compared with 
the PP treatment projects a greater sum of energy for 
evaporation and sensible heat to the air. Also expected 
is a greater heat transfer coefficient on the Plow and 
PDH treatments. 

Estimated potential evaporations ranged from 4.2 
to 7.6 mm/day, and the actual-to-potential evaporation 
ratios ranged from 0.85 (on days within 24 hours after 
a rainfall) to 0.30 (during runs when soil surface was 
dry). Maximum stage 2 differences of evaporation 
among tillages were about 17 percent of potential 
evaporation. When actual-to-potential ratios were be
low 0.5, differences of evaporation among tillages 
were usually less than 6 percent of potential. The most 
evaporation was observed in the Plow treatment and 
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the least was observed in the PP treatment; variations 
in relative (actual-to-potential) evaporation among con
secutive days after rainfall were greatest in the Plow 
treatment. 

6. Air turbulence within the first 70 	cm above the Plow 
surface was greater than over the PP surface. Air pres
sure differences were measured at various horizontal 
port spacings and heights, and pressure variations were 
assumed to be produced by a train of sinusoidal air pres
sure waves moving over the surface. At a 140-cm wave
length and 0.1-cycle/sec frequency, the pressure ampli
tude over the Plow surface was 1.7 times that over the 
PP; similar comparisons at 10-cm wave-length and 5
cycles/sec indicated a ratio of 1.3. Comparative mean 
RMS pressure-difference variations were 1.5 times 
greater over the Plow than on the PP surface. 
This study demonstrates that the effects of tillage on 

soil thermal properties and surface energy balance are in
deed significant in soil management, but the effects are 
highly complex and interactive. Hopefully, this study will 
encourage further evaluation of tillage, soil structure, and 
related thermal properties. Tillage-induced soil structure, 
itself, limits the alternative methods available for studying 
thermal properties, surface energy balance, and evapora
tion. However, recent technological advancements in 
micrometeorology should overcome these soil structure 
limitations on use of micrometeorological methods to 
evaluate these characteristics of tillage-induced soil struc
ture. A very great deficiency of this study was inadequate 
assessment of water movements and evaporation sites in 
the soil. Improvements in this technology, such as those 
by Jackson et al., (1973), would provide better assess
ments of the sites for evaporation as affected by tillage
induced soil structure. 

Results of this study are applicable whenever there is 
need to evaluate soil surface effects on microenvironment 
and also the soil environment, itself. Surface temperature 
and albedo effects should also provide some background 
for evaluating tillage effects on remote sensing signatures. 
The estimated differences among tillages should provide 
background for models projecting evaporation and plant 
responses to soil management. Finally, the detailed rela
tions between tillage, soil structure, and calculated thermal 
properties should provide an impetus toward development 
of tillage guides which focus on soil structure and allow 
alternative tillage combinations to achieve a particular 
soil structure goal. 
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