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Abstract Results of the measurements of water
content in the topsoil layer (1-6 cm) in fields with various
crops obtained by gravimetric and reflectometric (TDR)
methods have been used for the calculations of soil volu-
metric heat capacity, thermal conductivity, and diffusivity.
Calculation values of individual soil thermal properties
obtained in the two ways were then analysed by means of
statistical and geostatistical methods and compared (corre-
lation coefficients, regression equations, difference distri-
butions, mean square errors, and maximum relative errors
were determined). Compatibility of values of thermal
properties as determined on the basis of soil moisture
measured by means of gravimetric and TDR methods, was
generally speaking, satisfactory, even though not uniform
in various soil moisture ranges; it is better with higher
moisture levels, and worse when moisture levels were
low. More accuracy in spatial distribution of thermal prop-
erties obtained on the basis of soil moisture as measured
by gravimetric than by reflectometric method points to the
lower sensitivity of the TDR method for the soil moisture
measurements.

K ey words: soil thermal properties, soil water
content, TDR methods

INTRODUCTION

The physical relations between soil ther-
mal properties and soil water content are well-
known. At a given soil bulk density the
volumetric heat capacity is linearly dependent
upon soil water content whereas non-linear de-
pendencies occur in the case of soil thermal
conductivity and diffusivity. As a conse-
quence, the same increment of water content
(e.g., by 0.01 m? m'3) causes different changes

of thermal conductivity and diffusivity values
at different levels of soil water content (rela-
tively highest in the range of small soil water
content).

As a rule, calculation methods are used in
order to determine soil thermal properties in
field conditions. They are based on the con-
tents of mineral particles, organic matter,
water and air in the unit of soil volume, as
well as on the heat capacity or thermal con-
ductivity of each of the soil components, re-
spectively, when volumetric heat capacity or
thermal conductivity of the soil is determined.
When studies concern variability of soil ther-
mal properties of the same soil in time or
space, differentiation of these properties is de-
termined by the changes in volumetric water,
air and solid phase content [16,18]. Measure-
ments of soil water content and soil bulk den-
sity are then of fundamental importance, and
their accuracy influences values of individual
soil thermal properties.

In order to arrive at a representative statis-
tical description of the soil physical properties
in the study object, it is necessary to determine
the functions of probability density, mean
value and variance. In the soil area, however,
the variable values are usually spatially inter-
related, and it is necessary to use semivario-
gram parameters to statistical descriptions of a
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given variable. When such an complete de-
scription is known, it is feasible to state the
optimal number of samples, spatial lag and net
configuration of sampling additionally [9,20].

The oldest method of determining soil
moisture content, i.e., the gravimetric method,
is considered to be the standard one. The new-
est, that is becoming more and more popular is
the reflectometric (TDR) method. To name a
few positive features of this method, we can
say that it is non-destructive and far easier
(less laborious) than the gravimetric method in
the case of multi-point moisture measurements
in the study object. Results of soil moisture
measurements by means of the gravimetric
and TDR methods, as a rule, showed satisfac-
tory compatibility in mean values; they were
less satisfactory in regard to dispersion of soil
moisture values [1,3,7,8,15]. At the same time
the spatial distribution of soil water content as
obtained on the basis of the two methods dif-
fered, and the range of difference was influ-
enced by the degree of water saturation and
soil compaction [11,15].

The aim of the present paper was to in-
vestigate conformity of statistical characteris-
tics and spatial distributions of the soil thermal
properties in cultivated fields as determined
from mathematical models using soil water
content obtained by gravimetric or reflecto-
metric methods.

STUDY OBJECT AND METHODS

The present work used data obtained from
the measurements of topsoil (1-6 cm) moisture
and bulk density carried out during two vege-
tation seasons in the fields with various crops
in Felin near Lublin. Loess-like, silty soil (Or-
thic Luvisol developed from silt formations)
was a typical mineral soil. The mean density
of the solid phase in the arable layer was 2.65
Mg m’3, and the contents of organic matter,
quartz, and other minerals was, respectively,
0.015, 0.67, 0.315 m® m™.

The study object consisted of adjacent
fields of cabbage, sugar beet, winter wheat,
maize, and potato (season 1992), and maize
and spring wheat (season 1993). In the 1992

season measuring points were located in the
nods of a square grid with 10 m long side, and
formed a strip running through the field cover-
ing the area of 40x430 m. In 1993 season the
grid of nods with 10 m spacing covered the
area of 90x200 m; in the maize field additional
measurements in the square grid with the 2 m
sides and covering the area of 20x20 m were
carried out.

In order to determine soil moisture using
the reflectometric method (6z) 2 TDR meter
manufactured by Easy Test Ltd, Lublin, Po-
land [6] was used. At the same time, soil sam-
ples were collected from the same points into
cylinders with 100 cm3 volume and 5 cm high
in order to determine soil bulk density (p) and
soil moisture by means of the gravimetric
method (Ogp,y)- Results of the measurements,
including the spatial distributions, were com-
pared and discussed in another paper [15].

Soil thermal conductivity (A) was calcu-
lated using a statistical-physical model [13,
14], volumetric heat capacity (Cv) using de
Vries formula [17]:

C, = (2.0f,, + 2.51f, + 4.180,)*106  m> K1)

where : f,,, f,and 0, (m? m™3) are the minerals,
organic matter and water contents, respec-
tively. Thermal diffusivity (k) was calculated
from the ratio of these thermal properties.

The model of soil thermal conductivity
has been designed on the basis of the thermal
resistance being one of the fundamental pro-
perties characterising the ability of a given
body to conduct heat, serial and parallel con-
nections of the thermal resistors, and statistical
polynomial distribution allowing for the calcu-
lation of the probability (P) of the occurrence
of all the possible configurations of particles
(x;) that take part in heat conduction [13]. A
unit volume of soil consisting of solid parti-
cles, water and air is presented as a system
composed of elementary geometrical figures.
In this case they are spheres of specific pro-
perties (4 ,...A - thermal conductivity of diffe-
rent soil components, r,... ry - sphere radius, T
- temperature), forming overlapping layers. It
has been assumed that contacts between
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spheres within a layer and between layers will
be represented by a parallel connection of
thermal resistors () such as the spheres in a
layer and by serial connections between the
layers (n). A comparison of the resultant resis-
tance of the parallel-series system of resistors
with the mean thermal resistance of the unit
soil volume followed by some transforma-
tions, gave a general formula for the average
thermal conductivity (1, W m™' K1)

A= 4n
) i P(xlj,...,xkj)
Jj=1 xUM(T)r] +...+x,q~7»k(T)rk
! . .
Plx1jsexig) = === 7 "
X1j--Xkyj

where: f},...f; denote the content of particular
minerals, organic matter, water and air in the
soil unit volume, and L is the number of all
possible combinations of particles locations.
The model modifies the number of parallel
connections together with the change of soil
water saturation, as well as a sphere radius of
particles (r;) with the change of organic con-
tent (f, ) according to the formula: r, = 0.036
f, + 0.044. The mean square error of thermal
conductivity estimated by the model is about
0.06 W m™' K1 [13].

The calculations of soil thermal properties
for every measuring point were performed
twice: 1) on the basis of the soil water con-
tents determined by the gravimetric method,
and 2) the soil water contents from reflec-
tometric method. In both cases the same mean
values regarding mineralogical composition,
organic matter content, particle density and
temperature (25 °C), as well as the same measu-
red values of soil bulk density were used.
Thus, fluctuations other than soil water con-
tent and bulk density parameters within inves-
tigated fields were not taken into con-
sideration.

Statistical characteristics of the individual
soil thermal properties have been determined
for a given cultivated field, and for all the
measuring points jointly (556 pairs of data). A

comparison between the values of thermal
properties as calculated on the basis of the soil
moisture measurements by the two a.m. meth-
ods (correlation coefficients, regression equa-
tions, differences in values, and others) was
carried out. On the basis of data from individ-
ual fields (with the number of measuring
points higher than 40) and from a chosen
group of fields, analyses of spatial variability
of soil thermal properties using geostatistical
methods haven been conducted [5,9,10,12,19].
Parameters of semivariograms were deter-
mined, and mathematical functions were fitted
for the empirically obtained semivariograms.
These fun-ctions were then used for the esti-
mation of the spatial distributions of soil ther-
mal properties in the cultivated fields using the
kriging method [4].

RESULTS

Statistical analyses of the values of indi-
vidual soil thermal properties as calculated
from the moisture data obtained by the gra-
vimetric method (05g4)) and TDR method
(07pp) showed a better conformity in the val-
ues of soil thermal properties than soil mois-
ture (Tables 1 and 2). The above statement is
valid for the values obtained for the individual
crop fields, and all the fields (data) considered
jointly, for percentage differences between
mean values and standard deviation values, as
well as for the correlation coefficients.

The highest difference of 14% between
the mean values of soil water content obtained
from TDR and gravimetric methods was noted
in the sugar beet field [15], whereas the differ-
ences between mean values of thermal con-
ductivity, heat capacity and thermal diffusivity
of soil in the same field (it happened to be the
biggest of the fields studied) were lower, i.e.,
12 %, 6 % and 7 %, respectively. Similarly as
in the case of soil water content, in the majo-
rity of fields mean and extreme values of indi-
vidual soil thermal properties as calculated
from Oy were higher.

In majority of the studied crop fields
higher values of standard deviation (SD) of
soil thermal conductivity and diffusivity were
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stated when calculations were carried out us-
ing O5p 4y~ In the case of volumetric heat ca-
pacity this dominance was not observed. It
should be noted that the highest, over 30%,
differences in standard deviation values of soil
thermal properties calculated on the basis of
OGray and O7pp data were noted in the field
with the lowest soil moisture content and bulk
density (the field with spring wheat); and higher
SD values of thermal properties were obtained
from 6,5 data. However, in another field
(sugar beet) only slightly lower differences of
SD values but with higher SD levels calcu-
lated on the basis of 65p ), data were found.
The analysis of differences in the values
of standard deviation for the individual ther-
mal properties calculated from 655, and
07pr data in relation to mean soil water con-
tent and bulk density in the seven fields con-
sidered (with the number of measuring points
higher than 30) showed that these differences
were increasing with the increase of soil mois-
ture and bulk density levels. Their values
changed sign from negative to positive in the
case of differences SDAgr,y - SDAppp,
SDCvGr4y - SDCvppp, and SDkgp,, -
SDkypg, when soil moisture and bulk density
levels were, respectively, 0.12 m> m3 and
1.32 Mg m3, 0.15 m® m™3 and 1.34 Mg m3,
0.10 m3 m™ and 1.31 Mg m3. It suggests that
when soil bulk density and moisture levels are
below these values, the dispersion of thermal
properties calculated on the basis of Orpp is
higher than when the values come from 65z,
and above these values the dispersion of ther-
mal properties calculated on the basis of 675
data is smaller. The tendency observed in the
changes of differences in standard deviations
of soil thermal properties in relation to the
value of soil water content and bulk density
agrees with the one found for the differences
in standard deviations of soil moisture as
measured by the gravimetric and TDR methods
[15], but the threshold values appeared to be a
little lower than in the case of soil water con-
tent (0.17 m®> m™ and 1.35 Mg m™).
Comparison of soil water content values
obtained form the gravimetric and TDR methods

and the values of soil thermal conductivity,
heat capacity and thermal diffusivity obtained
on the basis of these measurements have been
presented in Fig. 1. As can be seen, configura-
tion and scatter of points around the 1:1 axis
in the case of soil heat capacity and water con-
tent was similar, and differed significantly in
the case of soil thermal conductivity and dif-
fusivity. Similarity in the graphs depicting soil
heat capacity and water content results from
the linear relation between this thermal prop-
erty and soil moisture. The dispersion of soil
thermal conductivity and diffusivity values
was considerably bigger than in the case of
soil water content, especially in the range of
intermediate values. It can be explained by the
course of relation between these thermal prop-
erties and soil water content where in the
moisture range from 0.05 m3m™ to about 0.2
m’m> a slight increase in the moisture at a
given soil bulk density causes a big change of
the soil thermal conductivity and diffusivity
values [16]. Taking into consideration the
above it may be concluded that the accuracy
of measurement of soil moisture exerts a sig-
nificant influence on the values of soil thermal
properties being determined. The mean square
error and the maximum relative error calcu-
lated for all the data jointly was 0.157 W m’!
K! and 105.9% for thermal conductivity, 0.1
10® J m3 K! and 26.3% for heat capacity,
0.678 107 m?2 57! and 64.4% for thermal dif-
fusivity, and 0.024 m3 m™ and 102.2% for soil
water content. In individual fields the values
of these errors ranged from 0.091 - 0.215 W
m! K'l, and 19.3 - 96.2% in the case of con-
ductivity, 0.058 - 0.139 10 J m™> K! and 7.1
- 22.3% for capacity, 0.285 - 0.84 10”7 m? s°!
and 15.0 - 76.1% for thermal diffusivity, where-
as in the case of soil water content it ranged
from 0.014 - 0.033 m3 m™ and 18.1 - 102.2%.
In the linear regression equations for the
individual thermal properties determined on
the basis of data pairs for all the measuring
points jointly and for the individual fields, the
direction coefficients were higher than in the
analogous equations for the soil water content
determined by the gravimetric and TDR
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Fig. 1. Soil water content from TDR versus gravimetric measurements and comparison of soil thermal conductivity,
volumetric heat capacity and thermal diffusivity obtained on the basis of these two water content data.

methods. These coefficients in the case of soil
moisture ranged from 0.469 to 0.912, and for
thermal conductivity, heat capacity and ther-
mal diffusivity they ranged, respectively, from
0.655 to 1.127, 0.635 - 0.990, and 0.632 -
1.102. The correlation coefficients for the
measuring points treated jointly, i.e., 0.937 for
A, 0.922 for Cv, and 0.933 for &, appeared to
be higher than for the soil water content
(0.889). An identical situation was observed in
the case of individual crop fields. Considering
correlation coefficients between thermal prop-
erties calculated on the basis of 655, and
Orpr data in the seven fields, it has been
found, moreover, that their values depended
on the mean soil moisture in a given study ob-
ject, i.e., the higher soil moisture level, the

higher these values were. This relation ap-
peared very clearly in the case of heat capacity
but it was also observed for thermal conduc-
tivity and diffusivity. It follows from the
above that the conformity between these val-
ues of soil thermal properties determined on
the basis of the O,pp and 6554, data shows a
tendency towards improvement with the in-
crease of soil moisture levels.

The analysis of conformity between the
empirical distribution of values of individual
soil thermal properties and the statistical dis-
tribution (normal, lognormal, gamma, etc.) for
the study fields treated separately and jointly
showed that in the majority of cases these dis-
tributions agreed with the lognormal distribu-
tion. The above statement is equally true for
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the thermal properties as calculated on the ba-
sis of O7pp and O5p 41 data.

Differences between soil thermal conduc-
tivity, heat capacity and thermal diffusivity
values obtained by means of 6, and OGrav
data for the individual measuring points have
also been statistically analysed. Taking into
account the whole set of 556 points, the mean
difference between values for thermal conduc-
tivity was -0.025 W m™! K1, heat capacity -
0.018 106 J m™ K, thermal diffusivity -0.087
107 m? s, and the standard deviation for
these values was, respectively, 0.156 W m™! K
1,0.098 105y m3 K!, 0.673 107 m? s°!. The
mean differences of these thermal properties
in absolute values were 0.099 W m! K'l,
0.076 10°J m3 K°!, and 0.384 107 m? 57!,
respectively. The histograms of the differences
in the soil thermal property values for all the

120
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Ograv - Orpr (M"M™)

-0.1 0.1

248

160 A
120
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84 as

data and histogram of the differences in
the soil water content have been presented
in Fig. 2.

The geostatistical analysis of spatial va-
riability of soil thermal properties has been
conducted for seven objects containing enough
measuring points for this purpose [2,9,20]
(Table 3). In most of these objects, the models
of semivariograms and their parameters ob-
tained for the individual soil thermal proper-
ties calculated on the basis of 07, and 655,
data were similar (with the exception of the
maize field in which samples were taken every
2 m). This situation was also found in the case
of geostatistical characteristics of soil water
content obtained from the gravimetric and re-
flectometric methods [15]. The semivariance va-
lues of soil thermal properties calculated with
0rpr Where higher than the ones calculated

240
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Fig. 2. Normal distributions and histograms of differences between values of topsoil water content (6), thermal conduc-
tivity (1), volumetric heat capacity (C) and thermal diffusivity (k) determined on the basis of gravimetric (Grav) and re-

flectometric (TDR) water content data.
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with the use of O5p,, when soil moisture in
the study object was below the threshold val-
ues determined at the analysis of differences
in the standard deviations. Whereas, when the
soil moisture was above these threshold va-
lues then higher semivariance values of soil
thermal properties as calculated with 6554,

were observed.

CONDUCTIVITY (Wm™'K™)

The maps of spatial distribution of indi-
vidual soil thermal properties calculated on
the basis of 07pp and 054, data showed high
similarity. It can be seen in the examples en-
closed in Figs 3, 4 and 5 a,b. However, a
lower concentration of the isolines in the maps
of soil thermal properties calculated on the ba-

sis of O7pp than 65y, data, points to the
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Fig. 3. Spatial distribution of topsoil thermal properties obtained on the basis of gravimetric (a) and TDR (b) measure-
ments of soil water content and differences of these properties (c) in sugar beet field. Felin, 17 June 1992.
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Fig. 4. Spatial distributions of topsoil thermal properties in winter wheat field on 9 July 1992. Explanations: a, b and ¢ -

as in Fig. 3.
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Fig. 5. Spatial distributions of topsoil thermal properties in maize and spring wheat fields on 6 July 1993. Explanations:

a,band c - as in Fig. 3.

lower sensitivity of the TDR measurement of
soil water content. It must be noted here that
the estimation errors in the spatial distribution
of soil thermal properties in the maps enclosed
were not bigger than 0.163 W m K1, 0.155
106 J m3 K'l, 0.792 107 m? s} respectively,
for soil thermal conductivity, heat capacity,
and thermal diffusivity. In addition to that,
maps of differences between the values of
thermal conductivity, heat capacity and ther-
mal diffusivity calculated on the basis of
0Gray and O7pp in the chosen crop fields (Figs
3, 4 and 5c¢) have been presented. Adequately
to the mean values of individual soil thermal
properties (Table 1) in the winter wheat field
areas with higher values of thermal properties
as calculated on the basis of 65, were
dominant, whereas in the sugar beet, spring
wheat, and maize fields areas with higher val-
ues of soil thermal properties as calculated on
the basis of 07, predominated.

CONCLUIONS

Comparison of the values of soil thermal
properties determined on the basis of soil
water content from gravimetric and reflec-
tometric field measurements showed that their

conformity is, generally, speaking satisfactory,
however, not uniform in different soil mois-
ture ranges (better in the higher range of soil
moisture, and worse in lower ranges).

Differences between mean values of ther-
mal properties calculated on the basis of soil
water content measured by these two methods
in individual study objects (cultivated fields)
were in percentage lower than the differences
in the soil water content. The scatter of values
of soil thermal properties as calculated on the
basis of moisture data from the TDR method
in relation to the gravimetric methods were
underrated or overrated, respectively, above or
below some characteristic values of soil water
content and soil bulk density. It results from the
influence of soil compaction on the soil water
content as measured by the TDR method.

Spatial distribution of soil thermal proper-
ties determined by using the water content
data as obtained from the two methods show-
ed high similarity, however, more accuracy of
the picture was observed in the case of distri-
bution of values as obtained basing on the soil
moisture data from the gravimetric method
points to the fact that the TDR method of meas-
uring soil water content is less sensitive.
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On the basis of the analyses conducted-a
general conclusion can be drawn that using
soil moisture data from the TDR method of
determining soil thermal properties allows for
getting almost the same mean values for a
given study object as the ones obtained from
the gravimetric data of soil moisture (with
relatively small differences in the spatial dis-
tribution of these properties). For the above
reason, and also with regard to the conven-
ience of measurement taking and immediate
availability of results, as well as a possibility
of collecting a large number of these measu-
rements in a short period of time, the use of
TDR method in the studies on the spatial dis-
tribution of soil moisture and thermal proper-
ties can be recommended.
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