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This paper presents analyses of topsoil thermal conductivity, heat capacity, thermal diffusivity, water
content, and bulk density obtained during the Australian Airborne Cal/Val Experiment for SMOS. The
aim of the study presented here is to identify the structure and variability of the spatial distribution of
soil properties and their mutual dependencies. Knowledge of the spatial distribution of soil bulk density
and water content is essential to develop precise agronomic practices to manage the thermal properties
of the soil and the quality and efficiency of cultivated plants. Thermal properties of soils were obtained
from in situ measurements and modelled using the Usowicz statistical-physical model which is based on
simple physical soil properties. Two soil water content measurement methods (gravimetric and dielec-
tric) and two soil granulometry classification systems (USDA and Australian) were used to find the most
effective approach. It is shown that: (i) quartz and water content and the bulk density of soil are the main
factors affecting the thermal properties of the soil; (ii) the spatial distribution of conductivity and heat
capacity is governed by the soil water content distribution, while the thermal diffusivity near its maxi-
mum is mainly driven by the spatial distribution of the bulk density; and (iii) soil thermal properties
were estimated more accurately from the Australian soil granulometry than the USDA classification.
The results not only improved the scarce information about thermal properties of Australian soils, but
allow to estimate the soil thermal properties across large scales from the physical properties of the soil
(based on existing databases) and the current soil water content (from satellite and/or in situ
measurements).

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Soil thermal properties are one of the main factors determining
mass and energy exchange processes taking place on Earth. Deter-
mination of soil thermal properties and spatial variability is there-
fore an important factor in understanding these processes across
all scales. The thermal conditions at the field scale have a signifi-
cant impact on local climate and growth and development of
plants. The energy exchange on the land surface is described by
the surface energy balance equation, consisting of four compo-
nents [1]: soil heat flux, latent heat flux, sensible heat flux and
the net radiation. While the latter three are quite well described
and relatively straightforward to measure in situ or by remote
sensing methods [2], soil heat flux needs to be investigated with
more attention. Knowledge about soil thermal properties has
significant practical consequences. It can be utilized for the evalu-
ation of optimum conditions for plants and for the control of
thermal-moisture regimes of soil in the field or in a greenhouse.

The thermal regime and heat flux in the soil is dependent on the
amount of energy reaching the surface, heat accumulated in the
soil, and the soil thermal properties. The amount of heat exchanged
in the soil is also affected by general climatic conditions, topogra-
phy, time of day, weather, and the characteristics of the active sur-
face (e.g. vegetation coverage, soil type) where transformation of
radiation and energy exchange occur. Incoming energy and accu-
mulated heat is changing rapidly and randomly partly due to the
nature of wind and cloud cover. Conversely, thermal properties
of the soil depend on well-defined physical properties and the soil
state, and may be considered as semi-stable [3]. However, informa-
tion on thermal properties of soils is very limited or does not exist
at all.

Local thermal properties of the soil are determined by its min-
eralogical composition, particle size distribution, organic matter

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2017.08.021&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.08.021
mailto:m.lukowski@ipan.lublin.pl
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.08.021
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


B. Usowicz et al. / International Journal of Heat and Mass Transfer 115 (2017) 604–614 605
content, density of the solid phase and the bulk density of the soil,
water content and temperature [4–19]. The first five properties are
temporarily stable or semi-stable, while soil water content and
temperature are spatially and temporarily variable. Water content
and temperature of the soil, as well as meteorological variables,
can be measured by a range of monitoring systems (towers, air-
crafts or satellites) [20–22]. At small and medium spatial scales
they may be measured in situ by hand-held devices [23]. The bulk
density of the soil is generally determined by the gravimetric
method, through extraction of soil samples. In porous mediums
such as soil, it is difficult to remotely measure the thermal proper-
ties, and even more difficult to determine their space- and time
distribution over large areas [22,23]. Therefore, it is important to
develop methods for determining the thermal properties of the soil
via other easily measurable physical soil properties such as texture
or density [18].

This study uses the statistical-physical model of thermal con-
ductivity developed by Usowicz [18] to determine the thermal
properties of the soil in the Murrumbidgee River catchment in
south-eastern Australia. To determine the thermal diffusivity and
heat capacity of the soil, the well-known de Vries empirical formu-
las [7] were used. Thermal properties were measured in situ at
selected points during the AACES-1 field campaign [26] and com-
pared with model predictions.

Estimation of the quartz and other minerals content was based
on Australian and USDA classifications of the soil particle size dis-
tributions [24]. Examination of the spatial variation of the thermal
conductivity, heat capacity and thermal diffusivity of the surface
layer of the soil was conducted under a variety of land covers, with
consideration of the water content, density and temperature of the
soil.
2. Study site and methods

Measurements of soil water content, bulk density, temperature,
soil thermal conductivity, and meteorological data analyzed in this
study were collected across the Murrumbidgee River catchment in
Australia (Fig. 1) during the first Australian Airborne Cal/ Val
Experiment for SMOS (AACES-1) [26].
Fig. 1. Murrumbidgee River Catchment with ma
The campaign was carried out during the Australian summer,
from 18 January to 21 February 2010, on soils derived from a vari-
ety of rocks (Fig. 2a) resulting in diverse texture (Fig. 2b).

Soils across the western part of the catchment are dominantly
clay, clay loam and loam derived from sedimentary rocks. The
lithology of the eastern part of the catchment is more complicated.
There are elongated, longitudinally-arranged areas of granites, fel-
sic and mafic volcanics, sedimentary rocks and some serpentinites.
Loamy soils were formed on these bedrocks that gradually turn
into sandy loams towards the eastern part of the catchment. The
south-eastern part of the Murrumbidgee River catchment is a mix-
ture of loam, sandy loam and clay loam, formed due to erosion pro-
cesses in the Australian alpine region.

Measurements of soil water content, temperature and electrical
conductivity in the surface layer of soil were carried out using the
Hydra Probe II instrument (which is a frequency domain reflec-
tometer, part of the HDAS – Hydraprobe Data Acquisition System
[27]) with simultaneous measurements of the current location by
GPS. Collocated with a number of those measurements, soil ther-
mal conductivities were determined using the Decagon KD2 Pro
meter attached to the SH-1 dual-needle sensor. In close proximity
to the in situwater content measurements, soil samples were taken
in 180 cm3 cylinders for further examination in laboratory. During
each in situ measurement, the KD2 and Hydra Probe needles were
stuck approximately down to 4–6 cm into soil, which is similar to
the cylinder penetration depth, so it was assumed that thermal
properties, water contents and samples were taken from the same
soil layer. In laboratory soil bulk densities and gravimetric water
contents were obtained using standard method requiring weight
of wet sample and after 24 h oven-drying in 105 �C. The same soil
samples were examined to determine soil particle size distribution
using the laser and areometric methods [28]. Solid phase density
(specific gravity) was measured by a helium pycnometer (ULTRA-
PYC 1200e, Quantachrome Instruments) according to the standard
procedure.

2.1. Thermal properties and the statistical-physical model

Soil thermal property estimation was performed by using
empirical relationships and the Usowicz’s statistical-physical
rked locations of measured sites (asterisks).



Fig. 2. Lithology (a) and soil texture (b) in the Murrumbidgee River Catchment (reproduced from Fig. 2 in [26]).

Table 1
Expressions and values for components used in calculating the thermal conductivity
of soils (T in �C).

Source Component Thermal
conductivity

Expression/values
(Wm�1 K�1)

quartz kq 9.103–0.028 T
De Vries [7] other

minerals
kmi 2.93

De Vries [7] organic
matter

ko 0.251

Kimball et al. [31] water kw 0.552 + 2.34 � 10�3

T � 1.1 � 10�5 T2

Kimball et al. [31] air kg 0.0237 + 0.000064 T
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model of thermal conductivity k (W m�1 K�1) [18]. The thermal
conductivity of the soil (k, in Wm�1 K�1) was calculated according
to [18]:

k ¼ 4p
u
PL

j¼1
Pðx1j ;...;xkjÞ

x1jk 1ðTÞr1þ...þxkjk kðTÞrk

; ð1Þ

where u is the number of parallel connections of soil particles trea-
ted as thermal resistors, L is the number of all possible combina-
tions of particle configuration, x1, x2,. . ., xk are the numbers of
individual particles of a soil with thermal conductivity k1, k2,. . ., kk
and particle radii r1, r2,. . ., rk respectively and

Pk
i¼1xij ¼ u, j=1,

2,. . ., L, P(xij) is the probability of occurrence of a given soil particle
configuration calculated from the polynomial distribution [29]:

Pðx1j; . . . ; xkjÞ ¼ u!
x1j! . . . xkj!

f
x1j
1 . . . f

xkj
k : ð2Þ

The condition
PL

j¼1PðX ¼ xjÞ ¼ 1 must be fulfilled. The selection
probability of a given particle fi, i = s, l, g, (solid, liquid, gas, respec-
tively) in a single sample is determined by the soil’s general prop-
erties. The values of f s, f l, and f g are taken individually for
composing fractions of minerals and organic matter as f s ¼ 1�u,
for liquids as f l ¼ hv , and for air or gases as f g ¼ u� hv , inside
the unitary volume with assumed porosity u (m3 m�3) and water
content hv (m3 m�3).

The number of parallel and serial connections of thermal resis-
tors in the model depends strongly on the water content and bulk
density of the soil. Increase in volume fraction of water and bulk
density results in a greater number of water bridges between the
solid particles and a greater number of contact points, and thus
contact area between the solid particles, respectively. The model
adjusts the number of parallel connections of thermal resistors
from 3 to 13, along with changing the ratio of water content in
the unit of soil volume to its porosity and changing the spheres’
radii rk with the change of the organic matter content [18,25]:

rk ¼ 0:036f o þ 0:044; ð3Þ
where fo (m3 m�3) is the content of organic matter in a unit of
volume.

The volumetric heat capacity Cv (in J m�3 K�1) was calculated
using the empirical formulae proposed by de Vries [7]:

Cv ¼ ð2:0xs þ 2:51xo þ 4:19xwÞ � 106; ð4Þ
where xs, xo and xw (m3 m�3) are the volumetric contributions of
mineral and organic components and water, respectively. The ther-
mal diffusivity a (m2 s�1) is calculated from the ratio:

a ¼ k=Cv : ð5Þ
The calculation of the thermal conductivity according to the
statistical-physical model was performed using ThermalWin [30].
The input data needed for the calculations consists of the soil min-
eralogical composition, organic matter content, porosity, tempera-
ture, and water content. Moreover, the statistical-physical model
requires reference data on the thermal conductivity of quartz
(kq), other minerals (km), organic matter (ko), water (kl) and air
(kg) (summarized in Table 1). In this approach, the transport of
latent heat due to moisture movement was neglected.

Two different systems, Australian/ISSS and USDA/FAO [24] were
taken into account here for the soil granulometry classification.
The difference between them is in the sand and silt fraction classi-
fications. According to the Australian/ISSS system, sands particles
are of size 0.02–2 mm and silt 0.002–0.02 mm, while according
to the USDA/FAO sand is 0.05–2 mm and silt 0.002–0.05 mm. For
both systems clay is classified as particles smaller than 0.002 mm.

The contents of the main soil mineralogical components, mainly
quartz and other minerals, can be obtained by direct measure-
ments or by estimates based on soil granulometric fractions
[7,18]. Quartz content was estimated by taking into account the
sand and finer fraction of the examined soils. The granulometric
fractions were defined according to the classifications used in Aus-
tralia and with the USDA conventions. Measured soil thermal con-
ductivities were compared to the computed values from the
Usowicz’s statistical-physical model. Indicators of agreement
between measured and calculated values were analyzed. The con-
tents of quartz, other minerals, water and air obtained from gravi-
metric measurements were used as input for the calculation of the
thermal conductivity of the soil. For the estimation of quartz con-
tents only those granulometric fractions for which the correspon-
dence between measured and calculated thermal conductivities
were the most satisfactory were selected. In detail, the coefficient
of determination (R2) was the biggest, the slope of the linear
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Fig. 4. Thermal conductivity of soil (TC) calculated vs. measured. Calculations are
according to USDA (CK1, black) and Australian (CK2, blue) classification of
granulometric fractions.
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regression describing the dependence of the calculated and the
measured conductivity was close to 1, its intercept was near zero,
and the mean square error was low. The remaining granulometric
fractions were treated as ‘‘other minerals”.

2.2. Spatial variability of soil physical properties

The analyses of the soil property’s spatial distribution is based
on geostatistical methods. However, as the basic requirement of
a geostatistical analysis is to use data that is characterized by a
normal (Gaussian) distribution, the mean, variance, skewness,
and kurtosis were computed to determine skewness in the distri-
bution, and to characterize the soils. The foremost property of a
Gaussian distribution is its symmetry, quantified by skewness
equal or close to zero. In the case of a significant asymmetry (i.e.
positive or negative skew) in the analyzed datasets, a root square
(sqrt.) or logarithmic (ln) transformation was performed, depend-
ing on which one brought the datasets closer to a Gaussian distri-
bution. For every examined soil property, empirical semivariances
c(h) were determined and the theoretical models adjusted to
match the empirical semivariograms. The empirical semivari-
ograms c(h) for distance h were calculated from:

cðhÞ ¼ 1
2NðhÞ

XNðhÞ
i¼1

½zðxiÞ � zðxi þ hÞ�2; ð6Þ

where N(h) is the number of pairs of points z(xi) separated by the
distance h. The empirical semivariograms provide information on
the spatial autocorrelation of datasets. However, it does not provide
information for all possible distances as the values are discrete. For
this reason it was necessary to fit a model [32,33]. The best fit to the
data examined in this paper was reached when the spherical isotro-
pic model was used. It is a modified polynomial function for which
the semivariogram reaches an asymptote at a particular distance A0

(called ‘‘range”). The formula of this model is:

cðhÞ ¼ C0 þ C � 1:5 jhj
A0
� 0:5 jhj

A0

� �3
� �

jhj 6 A0

C0 þ C h > A0

8<
: ; ð7Þ

where c(h) is the semivariance for the internal distance class h, with
h being the lag interval, C0 the nugget variance � 0, C the structural
variance � C0, A0 the range parameter, and C0 + C the sill. In the case
of the spherical model the effective range A = A0.

Estimations of the soil properties in places where no samples
have been taken were conducted applying the ordinary kriging
method [32,33], resulting in spatial distributions, i.e. maps of bulk
density, water content, and soil thermal properties. The use of the
Fig. 3. Granulometric fractions content (a) and volumetric content of quartz and ot
geostatistical method for the analysis of soil thermal properties
across entire catchment seems to be controversial due to extended
area and rain events occurrence during the campaign, however it
was utilized as an attempt to estimate roughly spatial dependence
of the examined properties.
3. Results and discussion

The granulometric fractions contents are shown in Fig. 3a, for
which estimates of quartz and other minerals were made in
Fig. 3b according to method described in the literature [7,18,25].

According to the Australian granulometry classification, the
average particle size distribution of the samples collected across
the Murrumbidgee River catchment was 65.6% sand, 21.2% silt,
and 13.2% clay. According to the USDA classification, sand content
was on average 13.2% smaller than that according to the Australian
classification, and volumetric quartz content was 12.9% smaller
(Fig. 3b). According to the Australian classification quartz content
was estimated to be 64.3%, while according to USDA it was
51.4%. Other mineral contents in the soil were assumed to comple-
ment to 100%. Similarities in sand and quartz contents for coarse-
grain Australian soils were also observed by other authors [5].

Fig. 4 shows the comparison of the thermal conductivity calcu-
lated and measured with estimated contents of quartz and other
her minerals (b) according to Australian and USDA granulometry classification.
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minerals from both the Australian and USDA particle size distribu-
tion classifications. The coefficient of determination of the thermal
conductivity calculated for the estimated quartz composition
against measured values was slightly (0.04) larger for the Aus-
tralian particle size distribution classification than for the USDA
classification. Similarly, better performance was obtained for the
regression equations for the Australian classification than for the
USDA. Mean square errors (rb) were similar, although slightly
higher for the Australian classification (0.256) than USDA (0.219).
For further examinations the Australian classification was chosen
due to the higher R2 and the linear regression slope being closer
to 1 when compared to the USDA classification. Apparently, higher
quartz content estimated via Australian classification brought
Usowicz’s statistical-physical model closer to the measured values
than the one predicted using USDA.

Quartz and other minerals contents, organic matter content
(about 2%), soil water content measured by the gravimetric
method and the Hydra Probe sensor, soil bulk density and the den-
sity of the soil solid phase were all used to estimate the spatial dis-
tribution of thermal properties of the soils in the Murrumbidgee
River catchment. A comparison of the HDAS (Hydra Probe) [26]
data acquisition system and gravimetric soil water content mea-
surement methods was made (Fig. 5). The coefficient of determina-
tion (R2) was almost 0.9, indicating good agreement between both
methods. However, linear regression slope equal to 0.92 and posi-
tive intercept indicates that the values determined by the gravi-
metric method were slightly higher than those measured by the
Hydra Probe sensor. Dispersion of the values, expressed by the root
mean square error, was about 0.032 (m3 m�3). Large relative dis-
crepancies appeared when soil water content was low, which
may be caused by problems related to the contact between soil
and probe under dry conditions. This phenomenon was also
observed by other studies [34].

Soil bulk density was between 0.94 and 1.61 Mg m�3 with the
standard deviation approximately 0.16 Mg m�3. The variation,
depicted by coefficient of variation, was the smallest from all
examined variables (approx. 13%). Mean value and median were
similar. Soil bulk density distribution was slightly asymmetrical,
skewed to lower values.

Soil water content (from both methods) was characterized by
the highest variability of about 80% and a strong positive skewness
of the distribution, which was mainly due to two significant rain
events that occurred during the field campaign [26]. Very small
water content (well below 0.1 m3 m�3) was observed in the arid
y = 0.9202x + 0.0042
R2 = 0.8712
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Fig. 5. Water content (WC) measured by Hydra Probe (HDAS) vs. gravimetric water
content (grav).
western part of the catchment at the start of the campaign, which
took place at the end of the so-called Millennium Drought [36]. Soil
water content above 0.3 m3 m�3 was observed in the more humid
eastern part of the catchment following a significant rain event
during the middle of the campaign (up to 60 mm in a day [26]).
Positive skewness, mentioned before, was occurring because high
moisture contents were observed, but much less frequent than
dry soil states. The soil water content distribution was far from
Gaussian (normal) distribution, as indicated by the non-zero skew-
ness and a big difference between the mean value and median. In
order to meet the assumptions necessary for geostatistical analysis,
the soil water content data was transformed using the natural
logarithm transformation. As a result, the asymmetry decreased
and mean value became closer to the median, thus making the soil
water content distribution resemble a normal (Gaussian)
distribution.

Among the examined soil thermal properties, thermal conduc-
tivity had the largest variability (CV approximately 77%), while
heat capacity had the smallest variability (CV approximately
29%). The variability of thermal diffusivity was approximately
50%. Distributions of thermal conductivity and heat capacity, as
well as soil water content, were strongly skewed towards higher
values. Evident impact of the soil water content on thermal prop-
erties of the soil was observed. The values of thermal conductivity
and heat capacity rose with growing water content. Thermal con-
ductivity was between 0.06 and 2.4 W m�1 K�1, while heat capac-
ity was from 0.78 to 2.7 MJ m�3 K�1. The increase in the bulk
density of the soil also resulted in increased values of thermal
properties of the soil, but it had a greater effect on the thermal con-
ductivity than on the thermal capacity. This was due to the impact
of the bulk density on these properties. The increase in the soil bulk
density resulted in an increase in the intercept of the linear rela-
tionship between soil water content and heat capacity in the direc-
tion of higher values of heat capacity [37]. In the case of thermal
conductivity, the increase in bulk density caused an increase in
thermal conductivity and significantly changed the nonlinear
dependence between thermal conductivity and soil water content.

The statistical distributions of thermal diffusivity were slightly
skewed to the right, in contrast to the left-skewed distributions
of conductivity and heat capacity. The impact on thermal diffusiv-
ity distribution may come from soil moisture and bulk density, and
also from the internal nature of thermal diffusivity, which reaches
distinctive saturation points for different moisture and soil density
conditions. In the case of thermal diffusivity, it was found that the
distributions were similar to the normal distribution. The thermal
conductivity and heat capacity, which deviate from the normal dis-
tribution, were transformed: the first feature by the square root
transform, natural logarithm transform of the second. Transformed
data had reduced asymmetry and was closer to a normal distribu-
tion than the raw data, thus allowing geostatistical analyses to be
conducted, i.e. to obtain semivariograms and estimate the spatial
distribution of the studied variables using the kriging method. Bulk
density and thermal diffusivity of the soil did not require transfor-
mations because the distributions were similar to the normal
(Gaussian) distribution.

3.1. Geostatistical analyses

For each of the examined soil properties, experimental
semivariances were calculated and models fitted to determine
the nugget, sill, and range (Table 3). In a reasonable approximation,
the nature of changes of all the studied soil properties in the Mur-
rumbidgee River catchment could be described by a spherical
model of semivariance. Geostatistical analyses revealed that soil
bulk density had the smallest range (sill = 0.026) while soil water
content had the biggest (sill = 0.621).



Table 3
Geostatistical properties of the investigated parameters.

Bulk density Water content Thermal conductivity Heat capacity Thermal diffusivity

grav HDAS grav HDAS grav HDAS grav HDAS

Variogram model type spherical spherical spherical spherical spherical spherical spherical spherical spherical
Nugget (C0) 0.014 0.121 0.138 0.020 0.033 0.012 0.020 0.014 0.017
Sill (C0 + C) 0.026 0.621 0.619 0.114 0.122 0.070 0.069 0.076 0.086
Range (A) 1.362 2.223 2.160 2.446 2.299 2.153 2.431 2.292 2.187

Table 4
Cross-validation analysis – kriging effective parameters.

Soil properties* Regression slope Intercept Standard error R2

BD (Mg m�3) 0.958 0.054 0.176 0.274
WCgrav (m3 m�3) 1.002 0.004 0.066 0.746
WCHDAS (m3 m�3) 1.013 0 0.078 0.682
TCgrav (W m�2 K�1) 1.015 0 0.054 0.817
TCHDAS (W m�1 K�1) 1.031 0 0.07 0.737
HCgrav (J m�3 K�1) 0.999 �0.003 0.056 0.804
HCHDAS (J m�3 K�1) 1.029 �0.048 0.072 0.723
TDgrav (m2 s�1) 0.996 0.001 0.063 0.761
TDHDAS (m2 s�1) 0.995 0.002 0.073 0.704

* BD – bulk density, grav – gravimetric method, HDAS – Hydra Probe data acquisition system sensor, WCgrav – water content determined by gravimetric method, WCHDAS
– water content measured by Hydra Probe meter, TCgrav – thermal conductivity calculated with gravimetric data, TCHDAS – thermal conductivity calculated with Hydra
Probe data, HCgrav – Heat capacity calculated with gravimetric data, HCHDAS – Heat capacity calculated with Hydra Probe data, TDgrav – thermal diffusivity calculated with
gravimetric data, TDHDAS – thermal diffusivity calculated with Hydra Probe data.

Table 2
Statistical summary of bulk density, soil water content and thermal properties in the Murrumbidgee River Catchment.

Properties* N Mean Median Minimum Maximum Standard Deviation CV (%) Skewness Kurtosis

BD (Mg m�3) 367 1.278 1.286 0.944 1.613 0.163 12.8 �0.212 �0.676
WCgrav (m3 m�3) 367 0.109 0.073 0.016 0.386 0.087 79.6 1.464 1.204
WCHDAS (m3 m�3) 367 0.105 0.081 0.002 0.404 0.086 81.9 1.422 1.409
TCgrav (W m�1 K�1) 367 0.805 0.749 0.123 2.410 0.599 74.4 0.929 0.003
TCHDAS (W m�1 K�1) 367 0.803 0.758 0.061 2.390 0.616 76.7 0.761 �0.282
HCgrav (MJ m�3 K�1) 367 1.459 1.380 0.929 2.650 0.411 28.2 1.064 0.488
HCHDAS (MJ m�3 K�1) 367 1.441 1.417 0.779 2.740 0.424 29.4 0.873 0.390
TDgrav (m2 s�1) 367 4.90E�07 4.55E�07 1.33E�07 1.10E�06 2.50E�07 51.1 0.239 �1.041
TDHDAS (m2 s�1) 367 4.87E�07 5.26E�07 7.74E�08 1.15E�06 2.72E�07 55.8 0.109 �1.220

* BD – bulk density, grav – gravimetric method, HDAS – Hydra Probe data acquisition system sensor, WCgrav – water content determined by gravimetric method, WCHDAS
– water content measured by Hydra Probe meter, TCgrav – thermal conductivity calculated with gravimetric data, TCHDAS – thermal conductivity calculated with Hydra
Probe data, HCgrav – Heat capacity calculated with gravimetric data, HCHDAS – Heat capacity calculated with Hydra Probe data, TDgrav – thermal diffusivity calculated with
gravimetric data, TDHDAS – thermal diffusivity calculated with Hydra Probe data.
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Thermal properties computed for the two distributions of soil
water content (obtained from gravimetric method and Hydra
Probe moisture meter) were analyzed separately in order to exam-
ine how the chosen method of soil water content determination
influences the distribution of heat capacity, thermal diffusivity
and conductivity. Dispersion (sill) values for the heat capacity,
thermal diffusivity and thermal conductivity were at a similar
level, with maximum values of 0.070, 0.086, 0.122 respectively.
Nuggets of soil water content and thermal properties calculated
from the Hydra Probe soil water content data were bigger than
those obtained from soil water content data obtained via the gravi-
metric method. It indicates that soil properties derived from the
Hydra Probe sensor are less sensitive to soil water content changes,
compared to the gravimetric method, which is often taken as the
reference method. Geostatistical analyses also enable calculation
of the so-called range (A), indicating the distance over which there
is a spatial dependence of the examined feature. In this paper range
is expressed in degrees (�) with a reference to the point coordinates
taken (lat/lon, WGS 84). One degree (1�) on that latitude is about
100 km. Soil bulk density had the smallest range of spatial
dependence (A = 1.362�). Other properties were characterized by
significantly higher ranges (A from 2.153� to 2.446�) (Table 3). Spa-
tial variability of all the examined parameters was described by a
spherical semivariogram model.

Semivariogram models obtained from the data analysis were
used in the kriging method to estimate the values of individual
properties in the areas where these features were not measured.
To check the reliability of kriging estimations, cross-validation
was conducted at points where the measurements were made.
Results of the cross-validation are shown in Table 4. Almost all of
the examined variables were estimated with satisfactory accuracy.
Most of the regression slopes were close to 1 and intercepts close
to zero. Standard errors and coefficients of determination (R2) were
satisfactory, all with the exception of bulk density. Accuracy
parameters of models obtained from properties calculated from
gravimetric method of water content determination were slightly
better than those from Hydra Probe measurements. The parame-
ters obtained from the cross-validation analysis indicate that the
maps (Figs. 6–10) estimated from the water content gravimetric
data are more accurate and diverse than maps obtained from
Hydra Probe measurements. The latter are ‘‘smoother”, however,
have a similar basic pattern as the first.



Fig. 6. Spatial distribution of soil bulk density in the Murrumbidgee River catchment, Australia. Background from Google Earth [38].

Fig. 7. Spatial distribution of water content in the Murrumbidgee River Catchment, Australia obtained from gravimetric method (upper panel) and measured with Hydra
Probe II (lower panel). Superimposed graph of precipitation (data obtained from local meteorological stations [35]) is adjusted in a way to indicate the date and location of the
most significant rainfalls. Background from Google Earth [38].
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3.2. Derived soil property maps

Figs. 6–10 present 2 D maps (obtained from ordinary kriging
method) of bulk density, water content, thermal conductivity, heat
capacity and thermal diffusivity in the Murrumbidgee River
catchment. The spatial distributions of the thermal properties
(Figs. 8–10) were associated with water content in the soil and
its bulk density (Figs. 6 and 7).



Fig. 8. Spatial distribution of soil thermal conductivity (TC) in the Murrumbidgee River Catchment, Australia. TC modelled using water content obtained from gravimetric
method (upper panel) and measured with Hydra Probe II (lower panel). Background from Google Earth [38].
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3.3. Soil bulk density

The bulk density of the soil, estimated by the kriging method
(Fig. 6), has a range from 1.1 to 1.4 Mg m�3. The highest bulk den-
sities were observed in the central part of the Murrumbidgee River
catchment, varying slightly between 1.3 and 1.4 Mg m�3. Lower
bulk density values (from 1.1 to 1.2 Mg m�3) were observed in
the eastern and western parts of this area. The ranges of estimated
values are lower than the measured values in Table 2, because
extreme values of soil bulk density were rare, thus they have been
taken into account to a lesser extent during the kriging estimation
than those that occurred more frequently. The spatial pattern of
the bulk density distribution for the Murrumbidgee River catch-
ment soils is clearly reflected in the spatial distribution of thermal
diffusivity, and a bit less in the thermal conductivity distribution
pattern.

3.4. Soil water content

Spatial distributions of the soil water content obtained from the
gravimetric method (Fig. 7 upper panel) and measured by the
Hydra Probe (Fig. 7 lower panel) were examined. The soil water
content reflected the current moisture conditions during the one
month measurements acquisition where the extreme dry
conditions were followed by intense rainfall during the AACES
campaign. During the campaign, the measurements were con-
ducted from West to East. There was low soil water content values
in the western part of the study area with an increase in the value
towards the East, mostly due to the heavy rainfall in the middle of
the campaign (from the central region on eastwards). In the west-
ern part of the examined area, soil water content obtained from the
gravimetric method (mean approx. 0.05 m3 m�3) was lower than
that obtained by the Hydra Probe (approx. 0.1 m3 m�3). In the cen-
tral and eastern part, the situation was reversed: gravimetric
method indicated �0.325 m3 m�3 while Hydra Probe � 0.30 m3

m�3. This was due to the different accuracies of both methods:
Comparing to gravimetric (which is reference) method, Hydra
Probe overestimated soil water content when the soil was dry
and underestimated it when the soil was wet, as shown by the lin-
ear regression equation in Fig. 5. The pattern of the soil water con-
tent distribution in the Murrumbidgee River catchment is reflected
by the spatial distributions of the heat capacity, thermal conductiv-
ity and the thermal diffusivity.

3.5. Soil thermal conductivity

Soil thermal conductivity distribution in the Murrumbidgee
River Catchment mainly reflects the distribution of soil water con-
tent from both examined methods (Fig. 7). In the western part of
the studied area the lowest values of conductivity (�0.25 W m�1



Fig. 9. Spatial distribution of soil heat capacity (HC) in the Murrumbidgee River Catchment, Australia. HC modelled using water content obtained from gravimetric method
(upper panel) and measured with Hydra Probe II (lower panel). Background from Google Earth [38].
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K�1) were recorded, increasing towards the East (�2.25 W m�1

K�1). In the western part, smaller values of conductivity were
observed when it had been calculated from the soil water content
data received from the gravimetric method than when obtained
from the Hydra Probe. The reverse situation occurred in the East.
In the central part of the catchment, where soil water content after
saturation began to fall and then rise again towards the East, a pos-
itive impact of the bulk density can be noticed on the soil thermal
conductivity. In this area, the decline of the conductivity was not as
intense as decline of soil water content because the bulk density of
the soil in this area was significant and it led to a significant
increase in the conductivity, which was observed also by other
authors [5,34].
3.6. Soil heat capacity

Spatial diversity of heat capacity in the Murrumbidgee River
catchment (Fig. 9) was more related to the soil water content than
to the soil bulk density. Here, as in the case of thermal conductiv-
ity, in the western part of the test area the lowest values of heat
capacity were reported (�1.1 MJ m�3 K�1) and increased towards
the east (�2.4 MJ m�3 K�1). The minimum value is the same as
found by other authors for dry sandy-loam soils [34]. In the west-
ern part, smaller values of heat capacity were observed when it
was calculated from the water content data received from the
gravimetric method than soil thermal capacities calculated from
data from the Hydra Probe soil water content. Again, the reverse
situation occurred in the East. The spatial distribution of the heat
capacity was not clearly reflected in the spatial distribution of
the bulk density, but it was reflected in soil water content
distribution.
3.7. Thermal diffusivity

The spatial distribution of thermal diffusivity in the Mur-
rumbidgee River catchment (Fig. 10) is very similar to the distribu-
tion of soil bulk density. Soil water content had rather low impact
on the value of soil thermal diffusivity and was only partially
reflected in its spatial distribution. In the western part of the study
area the lowest values of thermal diffusivity were recorded
(�0.3 � 10�6 m2 s�1) and they were growing towards the East
(�1.0 � 10�6 m2 s�1). In the middle part of the studied area, where
soil bulk density was the highest and soil water content reached its
maximum and then decreased, thermal diffusivity reached its
highest values. A slight decrease in diffusivity in the central part
of the catchment can be observed where the soil water content
decreases. It can be concluded that the bulk density of the soil
had dominant influence on thermal diffusivity. However, when
the soil water content was high it has also an impact on the value
of thermal diffusivity.



Fig. 10. Spatial distribution of soil thermal diffusivity (TD) across the Murrumbidgee River Catchment, Australia. TD modelled using water content obtained from gravimetric
method (upper panel) and measured with Hydra Probe II (lower panel). Background from Google Earth [38].
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The nature of the variation of thermal diffusivity, which is
highly non-linear, is associated with conductivity and heat capac-
ity dynamics that change with soil water content and density. Heat
capacity increases linearly with increasing soil water content and
goes towards higher values of capacitance with an increase in bulk
density, but does not change its nature and remains linear. How-
ever, the thermal conductivity has a large non-linearity with the
change of soil water content and bulk density. Depending on the
range of the thermal conductivity changes, with a constant change
in heat capacity, a thermal conductivity value ‘‘saturation” can be
observed, which is characteristic for the thermal diffusivity at the
specified soil water content and bulk density. For the specific bulk
density and soil water content, saturation of the thermal diffusivity
value is observed. Increasing soil bulk density while changing soil
water content causes the thermal diffusivity values saturation shift
towards the lower soil water content values. Comparison with the
spatial distributions of bulk density and soil water content indi-
cates that the spatial distribution of the thermal diffusivity in the
middle of the area was around its saturation.
4. Conclusions

The soil bulk density, water content and soil thermal properties
in the Murrumbidgee River catchment, Australia, in the middle of
the Australian summer (from 18 January to 21 February 2010)
were presented. The quartz and other minerals contents in the
Murrumbidgee River catchment have been assessed according to
the Australian and USDA particle size distribution classifications,
via modelling of heat conductivity by the Usowicz’s statistical-
physical model and comparing them with the conductivity values
measured during the campaign. It was shown that it can be esti-
mated more accurately from the Australian soil granulometry than
USDA classification.

For the defined quartz and other minerals contents, the soil
thermal properties were mainly governed by water content and
bulk density of soil. The variability was the lowest for the bulk den-
sity (CV = 13%) and successively increased for the heat capacity
(29%), thermal diffusivity (56%), thermal conductivity (77%) and
water content (82%).

By using geostatistical analyses it was possible to identify areas
of different thermal properties of the soil in the Murrumbidgee
River Catchment. Knowledge of the spatial distribution of thermal
properties may be useful to determine the spatial distribution of
the heat flux density, which is one of the components of the heat
balance. Quartz and water content and the bulk density of soil
were the main factors that affected the thermal properties of soil.
Greater diversity of thermal properties was observed for the data
obtained from the gravimetric method than the measured by
Hydra Probe, resulting in flatter distributions for the latter. The
spatial distributions of conductivity and heat capacity were
governed by the soil water content pattern, while the thermal
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diffusivity was mainly driven by the bulk density distribution.
Knowledge of the spatial distribution of soil bulk density and water
content can be useful to develop precise agronomic practices to
improve the thermal properties of the soil and the quality and effi-
ciency of cultivated plants in the considered area.

In the future, knowing the physical properties of the soil (from
existing databases or new measurements) and soil water content it
will be possible to estimate the thermal properties of soil, possibly
even on large scales when using data obtained from satellites or
widespread ground-based campaigns.
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