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Abstract: Analysis of thermal diffusivity data 
determined for selected organic topsoil layer. 
Thermal diffusivity (KT) is a very complex soil 
property. However, proper estimation of this 
parameter is very important for the study of 
thermal processes in the soil. Nevertheless, the 
thermal diffusivity of peat and organic soils 
is not well characterized. The purpose of this 
study was to evaluate different methods for the 
assessment of the thermal diffusivity of selected 
organic topsoil layer. The fi rst group of methods 
included calculation procedures developed from 
analytical solution of the heat transfer equation. 
For the determination of thermal diffusivity the 
distribution of the soil temperature at two depths 
was required. The second group of methods 
was based on the classical defi nition of thermal 
diffusivity where the quantifi cation of thermal 
conductivity and heat capacity is required. The 
measurements and calculations clearly suggest that 
methods based on the phase equation should be 
not considered as appropriate methods for thermal 
diffusivity determination for organic soils. The 
other methods considered lead to results which 
were comparable to the experimental KT data.
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INTRODUCTION

The study of temperature distribution in 
soil profi les requires a solution of the heat 
transfer equation. This solution depends 
on the formulation of the boundary 
condition as well as the soil thermal 
properties, which are represented by the 

thermal diffusivity coeffi cient (KT). The 
KT parameter is commonly defi ned as a 
ratio between soil thermal conductivity 
(λ) and soil volumetric heat capacity 
(Cv). 

The apparent thermal diffusivity can 
be determined under fi eld conditions 
from soil temperature variations at 
certain depths (Horton et al. 1983). For 
this purpose, several methods mainly 
based on solutions of one-dimensional 
heat conduction equation with constant 
KT value are available (Horton et al., 
1983; Verhoef et al. 1996, Kossowski 
and Sikora 1978). These methods are 
very attractive because only temperature 
measurements are required. However 
they are limited for uniform topsoil 
layers. The KT value based on thermal 
conductivity and volumetric heat 
capacity data can also be determined. 
For quantifying the thermal conductivity 
of soils the single probe method is often 
used (Bristow et al. 1994, Abu-Hamdeh 
2001). This measurement methodology is 
classifi ed as a non-steady state method.

For soil volumetric heat capacity the 
empirical equations can be applied (De 
Vries, 1963, Hubrechts 1998, Weiss et 
al. 2006). Thermal properties of mineral 
soils are widely reported in the literature 
by De Vries (1963), Jury et al. (1991), 
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Usowicz (1992) and Hubrechts (1998). 
Thermal diffusivity of organic soils and 
materials were studied by Horton et al. 
(1983), Usowicz (1996) and Gnatowski 
et al. (2006). These reported studies, 
however, indicate that the characterization 
of the thermal diffusivity of organic soils 
is relatively limited. Because KT value 
is related to thermal conductivity and 
volumetric heat capacity it is a complex 
property of the soil. Therefore the 
objective of this study is to determine 
apparent thermal diffusivity values for 
selected top organic soil layer using 
different methods. 

METHODS

The one-dimensional heat transfer 
equation in an isotropic soil is as 
follows:
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where: T represents soil temperature, z 
is the depth in the soil profi le and KT is 
the apparent soil thermal diffusivity. The 
solution of this equation can be analytical 
with boundary conditions represented by 
sinusoidal changes of temperature at the 
soil surface and average temperatures 
at the lower boundary. Based on 
these assumptions two methods for 
determination of the apparent thermal 
diffusivity were developed. The fi rst of 
them is the amplitude equation (Evett 
2002):
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where A1 is the amplitude at z1, A2 is the 
amplitude at z2,ω is the radial frequency 
described as 2π/P with P equal to the 
period of the fundamental cycle. This 
method has the advantage that only four 
temperature observations (minimum and 
maximum) at two depths are required 
for the determination of the apparent 
thermal diffusivity. The next method 
in this group is the so called phase 
equation which is based on recording 
the time interval between occurrences 
of maximum temperatures at two depths 
(Verhoef et al. 1996):
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where: δt = t2 – t1, t1 and t2 being the 
times at which maximum temperature 
occurs at depths z1 and z2 respectively.

The main disadvantage of this 
method is the necessity for accurate 
measurements of the time of occurrence 
of the maximum temperatures at the two 
depths.

The next group of methods applied 
for calculating the thermal diffusivity 
coeffi cient, are based on the assumption 
that soil temperature near the surface 
can be described by a series of sine and 
cosine terms according to the following 
equation (Horton et al. 1983):
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where: Ta is the mean value of the 
temperature in period P, M the number 
of harmonics and An and Bn are the 
amplitudes. For two harmonics (M 
= 2) the apparent thermal diffusivity 
can be determined from temperature 
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measurements at two depths as an 
arctangent equation in the form of 
(Kossowski and Sikora 1978):
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where: T1, T2, T3, T4 soil temperatures 
measured at depth z1with time increments 
equal 6 hours, and values T1’, T2’, T3’, 
T4’ recorded at depth z2.

The same assumption enables to 
establish the logarithmic method, 
which can be expressed in the form of 
[Seemann (1979) reported by Horton et 
al. (1983)]:
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 Thermal diffusivity (KT) can also be 
calculated as a quotient between 
measured value of thermal conductivity 
(λ) and value of volumetric heat capacity 
(Cv). The parameter λ can be measured 
using non-steady state single probe 
method. In this method, an electrical 
wire (probe) is inserted in the soil. A 
steady current is supplied to the probe 
and the temperature rise of the heat 
element is measured by a thermocouple 
and recorded during a short heating time 
period (approximately 100 s). The 
temperature (T) of the probe during 
heating is related to the time t according 
to the analytical solution for an infi nite 

line heat source (Jackson and Taylor 
1986):

� � � �0 4 ln 'T T Q t t d�  πλ � � �  (7)

where T0 is the initial temperature in °C; 
Q is the energy input per unit length of 
heater per unit time in W·m–1, λ is the 
thermal conductivity of the material 
surrounding the line source in W·m–1·°C–1; 
t is a time correction used to account for 
the fi nite dimensions of the heat source 

and the contact resistance between the 
heat source and the medium outside the 
source and d is a constant. Assuming 
that during heating the relation between 
temperature (T) of the heat element and 
ln(t) is linear the thermal conductivity 
can be expressed in the following form 
(Huksefl ux 2003):

� � � �2 14 lnQ T t tλ  π' �  (8)

The volumetric heat capacity (Cv) can 
be determined using a simple relation 
implemented by Weiss et al. (2006):

v m w wC C C ρ � ρ θ  (9)

(5)

(6)
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where Cv is the volumetric heat capacity 
(J·m–3·oC–1), Cm is the specifi c heat of 
organic material equal 1.7 (J·g-1·oC–1), 
ρ is the soil bulk density (g·cm–3), Cw 
is the specifi c heat of water 4.2 (J·g–1·
·oC–1), ρw is the water density (g·cm–3), 
θ is the volumetric soil water content 
(cm3·cm–3).

MATERIAL

The laboratory measurements of thermal 
conductivity were performed for three 
undisturbed soil monoliths (diameter 11.3 
cm and height 16 cm). The soil samples 
were collected horizontally from the top 
layer (5 to 15 cm) of peat soil profi le 
located at the Biebrza experimental 
station. After saturation the Non Steady 
State Probe TP02 was installed in the 
horizontally oriented soil samples. This 
measurement setup was placed on the 
balance. The soil thermal conductivity 
measurements were performed at daily 
intervals on monoliths replicated six 
times. The volumetric moisture contents 
were also determined simultaneously 

once a day. The moisture content was 
calculated from the loss of water from the 
soil samples due to evaporation. Based 
on these measured data the functional 
relation between soil volumetric water 
content and thermal conductivity 
coeffi cient was established. 

Figure 1 presents an example of 
temperature distribution of heat element 
during the heating period for wet and 
dry organic material from analysed soil 
layer.

The fi eld measurements focused on 
temperature distribution in the topsoil 
layer. For this purpose, temperature 
sensors were installed horizontally in the 
soil profi le at 3 and 10 cm depths. The 
temperatures were recorded at hourly 
intervals during the growing season in 
2008. Additionally the meteorological 
conditions were monitored by measuring 
the average value of air temperature near 
the soil surface and the daily sums of 
precipitation. These measurements were 
conducted from 1st of April to 30th of 
September 2008. Based on temperature 
data the apparent thermal diffusivity (KT) 
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FIGURE 1. Temperature increases in heating sensor
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coeffi cients were calculated by applying 
the amplitude, phase, arctangent and 
logarithmic equations. The calculations 
of KT data were performed for days with 
equal average temperatures for each 
measurement depths. 

RESULTS AND DISCUSSION 

Soil conditions during the growing 
season period can be expressed using 
moisture and temperature regimes. The 
average moisture content (top 10 cm) 
at the beginning of vegetation in 2008 
was equal to 65%. Then the soil water 
content gradually decreased until the 6th 

of June (67 day of vegetation) when the 
fi rst cutting of the grass community was 
carried out (Fig. 2). This tendency was 
related to the plant water consumption 
and evaporation. After cutting the 
moisture content was very low and 
approximately equal to 27%. The 
moisture status changed on the 95th day 
of the start of vegetation when a very 
high precipitation event occurred (Fig. 
2). This caused the soil moisture content 
to increase and the intensive start of the 
next stage of plant development. During 
the last two months of vegetation the soil 
water retention slowly increased mainly 
due to precipitation events. 
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FIGURE 2. The soil moisture content, temperature regimes and precipitation in vegetation season of 2008
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Together with the soil moisture status 
the soil temperatures were monitored 
continuously in the topsoil layer. At the 
beginning of vegetation, the average 
temperature in the topsoil layer was 
relatively low and approximately 
equal to 7oC. It subsequently increased 
continuously but its value was not higher 
than 14oC. After the fi rst grass cutting 
the soil temperature increased instantly 
and reached about 19oC. This was due to 
the reduction in the height of the grass 
community which acted as an insulation 
layer. 

During the second stage of vegetation 
the soil temperature increased very 
slowly but gradually which was probably 
caused only by climatic conditions. In 
the last month of the growing season, 
soil temperature was signifi cantly related 
to the air temperature changes. The plot 
of moisture content and temperature 
in the upper soil layer show that their 
seasonal changes are correlated to each 
other and depend mainly on the stage of 
vegetation. The data presented indicate 
that soil temperature and water content 
dynamics during the fi rst stage of plant 
developments (fi rst cut) can be used to 
determine the fi eld thermal properties of 
organic topsoil layer. It is also possible 
to study of the dependence of KT on 
moisture content.

As mentioned above, the distribution 
of soil temperature at two depths is 
required for the determination of thermal 
diffusivity under fi eld condition. The 
main assumption in the calculation 
methods is that the average temperature 
at the two measurement depths should 
be equal (Horton et al. 1983, Kossowski 
and Sikora 1978). Therefore, in order 
to fulfi ll this criterion, the average soil 

temperature at the two measurement 
depths was calculated for each day 
of the vegetation period. For days 
with equal average temperatures, the 
thermal diffusivity coeffi cients were 
then determined using the methods 
described in the previous section and 
commonly referred to as: amplitude, 
phase, arctangent and logarithmic 
equations. The moisture contents for 
each of the selected days were also used 
for data analysis. The results of thermal 
diffusivity (KT) calculation and moisture 
content measurements are plotted in 
Figure 3. The data show that KT values 
determined using the logarithmic and 
amplitude equations follow the changes 
in soil moisture content. This tendency 
suggests that apparent thermal diffusivity 
is a function of moisture content. The KT 
data calculated with the arctangent and 
especially the phase equations are more 
scattered. In these cases, the correlation 
between soil moisture content and 
thermal diffusivity is unclear. Moreover 
the thermal diffusivity determined using 
the phase equation is generally lower 
than that determined using the other 
methods.

This is probably a result of the hourly 
measurements of the soil temperatures 
what infl uence on the KT determination 
using the phase equation. For a more 
precise determination of intervals between 
maximum temperatures occurrences at 
the two depths, a time step lower then 
one hour is probably required. 

As mentioned above, the thermal 
diffusivity of the soil can also be 
calculated on the basis of independent 
measurements of thermal conductivity 
(λ) and volumetric heat capacity (Cv). 
In the laboratory the λ values were 
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measured using the single needle probe 
(Huksefl ux 2003). The average values 
of thermal conductivity and their 
standard deviations as a function of soil 
moisture content are plotted in Figure 
4a. The measured values of the thermal 
conductivity of the organic soil layer are 
varying between 0.12 to approximately 
0.6 (W·m–1·oC–1). The data show that the 
value of λ is decreasing with decreasing 
moisture content (Fig. 4). The relationship 
between these measured physical 
properties is statistically signifi cant and 
can be expressed in the form of (Scheatzl 
et al. 1994): 

� � � �expa b cλ θ  � � � θ  (10)

where: 
λ – thermal conductivity (W·m–1·oC–1),
θ – soil moisture content (cm3·cm–3),
a – parameter which expresses the 
thermal conductivity at θ = 0 (W·m–1·
·oC–1),
b, c – shape parameters (W·m–1·oC–1), 
(–).

The parameters of equation (10) were 
determined by fi tting the equation to the 
average measured thermal conductivity 
data. Their values were identifi ed by 
minimization of the sum of the squared 
differences between measured and 
calculated values of λ. The optimization 
procedure lead to the following values 
of parameters: a = 0.119 (W·m–1·oC–1), 
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b = 0.653 (W·m–1·oC–1) and c = 0.381 (–). 
The coeffi cient of determination of this 
relationship between λ and θ is high and 
equal to 90% as shown by the fi t between 
the curve and the data in Figure 4a.

For each of the measured value of 
thermal conductivity the corresponding 
values of volumetric heat capacity were 
calculated using equation (9). For this 
purpose the specifi c heat capacity (Cp) 
in equation (9) was assumed to be 1.7 
(J·g–1) which was applied by Weiss et al. 
(2006). Although the Cp value should be 
measured independently, it was assumed 
for this study that the value equal to 1.7 
(J·g–1) was generally valid for organic 
soils. According to the assumptions 

expressed in the form of equation (9), 
the volumetric heat capacity is linearly 
related to volumetric soil moisture 
content. The linear variation of Cv as 
a function of θ for the soil studied is 
presented in Figure 4b. The minimum 
calculated volumetric heat capacity 
is equal to 0.4887·106 (J·m–3·oC–1) at 
zero moisture content rising to 3.95 
106 (J·m–3·oC–1) at full capacity for the 
organic soil considered here.

The set of measured values of thermal 
conductivity and calculated values of 
volumetric heat capacity was used to 
determine thermal diffusivity. This was 
done by dividing each λ value (including 
standard deviations) by the corresponding 
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Cv value for a given moisture content. 
The results of the calculations are 
presented in Figure 4c. The solid line in 
this Figure was established by dividing 
fi tted thermal conductivity data (solid 
line Fig. 4a) by fi tted values of Cv (solid 
line Fig. 4b). 

The thermal diffusivity values ob-
tained experimentally were then 
compared to those obtained using 
the amplitude, phase, arctangent and 
logarithmic equations for soil moisture 
contents ranging from 27 to 54%. This 
corresponded to sets of 25 values of 
thermal diffusivity for each method 
which were compared using basic 
population statistics. The average, 
minimum, maximum, standard deviation 
and coeffi cient of variation (CV) values 
of the estimated thermal diffusivities for 
each method are presented in Table 1. 
Table 1 show that the average thermal 
diffusivity determined by applying 
the phase equation is approximately 
two times lower than average values 
calculated with the other methods. The 
KT data obtained by measuring thermal 
conductivity (method indicated in Table 
1 as λ/Cv) show the lowest variations. An 
increasingly higher variability is obtained 
for the thermal diffusivity determined 
using the logarithmic, arctangent and 
amplitude methods, respectively. The 

phase equation leads to the highest 
variability as well as the highest standard 
deviation in calculated KT data.

The apparent thermal diffusivity 
determined by the fi ve different methods 
presented in Table 1 was also compared 
using analysis of variance. Least signifi cant 
differences (LSD) were calculated using the 
Statgraphics plus software (STSC 1996). 
The results of the analysis are shown in the 
Figure 5. This shows that the mean value 
of thermal diffusivity is similar for four 
of the analyzed methods. The mean KT 
value calculated using the phase equation 
is signifi cantly lower than that obtained 
with the other four methods. The LSD 
(p = 0.05), which is equal to 2.275·10–8  
(m2 ·s–1), indicates that the analyzed data are 
divided into two homogenous groups. The 
fi rst group represent KT values determined 
using the phase equation whereas the 
second group includes the data calculated 
using the rest of the methods. 

The thermal diffusivity values 
calculated using the amplitude, phase, 
arctangent and logarithmic equations are 
plotted as a function of water contents in 
the Figure 6. In addition, the relationship 
between thermal diffusivity and moisture 
content obtained using the laboratory 
measurements of thermal conductivity 
(i.e. Fig. 4c) is also plotted as a solid 
line in Figure 6. The data obtained 

TABLE 1. Comparison between thermal diffusivity data estimated using different methods

Statistics
Equation

λ/CvAmplitude Phase Arctangent Logarithmic
Average (m2·s–1) 1.60E-07 8.21E-08 1.56E-07 1.50E-07 1.69E-07
Standard deviation 4.35E-08 6.30E-08 3.62E-08 2.84E-08 1.63E-08
Minimum 1.04E-07 8.99E-09 9.39E-08 1.11E-07 1.36E-07
Maximum 2.70E-07 1.62E-07 2.25E-07 2.15E-07 2.09E-07
CV (%) 27.13 76.79 23.30 19.00 9.62



104     T. Gnatowski
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analytically with the four equations can 
be compared to those obtained with 
thermal conductivity measurements 
by calculating the sum of the squared 
differences (SSQ). The minimum value 
of SSQ is obtained for data estimated 
using the logarithmic equation and is 
equal to 3.42·10–14. In comparison, 
the highest SSQ was obtained for the 
thermal diffusivity values determined 
using the phase equation and was equal 
to 3.13·10–13.

SUMMARY AND CONCLUSIONS

Thermal diffusivity is a key parameter 
required for the study of thermal processes 
in soils. In this study, thermal diffusivity 
was quantifi ed using different methods. 
The fi rst group of methods considered 
included calculation procedures 
developed from analytical solution of the 
heat transfer equation. For these methods 
the determination of thermal diffusivity 
required knowledge of the distribution 
of the soil temperature at two different 
depths. The second type of method used 
to determine thermal diffusivity was 
based on the experimental quantifi cation 
of thermal conductivity and knowledge 
of heat capacity.

The fi rst type of methods of calculation 
consisted of four equations referred to 
as:  amplitude, phase, arctangent and 
logarithmic equations. The apparent 
thermal diffusivity obtained with the 
logarithmic amplitude and arctangent 
equations were comparable whereas 
the KT data estimated using the phase 
equation were signifi cantly lower and 
highly variable compared to the other 
methods. Based on the results of this 

study, the logarithmic and amplitude 
equations seem more appropriate for 
the calculation of thermal diffusivity 
of organic topsoil layers. However 
these methods should be validated with 
other data sets and proper selection of 
temperature series for calculation should 
be performed. Based on this study, 
the phase equation does not seem to 
be an appropriate method for thermal 
diffusivity determination for organic 
soils. This investigation also showed that 
fi eld thermal diffusivity is potentially 
dependent on moisture content although 
the statistical signifi cance of this 
relation was low. Estimation of thermal 
diffusivity using the second type of 
method seems attractive because some of 
the required parameters such as thermal 
conductivity (λ) can be measure in the 
laboratory under controlled boundary 
conditions. However, for this method the 
quantifi cation of volumetric heat capacity 
is also needed. Comparisons between 
the two types of approaches indicate 
that they lead to comparable thermal 
diffusivity results. Although this study 
provides a valuable comparison between 
the different methods, further research 
is needed to investigate the infl uence 
of temperature measurement depth and 
moisture content on the determination 
of thermal diffusivity using the methods 
presented here.
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Streszczenie. Analiza współczynnika dyfuzyjności 
termicznej dla wybranego przypowierzchniowego 
utworu organicznego. Współczynnik dyfuzyjno-
ści termicznej KT jest kompleksową właściwością 
fi zyczną gleby. Wynika to z faktu, iż parametr 
ten jest ilorazem współczynnika przewodności 
termicznej i objętościowej pojemności cieplnej. 
W glebach organicznych wartości współczynnika 
KT są słabo rozpoznane. Celem pracy była ocena 
współczynnika dyfuzyjności termicznej wybra-
nego utworu organicznego przy zastosowaniu 
różnych metod obliczeniowych i pomiarowych. 
W grupie metod obliczeniowych zastosowano 
równania: amplitudy, fazy, arcustangens oraz 
logarytmiczne. Metody te opracowane zostały 
na podstawie analitycznego rozwiązania równa-
nia przewodnictwa cieplnego. Do opracowania 
współczynnika KT wymagane są godzinowe war-
tości temperatur pomierzone na dwóch głęboko-
ściach w profi lu glebowym. Druga grupa metod 
związana jest z defi nicją współczynnika dyfu-
zyjności termicznej w myśl, której do określenia 
współczynnika KT konieczna jest znajomość war-
tości współczynnika przewodności termicznej (λ) 
i objętościowej pojemności cieplnej (Cv). Do po-



Analysis of thermal diffusivity data determined for selected...     107

miaru współczynnika λ zastosowano metodę sta-
nu nieustalonego przy zastosowaniu sondy NSSP 
Huksefl ux, natomiast wartości Cv obliczono przy 
zastosowaniu formuły empirycznej. Na podsta-
wie uzyskanych wyników pomiarów i obliczeń 
można stwierdzić, że równanie fazy ma ograni-
czone zastosowanie do określania wartości KT 
w przypowierzchniowych utworach organicz-
nych. Pozostałe cztery analizowane w pracy 
metody określania współczynnika dyfuzyjności 
termicznej są porównywalne. Przeprowadzone 
badania wskazują na przydatność stosowanych 
metod pomiarowych do oceny współczynnika 
dyfuzyjności termicznej utworów organicznych. 
Jednakże konieczne jest przeprowadzenie badań 
uzupełniających mających na celu zbadanie wpły-
wu temperatur pomierzonych na różnych głębo-
kościach w profi lu glebowym na wartości współ-
czynnika dyfuzyjności termicznej.
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