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Summary 

Problems are discussed which limit the accuracy of determinations of thermal pro
perties of soils, and also of determinations of the moisture content by thermal methods. 
Conditions to be satisfied before a method is applicable in the field are given. From 
these it has to be concluded that nearly all thermal field methods meet with several 
objections. On the basis of this review an explanation is given of the limitations set 
to application of the contact method in the field. 

Introduction 

The thermal properties of soils are of great importance to agriculture, especially in 
relation to temperature and heat flux in the root zone. In studies on energy and 
water balances the highest interest in their actual values is shown. The connection 
between thermal properties and moisture content of a soil layer has been used to 
determine the latter in the field from a calibration curve, obtained in the laboratory. 
The thermal parameters /, the thermal conductivity and C, the heat capacity per 
unit volume, depend mainly on soil constituents, soil texture, porosity and moisture 
content. Difficulties in obtaining reliable values of I and C do arise from a.o. the 
inhomogeneity of natural soils. 
In relation to soil temperature this was emphasized by Lettau (1954) and reviewed 
by Blanc (1958). As to measurements of soil moisture de Vries (1959) reviewed ex
periments using thermal methods. 
This paper deals with a review of conditions necessary for the measurements of X, C, 
their quotient the thermal diffusivity a = 1/C and their product the contact coeffi
cient b = I C, by a direct method in the field. On the basis of this review the im
plications concerning a recently developed method are explained. Results with this 
method on homogeneous dry soils in the laboratory and some preliminary field deter
minations have already been reported (van Wijk, 1964, 1967; van Wijk et al., 1967; 
Schneider, 1967) and more recently a survey of the applicability on homogeneous 
solids and an extension of the mathematical theory was given by the present author 
(Stigter, 1968). Outdoors the method was intended to measure the contact coefficient 
and the moisture content in the first few centimeters of soil as well as the heat 
flux near the surface. The limitations on application, imposed by natural soil condi
tions, are discussed at the end of the paper. 
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Determination of thermal properties 

General remarks. As is well known, the thermal conductivity I of any substance, 
whether it is a gas, a liquid, or a solid, is defined by the fundamental law of con
duction, the so called law of Fourier, which in one dimension may be stated as 

<5 0 (z,t) 
H (z,t) = — I — (1) 

o z 

H (z,t) being the heat flux density at 'depth' z and at time t, 0 (z,t) being the 
temperature there. All derivatives in this paper are partial derivatives. 
Defining C as the quantity of heat necessary to raise the temperature of a unit 
volume by 1°C (it is as such the product of specific heat c and specific mass o) 
and considering the change of heat flux, existing in the z-direction only, and the 
total gain of heat in such a volume, per unit of time, one obtains: 

(5 0 (z,t) _ <5 H (z,t) 
_ - (2) 

<5 t ô z 

A heat flux density may be caused by conduction, convection and radiation. In non-
transparent solids only conduction takes place. As mentioned by de Vries (1952a) al
most the same holds true with regard to dry granular materials. Radiation may nor
mally be neglected for temperatures under 100° C and the influence of convection 
is generally low if the dimensions of the grains are smaller than 1 to 2 mm. Two 
exceptions have been observed with moist soil. Firstly I was found to change when 
<5 0/ à z was enlarged (eq. 1) in nearly saturated sandy soil, due to convection. 
Secondly latent heat may be transported, a phenomenon with which we will deal 
later on. 
If no internal heat sources or sinks exist, the partial differential equation of heat 
conduction in an isotropic and homogeneous solid, whether porous or not, is obtained 
by combining eqs. (1) and (2): 

fS0(z,t) I (52 @(z,t) 

If a heat source (or sink) is present in the volume a source function Q (x,y,z,t) 
must be added. 
As can be read in textbooks on agricultural physics (see e.g. van Wijk, 1963) C may 
be calculated with an accuracy of ± 5 %, when the volume fractions of the various 
soil components are known. If no swelling or shrinkage occurs and no heat is used 
for wetting during the uptake or the loss of water, heat capacity changes linearly 
with moisture content. No methods however are available of measuring directly the 
heat capacity 'in situ' in the field. The values for the soil components have always 
been obtained by the common calorimetric methods. Therefore no methods of deter
mining moisture content exist which make use of the relation with volumetric heat 
capacity. 
The way in which I can be approximately calculated was shown by de Vries (1952a, 
1952b). He derived relations between the thermal conductivity of a granular material 
and the thermal conductivities and volume fractions of its constituents. Shape and 
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packing of the granules have to be known. The accuracy of the calculated values 
varies between 5 and 20 %. 
For the measurement of X, a or b we have to use a solution of eq. (3) with ap
propriate initial and boundary conditions, depending on the measuring device. As can 
be seen from eqs. (1) and (2) it is always necessary to make use of the determina
tion of existing heat fluxes or to introduce a heat flux by creation of a temperature 
difference with the help of the device. Difficulties concerning the use of existing 
heat fluxes by working with a Fourier analysis of actual diurnal or annual subsoil 
temperature variations are mentioned by Lettau (1954). One more example of the 
field problem here is the effect of substantial thermally induced moisture transfer 
by the diurnal temperature wave (Cary, 1967). Some features concerning direct 
methods in the field will be treated subsequently below. 

The induced heat flux. At first we must distinguish between stationary and non-
stationary methods. The former are predominantly in use for accurate thermal con
ductivity measurements in gases, fluids and dry solids. As d H(z,t)/<5 z in eq. (2) 
is zero, X can be found directly from eq. (1). The employed 'plates', between which 
the constant heat flux is maintained, are however not suited for use in the field. The 
soil has to be disturbed in such a way that the natural situation is totally trans
formed. Moreover moisture transfer has to remain within reasonable limits under 
the unavoidable temperature gradients. Moisture transport, chiefly by a process of 
vapour distillation, changes the thermal properties during the measurements and is a 
carrier of (predominantly latent) heat. 
Therefore non-stationary, dynamic methods, sometimes also called transient methods, 
are most suitable for use in moist porous solids. With these methods it is recom
mended also to keep temperature differences between device and surroundings small, 
in accordance with the accuracy desired. Measurements over brief time intervals lower 
the influence of moisture movement. 

Inhomogeneity of natural soil. Using eq. (3) or the calculation methods, a relatively 
large volume of soil is considered, with X and C constant over the volume. Blanc 
(1958), quoting Lettau, emphasizes however that the findings of various authors co
incide with regard to the variation of the thermal conductivity and the heat capacity, 
up to an order of magnitude, within soil layers of a few centimeters thickness. This 
can certainly be considered the strongest warning as far as the root zone near the 
surface is concerned. Here the bulk-density is most irregular, in a horizontal as well 
as in a vertical direction, because of atmospheric and mechanical influences, which 
has its consequences for the thermal properties of even fairly flat bare soil (e.g. 
Chudnovskii, 1948). Still more important however is the moisture profile near the 
surface, coming into existence by means of precipitation, gravity discharge, changing 
water table depth, evaporation, capillary actions and temperature gradients, which 
result in flux densities of water, water vapour and energy. 
The review of Wiegand and Taylor (1961) gives interesting data on the important 
evaporative part in shaping this moisture profile. In a homogeneous soil with a homo
geneous moisture distribution, starting evaporation under isothermal conditions and 
at field capacity, a parabolic moisture distribution does arise after some time. When 
a sufficient number of surface sites become dry and the surface area, from which 
evaporation occurs, decreases, the evaporation comes into the first falling-rate stage. 
Finally the drying sites retire into the ground with further reduction of evaporation. 
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Near the surface the moisture profile changes during this last stage of drying from 
convex to concave towards the surface, with the point of inflexion retiring inwards, 
as mentioned by Feodoroff and Rafi (1962). This evaporation within the soil is how
ever limited to the first centimeters. Taking into account irregular precipitation and 
other changing atmospheric influences, predominantly effective as long as part of 
the surface is moist, it is clear how capricious and unpredictable the moisture profile 
may be near the surface of natural soil. 

x Field capacity 

0.1 0.2 0.3 0.S 

Fig. I Thermal diffusivity in relation to volumetric 
moisture content at normal soil temperature. Curve 1 
for quartz sand, curve 2 for clay loam. Porosity for 
both soils 0.45. After de Vries (1959). 

In view of the variability of thermal properties as /, a and b with moisture content, 
as e.g. measured by de Vries (1952a, 1959), we have to conclude that no determina
tion near or at the surface, making use of a solution of eq. (3), can give reliable 
results if the moisture content is lower than about ten volume percent (Fig. 1), ex
cept for completely dry soils. This includes for sandy soils the most important mois
ture range for agriculture, between field capacity and wilting point. The dependence 
on moisture is considerably less if the moisture content is larger over the entire 
profile. 
Therefore the first 5 cm are an improper part of the soil for simple measurements 
by thermal methods. From roughly 5 to 20 cm the variation of moisture content 
with depth has usually become lower. Especially devices with a kind of space sym
metry with respect to small moisture or density gradients may provide a useful answer. 
In deeper layers the moisture differences with depth will be small and changes with 
time will be almost the same at different depths. 
Still two remarks have to be made about the thermal diffusivity. In the first place 
this parameter cannot be used as a soil moisture indicator, as two values of the 
previously calibrated curve may belong to one value of a (Fig. 1). Secondly it is not 
sufficient for the use of eq. (3) that a = I (z)/C (z) is constant with depth. As /. 
and C grow in the same direction with moisture content they tend to balance in a at 
values over 10 volume percent. But for such a case eq. (2) becomes: 

C ( Z ) ^ M  =  , 4 ,  
ô t  <5 z  (  S z  ^ 

and eq. (3) now becomes: 
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Ô 6 (z,t) 1 S I (z) S 0 (z,t) I (z) (520 (z,t) 
— + (5) 

ót C (z) ô z <5 z C (z) S T? 

On account of the new term in eq. (5) as compared to eq. (3) an exact solution for 
the dynamic methods has only been obtained in a limited number of special cases. 

Disturbance of the soil; Imperfect contact. All instruments modify the environment 
in which they are applied. As to the soil modifications in density, in water move
ment and thermal events (and related physical processes) are likely to occur. There
fore those transient methods are preferable which disturb least. 
Related to this problem is the degree of contact between device and soil. In both 
cases, the effects on the results have to be detected experimentally. Sometimes it is 
possible to apply corrections by modifying the solution of eq. (3) for the surface 
thermal resistance. 

Influence of moisture movement. The creation of a temperature gradient in the soil 
provokes a vapour distillation process, as mentioned above. This moisture redistribu
tion, in turn, is partly opposed by capillarity. Again only experiment itself can give 
real information about the effect. This is one of the objections against the fully 
empirical methods of measuring moisture content by a thermal method from a cali
bration curve, without determining one of the thermal parameters. Extrapolating from 
the laboratory to the field especially the thermal regime in the soil differs and dif
ferences in moisture movement near the probes in use may easily occur. With this 
extrapolation one has also to be aware of possible differences in porosity. 

The accuracy obtainable. The factors on which the reliability depends in measure
ments of thermal properties have now been reviewed. The accuracy can only be 
high if the use of the mathematical theory is justifiable and disturbing effects can 
be eliminated or detected. The accuracy in determining the moisture content depends 
on the relation between the parameters used and moisture content. For instance I 
is only well applicable as an indicator of the volumetric water fraction at low mois
ture contents. As we have seen above this is not possible at or near the surface. 
Nevertheless the best method available for measuring moisture content by a thermal 
method, the cylindrical probe method, makes use of the thermal conductivity. Meas
urements with this needle-shaped instrument by de Vries and Peck (1958) needed a 
maximum temperature rise near the centre of the heating wire of less than one 
degree centigrade, the heating time being less than two minutes. Here a check on 
moisture movement does exist, an assessment can be made of the influence of the 
surface thermal resistance and there is a high degree of symmetry. When, for example, 
applied to a depth between 7 and 8 cm it gives a good idea about the average 
thermal conductivity between 5 and 10 cm, with an accuracy better than 10%. Ap
plied deeper in the soil the accuracy may even be about 5 %. In sandy soils it may 
be used as a reliable indicator of moisture content between field capacity and wilting 
point. As the method asks for a skilled attention its application will be most useful 
in lysimeters or experimental irrigation plots. 
In theory the most reliable parameter for moisture content indication is the contact 
coefficient b, as was first mentioned by Chudnovskii (1948). The dependence on mois
ture of X is intensified by that of C. This might extend the moisture content region 
to which a thermal method can be applied. 
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In search of a handy field method the late Prof. W. R. van Wijk developed the con
tact method, which determines the contact coefficient. On the ground of the given 
review this method will now be treated and the accuracy estimated. 

The contact method 

General remarks. The method makes use of a solution of the heat conduction equa
tion (3) for two semi-infinite homogeneous bodies of different temperature conditions, 
suddenly brought into contact. From the temperature of the contact plane, recorded 
during the measurements, the b of one homogeneous body (e.g. the soil near the 
surface) can be calculated if the b of the other body (a block of appropriate mate
rial, placed on the soil) is known. Having a linear dependence of temperature on 
depth as an initial condition in the first centimeters of soil the heat flux density H 
can be determined from the slope of the course of the contact plane temperature, 
0 (0,t), set out versus the square root of time (Fig. 2). 
The method meets most of the necessary conditions. It is non-stationary and the soil 
need not be disturbed unless one is interested in the temperature profile. Further the 
derived mathematical solutions give the opportunity of correcting for imperfect con
tact (van Wijk, 1967) and for the position of the thermocouple near the surface of 
the block (Stigter, 1968), in such a way that they become of secondary importance 
for the measurements in the field. 
As is clear from the above the method, which is applicable at the surface only, 
can't be used with volumetric water contents less than about 10 percent. Concerning 
determinations in the moisture region to which application is allowed the accuracy 
will come into question. 

The accuracy of the method. In the discussion on the accuracy it is sufficient to 
use a simple solution of eq. (3). This solution does not only depend on the boundary 
conditions, imposed by the block, but also on the initial temperature conditions in 
block and soil. The main difficulty is the mathematical expression for the initial 
temperature profile in the first centimeters of soil. Van Wijk tentatively used a linear 
temperature dependence on depth, and this was doubtless the best choice as all other 
possible expressions, e.g. an exponential one, are less suitable for use. 

— zr 

Fig. 2 Schematical diagram of the course of block 
surface and soil surface temperatures after place
ment, at t — 0, of a block on a colder homogene
ous dry soil. The temperature in the soil near the 
surface decreases linearly with depth. 0 
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In Fig. 2 the course of the experimental temperatures at the surfaces of the block 
and the colder soil is given schematically. The influence of imperfect contact is taken 
into account in the figure but may be ignored in the discussion. The straight line 
is given by: 

E2 fa 01]n (^1 Cl)1/2 + 02in (fa C2)W 
0(0,t) — 2(*)-% (li Ci)% + (Àt Cs)u th = (h Cl)y2 + c2)% (6) 

Here E2 = <5 0 2(z,O)/<5 z = — H2/I2 is the temperature gradient in the soil at 
t = 0, 0 iin is the initial homogeneous block temperature and 0 2in is the initial soil 
surface temperature. In the figure 0 2in is higher than the temperatures within the 
soil. The sign of z is inverted at the plane z = 0.0 (0,t) being the left hand side 
of eq. (6) we may write: 

(fa Ci)tt _ (0 (0,t) — 02in) _ (0 (0,0) — 02in) 

(T2 Cï)tt' ~~ (07n_ 0 (0,0) _ (0 i i Q  — 0  (0,0)) (7) 

By this extrapolation the use of an arbitrary point from the line in the diagram is 
avoided. Looking for the accuracy of fa C2, relative to fa Ci of the block material 
used, it thus is sufficient to know the inaccuracy in the three temperatures 0 (0,0) = 
0(0,0), 0iin and 02in and in their differences. 
As to 0iin this is only a matter of thermocouple calibration, 02in and 0(0,0) de
pend on the measurements. The reliability of 0 (0,0) is highly questionable if one 
is not sure of a really linear course of temperature with depth in the first centimeter 
of the soil, as this information is troubled by the highest influence of imperfect 
contact (Fig. 2). 
Hence it was a fortunate condition that measurements of Derksen, of this labora
tory, existed (W. J. Derksen, personal communication 1967), used for other purposes, 
which could partly be worked out for our purpose. The measurements included tem
perature recordings, every ten minutes, of thermocouples at 2, 4, 8 and 16 mm at 
two and sometimes four different places in the neighbourhood of each other in 
homogeneous bare sand, clay and peat soil, exposed in the open. The main conclu
sion has to be that normally no linearity exists over the zone involved. Hence the 
measurements of H near the surface are inaccurate and the determination of b meets 
the best conditions when the gradient is expected to be lowest. 
It can be estimated that even in this case 0 (0,0) will not be more accurately 
known than within ± 0.1°C. The same accuracy holds at best for 02în, measured 
with two blocks (van Wijk et al., 1967). Two equations are derived now from the 
mathematical solutions, with fa C2 and |02in unknown. In the laboratory this proved 
to be a success on dry soils. However the surface temperatures are supposed to be 
equal on the spots where the two blocks are placed. Moreover it can be shown that 
the accuracy decreases with the temperature difference between the two blocks. As 
the conclusion has to be drawn from the literature that 2°C is the upper limit al
lowed for the temperature difference 0 (0,0) —J02in in the soil, in order to pre
vent too much moisture movement, this sets a limit to the accuracy of 02in. 
By employment of these values in eq. (7) a calculation can be made. This reveals 
that fa C2 may be measured with an accuracy of approximately 25 %, relative to the 
value of fa Ci. 
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For the clay loam soil of Fig. 1 for instance, the change of I C between wilting 
point and field capacity, i.e. for moisture contents roughly between 10 and 30 volume 
percent, is somewhat more than 100% of the value at the wilting point. Therefore 
the accuracy of a single measurement seems too low for the use as an indicator 
of moisture content in the field from a calibration curve, even under the nearly iso
thermal conditions, which are, as explained, most suitable in the field. 

Discussion and conclusions 

In agreement with the problems outlined above, accurate results with the contact 
method have only been obtained on dry sandy soils and homogeneous solid material 
in the laboratory (Schneider, subm. for publ. ; Stigier, 1968). Here high temperature 
differences may be used with homogeneous initial temperatures or an artificially in
duced linearly decreasing temperature. Under some arid conditions the situation of 
an extremely low homogeneously distributed moisture content in the upper soil layer 
may exist in the field. In this case the field accuracy may be somewhat higher than 
calculated above as the moisture transport under induced gradients will be low. 
In general it can be said that in the field other thermal methods are, at best, of 
approximately the same accuracy for reasons mentioned in the given review, with the 
exception of the cylindrical probe method for light soils. 
From the reviews of Höschele (1957) and de Vries (1959) it can be deduced that 
electrical resistance blocks and tensiometers are also showing considerable inaccura
cies. For the near future the neutron scattering method, improved with regard to the 
loss of neutrons to the air when applied near the surface (within a depth of about 
10 cm), is perhaps most promising for field determinations. 
Especially in behalf of irrigated fields, where a routine method, less laborious than 
the soil sampling method, is required, the problem of an adequate method has how
ever not yet been solved. 
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