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From: P. Koorevaar, G. Menelik and C. Dirksen.

Elements of Soil Physics. Elsevier Amsterdam, 1983,

7 Heat transport in soil

7.1 INTRODUCTION

An important aspeet of the behaviour and use of soils is their thermal regime. This
regime is characterized to a large extent by the temperature. Many processes oceurming
in soils are strongly influenced by temperature. This is true especially for biological
processes, such as germination of sceds. plant growth, root development and activity,
microbial activity. etc. Physical and chemical processes infl uenced by temperature are
[rost heaving. weathering. decomposition of orgianic matter, etc,

Soil temperatures are determined by the transport processes of heat within the soil
and by exchange of heal between the soil and the atmosphere. There are three basically
dilferent processes whereby heat can be transported: conduction. convection and radi-
ation. Conduction of heat occurs by transmission of thermal energy of motion from
one microscopic particle Lo another. Transport of heat by a fluid in motion is called
convection. Heat convection with accompinying phase changes can increase heat
transfer tremendously. This is especially true for water, which has very high valucs
of fatent heat of condensation /evaporation and freezing/melting. Radiation is transfer
of thermal energy from a body to its surroundings by electromagnetic waves. Thus.
in contrast to conduction and convection. radiation can occur through a vacuum.

Transport of heat within soils can occur by conduction and by convection. with
or without latent heat transport. Heal conduction is governed by the thermal soil
properties. volumic heat capacity and heat conductivity. The thermal exchange pro-
cesses at the soil surface are dominated by the meteorological conditions and occur
by radiation. conduction and convection, with or without phase changes. The thermal
soil propertics are strongly dependent on water content. A complete description of
the thermal regime of soils is very complex and falls outside the scope of this texL.
Only the main aspects will be presented.

7.2 THERMAL SOOI PROPERTHS
7.2.1 Volunic heat capacity

The change of heal content of soil divided by volume and by change of temperature
is called volumic heat capacity, €. Ttis expressed inJ m * K ! {Section 4.3). The
votumic heat capacily of & soil can he obtained by summing the contributions of the

dilferent soil components:

= )‘: G, = ,}: oo, (7.

where O, and ¢, arc the volumic and specilic heat capacitics, and ¢, and p, are the
volurne fraction and density of component /. The volumic heat capacities of various
soil components are presented in Table 7.1,

Fuble 7.1 Thermal propertics of soil componenis at 1«

IS ) /
klkg 'K * Mlm 'K ' Jm 's 'K !
(Wm *K "
quartz 0.76 10 K
clay minerals 0.713 20 29
organic matler 1.8 25 0.25
waler 42 4.2 0.57
wce (0 O} 2.1 19 218
air {saturated with waler vapour) 1. 00013 0.025

7.2.2. Heat conductivity

The heat conductivity, 4. of a soil is defined as the heat flux density by conduction
through the soil divided by the temperature gradient. | is expressed in 1 m tsd
K ' (Section 4.3). The heat conductivity has no simple relationship with the heat
conduclivities of the individual soil components. because the conduction of heat takes
place through all kinds of sequences of the conducting materials. in series and in paral-
lel. The value of 4 depends highly on the way in which the best conducting mincral
particles are interconnected by the less conducting waler phase and are separated by
the poorly conducting gas phasc.

Figure 7.1 shows the heat conductivity of a soil as o function of volume fraction
of liguid. At very low water conienls. 7 is generally smaller than 0.5 Fm 'y TK
The heat transport then takes place mainly through the narrow points of contact be-
(ween the soil particles. The contribution of the soil air is very small due 1o the very
low heat conductivity of air. A small increase in waler content of a dry soil cuuses
only a modest increase of A, because this water forms thin films around the soil parti-
cles Further increases in water content cause a sharp increase of the heal conductivity,
because water has 2 much higher heat conductivity than air and this water colleets
around the contact points between the soil particles. Water around contact points
forms very effective “bridges’ for conduction of heat. Upon Turther increasc of the
waler content. the value of 4 increases ever more gradually. because the conducling
cross-sectional arca of the water ‘bridges’ increases ever more slowly. The maximum
value of / is reached at water saturation. For mineral soils this value is generally be-
tween 1.5and 2.00Jm 's 'K "
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Figure 7.1 Thermal soil properties as a function of volume Itaction of tiquid.

7.3 MEAT CONDUCTION IN.DRY 3011

In Section 4.3, one-dimensional conduction of heat was described with the equation

] 12
T_AZT @.31)
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This equation is valid if 2 is independent of position, which is usually not true. The
following sections contain solutions of this equation for three stmple sttuations, all
involving dry soil for which Equation 4.31 is valid.

7.3.1 Steady heat conduction

With steady heat conduction the temperature. per definition. does not change in
time. i.e. @T/a1 = 0. Since 4 and C} are constant and non-zero for dry soil. Equation
4,31 reduces (o:

d fdT -0
de Vds) (71.2)

Integrating twice yiclds:
F=Cys+¢, (7.3)

The integration constants, ) and €. can be determined if the temperature is known
for two values of 5.

7.3.2 Cyelic varigtion of surface femperature

In nalure, soil emperatares Nuctuite duc o more or less cyclie variations of the
surface temperature, 7, . These variations arc the diurnal {day-night) and the annual
(summer-winter) cycles. Both can be approximated by a sinus function (Figurc 7.2).
The mathematical derivation of the solution of Equation 4.31 for these cyclic boundary

conditions will not be given here. The solution for a soil with a constant ‘average’
temperature, T, is:

T., = To + Agexp(—sjd) sin (of — s/d) (7.4

where T, is the temperaturc at depth s and time 7. 4, is the amplitude of the sinusoidal
temperature variation at the soil surface. e is the ungular frequency of the temperisture
variation (wave). £ is time and d is the damping depth. The angular frequency is

2n (1.5)

=
v

where 1 is the time nceded to complete one cycle ol the wave.

The sinusoidal temperature fluctuation at the surface penetrates into the soit by
heat conduction. However. due Lo the finite heat difTusivity of the soil, the amplitude
of the heat wave decreases with soil depth (Figure 7.2). In Fquation 7.4. this phenome-
non is accounted for by the introduction of the so-called damping depth, d. which
is the depth where the amptitude of the lemperature fluctuation has decreased to Ap/e

2 (137 x A,.

"t }
|
| Ay
!
1
Y i 4 N 4
g 3 ! K 1
'
1
|
|
f
e — .4
s/d
i
, i
5.t Agp(-3/d ) [
|
N : L,

Figure 7.2 Cyclic varation of temperature al the soil surlace and at depth s,



The damping depth depends on the thermat propertics of the sotl and on the angular
frequency of the temperature variation according to

|/ i |/2D
= S— = ~2h
‘ wCy o {7.6)

The finite heat diffusivity of the soil also causes a phase shift between the heat wave
at the soil surface ind at a certain depth s (Figure 7.2). This is represented in Equation
7.4 by the variable — s/d in the sinus function ( -- s/d is the phase angle).

7.3.3 Step-increase of surface temperature

If a soil profile has a uniform initial temperature (T =T, for s 20 and +=0) and
the surface temperature is suddenly increased and then maintained at that higher tem-
perature (T = T, for s = 0 and 1 > 0). heat will penetrate into the soil from the surface.
This so-called step-increase hardly occurs in nature: itis artificial. However, with the
boundary conditions just stated, Equation 4.31 can be solved analytically. The solution
is similar to that for infiltration of water in soil (Section 5.3.3.3 and Appendix 2):

T-T, s
~=erfe| = (1.7
To—-T, ( 2/ ()-/Ch)f) )
where T — 7'_ is the temperature change (7 — T;) at time r and distance s expressed
o~ 1

as a fraction of the temperature change at the surface (7o — T;). Since T can vary
only between T;and T,. it can easily be checked that this fraction can only vary between
0 and 1. Itis, therefore, often called dimensionless temperature, The value of erfc ()
for any positive value of u can be found from Figure 5.16. Consistent with the above
conclusion, erfc (i) varies between O and 1.

7.4 THE HEAT BALANCE OF THE SOIL SURFACE

As mentioned in Section 7.3, the temperature at the soil surface varies periodically.
During daylight, most of the incoming direct and indirect short-wave radiation is ab-
sorbed by the soil surface, the remainder is reflected back into the atmosphere. During
darkness as well as daylight, the soil surface loses energy by emitting long-wave heat
radiation. The net radiation flux density, f,(J m 25 ' = W m~2), is the difference
between the unreflected incoming short-wave radiation and the outgoing long-wave
heat radiation. Normally, during the day /., > 0. and at night /, <0, The value of
f, can be measured directly or estimated from meteorological data.

The net radiation flux density is used for:
- evaporalion of waler at the soil sarface (/)
- transpiration of water by the vegetative cover (f))
~ heating of the soil (/;)
- heating of the atmospheric air by conduction at the soil surface (,).
The heat balance of the soil can thus be described by:

h=leth+ 1 (7.8)

The distribution of f, over f,. f,, f,and /, is important, because /, and /, determine
the amount of water that can be cvaporated, whereas f, determines the soil temperature
and, thus, the growth of crops.

Generally, it is not easy to calculate the distribution of f, over the four terms in
Equation 7.8, because the four processes are strongly interrelated. An estimate of this
distribution is more easily made for the following two special situations:

- A rather dry, bare topsoil. Herc, transpiration is absent and evaporation from the
soil surface is negligible. Thus Equation 7.8 can be simplified to £, =/, + /,. The
distribution of f, over f, and f, can then be estimated on the basis of calculations
of heat conduction in dry soil and turbulent heat transport in the atmosphere. Such
calculations yield, on average. a ratio of 1:1 between £, and f,. The exact value
of this ratio depends on the thermal propetties of the soil and the wind velocity.

A rather wet soil. Here, evaporation of water consumes a significant part of the
net radiation fux density. The soil acts mainly as a heat reservoir. absorbing heat
during the day and dischar}_zingI it again at night. As a result. the soil temperature
changes little over a complete diurnal cycle, making /. negligible over that interval.
The net radiation flux density during one daily cycle thus will be distributed over
for fand f,. The relative magnitudes of £, f and f, can be estimated theoretically.
but this will not be discussed here further.

7.5 THERMAL REGIME OF UPPER SOIL LAYERS

The temperature fluctuations in the soil profile resulting from the cyclic temperature
variations at the soil surface were discussed in Section 7.3.2. The influence of 4 and
C, on these fluctuations was also described. This insight, together with the heat balance
concept, can be used to characterize the thermal regime of the upper soil tayers.

In dry soil, evaporation consumes very little energy from the net radiation. leaving
nearly all energy available for heating the soil. At the same time, the heat penctrates
into the soil only stowly. duc to the low values of the heat ditTusivity and damping
depth (Figure 7.1). This combination of circumstances causes a large accumulation
of heat in the surface layer with i relatively low heat capacity. resulting in a rapid



rise of the soil surface temperature during daytime, At night, the surface of a dry
sl cools down more rapidly than a wet soil surface. Thus, a dry soil is subject 1o
much stronger temperature variations in the upper layer than a wet soil. Due
(o the heat exchange between the soil and the atmosphere. the air layers above dry
soil also will have karge temperature fluctuations. This explains the large differences
between day- and night-temperatures in deserts.

In temperate climales, dry soils will be warmer than wet soils during day-time. In
carly spring. this offers more fuvourable conditions for the germination of seeds and
carly development of crops. On the other hand, dry surfaces will cool down more
strongly during the night and have a higher incidence of night frost. Thus, for a given
climate. differences in thermal regime of the surface layers are determined to a large
extent by differences in water content.

The surface layer of a wet soil requires much incoming radiation to
heut up, because
a. much of the incoming radiation is used for evaporation .
b. the remaining heat is distributed over a large depth, due to the large damping
depth
¢. the heat remaining in the topsoil causes a relatively small increase of tempera-
ture, due to the high value of the heat capacity.

The latent heat of evaporation of water is high. Therefore, much heat
is consumed where water vapour is formed and produced where it condenses.
The net effect of this is an often large heat flux density in the direction of the
vapour flux. as follows:

vapour diffusion

witler vapour water vapour
athigh T atlow T
evaporation condensation
(hcat consumption) {heat production)
liguid water liquid wuter
al high T allow T

One might say that the effective heat conductivity has increased. This heat trans-
port associated with the water vapour diffusion will eventually wipe out the tem-
perature gradient, unless it is maintained by outside inftuences.

From: B.A. Kimball and R.D. Jackson. Soil heat flux. In: Modification
of the aerial environment of plants. ASAE Monograph No. 2. USA.

1979.
and W.R. van Wijk. Physics of plant environment. North-Holland

publishing Co. Amsterdam, 1363.

If the heat diffusivity Iy is relatively constant with depth and
time, it can be computed from the ratic of the measured amplitudes A

and A, of a sinusoidal temperature wave at two depths 2z, and 2

according to
2
D, =(w/2} [(zz-zl)/ln(AIIAZ)]

The velocity of penetration of the maximum (or minimum) of a sinusoidal

temperature wave intc a soll is

vT= v ZmDh

Figure 3 and 4 show the diurnal and annual temperature wave for

differvent depths.
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Fig. 3 Vacalion of lemperature with depth for 7 sand soil, The full curve is the sensible
heat Aux density intar the soil Hee at the soil surface (right hand vertical scaler. The dotied
curves represent the temperatures af various depths (left hand vertical scale). A value of
A 00M2elem Pseet C fand C 0 S calem Y Crob s been assomed resulting in
damping depth 152 em.
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Fig. 4. Average annua! soil temperature variations at two different depths for two
stations, Wageningen and de Bilt, in the Netherfands.
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The heat flux density at the soil surface for a sinusoidal

temperature fluctuation is:

fh(o,t) = --'»\.(t:l‘!‘/dz)z”0

= AU Jmkchsin(wt + w/4)

Thus, the phase—angle of the heat flux density wave is ®/4 "ahead" of
the temperature wave, as indicated by the solid curve in Figure 3. For a
glven heat flux density the amplitude of the temperature is inversely
proportional to the value of /w—hé;, the so-called thermal inertia, Ty,

of the soil:

A 0
A, ARTL T

For the same heat flux density (meteorological conditions) at the
soil surface the ratio between the amplitude of the surface temperature
fluctuations of a homogeneous soll with and without a surface layer with

different thermal properties is:
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The parameter Y is plotted in Figure 5. This information can be used to
analyse the influence of a dry or tilled surface layer, mulch, etc. on
the thermal behavior of an otherwise homogeneous soll. For most fleld
situations, the thermal inertla of the upper layer will be smzller than
the inertia of the underlying soil, so rg will usually be negative and
then left ordinate will apply. For further details, see caption of
Figure 5 and original publication in Van Wijk.

Below are tabulated thermal properties of a dry clay and a wet sand for

the diurnal and annual cycle with w = 7,27 x 10°% &7 and w =

1.99 x 1077 s_l, reapectively.
Dry clay Wet sand

Cp [k 1.3 2.9

A h 0.25 2.2

Dy, [nn?e™1] 0.19 076
diurnal annual diurnal annual

d [cm] 7.2 138 14.5 276

vp fem b1} 1.9 0.094 3.8 0.20

I, [ 2x7'] 4.9 0.25 21.5 1.1



