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Soil temperature and its dependence on soil properties

S. SINHA
Indian Institute of Tropical Meteorology, Pashan Pune - 411008

ABSTRACT

& scheme is developed to compute the thermal properties of the soil, by using
the 24-hour temperature values st a depth of 5 cm., at intervals of 1 hour. The
computad thermal properties, such as, thermal conductivity, thermal diffusivity, #tc.,
are used 1o predict the surface temperatures over a period of 24 hours, starting from
an initial value. The prediction equation is very simple and consists anly of a time
tendenay term for the surface temperature and a trigonometric forcing term, which is

a function of the damping depth.
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It is known that solar radiation is received
by the earth’s surface and transferred to the
armosphere i the form of sensible heat, latent
heat and long-wave radiation, Atthe ground
surface the soil temperature results from the
overall balance between the net all-wave
radiation, (R_) received at the surface, the
sensible heat flux, (H ) directly resulting in
temperature change in the atmosphere, the
ground heat flux, (G, ) which affects the
temperature change to the ground surface and
the latent heat flux, (LE) which occurs due
to the evaporation of water-vapour at the
surface. Thus, the energy balance equation
at the surface is as follows;

R.= H +LE +G,

An accurate and simple method Lo
determine the thermal propertics of the soil
would lead to an accurate evaluation of G,
The surface ternperature 15 defined as the mean
iemperature of a thin slab of the soil of
thickness 1 cm. The soil temperature measured
at o depth of 3 cm would not have problems
associated with exposure of the temperature
sensor to the direct radiation and also the

damping of the surface temperature wave
would be small. In practice, the thermal
properties of the soil are usually computed
from the temperature range (difference
between the maximum and mimmum
temperatures), at a particular depth. However,
it 15 difficult to identify the exact maximum
and minimum temperatures. In this study, an
gxpression is derived to compute the damping
depth in terms of the integrated emperature
differences between two time intervals during
a 24-hour peried. These temperature
differences are obtained from a Fourier
representation of the soil temperature during
the 24-hour period, and are {ree from
subjective errors.

In this study, the following problems are
attempted to be addressad

(a) Develop a method of evaluating the
thermal properties of the soil such as
thermal conductivity (k) thermaul
diffusivity (K.} ete. from the 24-hour
temperature data at a depth of 5 em.

(b) Predict the surface temperature values

Journal Of Agrometeorology/ceety/152



June-December 2001]

over a period of 24-hours, starting from
an initial value and using the mean values
ol the thermal properties of the sail
evaluated 1n (a).

MATERIALS AND METHODS
Physiey of the model

It is assumed that the slab under
consideration is either infinitely thin or has a
temperature @ , which is independent of depth,
so that the rate of change of temperature of
the slab is dictated by the imbalance of fluxes
between a forcing term (H) and a restoring
term (). Thus, the predictive equation for
surfice soil temperature can be written as

a0,
Cl'-ﬁ-l_:H_Y ---':],]

where, {Cf' C AZ )T being the volumetric
heat capacity of the soil and AZ is the
thickness of the slab. C s called the thermal
mertia, The forcing term (1} 15 the ground
heat ux (G ) obtained from the energy
balance equation,

H=G.=R, - H - E 1))
The restoring term (Y} is given by

Y=-u(-9) 13

1

where ‘w' is the coelficient of heat transfer
and  § is the mean substrata constant
lemperature,

We consider a thin layer of soil of
thickness, AZ. The time rate of change in the
temperature of the soil layer, neglecting the
harizontal conduction of heat in the soil, is
given by
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., 0, B ..

pc N -—a—[-— = a?. M s EE)
where g 1s the density of the sail and ¢ is s
specific heat (] kg ' K} The BUHLS. of Eqi4)
represents the difference in the heat fluxes into
and out of the layer, If the soil laver is very
close to the surface, then the R.H.S. can be
expressed as

96 _ o g
7 =G,-G,

where G is the heat flux at depth AZ. from
the surface: Eg. (4) now becomes

- aEi.’-‘ =
C T =G,-G, (2.5)

L3

where C. = pe, 1sthe volumetric heat capacity

of the soil (Jm K ')

The subsurface heat flux at any depth 2
can be evaluated from Fourier's law for heat
conduction in 4 homogeneous body, as
G=-k (80, /87) e 16)

Where k. is the thermal conductivity of the
sofl (W' K.

k.= CK,
where K 1s the thermal diffusivity (m's')

Substituting in FEq.(4), we get

a0, ap 8, :
o -5 i
In the case of diurnal forcing, we take

the upper boundary condition at Z=0, as

0.(0.1) =0, (1) A, Sin (L0)

where £2=27/P, P’ being the time period of
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the diurnal temperature wave, and 0 1s the
surface temperature at Z=0. (2 Ayl 15 the
difference between the maximum and
minimum temperature during the day. Forthe
lower boundary we have

0 ¢ez.) =7,
the deep soil temperature,

Combining the two boundary conditions,

the selution of Eq. {7} is given by
0(Z. 0=Aexp(-CZ)Sin(€t-CZ)+F
< (B)

We define a damping depth (d), as the
depth of soil across which the temperature
difference is {1/e) times the diumal amplitude,
The constant € is identified as the reciprocal
of the damping depth, i.e, C= 1/d.
Substituting Eq. (8) in Eq. (7) we get

(C )= Q2K or d=V (ZKJS Q)
0 (7.0 = A, exp(-Z/id) Sin (- Zid) +§
L

The soil heat flux at a depth 7 can be
written from Eq. (6) as

Gzt = (& CS k‘.-’?.}i-"l EE}EEZ.LJ -0

+ 1162 (B ﬁp:"&‘ﬁt 1 R L)
G = G0
and

B0 =(1/8) | B, (Z.) dZ,

when AZ is very small and equal 1o &
Substituting in Eq.( 10}, we get

00 2
e TR ST

-Q (0,-7) (11

[Val .3, No. | &2
Hereo=(1+28/d ). Thisisthe force-restore
formulation.

Methad of computation

Differentiating By
we oet

. (9) with respect Lo time,

%].L = A, expl-Zid) Q Cos{ Qt -7/ )

(L3

MNow integrating the above equation with
respect to time, between the time limits t and
t, we get the total change in the surface
temperature as

L
V0, = :E (30, / o1) dr

Substiluting ft}rflr}E} f oty from Eg. {12), we
getthe following LIPJL‘\HEUH

V0 = 2A exp(-Z/d) Cos{ Z/d ) Sin| &
(-t V2] [Cos{ L2 (L, +1t)2]+
Sin{€2 (1, + (W2 }an (ZAd) ]

In the same way, the total change in the surface

temperature between the limits ¢, and s

given by

V0 = 2A, exp(-Z/d) Cos( Z/d ) Sin{ @
(1, - LV2)[Cas (1, + L2+
Sin{€2 (t, + t }2]tan (Z/d) ]

Dividing V0 by V0., we get the following
cXpression

WV0,8in [ €(1,-t)/2}[Cos{€ (1, +1,)/2} -
V0 Sin{Q (1, - 1,)/2)Cos { (1, + 1,)2)

VO, 8in { Q(t, - £)/2)8In{Q (¢, + 1 }2) -
‘v’D Sin{Q ( t,- t,)/2)Sin{ (1, + )2 ]
= tan (Z/d) (L3
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Fig.1: Predicted and observed surface temperatures at Anand, over a 24-hour period,
{u) 15.5.97 (b) 15.7.97 (¢) 15.9.97 (d) 15.12.97

The value of the damping depth, *d’", can

e obtained from this expression, provided the

vitlues of ?U and 'G"Il, are known, A Fourter

analvsis is done for the 24-hour termperatung

vitlues it the depth of 3 cms, The reconstructed
temperature field is given by

iﬂ__.lk = A Cos|(2a/pikt} + Fik Sin{ (2aw/pike)
+5 -+ 4. (1)

Here, k represents the wave number and A
B, are the Fourier coefficients, From (14)
the values of Ve and ?U can b obtained.
The thermal diffusiv ity can be obtained from
the damping depth as Follows

K, =d* Q2

Substituting the respective lrigonometric
functions for the termsin Eg. (10), we getthe
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ground heat flux as

GiZt)=-A, exp(-Z/d) V2 (k / d) Cos{ /4 -
(£t - 24d + @)} e fbiE)
If the ground heat flux is measured at a
depth of 5 cms., the above equation gives the
value of {lv[3 ), from which the thermal
conductivity of the soil can be obtained.,
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Fig.2 : Amplitudes of the various wave components of the temperature wave at the surface, on
(2) 15.5.97 (b) 15.7.97 (c) 15.9.97 (d) 15.12.97
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Prediction of the surface temperature

If the surface temperature at the initial
nme, t . (zere hours in this case) is known,

then the temperature at any time t, can be
computed from the equation.

(8,),=(0,),+ Ve,

where
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[

Ve = 't (30, / d1) di o (16)

Substituting the trigonomeltric expressions for
each term on the R.H.S: of Eq. (11), we have
the expression for the time integral as follows:

!
E (00 fandi=2 A /o Sin{Q(t +t )2 +@)

SinfQt, + LY2J(NZ-1)  .(17)
)

Here o is expressed as follows -

for t < 10
a={1+28/d).[1-Sin(Qt+ @));

forl0=t=20
a=0.4{1+28/d); and

for 1> 20
=06 (1+280) [ 1+ Sin (1 + @))

RESULTS AND DISCUSSION

Table 1 shows the mean values of the
thermal properties of the soil at the
cxperimental site at Anand, on the dates
shown, It may be seen that in the month of
September, the volumetric heat capacity of the
soll i very high and correspondingly, the
damping depth and thermal conductivity are
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small. The gravimetric soil moisture content,
which was evaluated on 16.9.97, revealed a
fairly high value of 13.71%. It is possible
that the computed high value of the volumetric
heat capacity of the soil is due to the high
molsture content.

Fig. | shows the observed and the
predicted surface termperatures during the 24-
hour peried, on different dates. The predicted
temperatures show zood agreement with the
observed surface temperatures up to around
L8 hours, in July and up to around 14 hours
in September. Beyond this time range, the
predicted temperatures begin to diverge from
the observed temperatures. The moisture
content of the soil is the highest during these
months, resulting in smaller damping depths,
It can be seen from Eq.12 that the time
tendency term for surface lemperature s small
if the damping depth is small, causing smaller
errors in the evaluation of the integral in
(Eq.16). Meteorolagical observations indicate
cloud cover of 5 oktas in July and September.
resulting in smaller amplitude of the surface
temperature. This partly explains the beuer
agreement between observed and predicied
vilues in July and September.

[n the months of May and December, the
computed amplitudes of the surface
temperature wave are large, resulting in larger
vitlues of the surface temperature tendency

TABLE 1 : Thermal Properties of the soil at Anand.

Date k(W) K (m's")x10° C(Jm K x 107 (k) Wm2) _|
153.597 | 1.006 + 0.23 0,764 1.32 6.94
15.7.97 052 +0.22 0,425 [22 4.8
15997 031 £0.035 g 3.39 6.17
15,1297 | D727 +0.15 0,552 1.32 39
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term, Since this prediction method of surface
temperature does not consider the soil heat flux
explicitly, the error in the computation of the
lemperature tendency term is farge, owing to
the absence of G, . The divergence of the
predicted temperature from the observed
values In the evenings, during all the cases
considered, may also be attributed to this
cause, mainly due to the reversal of the soil
heat flux. [t may be seen from Eq (17) that
the temperature increment V0, depends only
on the estimated temperature amplitude A,
at the surfuce, which is estimated from the
temperature amplitude at the depth of 5 cms
hy the lactor exp(Z/d). Fig. 2 shows the
amphtudes of the different wave components,
obtained through a harmonic unalysis of the
surface and 5 cm. depth  temiperatures, aver
4 24 - hour periad, on the given dates. [t can
be scen that for wave number one, the
difference between the amplitudes at the
surtace and at the 5 cm depth is large in May
and December compared to that in July and
September, resulting in larger errors in the
time tendency term for surface temperature.

It1s seen that even a very simple scheme
can predict the soil temperatures faicly well
foraperiod of up to six hours, if the values of

[Vol .3, No. | &2

the thermal properties of the soil are
determined accurately. For better results, the
force-restore formulation embodied in {Eg.1l
should be used, because it contains the soil
heat flux term and the volumetric heat
capacity, which is a function of the soil
maisture.
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