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ABSTRACT. Considering the thormal relationship between a bare soil and the atmosphere immediately above

it, the mean daily =oil temperatures at a depth of 5 to 10 an have been caleulated for the nonerainy months, from
the daily mean Stevenson Screen temperature at three different stations in India. The result agrees well with the

observed soil temperature.
1. Introduction
Soil temperature is of great importance in agri-
culture. Each stage of plant growth is influenced
by it. But soil temperature is not available in
most of the stations. Also recording of soil
temperature by direct observation is not always
possible. However, the air temperature is avail-
able in most of the stations. Based on these air
temperature data, it may be possible to determine
soil temperature idirectly.

In early investigations of soil temperature the
equilibrinm processes considered for the heat-
budget did not take into account the air to ground
inflow. Dorodnitsyn (1940) gave a realistic model
in which he took into account the basie facts of
thermal interactions between the surface layer of
air and ground. Solutions to the problem under
generalised conditions, i.e., conductivity varying
with depth, coefficient of turbulence varying with
height etc were obtained by Shvets (1943). It is
a well known fact that soil temperature variations
which are sharp and relatively short lived are
of main importance in agriculture and these
take place when the temperature fluctnates
aperiodically. Applying a double laplace trans-
form method solutions concerning these aperiodio
variations in & completely general form were
obtained by Berlyand (1954). The next step m
the studies of soil temperature was to consi-
der the temporal variations of the physical
characteristics of the soil and atmosphere ani
include the generalisations in the solution. Follow-
ing Malkin (1944), Dyubyuk and Monin (1950)
have developed amethod for practical calculations
of soil temperature by using Eigen functions. The
soil temperature calculations for two-layer (air and
soil) and three-layer (air, snow and soil) models
are available and the results derived showed good
agreement with the actual data. H(_)Wever, for th.e
practical purpose the Eigen equation method is
linked with some difficult computations.

Gutman (1954) developed a formula under some
simplified assumptions regarding the vertical

distribution of turbulence in the atmosphere,
moisture in the soil and heat inflow from the sun at
the earth’s surface, to calenlate the daily mean
soil temperature from the daily mean air tempera-
ture of the instrumental shelter. The present
attempt is to utilize the above solution to caleulate
the daily mean soil temperature at some selected
Inlian stations, in the non-rainy days and to
observe whether the method could be used for
tropical country like India. From the results of
comparison of the computed values with the actual
ones, it is observed that the method can be used
for tropical regions as well. Accordingly, the
method provides a means to caleulate the daily
mean soil temperature for stations where the screen
temperatures ete are available but no soil tempera-
ture is recorded.

2. Theory

With sufficient accuracy for all practical pur-
poses, the differential equations of conduction of
heat in the surface layer of the air and in the ground
can be given by—

or oF .9 §ro. 8T
T + "(ZJ)W - ~1K(3)—&T}(l)
al &I

Where T (z,{) and I (z, t) are the deviations of the
air and soil temperatures respectively from thermal
equilibrium, K, and K (z) are the coefficient of
thermal diffusivity of the soil and air, ¢ is the time
and u (2, ¢) is the wind speed. The origin of the
co-ordinate system is located at the earth’s surface,
the x-axis directed along the direction of wind and
the z-axis directed vertically downward.

It is assumed that the air temperature at the
height H of the meteorological instrument is
known and dencted by —

T =Ty (t) at 2 =—H (3)
It is also assumed that the mflux of direct and
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scattered radiation to the earth’s surface is known
and its deviation from the climatic value is denoted
by S (). The equation of the thermal balance at
the earth’s surface is—
pe g4
i l:=0

aT
A ¥

ol

= (1=I") 8(1) (4)

where Z, is the roughness parameter, p is the
coefficient characterising the radiation from the
soil surface, I' is the albedo of the bottom
surface, A = KC p and A, = K, p, (, are the
coefficients of thermal conductivity of the air and
soil respectively. C and C, and p and p, are the
specific heat and density of the air and soil res-
pectively.

At the boundary of the soil and air the following
condition holds good—

I’==o =1

|2=—2

z2=0

=00 (say) (5

Also the temperature of soil tends to equilibrium
with the depth, i.e.,

I=0atz=c0 (6)

The physical characteristics of soil and turbu-
lence of atmosphere are assumed to be constant
in time. The influence of humidity of air or the
moisture content of soil on the thermal processes
have not been taken into account.

Tostudy the mean daily soil and air tempera-
tures, T, I and § will denote the deviations of the
mean daily air temperatures, soil temperature and
the thermal influx respectively from their monthly
mean values. Intreducing dimensionless quanti-
ties ¢, 2, z and u by the following equations—

t=xt,2=Z20= utr and u=Uu (7)

where U, 7, and Z are the representative wind
speed, time and height respectively.

It has been seen from a large number of observa-
tions of the air at the ground layers that —

K (z) = vl (8)
where » is an empirical constant.
Substituting from equations (7) and (8) into equa-
tion (1)—
aT - aT é —eT

s(aI +u aE) - az”[ az"]
where 8 =z/vt is the dimensionless para-
meter indicating the degree of steadiness of the
process. The representative time 7 in this case is
not less than a day, the height Z is not greater
than H = 4 metres and the observed value of v is
of the order of 0+1 m/see.

Hence 8<T7x 10—%

From this, it is clear that when the daily mean
values of the temperature distribution along the
height in the lowest surface layers are vonsidered,
the equation (1) may be written without serious
error, in the form —

0z

Equation (9) shows that the daily mean tempera-
ture distribution of air inthe surface layer is quasi-
stationary. Though the equation (9) does not
contain u, the_wind speed effect of air advection
has been taken into account by considering the
air temperature at the level of the mstrument
shelter.

The solution of equation (9) satisfying the boun-
dary conditions (3) and (5) is—

2 ar
. § K () 8_2} =0 (9)

- __p log (—2)—log (z,)
T=0+Ta =0 i —iog )~ ¥
Substituting the value of ' from (10) in (4),
al |
A ]

0 5 |
2z lye=0)

\\-horea=F(1+_i_)' b e p.l()gifi/zo)
- v

=a {6—F (1)} (11)

1 , 1=-r
and F(f) = .].Ti—:’: TH (f) 'T"—T S (f) (12)
Thus the problem of ecalculating soil temperature
from the air temperature, reduces to solve the
equation (2) with the boundary condition (11).

3. Derivation of computation formulae
Considering the instant #=0 as the time of one

of the meteorological observations the following
notation is introduced —

Iz, —mn%)=1I, (2)

where T denotes the time in days. According
to this notation the index n will decrease with
time, Similar notations have been used with
7, 8 and 0. The value F (t) on the nth day
has been denoted by—

The solution of the equations (2), (6) and (11) after
taking the mean, over the intervals t may be
written in terms of several components.

T r a?t
9(0) = —}:—of [ l—e erfe ((I’\/—t-) fIz',
0
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F, (n+1)% N -
By = = J‘ [ e®Terfc +/—x)—

a7
at i i
— ¢ erfe{a/j )I dt, n=0

Integrating by parts —
A

0(u) = F,; 17," fﬁ} > ﬂ_.: ‘_’1;/17,__;
T 0

4
where #y=1——— B +
v

4 48[ 1 eV /48* exfo (1/28) ]
b = A s gy

Ve

X ( e njAp? )cr['t; ( 1"’)
t)ﬂ

/ ]

where the formula of finite differences has
been used, namely,

MNfM=f0+2)=2fn+4+1)+[f
and 6,18 given by
o ©
Bo = 2 8(1&; =2 F,m, (B (13)
n==0 n=0

Similarly the daily mean soil temperature at a
depth z can be found out if the mean surface soil
temperature 6, is known. The components of
the soil temperature at the depth Z are given by —

g {7 z
Iy = —ﬁ:—f erfe (9‘71?—0;) dt
0

g. (ot [ " 2
= erle | - = |—
L f (zm:.-)

aT

— erfe (ﬁ)] dt, n>0

After some simplification,

I =% 6,M, (14)
n=0
2
o

Mo 747 '[ €—tee @ (15
¢

and Mpp1(€) = A2 [aM, (€/4/n)], »>0

Substituting

n
I, =X

Ppe==0

Tp (ﬁ] Fp-hl s

analogus to equation (13) in equation (14) and
changing the order of summation—

{0}

I,() = £ M) F. (16)

=0

(0) =
where ILI” EB)=2 Mpyé) mu—p(B) (17)
p=0

Taking the values of the parameters (in
C.G.8. systems)—

p=13x104,v=10,pc = 3 x 104,
H =122, 2, = 1, K, = 0-0046,
Ag=0-0023, C;,=0-2 and g, = 2-b,
the value of f comes out to be approximately 0-1.
Since <<
My (€,B) = M, (€+B)

ien Iy(z) = £ M, (£+B)Fn (18)
0

If it is assumed that the soil temperature at a
depth has been caleulated for a day, then

I, (2) = fo M, (§+B) Fasa (19)

n=

Subtracting (19) from (18) —

o)=L+ £ B €+p L, (20)
n=

where E, (§) = M, (§)
and Eu (&) = Mﬂ (f) _ﬂIn-—l (g)s 'ﬂ.>0

It may be shown that E, () decreases more
rapldly with increase in # than M, (f)- Eil (f)
for depths 10-15 cm practically vanishes
for n=10-12. The values of E, () have been
given in & table by Gutman.

Sinee the changes in S, with increase in n are
small, the contribution of (1—I')S,/x to F, is
small in comparison to other factor of F#,.
Hence the equation (20) may be written as —
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Fig. 1. Soil and air temperature — Poona
TABLE 1
New Delhi
Date Sereen femp. Actual 8.T. Caleulated Sereen temp. Actual 8.T. Calculated
at 5 em ST, at & cm S.T.
(*C) (°C) (°C) ("C) (°C) (°C)
January 1058 November 1058
1 17-8 17-2 16 | 22+7 219
2 13+1 Is-1 171 23- 1 237 21-9
H 14-1 I4-0 T4 221 215 21 -4
{ 14-5 158 149 L L 20-9 21-6
13-1 14-2 14 213 203 21-1
12+5% 13-5 14-2 20-9 207 207
12-8 14 (RN 208 -5 M
13:3 14-7 142 20-9 ’-1 ). 5
13+5 I4-6 142 213 21-1 207
1G-5 1G-1 15-7 21-2 -3 20-7
17:5 16+ 5 167 21-7 21-7 )-8
17-5 ([T 16:9 217 21-7 20-9
1740 17-0 RS 20-7 (-2 204
161 16G-3 | b 18-1 18-) 19-0
16-0 16-8 152 18+9) 15-0 1941
144 16-1 15-0 197 190 194
12:6 13-0 14-3 18+4 I8-8 19-0
2.8 13-8 14-7 194 19-5 10-4
13-5 145 1E-6 20-3 19-1 19-
13-6 14-8 144 199 I8-7 19-7
16-2 15 159 17-8 17-3 1S:6
16-3 16-4 16-3 167 16-3 77
12:6 1501 147 15-9 169 17-4
11-4 3-8 13-4 165 17-2 7-1
-2 14.0 14:9 173 17-4 17-2
17+% 171 156 17-3 17-0 175
14-7 1G-3 15-2 18-2 177 17-7
158 1611 14-9 13-7 14-1 14-3
13-1 15+6 14+1 14+5 15-9 15:5
12-46 121 141 153 15+7 16-0
138 13-3 . 14-9

Actual 8.7, on 31 December 1957 is 14:5° C Actual 8T, on 31 October 1958 is 21-9°C
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TABLE 2
Warangal

Screen temp. Actual 8.T.

Calculated
at 5 em 8.T

(°C) C) C)

Actual 8.T. Caleulated
at 5 em 8.T.
(°C) (°C) (°C)

Sereen temp.

January 1958

28-7
29-¢
20-
293
29-
29-
20
29-
29+
29-
28-
29-
29-
20
29
30
29-
27-

27,

27
27-
28-
26

28-
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May 1958

38-4
40-:

39-
39

411
41-

42
42
41+
41-1
41-
41-
41-
42-
42-
42
41-
41-
40-
41-
41-
41-
41-
41-
42-
43-
43-5
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1 » )
e T B (€4 21
ita iﬂ €48 (21)

[r ]
And since £ I, (§)= 0, T,, may be taken as the

=0
actual value instead of deviation from the monthly
mean.

4. Actual computations of some stations

(@) Poona—The Stevenson Screen temperature
and soil temperature at 10 cm depth are recorded
throughout the day by thermographs. Hourly
temperatures are read from these thermograms
and the mean of these values represent the daily
mean temperature. The radiation data are also
recorded at the Central Agrimet Observatory,
Poona,

The values of the quantities C'o, po, Ko, calculated
for the Black Cotton Soil (Poona Soil) by Dravid
(1940) have been used.

The soil temperature at 10-cm depth has been
calenlated by equation (20) taking the values of the
parameters as in C.G.S. unit.

Dy = 0-00067, K, == 0-0015, Cy = 0+22, py—2-00
p=1:3%104%, +=10, Z,=1, H=122,
pC=3X10 %, t—86400, B=0-039,

and £=0-439 for Z=10,

The soil temperature of 31 January 1964 has been
used to calculate]the soil temperatures for the month
of February 1964, The month of February hasbeen
selected as it was practically only no-rainy month
for that year. The screen temperature, actual and
calculated soil temperature at 10-cm depth have
been shown in Fig. 1. The correlation coefficient
between the actual and calculated soil temperature
are found to be 0:93, i.c., the equation for the
gail temperature accounts for 86 per cent of the
variations in soil temperature at a depth of 10 cm,

(b) New Delhi—The Stevenson Screen tempera-
ture and soil temperature at 5-cm depth are not
available here throughout the day. The only data
available are at the minimum epoch (i.e., 0700 hrs
LM.T.) and the maximum epoch (v.e., 1400 hrs
L.M.T.) collected at the Agromet Observatory in
the Indian Agricultural Research Imstitute, New
Delhi. The average of those two observations
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(i.e., of minimum and maximum epoch) has been
considered as the daily mean temperature and, the
hourly temperatures are not being recorded. The
radiation data are collected under the 1.G.Y.
Scheme at the Meteorological Office, New Delhi.

Since the valuesof the constants K, A, (), and
po for the soil at New Delhi are not available, the
values of the constants for the mean soil given by
Carslaw and Jaegar (1948) have bheen taken
(Ky=0-0046, A,=-0-0023, (,=0-2 and p,=2-5).
The soil temperatures at 5-em for the months of
January and November 1958 have been caleulated
using the soil temperature value of 31 December
1957 and 31 October 1958 reespectively, The
results are shown in Table 1, The correlation co-
efficients between the actual and calculated soil
temperature are 0-92 and 0-97 in January and
November respectively.

(¢) Warangal — The daily mean soil temperature
has been calculated in a similar way as was done

A. N, BASU

im New Delhi. Since the radiation data are not
recorded here, equation (21) has been used to
calculate soil temperature at a depth of 5 em for
the month of January and May 1958. Smee there
was rain in November, May has been meluded
instead of November in the caleulation. The values
of the soil constants have been taken as those used
for New Delhi. The screen temperature, actual and
caleulated soil temperature are shown in Table 2.
The correlation coefficients between the actual and
caleulated soil temperature come out to be 0-86
for both the months.
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