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ABSTRACT. Utilising experimental data from 23 November to 8 December 1989, temperature and heat
storage variations at Pune have been studied, based on 3 hourly observations. Pattern of penetration of thermal
wave within the soil has been examined and time of occurrence of maximum/minimum temperatures discussed
for various depths. Temperature ranges in different layers have been theoretically computed and compared with
those based on actual obscrvations, Heat balance at various depths has also been presented and discussed.
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1. Introduction

Soil temperature is of vital significance to plant life
and agriculture. Tt influences germination of seed,
functional activities of the roots, rate and duration of
plant growth, occurrence and severity of crop diseases

elc.

In many cases, soil temperature is of greater eco-
logical significance to plant life than air temperature.
Many high altitude locations would certainly be devoid
of vegetation were it not for the considerably higher
temperature of the soil than that of the air. Study of
heat flux is important for understanding the micro-
climate. Not much information seems to be available

on these aspects in India.

In the present study an attempt has been made to
examine sub-soil and surface temperature characteristics
at Pune.

2, Data

An experiment was conducted at the Central Agromet.
Observatory, Pune from 23 November to 8 December
1989 on the black cotton soil. The weather during the
period was generally dry and clear, except on 5 Decem-
ber 1989 when 2/3 oktas low and medium clouds were
present. The soil temperatures were measured every
3 hours starting from 0530 IST at the surface and at
5, 10, 15, 20 and 30 cm below the ground. Air tem-
peratures were also simultaneously me2asured at the
screen level, i.e., at 122 ¢cm above the soil surface.

The black soil in the study has a bulk density of
1.34 gm/cm?, field capacity ranging from 32 % to 357%,
and a wilting point of 18 %, to 199;. The soil has the
volumetric heat capacity of 3.35 X 10® J/K/kg
equivalent to 0.8 cal “C/gm.

3. Results and discassion
3.1. Diurnal variations

During the day intense solar radiation is absorbed
by the soil which warms the ground surface more than
the layers beneath, resulting in temperature gradient
between the surface and the sub-soil on one hand, sur-
face and air Jayers near the ground on the other. Within
the soil this cause heat to flow downward as a thermal
wave. These waves are a regular feature during clear
weather (Fig. 1). Mean pattern of the wave is shown
in Fig. 2. Mean air temperature (at 122 cm height) is also
shown in the figure for the sake of comparison. .

The ground surface starts heating after sunrise at a
rate of 3.7°C/hr. Soil at — 5 cm too commences warming
after sunrise initially at a rate of~1° C/hr and attains a
maximum of nearly 4°C/hr in noon. At 10 cm and 15cm
thermal wave is seen between 0830 and 1130 IST and
1130 & 1430 IST respectively. Below 15 ¢m, the peak in
soil temperatures is not conspicuous.

An unmistakable progressive phase shift in the time of
occurrence of maximum soil temperature is seen. As the
wave propogates slowly into the ground, it seems to
get dampad. There is a tendz2acy for th: amplitulss to
decrease with depth and at 20 and 30 cm dzpths the
amplitude is practically zero.
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Fig. 1. Diurnal variation of soil temperature for a tvpical

clear day

TABLE 1

Comparison between theoreticallv computed temperature range
and time lag of maximum temperature with those ohserved
at various depths with respect to sround surface

Temperature Time lag
Soil range
depth e e — A
Compu- Obser- Computed Observed
(ecm) ted ved
(°C) ()
s 20.1 18.2 2 hr 15 min I hr 15 min
10 11.0 12,2 4 hr 36 min 2 hr 30 min
15 6.0 6.3 6 hr 54 min 4 hr 15 min
20 3.3 2.1 9 hr 18 min 8 hr 30 min
30 1.0 0.3 13 hr 48 min Ll hr 30 min

Time of occurrence of lowest tempefatures at 122 em
and within the <oil up to 10 em. occur about the sams
time, generally 1-2 br before sunrise. At deepar d2pths,
they are observed much after sunrise. sometimes 3-4 hr
later (Fig. 2).

The period of cooling in layers near the ground. is
nearly one and half times that of the warming. However.,
in deeper depth this factor could be as large as 3.

The diurnal range of soil and air temperature which
represents the heat gained due to insolation and pene-
tration and that lost due to conduction and radiation is
given in Fig. 3. It is seen that the range decrease expo-
nentially from the surface with depth, but linearly with
the height above the soil surface. AL the surface it is
nearly 37°C while at —5 cm the rang= is just half that of
the surface. It is practically insignificant at —30 cm
depth. Parton and Logan (1981) found that the diurnal
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Fig. 2. Diurnal variation of mean soil temperature

variation at a short grass prairie site in Pawne (USA) to
be less than 2°C at —20 ¢m depth. The temperature range
for any depth Z is given by the equation (Chang 1968):

- ) . I.ﬁl
e”’{'—’{(/ﬁ.ﬁ) II (h
where.

Rz — Temperature range at depth Z.

Ry — Temperature range at the ground surlace.
K, —— Thermal diffusivity of the soil. and

P — Oscillation period.

Rz = Rn

Thermal diffusivity of soils lic between 10—2 and
10—%cm?/sec (Chang 1968). Taking period P as 24 hr and
applying Eqa. (1) temperature ranges were worked out
for different values of diffusivity ranging from 0.002 to
0.004 at an interval of 0.0005. It was observed that the
RMSE was least for K, —0.0025. This value of K, is
used in the computations. Mean temperature range at
various depths are given in Table |. The computed values
of the range appears quite close to the ohszrvat ones.

Time lags of maximum thermal cycle within the soil
has also been attempted. Theoretically, according to
Chang (1968), the cycle can be expressad by :

Zs _z,( e R

2 Kim }

ty—1; = (2)

where.r, and 1, are the times of occurrence of maximum
temperature at depths Z, and Z, respectively. The actual
time lags with respect to its occurrence at the surface.
alongwith the computed lags are also shown in Table |,
It appears that attainment of the maximum temperature
gets delayed practically Jinearly up to 10 ecm depth. It is
about 4 hr at — 15 cem, 9 hr at — 20 ¢m and 12 hr at
—30 cm (¢f Decker 1953).
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Fig. 3. The diurnal range of soil temperature and
air temperature

Results for minimum temperature were similar to that
for maximum temperature and hence not been discuss-
ed,

3.2. Soil heat flux

The heat storage Q (cal/cm?) between the soil depth Z,
and Z, is given by

z,
Q=[C@T(2Z)dz (3)
Zy
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Fig. 4. Mean soil heat storage during day time

where, C(Z)1s the volumetric heat capacity in cal/cm?/°C
atdepth Z, T(Z) isthe temperature (“C) at depth Z.

The above equation can be simplified as
Q=CTAZ (4)

where the operator (—) represents average value for a
depth AZ,

Based on 3 hourly observations mean picture of the soil
heat storage for day time observations (0830 to 1730 IST)
is illustrated in Fig. 4. The analysis reveal that maximum
difference between any two layers did not exceed 5 cal/
cm? It did not also show any systematic pattern with
depth.

Fig. 4 shows that the radiation absorbed from the sun
decreases exponentially with depth. Beyond —20 cm,
the soil does not seem to be much affected by the diurnal
variations. In the top layer the heat stored is nearly 14
times that at 15 to 20 cm depth while that in 5 to 10 cm
layer, it is 139, more than in 15 to 20 cm depths. In the
adjoining layers, i.e., 10to 15 cm and 15 to 20 cm depths,
the heat gained during day in the former, is about 49
more than that in the latter.

Changes (G) in the heat storage, O, and Q, between
times 7, and 1, respectively is given by :

G=(0:— )/ (ta—1y) (3)

The soil heat budget calculated from Eqn. (5) is given
in Table 2. Heat entering any layer is unequivocally
matchcd by the heat dissipated. Maximum rate of heat
gained is 0.39 cal/cm?/min in the top (0-5 cm depth)
layer, Soil generally gains heat up to 15 cm depth from
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TABLE2

Soil heat budget (cal cm * min™")

Soi! depth

0530-0830  0830-1130 1130-1430

Rate of change of heat between hours

Screen - Surface ¢.19 0.35 0.05
Surface -5 cm 0.04 0.39 0.07
510¢m 0.03 0.20 0.10
10-15 ¢m 0.00 0.10 0.09
15-20 cm 0.00 0.03 0,04
20-30 cm 0.00 0.00 0.02

—_—

1430-1730 1730-2030 2030-2330 2330-0230 0230-0330"

-0.23 -0.20 -0.07 .05 —0.04
0.26 0.19 —0.08 —0.04 0.07
0.04 0.13 0.07 £.04 0.03
-0.01 —0.07 (.05 0.03 —0.03
0.02 D.02 —0.03 —0.02 —0.02
0.02 0.00 .00 —0.02 —0.02

near about sunrise to 1430 IST and loss2s during the rest
of the day. The deeper laver. ie., 15 em to 30 cm gains
heat between 1130 & 1730 IST but loss2s it afizr mid-
night. Thus the thermal properties of thz dezper layer
appears independent of ihe diurnal exchang:. Tha2 layer
up to 15 cm depth can as such be called the *“cyrface
layer of the soil” (Ramdas and Mallik 1939) analogous
to surface layer of the atmosphere.

4. Conclusions

The following broad conclusions emerge from the
analysis

(i) The thermal wave penetrate the sub-soil layers
consequent to the surface solar heating. The ampli-
tude of this wave decreases with soil depth.

(i) The maximum temperature within 10 cm of soil
are attained in the afternoon. At deeper layers it is
realised only towards midnight.

(iii) The lowest temperature in the top layers occur
1-2 hr before sunrise but at deeper dzpih. 3-4 hi after
the sunrise.

(/v) Hezat stored in the

| s0il dzcreases exponentially
with depth.

Ackrowledeement

The authors are thankful to the Additional Director
General of Metzorology (Agricultural Meteorelogy).
Pune for encouragement and extending the facilities to
carry out the study.

Relerences

Chang, )., 1968, Clisn. and Agric., Aldine Publishing Co., Chicago.
pp. 87-99,

Decker. W.L.. 1955, Doctoral dissertation. lowa State College.
Parton, W_I. and Logan. JLA.. 1981, 4goric. Mei.. 23, pp. 205-214,

Ramdas. L.A. and Mallik, A.K.. 1939, Curr. Sci., R, pp. 164-165,




