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The thermal regime of a Podzolic soil under a crop of oats in Nova Scotia was observedduring the period May-August
1974. Measurements were made of soil temperature at various depths to 30 cm, soil heat flux at 5-cm depth, and certain
soiland atmospheric parameters. Diurnal soiltemperature and heat flux patternswererecordedcontinuously for periodsof
2-3 clear days on three occasions. Coefficients of Fourier series with three harmonicswere calculatedfor each parameter
monitored.A total of 101 samples weretaken for soil moisturedeterminationsand 22 samples for bulk density. Theoretical
predictions of the soil thermal regime for each experiment were generated with a computer program based upon the
simple, semi-infinite solid, thermal conduction model. Thermal property values were assigned for each experiment in
accord with observed soil conditions. The theoretical model predicted the main features of the observed soil thermal
regime but the accuracy was not sufficient for purposes of plant production modelling. Various ways of improving the
prediction accuracy are suggested.

INTRODUCTION

Soil temperature is an important
factor affecting the production and yield
of many crops. In the case of maize
seedlings kept at constant temperature
for 23 days, for example, Walker (1969)
found that each degree increase in soil
temperature within the range of 12-26°C
resulted in an increase in dry weight
averaging 20%. Walker (1970) also
demonstrated with maize that certain
alternating soil temperature patterns give
greater rates of dry-matter growth and
leaf development compared to those for
the equivalent constant soil temperature.
Recent interest in models of plant
production systems (see e.g. Bowen et al.
1973) serves to emphasize the importance
of adequate mathematical descriptions of
the root-zone soil thermal regime.

The simplest theoretical model for
determining the temperature field in soil
assumes that thermal properties are
constant and that the surface temperature
fluctuates sinusoidally (Van Wrjk 1966;
Nerpin and Chudnovskii 1970). In the
soil layer of most importance to plants,
however, thermal properties may vary
considerably with depth. Lettau (1962)
proposed an analytical model which
allows for thermal property variation
with depth, and Hadas and Fuchs (1973)
found good agreement between this
model's predictions and observations for
a bare soil. A simulation model which
also considers property variation was
developed by Wierenga and De Wit
(1970).

This paper describes an investigation
of the thermal regime of a Podzolic soil
under a crop of oats in Nova Scotia. The
observed temperature patterns are com
pared with predictions of the simple
analytical model, given constant thermal
property values appropriate to the soil
conditions. The need for a more complex
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SOIL TEMPERATURE

FOURIER COEFFICIENTS

AO 203764

Al 5-5022 B1 0 3195

A2 13263 B2 -0 8311

A3 01918 B3 0 0889

DATE 6-8-74

DEPTH 2-5 CM

UNDER OATS

START TIME 1600

O 30-

Figure 1. Typical plot of data points and fitted Fourier series curve for diurnal soil temperature
pattern.

model to describe the thermal regime of
the particular Nova Scotian soil-crop
situation is examined.

SITE AND METHODS

During the period June-August 1974,
experiments were carried out in a field
with a sandy loam soil on a farm at West
Branch, Pictou County, Nova Scotia.
Soils of this rolling lowland region are
Podzols developed from glacial till (Cann
and Wicklund 1950). A 20 X 15-m
experimental plot was located in part of
the field where the slope was 1:10 to the
east and the strike approximately north-
south. Early in June this plot was
ploughed, harrowed, fertilized and raked.

Oats (cultivar Stormont) were broadcast-
seeded on 14 June.

Soil temperatures were measured with
thermistor probes installed at depths of 0,
1, 2.5, 5, 10, 20 and 30 cm. Stainless
steel disc probes were used near the
surface (0, 1 cm) and straight (3.2-mm
diam) probes at the deeper locations.
Signals from these probes were monitored
with an 11-channel automatic scanning
tele-thermometer (YSI Model 47) and
displayed on a strip chart recorder. Soil
heat flux was measured with duplicate
flux plates (SRI, Australia) installed at
the 5-cm depth.

Soil moisture was determined by the
gravimetric method (Gardner 1965). Bulk
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density was found by a modified
excavation method (Blake 1965); the
hole was lined with thin plastic and water
was used to find the volume.

Solar radiation observations were

made with a Kipp-Zonen solarimeter
mounted at a height of 1 m. Air
temperature was monitored with shielded
thermistor probes on a mast and thermo
meters in a standard weather screen. Air

humidity was monitored with a dew
point hygrometer, and windspeed with a
cup anemometer.

OBSERVATIONS

Diurnal soil temperature and heat flux
patterns were recorded continuously for
periods of 2-3 clear days on three
occasions. Readings from the chart
recorders were tabulated hourly and
coefficients of a Fourier series describing
these data were determined with a

Hewlett-Packard 9820 programmable cal
culator. The data points and the fitted
Fourier-series curve were also plotted
with this calculator in each case; a typical
plot is shown in Figure 1. Inspection of
these plots indicated that three harmonics
were generally adequate to represent the
data. The coefficients of an equivalent
Fourier cosine series for each plot were
also calculated.

Data for typical 24-h runs during the
three experimental periods are given in
Tables I and II. During the first
experiment (26 June) the soil surface was
bare. By the second experiment (16 July)
the oats had emerged and formed an open
canopy about 5 cm high. At the time of
the third experiment (6 August) the crop
canopy was closed and plant height was
around 75 cm.

In each experiment there was a
decrease in daily mean soil temperature
with depth as shown by the values of Aq
in Table I. This gave temperature
gradients across the top 20-cm soil layer
of 1.5,2.6 and 1.3°Cfor experiments I, II
and III, respectively. The daily mean heat
fluxes at 5 cm, given by the average of Aq
values for meters A and B (see Table II),
were 0.65, 1.15 and 0.50 mw/cm2.

The relative importance of the three
harmonics of the temperature waves is
apparent from a comparison of the C
values in Table I. The amplitude of the
second harmonic C2 averages about 25%
of the first harmonic Cx, while the third
harmonic amplitude C3 is about 35% of
the second.

An examination of the P values in
Table I reveals how the phase lag of each
harmonic of the temperature waves
increases progressively with depth.

Measurements of soil moisture varia
tion with depth were made during each of
the experimental periods. Moisture con
tents, expressed as a percentage of wet

TABLE I DIURNAL TEMPERATURE OBSERVATIONS FOR A SANDY LOAM PODSOL*

Depth
(cm) A0 Q Px C2 Pi c3 ^3

0 14.6 7.9

Experiment I (26 June)
330 2.7 275 0.5 203

2.5 14.2 6.4 337 2.1 281 0.5 217
5 14.0 4.9 348 1.7 289 0.7 234

10 13.4 1.8 33 0.6 317 0.4 101
20 13.1 1.1 92 0.2 18 0.05 316

0 19.6 9.3

Experiment II (16 July)
343 2.1 304 0.9 117

2.5 18.6 5.9 353 1.6 310 0.6 241

5 18.4 4.9 0 1.1 308 0.4 228
10 17.7 2.1 40 0.3 8 0.2 274
20 17.0 1.1 85 0.1 78 0.05 314
30 16.4 0.4 135 0.06 175 0.02 308

0 20.6 7.9

Experiment HI (6 August)
343 2.9 291 0.6 229

2.5 20.4 5.5 3 1.6 328 0.2 25
5 20.2 4.7 12 1.2 339 0.1 76

10 19.8 2.3 46 0.5 24 0.04 134

20 19.3 1.2 84 0.2 70 0.04 177

30 18.2 0.4 113 0.07 98 0.05 162

* Expressed as coefficients of the Fourier cosine series:
T(t) =A{} + 2)Cn cos (ncot- Pn );A0, Cn - deg Q\Pn - angular deg.

TABLE II DIURNAL HEAT FLUX OBSERVATIONS (5-CM DEPTH) FOR A SANDY LOAM
PODSOL*

Meter 4> Ci Px C2 ?2 c3 ^3

A 0.5 4.9

Experiment I (26 June)
315 1.2 254 0.7 118

B 0.8 5.1 318 1.3 268 0.5 125-

A 1.3 6.4

Experiment II (16 July)
318 1.5 270 1.9 115

B 1.0 5.9 323 1.1 289 0.8 107

A 0.4 3.9

Experiment III (6 August)
326 1.5 286 0.2 175

B 0.6 4.7 324 1.8 284 0.1 .62

Expressed as coefficients of the Fourier cosine series:
q"(t)=A0 +2 Cn (ncot - Pn);A0, Cn - mw/cm2; Pn - angular deg.

weight, were as follows:

Soil Layer Exp. I Exp. II Exp. Ill

0 - 2.5 cm 24.7 (5)
2.5 - 5 cm 28.9 (5)

5-30 cm 29.8 (10)

21.4 (15) 16.3 (10)
24.2 (15) 18.5 (10)
23.6 (24) 20.6 (7)

The number of samples is shown in
brackets.

Bulk density measurements at various
depths were made during experiments II
and III. A significant, continuous varia
tion of bulk density with depth was not
demonstrated, since the presence of rocks
and ploughed-under sod material gave
high variability. However, the bulk
density of 7 samples from the 0- to
2.5-cm layers was 1.22 ± 0.11 g/cm3,
while the density for 15 samples pooled

for all depths below 2.5 cm was 1.47 ±
0.10 g/cm3.

THEORETICAL ANALYSIS

Analytical models of soil thermal
regime are generally based upon the
assumption that the soil is a homo
geneous, isotropic, semi-infinite solid.
The basic differential equation describing
the conduction process in soil is

82T
:o7* "

8T

St
=pc (1)

where T = T (z, t) = temperature at depth
z and time r, and k, p, c are soil
properties (thermal conductivity, density
and specific heat, respectively). Once a
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solution for the temperature pattern has
been obtained from this equation, the
heat flux q"(z, t) across a soil layer at
depth z is derived from the Fourier
conduction law relationship

q"(z, t) = -k
ST

&
(2)

Diurnal soil temperature variations can
be predicted with a simple model (Nerpin
and Chudnovskii 1970) which makes the
following additional assumptions:
(1) daily average soil temperature Tj± is
the same at all depths, (2) soil thermal
properties are constant, and (3) surface
temperature varies sinusoidally, with
amplitude 0O and angular frequency cj,
according to the equation

Tip, t) =TA+ 0O sin(oXr - t0)). (3)

The parameter t0 is the instant when T
attains its average value and is increasing
with time.

Predictions of this model are: (l)soil
temperature and heat flux vary sinus
oidally at all depths, (2) amplitudes of
the temperature waves decrease with
depth according to the relationship 0 =
0oe~z'D, (3) phase of the temperature
wave at any depth lags the surface wave
by the amount P = z/D, and (4) heat flux
waves are similarly modified with depth
and they lead temperature waves by 45°.
The parameter D is termed the damping
depth; it is a function of thermal
properties and wave frequency; D =
\f2k/pccj.

Theoretical temperature and heat flux
patterns for each experiment were gener
ated with the model by specifying
appropriate sets of parameter values. The
average temperature for the 0- to 30-cm
soil layer was taken as 14, 18 and 20°C
for experiments I, II and III, respectively.
Amplitude of the surface temperature
wave was set at 9°C for all experiments.
The value for t0 was 15 h.

Soil property values used in the model
are listed in Table III. The observed bulk

density and moisture values were re
ported in the previous section; volume
fractions were calculated directly from
these, data.

Volumetric heat capacity values (Table
III) were estimated with the relationship
of DeVries(1966):

Cv = 0.46 Xm+XCJ + 0.60 X0 (4)

where Xm, X^ and X0 are volume
fractions of mineral-solids, water and
organic materials, respectively. Five per
cent of the solids volume fraction was

considered organic material.
The thermal conductivity for the

conditions of experiment I was estimated
from curves of Van Duin (1963) as
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TABLE III SOIL PROPERTY VALUES USED IN THE THEORETICAL MODEL

O 20"

Bulk density (g/cm3)
Moisture content (% wet weight)
Volume fractions

- solids (%)
- water (%)
- air (%)
- water + air (%)

Heat capacity (cal/cm3 C)
Conductivity (cal/cm secC X 10 _)
Thermal diffusivity (cm2/sec X 10 )

Experiment

II

1.5 1.5

30 24

42 46

45 36

13 18

58 54

0.64 0.57

3 3

4.7 5.3

III

1.5

20

48

30
22

52

0.52

3

5.8

LEGEND

DATE 17-7-74

DEPTH 50 CM

# THEORY

• OBSERVED

TIME(HR-O=1600)

Figure 2. Observed versus theoretical soil temperature variation at the 5-cm dpeth during
experiment I.

reported in Baver et al. (1972). For water
and solid volume fractions of 0.45 and

0.42, respectively, and a loam soil
(considered to be represented by a
conductivity curve lying between those
shown for clay and sand) one obtains a
thermal conductivity estimate of 2.8 X

10—3 cal/cm sec C. Between experi
ments I and III the solid volume fraction

increased from 0.42 to 0.48; the curves of
Van Duin predict an increase in thermal
conductivity. At the same time the water
volume fraction decreased by 0.15 and a
decrease in thermal conductivity is
predicted. These changes in thermal con
ductivity during the experimental period
approximately compensate for one
another. A constant value of 3 X 10~~3
cal/cm sec°C was therefore considered to
be applicable for all experiments.

An independent estimate of the
thermal conductivity was obtained by

applying Fourier's law (equation 2) to the
observed values for daily mean soil
temperature gradient (Table I) and heat
flux at 5 cm (Table II). For experiments
1, II and III, the estimates of thermal
conductivity obtained by this method are
0.0021, 0.0021 and 0.0018 cal/cm sec
°C, respectively; the average of these
valuesis 0.0020 cal/cm sec°C.

A computer program was written to
generate and plot features of the observed
versus theoretical soil thermal regime.
The observed data were entered as

coefficients of Fourier series (see Tables I
and II). Theoretical calculations were
based upon the equations and parameter
values presented above. Some of the
results of the analysis are given in Figures
2, 3, and 4.

The theoretical model predicted the
main features of the diurnal temperature
patterns; curves for the 5-cm depth
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Figure 3. Soil temperature wave amplitude,
relative to surface wave amplitude,
versus depth, (a) experiment I: 26
June 1974; (b) experiment II: 16
July 1974; (c) experiment III: 6
August 1974.

during experiment I, for example, are
shown in Figure 2. In general it was
found that the observed curves had

flatter peaks and troughs than those of
the theoretical sine curves. While the
predicted and observed times of maxi
mum surface temperautre coincided
closely, the two waves were somewhat
out of phase and this difference in phase
persisted with depth.

The observed temperature amplitude
ratio decreased more rapidly with depth

DATE 26-6-74

LEGEND

• THEORY

• OBSERVED

Figure 4. Soil temperature wave phase lag,
relative to surface temperature wave,
versus depth, (a) experiment I: 26
June 1974; (b) experiment II: 16
July 1974; (c) experiment III: 6
August 1974.

than predicted (Figure 3); agreement was
best for experiment I. The phase lag
(based upon maximum temperature
values) of the observed temperature
waves increased with depth at a slightly
greater rate than predicted in all experi
ments (Figure 4).

DISCUSSION

The simple model described in this
paper predicted the main features of soil
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temperature variation but the accuracy
does not appear to be adequate for
purposes of plant production modelling.
Greater accuracy is required for at least
two reasons: (1) an average soil tempera
ture change of even 1 C can have a
significant effect on plant growth
(Allmaras et al. 1964; Walker 1969), and
(2) the time at which the temperature
occurs is important because growth
appears to be most strongly influenced by
soil temperature during the light period
(daytime) when the plant is photosyn-
thesizing (Walker 1970).

Some improvement in accuracy of the
simple model's predictions will be obtain
ed by adding a sinusoidal term describing
the annual temperature wave (Van Wijk
1966). The observed changes in average
daily temperature with depth are largely
due to penetration into the soil of this
annual wave. Local soil and climatic data

such as that reported by Ouellet (1975)
for Ottawa are needed if this term is to be

included in the model. Increasing the
number of harmonics in the surface

temperature wave may also improve
accuracy by making the theoretical wave
shape more similar to the observed shape.

Inaccuracy in the thermal property
constants may have been responsible for
much of the discrepancy between pre
dicted and observed wave amplitude and
phase lag variation with depth. The
method for selecting the thermal conduc
tivity value, for example, was very
approximate and a change from the value
of 0.003 cal/cm sec °C used in Figures 3
and 4 to a value of 0.002 cal/cm sec °C
considerably reduces the predicted versus
observed discrepancy. The lower con
ductivity value corresponds to the esti
mate obtained by analysis of the daily
mean temperature gradient and heat flux.
However, estimates of thermal conductiv
ity by both methods are somewhat in
error and more accurate estimates are

needed for a stricter test of the simple
analytical model's predictions.
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