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ABSTRACT.

Harmonic analysis using series is applied to the annual variations of soil temperature [rom the

surface down to 1 m depth. The first harmonic alone explains about 99% of the variation.

It is also shown that heat conduction is not valid in a soil medium under exothermic conditions, especially in the
uppermost layer of about 20 cm. as neither the thermal properties. expressed by the damping depth (D), nor the mean
soil temperature (7) remain constant with depth, and the amplitude of oscillation (4.) does not vary strictly exponen-
tially. This is assumed 1o be considerably reduced soil moisture of this in comparison with deeper layers.

Finally, construction of a model to predict monthly or ten-day period mean soil temperatures is based on
weather variables (difference between precipitation and pan evaporation), providing an index for the soil moisture
deficit and an estimate of D, and overcomes the difficulties of changing T and 4. with depth.

Key words — Soil temperature, Soil moisture, Harmonic, Temperature oscillation, Temperature gradient,
Damping depth, Thermal diffusivity, Heat flow, Pan evaporation, Modelling.

1. Introduction

Net radiant input or output (R,) is respectively dis-
sipated or supplied by thermal conduction in the soil
(G)-determining. togetherwith the soil thermal proper-
ties, the soil thermal regime—and transfer of sensible
(C) and latent heat (AE) in the atmospheric boundary
layer, expressed by the heat balance equation :

R,

C+MXE+G (N

The diurnal and annual variations of the insola-
tion cause a variation of the soil temperature with the
diurnal period superimposed on the annuail, though
strictly true periodicity is disturbed by weather
variability (Van Wijk 1965). Due to this and the fact
that changes of soil moisture and density may

3—9IMD/%4.

(121)

significantly alter the soil thermal properties, analysis
of soil heat conduction is rather complex (Monteith
1973) and so is soil temperature forecasting. :

Assuming that the soil thermal conductivity (d')
and volumetric specific heat (p'c’) are independent
of depth (z), the time change of temperature in a
soil layer (87/6¢) is a function of the change with z
of the vertical temperature gradient (0°7/82°) and
the soil thermal diffusivity (' d'/p'c') as
follows :

8T/t = x' (8'T/82°) 2

Considering, then, that temperature at the soil-air
interface follows a sinusoidal variation during a daily
or a seasonal cycle, the temperature at time ¢ and
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Fig. 1. Yearly variation of ten-day mean soil temperature at various

depths (N. Philadelphia, Greece)

depth z of a homogeneous soil can be estimated by the

solution of Eqn. (2) as follows :

T.; = T+ A, X sin (wr—2z/D)

3)

that satisfies the following boundary condition (at

z=0):

To, = F+ Ay X sin wr

4

where, the temperature amplitude at z is an exponen-

tial function of that at z = 0 is given by

A, = Ag X exp (—z/D)

(5)

D = (2'/w)"? is the damping depth, ie, the depth
where 4; = Ag X exp (—1) = 0.37 4g w = 2n/P is the
angular frequency of variation depending on period
length (P), and T is the mean temperature during P

independent of z (Monteith 1973).

However, when soil temperature is not simply
sinusoidal but a more general periodic function of
time, harmonic analysis employing Fourier series can
be used to accurately describe the thermal cycle at

z as follows :

N2

I

.

n=1

N/2

= C + ZC,, X sin (win + @)

n=1

Cy+ Z:(A,,XCOS win+B, sin win)

(6)

Fig. 2. Profiles of T (— — —) and In (A,/Ay (—— in soil (N.
Philadelphia, Greece)

where, 4, and B, are the amplitudes of various terms
and (47+B)V2=C, is the amplitude of the nth har-
monic. whereas Cy = T, is the mean temperature at z,
arctan (4,/By,) = ®, is the phase angle and N is the
number of equally spaced points on the temperature
wave (N = 12 for the annual period of ¢ is in
months).

The annual temperature cycle in soil is fairly well
described by the, first harmonic alone (eg, Pearce
and Gold 1959, Carson 1963, Van Wijk 1965) in mid
and high latitudes with temperature climates, though
under tropical climatic conditions the effect of higher
harmonics is significant (Krishnan and Kushwaha
1972). However, harmonic analysis of soil tem-
peratures under the semi-arid conditions of the east
Mediterranean nray deserve some attention.

When only the first harmonic is important,
Eqn. (3) can be used to estimate soil temperature pro-
vided that x’ for a particular soil profile and soil tem-
perature observations at only one depth are available
(Monteith 1973, Horton et al. 1983). However, the
main difficulty in applying Eqn. (3) is the normally
observed variation of x’ with z and r, due to the water
movement, apart from differences in moisture content
and porosity (Rose 1966).

Moisture in the soil moves in response to water
potential gradients set up by temperature gradients.
Liquid (in rather wet soils) and vapour (in drier soils)
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Fig. 3. Monthly soil temperatures at 2 cm
depth observed (x) and estimated by
the first (= — —) and second (. . . .)
harmonics as well as by their syn-
thesis ( J (N. Philadelphia,
Greece)

flow from areas where kinetic energy is high (warm) to
areas where it is low (cold) transferring appreciable
quantities of heat, invalidating Eqn. (3) which is based
on the assumption that heat transport is performed
only via sensible heat conduction (Rose 1966, Rosen-
berg et al. 1975). According to Jackson er al. (1973) the
transport of water by temperature induced flow must
be considerable on an annual basis. Therefore, mois-
ture transport, especially in the gaseous phase under
the Mediterranean climate, cannot be negligible and
rainfall as well as soil water management may pro-
foundly affect soil heat flow and temperature
regime.

Thermal diffusivity of the usually drier upper soil
layer is often considerably different from that at
greater depth (Van Wijk 1965), making determination
of its x' very difficult. Lettau (1954), Wierenga and de
Wit (1970) and Mc Cullock and Penman (1956) derived
models by which such a non-homogéneous case,
(where d' and p'c’ are functions of z) can be treated
rigorously, using the profiles of soil moisture, composi-
tion and structure.

Therefore, though soil temperature patterns can be
modelled as a function of ambient weather condition,
soil moisture also plays an important role. For short-

Fig. 4. Soil temperatures at various depths
estimated by the first harmonic (N.
Philadelphia, Greece)
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Fig. 5. Dampling depths (D) against
(P—E,) yearly values, for the soil
layers 2-100 cm ( ) and 2-5
cm (—— =)

term planning, hourly values of weather variables like
radiation, temperature and wind speed, as employed
by Liakatas (1978) are required to estimate close-to-
surface soil temperatures under plastic mulches. For
long-term planning, however, more easily accessible
weather data like precipitation and temperature are
usually sufficient. Qullet (1973) proposed a model for
estimating monthly soil temperatures under short
grass with variables including rainfall, potential
evapotranspiration and soil temperature of the pre-
vious month.

Here, construction of a model-to predict ten-day
period or monthly soil temperatures under bare sur-
face will be attempted, using a soil-moisture indicating
combination of weather variables, including soil tem-
peratures at a single depth.

2. Methods and data

Harmonic analysis of soil tcmpcrqlureé at various
depths from soil surface down to 100 cm employing
Fourier series will be applied using Eqn. (6). Ir order to
decide how many harmonics should be comy 1ted for
depicting actual data well, the variance of t e data
below a selected value should be determined as
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Fig. 6. (J":—T,nu) values against D values for various soil layers, confined by = and the reference depth
(100 ¢cm). for southern (1). central (2) and northwestern (3) sites

follows using a completeness criterion (Brunt 1937.
Panofsky and Brier 1958):

62 100—52X 100=100—(C2/252)x 100 (7N

[}

where, §2 = £ (T — a;)¥/N is the total variance of the N
data values (a,) about their arithmetic mean (T) and the
ratio of (G2/2 to 52 shows the fraction of variability
accounted for each harmonic (n).

In case of the first harmonic alone could describe
the observed temperature values, considering the
depth of 1 m as reference depth (since its daily mean
temperature can be sufficiently approximated by a
single measurement) and provided that D can be
estimated. the annual variation of soil temperature at
any depth shallower than 1 m would be given by :

T., = T + A.sin [wr + (1—z)/D| (8)
where,
A, = Ay exp [(1—z)/D] 9)

and Ay, is the temperature amplitude at 1 m depth.

To accomplish harmonic analysis. monthly and
ten-day mean values of soil temperature, at the surface
and 2, §, 10, 20, 50 and 100 cm below, the ground level
from ten representative meteorological sites all over
Greece for an average period of 10 years, were used.
Alongwith this data. monthly precipitation (£) and
class-A pan evaporation (Ep) (their difference con-
sidered to provide an indication of the magnitude of
soil moisture deficit) were used for modelling soil
lemperatures.

3. Annual variation pattern

The yearly variations of the ten-day mean values of
soil temperatures at various depths for a meteorologi-
cal site in Attika, Greece (N. Philadelphia 38" 03'N,
23° 40'E). presented in Fig. 1, seem to agree with the
theory of soil heat conduction in terms of amplitude
diminishing and extreme values delaying with depth.
It may be noticed that smaller waves of a monthly or
bimonthly period are superposed on the annual waves,
causing irregularities in the sinusoidal pattern.

The variation with depth of the logarithmic value
of the ratio of the amplitudes at.a certain depth (4.)
and that at the surface (4p) is illustrated in Fig. 2.
Below 20 cm. it is almost a straight line of —1/D slope
(Eqn. 5). suggesting a D value of 2.1 m, whereas, above
this depth the slope changes significantly with a mean
D value of 0.83 m. Based on data from Van Wijk and de
Vries (1963) and Monteith (1973) it is estimated, using
the above D values, that for a medium-structured soil
the mean annual water content below 20 cm is around
7% and considerably smaller in the soil layer close to
the surface.

The profile of average soil temperature against z is
also shown in Fig. 2.7, though constant below 20 cm in
agreement with the theory. becomes increasingly
higher as it approaches the surface. At the surface, T'is
by more than 2°C higher than at 20 cm and lower
depths, though ‘Van Wijk (1965). observed that
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variation of T within the surface layer rarely exceeds
1°C. This temperature rise towards the surface is pro-
bably due to increasing dryness and, thus, decreasing
soil heat capacity and conductivity, resulting in easier
heating of the uppermost soil layer facilitated by the
lower heat flow downwards in day and upwards in
night-time, the first case being more effective during
the long summer days and the second during the long
winter nights.

The different behaviour of this layer. in com-
parison with deeper soil layers, in terms of mean tem-
perature and thermal properties (expressed by D) may
be quite significant when using the heat conduction
theory to estimate 7, , as will be seen later.

4. Harmonic analysis

Harmonic analysis, using Eqn. (6), has been
applied to the annual variation of soil temperature at
various depths. The amplitude (C,) and the phase
angle (®,,) of each harmonic (1) up to the fourth were
estimated for each depth, including surface, using ten-
day mean values of temperature (Table 1). The
amplitude of the second harmonic, is found smaller
than 10% of the amplitude of the basic harmonic, rang-
ing from a maximum of 10.1% at 5 cm, to 6.3% at 100
cm depth. Also the completeness criterion shows thata
little less than 99% of the variation is explained by the
first harmonic alone at the surface, the 62 increasing
with z. The second harmonic could contribute less
than 1%. Indeed, as shown in Fig. 3, soil temperatures
estimated at 2 cm depth by taking into account both
the first two harmonics become slightly closer to the
observed values.

Thus, only the first harmonic sufficiently describes
the observed annual temperature variation, even at the
surface, though the estimated values with ten-day tem-
perature waves (Fig. 4) are {ree of the irregularities of
the observed waves (Fig. 1). In agreement with the
theory, maximum and minimum temperatures show
an increasing hysterisis as z increases (Fig. 4). The
mean absolute differences between the values esti-
mated by the first harmonic and the observed tem-
peratures range between 0.97 °C at the surface and
0.34 °C at 100 cm depth and indicate the suitability of
the method of estimation.

5. Modelling-construction and verification

In applying the heat conduction theory to estimate
T. ;one of the major problems is estimation of the ther-
mal properties of the soil, best reflected in its D values
usually varying with z. Since D is basically moisture
dependent, its evaluation should be possible from

weather elements determining water balance of the
soil. The difference between precipitation (P) and pan
evaporation (Ep) is considered indicative of the soil
moisture deficitas E, is normally higher than P, on an
annual basis. under Mediterranean climatic condi-
tions.

Estimated values of D by Eqn. (9) between the
reference. i.e. 100 cm and 2 cm depths as well for the
layer 2-5 cm, are plotted against (P—Ep) yearly total
values for eight meteorological sites in Fig. 5. The rela-
tion between these two variables is almost linear in the
layer 2-100 cm. D increases with decreasing P—E, at a
rate 1 m/100 mm. Scattering should be considered as
acceptable since the same line passes through points
representing eight sites (for which data were available)
of quite different climatic and soil conditions. In the
layer 2-5 cm, however, there seems to be no response of
D to varying P—E, values and the constantlow ) value
suggests that the top soil layer is, on an average, very
dry all over Greece. though in the rainy season (winter)
it may be wet for at least short periods.

It should be mentioned that, calculated from tem-
perature amplitudes, D values for a layer confined by
the reference depth and a depth shallower than 20 cm
may be a little underestimation since the assumption
for constant moisture throughout the layer is not valid.
For a layer thinner than this, D may be considered as
independent of z. '

The fact that in the top 20 cm soil layer T is higher
than at deeper depths and 4, varies with z in a manner
not strictly exponential, as already shown in Fig. 2.
may suggest that both T, and 4, depend on soil mois-
ture and thus on D.

In Fig. 6. the differences between T at a certain z
and z = 100 cm are plotted against corresponding D
values for several sites. T, — Tjgo values become
increasingly larger for smaller D, ie, for lower soil
moisture. To reduce scattering, instead of one, three
curves were drawn corresponding to southern (dry),
central (normal) and northwestern (wet) sites.

Similarly, in Fig. 7 the ratios of amplitudes (4,/
Ajgo) are plotted against D. Despite considerable scat-
tering, there is a satisfactory fit of a single curve to
points representing sites differing in climate and soil
types. The ratio A,/Ajg increases faster as D falls
below 2 m, that is when z is close to the surface.

From the previous analysis it seems feasible that D
could be estimated using P and E, data. Then, estima-
tion of T , is possible either from Eqns. 8 and 9 (first
way) or by considering A,/4190 and (T:—Tp0) as
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D (m)

Fig. 7. (A./4100 values against D values for various soil layers, e8f-
fined by z and the reference depth (100 cm)

functions of D (second way). Values of maximum and
minimum temperatures estimated in both ways for a
site in central Greece (Aliartos) are plotted againgt cor-
responding observed values in Figs. 8 (a & b). Fitting of
astraight line of unit slope to points standing for maxi-
mum and minimum temperatures at various depths is
slightly better when temperatures are estimated in the
second way [Fig. 8(b)]. This is particularly valid for the
minimum temperatures which tend to be underes-
timated in the first way [Fig. 8(a)].

6. Conclusions

Under the exothermic  conditions of an east
Mediterranean country, like Greece, application of
Fourier series to soil temperatures at various depths
shows that yearly temperature variations can be suf-
ficiently described by the first harmonic alone. This
efficiency of the basic harmonic facilitates estimation
of soil temperature even close to the surface. However,
due to soil moisture heterogeneity, application of the
heat conduction theory to estimate seasonal tempera-
ture fluctuations in the uppermost 20 cm — soil layer
may present some difficulties which could be over-
come by taking into account the moisture dependence
of the soil thermal properties.
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