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Soil temperature is one of the important variables in spatial prediction of soil energy balance in a solar
greenhouse. The objective of this study was to find a simple method to estimate the hysteresis of soil
temperature under three soil moisture and two fertilizer levels in solar greenhouse conditions with
tomato crop (Lycopersicon esculentum Mill). The results show that the soil moisture had no significant
effects on the soil mean temperature and had significant effects on the soil hysteresis. The mean soil
temperature could not express the relationship between the soil temperature and the air temperature
accurately due to the soil hysteresis existence, while the correlation between the diurnal variations, air
temperature and soil temperature could describe the soil hysteresis. We applied the phase of sinusoidal

curve T =T + A sin(ar—¢,)to best approximate the hysteresis effect of soil temperatures. The soil
hysteresis increased with the increase of soil depth, and the hysteresis effect of soil temperature was
more and more obvious with the increase of soil moisture and the amount of fertilizer. When forecasting

the soil hysteresis, we need to take into account, the change of the diurnal variations, soil temperature,
the amplitude of soil temperature and initial phase.
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INTRODUCTION

Soil temperature fluctuates annually and daily as a
complex function of many parameters, some of them
pertains to the soil itself (thermal properties, moisture
content, type of soil, local vegetation cover and depth in
the earth), others being related to atmospheric behavior
(incident solar radiation and air temperature) (Idso, 1975;
Pratt and Ellyett, 1979; Price, 1980; Carlson et al., 1981).
During the last few years, investigators have shown
increasing interest in the model description of soil
temperature (Kang et al., 2000; Plauborg, 2002; Timlin,
2002; Gehrig-Fasel et al, 2008; Tyagi and
Satyanarayana, 2010). These models estimate daily soil
temperatures and display these values as functions of
time or depth for user defined input parameters. Being
functions of both soil and atmosphere, the surface
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temperature can be expected to have spatial structures
characteristics of both soil and atmosphere (Al-Kayssi,
2002). Under greenhouse conditions, the atmosphere
plays an important role in governing the soil temperature
rather than the soil properties (Al-Kayssi et al., 1990).
Mathematical models have been developed to describe
heat and mass transport processes in the greenhouse
microclimate (Kindelam, 1980; Chandra et al., 1981;
Trigui et al., 2001; Yang et al., 1990). Due to the much
higher heat capacity of soil relative to air and the thermal
insulation provided by vegetation and surface soil layers,
daily changes in soil temperature deep in the ground are
much less than and lag significantly behind daily changes
in overlying air temperature. Hysteresis refers to systems
where the effects of the current input (or stimulus) to the
system are experienced with a certain delay in time. The
term "hysteresis" is sometimes used in soil fields where it
describes a lagging effect. Hysteresis is a source of soil
temperature measurement error. In soil temperature
system with hysteresis, it is not possible to predict the
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heat output at an instant, given only heat input at that
instant. For this reason, it is difficult to realistically predict
soil temperature if not take into consideration, the
hysteresis of soil temperature under the different soil
moisture and fertilizer, especially in the solar greenhouse.
The objective of this study was to find a simple method to
estimate the hysteresis of soil temperature under different
soil moisture and fertilizer in solar greenhouse conditions.

MATERIALS AND METHODS
Site description

The experiments were conducted from spring to autumn seasons of
2007 and 2008 in the greenhouse at Ansai Experiment Research
Station of the Chinese Academy of Sciences, located at Ansai
(36°48'N and 109°18 E), Shaanxi Province of China. In the tomato
growing season, during 2007 and 2008, minimum and maximum
daily average temperature were 11.1 and 27.6°C in the
greenhouse, and 8.2 and 25.6°C outside the %reenhouse,
respectively. Solar radiation averaged 2834 w/mh in the
greenhouse and 4462 w/m?/h outside the greenhouse from June to
October. The soil was typical loess, with a bulk density of 1.35
g.cm® and field water holding capacity of 27%. The greenhouse
was covered with transparent polyethylene film and planted with
tomato plants. Trickle system was used for irrigation.

Experiment design

Tomato seeds were sown in the month of April on seed beds. The
seedlings were transplanted in the month of May after completing
initial growth stage (that is, 30 days). The water was pumped using
a water supply system into an elevated tank of 2000 L capacity, at a
height of 1.5 m. Water was applied to the crops using a gravity drip
system.

The experimental design was three soil moisture levels: deficit
irrigation (W,, 50 to 60% of soil moisture holding capacity),
moderate irrigation (Wn, 70 to 80% of soil moisture holding
capacity), high irrigation (Wn, 90 to 100% of soil moisture holding
capacity) and two levels of fertilizer application: deficit fertilizer (Fi,
195 kg N-ha™" + 47 kg P,Os*ha™") and moderate fertilizer (Fm, 278 kg
N-ha' + 67 kg P2Osha™). Tomatos (Tianfu 501) were transplanted
with spacing of 0.5 m between plants and 0.6 m between rows to
plots of 2.50 x 2.40 m. A total of six treatments were randomly
designed with three repetitions. Two plots at either end comprised
of guard rows to eliminate the surrounding effect.

Observational data

Four thermometers (Thermo Recorder TR-52, accuracy +0.1°C in
the range of -60 to 155°C) were buried in 5, 10, 20 and 35 cm
depths of soil to automatically record data once an hour at each
plot. Air temperature and relative humidity (HOBO Pro v2
Temperature/RH Data Logger accuracy +0.2 over 0 to 50°C and
0.02 at 25°C in range of -40 to 70°C; £2.5% from 10 to 90% in
range of 0 to 100% RH) was measure at the center of solar
greenhouse from a height of 1.5 m. The Profile Probe Type (PR2/4,
accuracy +0.04 m*m™® in a range of 0 to 0.4 m*m™®) was used to
measure the soil moisture of 5, 10, 20 and 35 cm of soil depth and
the date was collected every day using HH2 Moisture Meter. With
the HH2 and PR2 combination, a probe can be moved from access
tube to access tube. After the transplant, all the apparatus were
immediately recorded.

Methodology

Phase means a particular appearance or state in a regularly
recurring cycle of changes with respect to time.The initial phases of
a sinusoidal curve is the fraction of a complete cycle corresponding
to an offset in the displacement from a specified reference point at
time.

Soil temperatures changed diurnally, and the pattern of sail
temperature which changed with respect to time was similar to a
sinusoidal curve, so in our analysis, we assumed the soil
temperature is governed by the one-dimensional heat conduction
equation in the soil, and the soil temperature varied sinusoidally.
We applied the sine function (Gao, 2003);

T =T +Asin(ax—¢,), =1, 2, 3, 4, 5 to best approximate
the curves of soil temperatures collected at the depths of 5, 10, 20

and 35 cm, respectively. 71 is the mean temperature at depth Z,

and the amplitude (Ai) of the soil temperature is half of the

difference between the daytime maximum value and the night time
minimum value. @ is the angular velocity of the Earth’s rotation, @

=27/1, here 1 = 24h. [ is the elapsed time, (9, is the initial phases of

soil temperatures at the surface and depths of Zi.

Analysis software SAS was used to conduct variance analysis and
correlation analysis of soil temperature and air temperature.

RESULTS AND DISCUSSION

The effects of soil moisture and fertilizer on the
correlation between the average daily soil
temperature and air temperature

Mean soil temperature, a standard index for the thermal
climates of soil, is necessary for accurate soil resource
inventory and for climate studies. It has been universally
used as an independent variable relating the average
reaction rates of physical and biological processes
occurring in soil environment (Lee, 1969).

The inside air temperature and solar radiation are
considered to be the same in solar greenhouse. Soil
temperature fluctuated daily and was affected mainly by
variations of air temperature and solar radiation as shown
in Figure 1. The soil temperature had the same change
trend with air temperature. The scale of the diurnal soil
temperature wave at top slab was large, and the
substrate remained at a fixed temperature. Table 1 show
that there was a significantly positive correlation between
soil temperature and air temperature during the tomato
growth stage. The correlation coefficient (r) between soil
temperature and air temperature reached the statistical
significant level (p = 0.01), and r decreased with the
increase of soil depth, but could not show significant
difference among the soil depth. At low fertility level, r
increased with the increase of soil moisture; the tendency
was more obvious with the increase of soil depth. But at
high fertility level, r was W, > W, > W, in 5 and 10 cm of
soil depth and Wy, < W, < W, in 20 and 35 cm of soil
depth. Because the thermal conductivity and heat
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Figure 1. The dynamic change of sail temperature in WiFy, and W Fy, treatments during tomato growth in 2008. Tair, air temperature;
T35, the soil temperature in 35 cm of soil depth; W,, deficit irrigation; Wy, high irrigation; F,, moderate fertilizer.

Table 1. The correlation coefficient (r) between the average daily air temperature and soil temperature.

Soil depth Treatment

(cm) WhFm WinFm WiFm WhFi WFi WiF,
35 0.82** 0.82** 0.83** 0.84** 0.80** 0.80**
20 0.84** 0.85** 0.85** 0.85** 0.84** 0.83**
10 0.89** 0.88** 0.86™* 0.88™* 0.86™* 0.85**
5¢ 0.91** 0.88™* 0.87** 0.89** 0.87** 0.86™*

** Shows that the correlation coefficient (r) reached the statistical significant levels at 0.01. W,, deficit

irrigation; Wr,, moderate irrigation; W, high irrigation; F,, deficit fertilizer; Fn, moderate fertilizer.

capacity of water is larger than that of soil, it increased
the correlation between soil temperature and air tempe-
rature at the surface soil and reduced the correlation in
the deep soil layer in high moisture treatment. At the low
and middle soil moisture level, r was Fn, > F;; at high soil
moisture level, r was F, > F;in 5 and 10 cm of soil depth
and F,, < Fin 20 and 35 cm of soil depth. This influence
trend of water on the soil temperature was similar to the
fertilizer on the soil temperature.

The effects of soil moisture and fertilizer on the
correlation between the diurnal variations air
temperature and soil temperature

In contrast, the correlation (R) between the diurnal
variations of air temperature and soil temperature were
different from the correlation (r) between the average
daily air temperature and soil temperature. There was a
significantly negative correlation between soil tempe-
rature and air temperature in 35 cm of soil depth, no
significant correlation in 20 cm, positive correlation in 10
cm, and significantly positive correlation in 5 cm in the
diurnal variations, and Table 2 shows the significant
difference among the soil depth. The diurnal variations of
soil temperature can describe the hysteresis of soil
temperature. The correlation (R) decreased with the
increase of soil depth. It implies that the hysteresis was

more obvious with the increase of soil depth. The effect
of air temperature on soil temperature was decreased
with the increase of soil depth. At high fertility level, R
was W, < W< W,in 5 and 10 cm depth, W, < W,< W, in
20 and 35 cm of soil depth. At low fertility level, the three
water treatments performance was inconsistent with the
high fertility treatment (Table 2), R was Wy, < W i<W, in 5
and 10 cm of soil depth, W, < W, < W, in 20 and 35 cm
depth; at the high soil moisture level, R was F.,<F;; at the
low soil moisture level, R was F, < F, in 20 cm of soil
depth, and F, > F;in 5 and 10 cm of soil depth.

Effect of soil moisture and fertilizer on the diurnal
change of soil Temperature

Data given in Figure 2 shows that the diurnal variation of
soil temperatures changed at 5, 10, 20 and 35 cm depths
of the soil. It was obvious that soil temperatures changed
diurnally, and the pattern of soil temperature which
changed with respect to time was similar to a sinusoidal
curve; the same shape as air temperature change.

In our analysis, we applied the sine function

T, =Ti+ A sin(ax —@,) to best approximate the curves

of soil temperatures collected at the depths of 5, 10, 20
and 35 cm, respectively. Table 3 shows that there was no
significant difference among soil temperature (including
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Table 2. The correlation coefficient (r) between the diurnal variations air temperature and soil

temperature.
Soil depth _Treatment
(cm) WhFm WiFm WFm WiFi Wi WiF,
35 -0.77* -0.76** -0.69** -0.63** -0.75** -0.69**
20 -0.44* -0.27 -0.21 -0.08 -0.07 -0.10
10 0.38 0.25 0.56** 0.70** 0.43* 0.54**
5 0.73** 0.72** 0.83** 0.80** 0.70** 0.76**

** Shows that the correlation coefficient (r) reached the statistical significant levels at 0.01, * shows that
the correlation coefficient (r) reached the statistical significant levels at 0.05. W,, deficit irrigation; W,
moderate irrigation; Wh, high irrigation; F,, deficit fertilizer; Fm, moderate fertilizer.
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Figure 2. Diurnal variations of soil temperature in WyFy, and W|Fr, treatments (15 August, 2008). Tair, air temperature; T35, the
soil temperature in 35 cm of soil depth; W, deficit irrigation; Wy, high irrigation; F,, moderate fertilizer.

minimum soil temperature, maximum soil temperature
and mean soil temperature) in the different soil moisture
level. The minimum soil temperature increased and the
maximum soil temperature decreased with the increase
of soil depth. The minimum soil temperature trend was W,
> W, > W,, in deep soil and Wy, > W, > W, in surface soil
in high fertilizer level and W, > W, > Wm in low fertilizer
level. The maximum soil temperature trend was W, > W,
> Wy, in high fertilizer level, W, > W, > W}, in deep soil and
W > W, >W,in surface soil in low fertilizer level.

Amplitude is a very important variable to describe the
diurnal variations of soil temperature. Table 3 shows that
the soil temperature amplitudes decreased with the
increase of soil depth. The soil temperature amplitude
was W, > W, > Wy, in high fertilizer level, W,> W, > W, in
deep soil and W,,> Wy, > W, in surface soil in low fertilizer
level. It is the same trend with the maximum soil
temperature.

Here, we used initial phase which is a very important
parameter to best describe the hysteresis effect of soil
temperature. Table 3 shows that the soil initial phase
increased with the increase in soil depth. The trend was
in opposition to the amplitudes change. Table 3 shows
that the initial phase of the soil temperature increased
with the increase in soil moisture level; this indicate that

the hysteresis effect of soil temperature aggrandized with
the soil moisture increase. At high soil moisture level, the
initial phase value was F, < F,, and at low soil moisture
level, the initial phase value was F,> F... It explained that
in high soil moisture level, the hysteresis effect of soil
temperature increased with the increased amount of
fertilizer and in low soil moisture level, the hysteresis
effect of soil temperature decreased with the increased
amount of fertilizer.

DISCUSSION

As reported previously, it is still believed that soil
temperature distribution at any depth below earth’s
surface remains unchanged throughout the year. There
was no significant difference in mean soil temperature.
However, various researchers showed that soil tempe-
ratures at shallow depths present significant fluctuation
on both daily and annual basis (Penrod et al., 1960;
Carson, 1963; Kusuda, 1975). The top slab is considered
to be a depth with the vertical scale of the diurnal
temperature wave, and the substrate is considered to
remain at a diurnal mean fixed temperature (Dudhia,
1996). It is obvious that soil temperatures changed
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Table 3. Parameters values in the sinusoidal curve T, = f,+ A sin(wt—09,) -

Fm FI
Treatment 35cm 20cm  10cm  5cm 35cm 20cm 10cm  5cm
Tmin (Minimum soil temperature)
Wh 21.60 21.10 20.00 19.20 21.70 21.10 20.00 19.30
W 21.50 20.80 19.70 18.90 22.00 20.90 19.90 18.80
Wi 22.00 21.50 20.10 18.80 22.00 21.40 20.10 19.40
Tmax (Maximum soil temperature)
Wh 21.90 22.20 22,50 22.80 22.00 2220 22.40 23.10
W 22.00 22.20 22,50 22.90 22,50 22.60 23.20 24.20
Wi 22.90 23.40 2410 26.10 22.60 2250 23.10 23.90
A, (Amplitude)
Wh 0.15 0.55 1.25 1.80 0.15 0.55 1.55 1.55
W 0.25 0.70 1.40 2.00 0.25 0.85 1.65 2.70
Wi 0.45 0.95 2.65 3.00 0.30 0.55 1.50 2.25
7i(Mean soil temperature)
Wh 21.74 21.65 21.24  21.05 21.87 21.63 21.19 21.25
W 21.77 21.46 21.13  20.90 2224 21.74 21.63 21.60
Wi 22.39 22.46 22.03 21.95 2226 2196 21.60 21.66
o, (Initial phase)
Wh 6.28 4.22 3.28 2.94 6.02 4.19 3.41 2.88
W 5.63 4.19 3.18 2.84 5.63 3.80 3.01 2.46
Wi 4.98 3.54 2.88 2.36 5.37 4.06 2.93 2.44

W, Deficit irrigation; Wy, moderate irrigation; Wy, high irrigation; F,, deficit fertilizer; Fr,, moderate fertilizer.

diurnally, and the pattern of the temperature that changed
with respect to time was similar to a sinusoidal curve; the
same shape as air temperature change. But the effects of
air temperature on soil temperature decreased and
hysteresis effect of soil temperature was more and more
obvious with the increase of soil depth; this result is
consistent with the related results obtained by other
researchers (Li et al., 2001; Fan et al., 2003).

Soil temperature and soil moisture are two interacting
physical quantities which together have a strong
influence on the growth of crops. With the increased of
soil moisture, the soil temperature amplitude decreased.
This implies that there was a significantly negative
correlation between soil temperature and soil moisture
(Chen et al., 2008) but soil moisture had no significant
effects on the soil mean temperature due to the soil
hysteresis existence. This is because soil itself is a poor
conductor of heat (Lv et al., 2006). Water has good
thermal conductivity. After adding water, soil thermal
conductivity increased by replacing the air in the soil
pores and water also has high heat capacity; it keep the

heat in the soil and transfer heat slowly. So, the soil
moisture had no significant effects on the soil mean
temperature but had significant effects on the soail
hysteresis. The optimal combination of fertilizer and water
can promote the crops growth. With high content of soil
moisture level, the hysteresis effect of soil temperature
increased with increase in the amount of fertilizer while in
low content of soil moisture level, the hydsteresis effect of
soil temperature decreased with the increased amount of
fertilizer. The earlier analysis showed that it was more
accurate to use instantaneous temperature to analyze the
effect of water and fertilizer on soil temperature than to
use daily average temperature. When forecasting the soil
hysteresis, we need to take into account, the change of
the diurnal variations, soil temperature, the amplitude of
soil temperature and initial phase.
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