
November, 2016             Int J Agric & Biol Eng      Open Access at http://www.ijabe.org              Vol. 9 No.6   131 

 

Spatio-temporal variation analysis of soil temperature based on 
wireless sensor network 

 

Liu Hui1, Meng Zhijun2*, Wang Hua1, Xu Min1 
(1. Information Engineering College, Capital Normal University, Beijing 100048, China; 

2. National Engineering Research Center for Information Technology in Agriculture, Beijing 100097, China) 
 

Abstract: Soil temperature is a key factor for best planting dates decision-making in the large scale farming areas of northeast 
China because of high latitudes and frigid environment.  Continuous data were collected from a wireless sensor network 
(WSN)-based monitoring system to exactly analyze and understand soil temperature of the whole farmland.  Using the 
classical statistics and geo-statistics methods, real-time monitoring data were analyzed with three aspects, i.e. temporal variation, 
spatial variation and spatio-temporal variation.  Temporal variation analysis of each sensor node showed a sinusoidal curve of 
daily soil temperature and gave the long-term trend of daily average soil temperature in a certain period.  Spatial variation 
analysis provided the spatial distribution map of daily average soil temperature within a study region for a certain day. 
Spatio-temporal variation analysis quantified the variation process of the spatial distribution over time by the monitored classes 
distribution indicator (MCDI) proposed.  Experimental results showed that the above variations analysis of the real-time data 
provide an effective approach to determine whole-farmland soil temperature. 
Keywords: precision agriculture, soil temperature dynamics, spatial-temporal variability, spatial variation, wireless sensor 
network (WSN) 
DOI: 10.3965/j.ijabe.20160906.1871 
 

Citation: Liu H, Meng Z J, Wang H, Xu M.  Spatio-temporal variation analysis of soil temperature based on wireless sensor 

network.  Int J Agric & Biol Eng, 2016; 9(6): 131－138. 

 

1  Introduction  

Soil temperature is a major driver of the vegetation 
growth and soil biological activity[1], therefore it is a key 
factor for best planting dates decision-making in the large 
scale farming areas of northeast China, where the soil 
temperature is a restrictive requirement for planting 
because of high latitudes and frigid environment.  In 
practice, soil temperature of a random sample obtained 
from the farm field is measured as an important indicator. 
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But this method is not rigorous in science.  As a matter 
of fact, spatial and temporal variation of soil properties 
has been scientifically acknowledged[2,3].  Therefore, 
multiple locations are usually required for sampling so as 
to exactly analyze and understand the spatio-temporal 
variation during the field survey in precision agriculture 
(PA).  However, it is arduous to collect data frequently 
with a very high spatial sampling density. 

As a popular technology, wireless sensor network 
(WSN) is quite suitable for the PA real-time monitoring[4].  
The WSN is characterized by the dense deployment of 
sensor nodes which monitor the physical phenomenon 
continuously.  Many PA monitoring applications were 
established as well as research projects.  Zhang et al.[5] 
established a wireless sensor network system including 
twenty sensor nodes, two sink nodes, and a high 
resolution web-camera for monitoring soil moisture.  
Dong et al.[6] designed autonomous irrigation 
management capability for a center pivot irrigation 
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system by monitoring the soil conditions in real time 
using a wireless underground sensor network.  Li et al.[7] 
developed and deployed a soil property monitoring 
system in a wheat field, and evaluated the quality of 
service of the system.  A wireless sensor network 
composed of 135 soil moisture sensors and 27 
temperature sensors was reported for monitoring soil 
moisture dynamics in an apple tree orchard[8].  

The WSN technology makes it possible to acquire 
dynamic data of soil property to achieve real-time 
spatio-temporal statistics and operation.  In the 
continuous sampling networks, the reading of any sensor 
node is a single sample representing the value of a 
location at some time.  The true value of the monitoring 
network is to obtain continuous spatio-temporal variation 
of a certain physical variable by interpolating the values 
of the field where there is no sensor sampling.  A 
theoretical framework for modeling the spatial and 
temporal correlations in WSN was discussed[9].  
Heathman et al.[10] proposed that the adequacy of 
long-term point-scale measurements of surface soil 
moisture could represent the local-field-scale averages, 
serving as the calibration and validation of remotely 
sensed soil moisture.  Additionally, a map of soil 
moisture distribution was obtained using the Kriging 
interpolation method combined with a WSN-based 
monitoring system[11].  However, little information has 
been mentioned with respect to specific spatio-temporal 
variation methods for processing massive actual data.  
This research aimed to study how to analyze continuous 

sampling data obtained from the WSN applications in 
order to satisfy the requirements such as whole-farmland 
soil temperature determination for best planting dates 
decision-making. 

2  Materials and methods 

2.1  Architecture of soil temperature monitoring 
system 

At the National Experimental Farm of Precision 
Agriculture, Beijing, China, a wireless sensor network 
was deployed for monitoring soil temperature in a wheat 
field in the summer of 2013.  The network consisted of 
nine sensor nodes, a sink node and a remote management 
center (Figure 1).  The sensor nodes were installed in a 
sampling grid pattern with a 60 m interval to satisfy the 
requirements of communication range and sampling 
range for WSNs[12].  Each sensor node was connected to 
a sensor for measuring soil temperature.  The sink node 
was designed to collect data from all the sensor nodes.  
Consequently, the collected data were transformed to the 
remote management center through integrated GPRS 
module.  The application server software running in the 
remote management center performed the functions of 
data display, storage, analysis and release.  Users 
accessed and downloaded the monitored data with 
terminal computers or mobiles via the internet.  Besides 
that, a weather station was installed in the same field   
to obtain the meteorological data including air  
temperature, relative humidity, precipitation, solar 
radiation and so on. 

 
Figure 1  System architecture of the wireless sensor network for monitoring soil temperature 

 

In this experiment, soil temperature was measured by 
the CG-3 sensor (Handan Qingsheng Electronics 

Technology Co., Ltd, China), which used the probe made 
by the Heraeus Company of Germany.  In the 
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measurement, the sensor probe was placed horizontally in 
the soil, and the measurement accuracy was ±0.2°C.  
Since most of the soil ecosystem processes occurred 
within the top layers of soil, each soil temperature sensor 
was buried about 10 cm underground.  This depth could 
better guarantee high stability and reliability of data 
acquisition over a long period in the rainy season.  Soil 
temperature data of each sensor node was sampled once 
every 10 min. 
2.2  Data analysis 
2.2.1  Temporal variation analysis of each sensor node 

Soil temperature fluctuates daily due to variations of 
air temperature and solar radiation.  Although the soil 
temperature changes more slowly than the air temperature, 
it still has a large temperature variation during single day.  
It is found that the soil temperature varied similarly each 
day[13].  The maximum and minimum values of the soil 
temperature appeared at similar times.  A series of 
non-linear regressions was computed based on the daily 
soil temperature collected from different sensor nodes 
during the experiment.  In this study, a sinusoidal 
non-linear model was proposed and utilized for data 
analysis.  The applied model for measuring soil 
temperature at a certain depth is expressed as following: 

 ( ) sin(2π / 1440)T t T A t= + ⋅ ⋅         (1) 

where, T(t) is the soil temperature at time t (min) in  

1440 min a day, °C; T denotes the daily average soil 
temperature, °C.  As a parameter characterizing the 
annual variation of soil temperature around the average 
value, is the fluctuation amplitude of daily soil 
temperature, which is calculated by: 

 max min( ) / 2A T T= −              (2) 

where, Tmax is the maximum soil temperature in a day, °C; 
Tmin is the minimum of soil temperature, °C. 

In the model, T , Tmax, Tmin are estimated by the 

following statistical equations respectively: 

 
1

1 ( )n
ii

T T t
n =

= ∑                (3) 

 max [ ( )]iT Max T t=               (4) 

 min [ ( )]iT Min T t=                (5) 

where, T(ti) is the i-th observation of soil temperature 
during a day among the total observations, °C. 

Comparing with the daily soil temperature, more 
attention was paid on the long-term trends of soil 
temperature in a certain period.  Daily average soil 
temperature is usually used to indicate the soil 
temperature condition at the sampling location in a day.  
Therefore, the daily average soil temperature data were 
calculated and demonstrated with time series of about  
30 d in this study. 
2.2.2  Spatial variation analysis for a certain day 

As is known, most soil properties vary continuously 
in space.  Spatial variation of soil properties was 
generally analyzed with the geo-statistics method.  The 
goal of the geo-statistical analysis is to generate a spatial 
distribution map by interpolating the values of 
unobserved locations based on the neighboring 
measurements.  As an advanced geo-statistical 
interpolation, kriging was described in many published 
books and papers.  Kriging interpolation mainly includes 
simple kriging, ordinary kriging, universal kriging, 
co-kriging and others[14].  The most robust and 
commonly used method is the ordinary kriging, in which 
an unknown constant mean is assumed within the study 
region[15].  In this study, a geo-statistical software 
package called ArcGIS Geostatistical Analyst Extension 
was selected for variogram analysis and ordinary kriging 
estimation. 

In theory, the spatial distribution map of soil 
temperature at any sampling time can be generated.  
However, it is unnecessary to analyze soil properties at 
such a high frequency.  Moreover, soil temperature at 
any sampling time is not typical for its daily fluctuation.  
In this study, the daily average soil temperature of all 
sensor nodes were used as input parameters for spatial 
variation analysis.  In addition, the spatial distribution 
map of soil temperature was obtained for a certain 
required span time. 
2.2.3  Spatio-temporal variation analysis 

The spatial distribution of soil temperature is varied 
over time.  However, the problem of how to quantify the 
variation process has not been well studied.  In this 
study, Monitored Classes Distribution Indicator (MCDI) 
was proposed and used to estimate the spatial distribution 
variation by learning from the research on spatial-temporal 
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dynamics of landscape fragmentation[16,17].  MCDI is 
defined as following: 

1
( / )n

i ii
MCDI C A A

=
= ⋅∑            (6) 

where, A is the area of the study region, m2; n denotes the 
classification number of the spatial distribution, and Ai is 
the area of the i-th monitored class, m2; Ci is the median 
value of the i-th monitored class range. 

According to the Equation (6), the value of MCDI is 
closer to the monitored class range with a larger spatial 
distribution area.  To a certain extent, MCDI shows the 
ability to indicate the spatial distribution of soil 
temperature.  To compare the spatial distribution 
variation over time in the certain period, spatial 
distribution map of various days is generated by the 
uniform classification standard of soil temperature.  
Quantified equation of the spatial distribution variation 

over time ΔMCDI can be computed as: 
ΔMCDI = MCDI(tj) − MCDI(tk)        (7) 

where, MCDI(tj) is the value of MCDI in j-th day and 
MCDI(tk) is the value of MCDI in k-th day during the 
monitored period.  ΔMCDI can be used to evaluate the 
variation degree of soil temperature in the entire region. 

3  Results and discussion 

3.1  Temporal variation analysis of each sensor node 
The monitored data acquired from Node 2 to Node 10 

in May 23, 2013 are showed in Figure 2.  The average 
span of daily soil temperature was 4.18°C for all sensor 
nodes.  The lowest temperature usually appeared in the 
morning during 05:00-07:00, and the highest temperature 
appeared in the afternoon during 15:00-18:00.  The 
observed soil temperatures were compared with the 
predicted results by the model described in Equation (1).

 
Figure 2  Comparison of observed values and predicted values of soil temperature at serial sensor nodes in May 23, 2013 



November, 2016     Liu H, et al.  Spatio-temporal variation analysis of soil temperature based on WSN       Vol. 9 No.6   135 

 

In these nine non-linear regressions, R2 values ranged 
from 0.941 to 0.979.  Individual nodes, such as the 2nd, 
3rd and 9th nodes, have relatively large prediction 
differences due to the effect of topography.  But in 
general one strong correlation was obviously found 
between the observed values and estimated values of the 
sinusoidal model at the designing depth in this study.  
The result indicated that the model well predicted the soil 
temperature at any time in a day.  Moreover, appropriate 
sampling interval can be chosen according to the 
characteristics of sinusoidal function.  As is known, the 
soil temperature is directly affected by the depth. 
However, the influence of the depth was not taken into 

account in the model.  Therefore, further study is needed 
to improve the model. 

A case in point was the long-term trend analysis for 
the soil temperature data of Node 3 and Node 4 from May 
22, 2013 to June 20, 2013 (Figure 3).  In addition, the 
varied curve of daily average air temperature from the 
weather station was plotted for comparison.  It showed 
similar trends with these curves over time.  The result 
proved the effect of air temperature on the soil 
temperature.  These results were consistent with 
previous study that daily average soil temperature was 
estimated by daily average air temperature with linear 
regression on regional scale[18]. 

 
Figure 3  Daily average soil temperature of node 3 and Node 4 versus daily average air temperature 

 

3.2  Spatial variation analysis for a certain day 
It was found that the spatial variability of soil 

temperature was weak according to the range of 
coefficient[19].  Daily average soil temperature of each 
day was proved following a normal distribution before 
geo-statistics analysis.  The statistical values of daily 
average soil temperature of all nodes for some days are 
showed in Table 1.  The semivariogram curves for the 
spatial continuity were plotted from the experimental data 
of May 22, 2013 and June 3, 2013, as shown in Figure 4.  
The Gaussian model was selected for variogram analysis 
in the research.  Daily average soil temperature of all 
sensor nodes in May 22, 2013 and June 3, 2013 were 
processed separately to obtain the corresponding spatial 
distribution maps (Figure 5) in ArcGIS Geostatistical 
Analyst Extension.  The daily average soil temperature 
was divided into six distribution levels by using manual 
classification method aiming to compare the 
spatio-temporal variation.  The threshold values of 

levels were set according to the legend of classes.  The 
colors from light to dark in the map represent the daily 
average soil temperature from low to high, respectively.  
It is obvious that the spatial distribution of daily average 
soil temperature fluctuated substantially over time. 

 

Table 1  The statistical values of daily average soil 
temperature of all nodes 

Date Max/°C Min/°C Mean/°C Standard 
deviation

Coefficient of 
variation 

2013-05-22 19.06 17.98 18.48 0.466 0.025 

2013-05-23 18.66 17.76 18.17 0.346 0.019 

2013-05-24 19.26 18.35 18.82 0.36 0.02 

2013-05-25 20.28 18.88 19.57 0.572 0.029 

2013-05-26 19.78 18.90 19.37 0.353 0.018 

2013-05-27 18.83 18.26 18.51 0.222 0.012 

2013-05-28 18.31 17.87 18.05 0.159 0.009 

2013-05-29 19.50 17.94 18.81 0.611 0.033 

2013-05-30 19.62 18.03 18.79 0.602 0.032 

2013-05-31 20.35 18.96 19.75 0.541 0.027 

2013-06-01 20.33 19.02 19.78 0.521 0.026 

2013-06-02 18.70 18.03 18.35 0.271 0.015 

2013-06-03 20.49 19.20 19.89 0.538 0.027 
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a. May 22, 2013  b. June 3, 2013 

Figure 4  Semivariogram curves of soil temperature 

 
a. May 22, 2013  b. June 3, 2013 

Figure 5  Spatial distribution of daily average soil temperature 
 

3.3  Spatio-temporal variation analysis 
The spatial interpolation map could be converted into 

the vector data, and the area of the various distribution 
levels were calculated and exported as attribute.  Then, 
MCDI value can be calculated according to Equation (6).  
In order to compare the values of MCDI in different days 
during the experiment, the uniform distribution standard 
with an equal interval of 0.5°C was used in the 
spatio-temporal variation analysis.  The classes 
distribution of daily average soil temperatures in May 22  
and June 3, 2013 are showed in Table 2.  Let MCDI(t1) 
denotes MCDI for the first day of this experiment (May 
22, 2013), so MCDI for June 3, 2013 is denoted as  
MCDI(t13).  The values of MCDI(t1) and MCDI(t13) were 
calculated as 18.48°C and 19.78°C by Equation (6), 
respectively.  Such values above were found good 
indicators of daily average soil temperature in the entire 
region. 

Table 2  Monitored classes of daily average soil temperature 

Class Range Median

May 22, 2013 June 3, 2013 

Area 
/m2 

Distribution 
ratio/% 

Area 
/m2 

Distribution 
ratio/% 

1 (17.5-18.0] 17.75 253.575 1.72 0 0 

2 (18.0-18.5] 18.25 7519.614 50.96 0 0 

3 (18.5-19.0] 18.75 6967.395 47.22 0 0 

4 (19.0-19.5] 19.25 14.969 0.10 4706.861 31.90 

5 (19.5-20.0] 19.75 0 0.0 4339.332 29.41 

6 (20.0-20.5] 20.25 0 0.0 5709.36 38.69 
 

According to Equation (7), the spatial distribution 
variation over time ΔMCDI is computed as following: 

13 1( ) ( )
            19.78 C 18.48 C 1.3 C
MCDI MCDI t MCDI tΔ = −

= ° − ° = °
     (8) 

The result above indicated that the daily average soil 
temperature increased 1.3°C within the whole study 
region from May 22, 2013 to June 3, 2013.  There was 
obvious soil temperature variation for the two spatial 
distribution maps (Figure 5).  In northeast large scale 
farming area of China, soil temperature is an important 



November, 2016     Liu H, et al.  Spatio-temporal variation analysis of soil temperature based on WSN       Vol. 9 No.6   137 

indicator for planting dates decision-making.  The 
MCDI is calculated by weighted averaging of each spatial 
distribution area.  It is more representative of the 
regional soil temperature compared with the usual 
measurements in single point.  Therefore, the critical 
soil temperature for best planting dates could be real-time 
monitored by setting the threshold of MCDI or ΔMCDI.  
The MCDI value is consistently higher than the threshold 
for the required days, which can be indicated that the 
regional soil temperature is suitable for sowing. 

The comparison of the statistical daily average soil 
temperature of all nodes with the MCDI values from May 
22, 2013 to June 3, 2013 is shown in Figure 6.  It is 
found that the two curves are different but very similar at 
the same day.  Thus, it is necessary to perform data 
validation over a longer period and wider region in the 
future work. 

 
Figure 6  Comparison of MCDI and statistical daily average soil 

temperature of all nodes 

4  Conclusions 

An approach capable of analyzing continuous data 
from WSN applications is presented based on the 
classical statistics and geo-statistics in this paper.  Three 
aspects, i.e. temporal variation analysis, spatial variation 
analysis and spatio-temporal variation analysis were 
conducted.  Methods above were verified by analyzing 
results of the temporal variation, spatial distribution and 
spatio-temporal variation of real-time soil temperature 
data.  Temporal variation analysis of each sensor node 
showed a sinusoidal variation of daily soil temperature 
and gave a long-term trend of daily average soil 
temperature in a certain period.  The spatial distribution 
map of daily average soil temperature was provided 
within a study region by spatial variation analysis.  The 

changing process of spatial distribution over time was 
quantified with spatio-temporal variation analysis by 
MCDI, an indicator proposed in this study.  The 
influence of the buried depth of sensors was not taken 
into account in the model, which need to be further 
studied to improve the model. 
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