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ABSTRACT A Wireless Sensor Network (WSN) can be successfully used for 
environmental monitoring. WSNs represent nowadays one of the most exciting 
technologies. Data acquisition of environmental parameters by means of processing of 
satellite images to be used in Geographic Information Systems (GIS) and image analysis 
software is a time consuming process. The use of WSN currently promises to shorten 
time to acceptable margins. This paper shows the results of a research project developed 
in a vineyard of Castilla-La Mancha, Spain, where an experimental network was set up, 
consisting of 12 nodes with up to four different sensors measuring ambient temperature 
and humidity, soil moisture (water content and potential), soil temperature, 
photosynthetically active radiation. Data transmission follows the wireless ZigBee 
standard, due to its low power needs and simple networking configuration. The nodes can 
communicate with a gateway unit, which can transmit the information to other computers 
via LAN, WLAN or Internet. The results achieved in this project could help farmers use 
this new technology in modern grapevine growing. One key milestone was the 
development of a computer-based information system: a high-valued decision tool for the 
grapewine grower. The ultimate aim is to develop a full operational prototype for data 
acquisition and processing enabling the easy analysis of the data by the farmer. A better 
choice of grapes, leading to better wines, is the first step that wine-producers should 
consider, but an important constraint is the ease with which the systems can be deployed 
in an open field. 
 
Keywords: Wireless sensor network, Precision viticulture, Geographic Information 
Systems.  
 
INTRODUCTION Precision Viticulture (PV) recognizes that wine grape yield within 
vineyards can be variable (PVA, 2007). Thus, vineyard management is targeted to areas 
which have similar growing characteristics, quantify how these areas within a vineyard 
perform, use the information to understand the reasons for the differences, and make 
better management decisions to increase production efficiency, profitability and 
sustainability (Bramley et al., 2006). In addition, its perennial nature suggests that yield 
spatial variation will maintain some behavioural pattern from one year to the next (Arno 
et al., 2009). 
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The implementation of PV demands intensive data manipulation. Data for some variables 
can be obtained by means of remote sensing techniques; for others, however, direct field 
measurements with sensors are essential, either with stationary equipment (weather 
stations) or portable devices operated manually (Camilli et al., 2007). Sensors allow to 
manage a small area specifically (Cook and Bramley, 1998). Akyildiz et al. (2002) 
describes that sensor networks are used for a variety of applications, including 
agricultural monitoring. 

WSNs are networks of small sensor nodes with limited processing capacity that 
communicate over short distances, normally using radio frequencies. The sensor nodes 
are deployed inside the field to be monitored (Camilli et al., 2007); they are fitted with an 
on-board processor to locally carry out simple computations and transmit only the 
required and partially processed data (Akyildiz et al., 2002). 

At the present time, however, very few practical examples of the use of WSN in 
agriculture are available in the literature (Cerpa et al., 2001; Burrell et al., 2003; Wang et 
al., 2006). However, Akkaya et al. (2006) envision that WSNs will be part of the future 
Internet where real-time information will be queried through physical sensors deployed 
almost everywhere. 

The objectives of this paper are twofold: Firstly, to set up an experimental platform to 
design and implement various mechanisms aiming to enhance the performance of this 
type of networks, such as reconfiguration, security algorithms and power consumption. 
Secondly, to point out PV concepts related to the spatial variability of plant performance 
by measuring key environmental parameters such as ambient temperature and humidity, 
soil temperature, water content and solar radiation. 

MATERIALS AND METHODS 

Experimental design A two-phase experimental methodology was used.  The first phase 
validates management solutions during acquisition, processing, transmission and 
reception, and tests the operational issues under critical environmental conditions. The 
second experimental phase was performed under real operating conditions in a vineyard 
in order to analyse the spatial variability of relevant environmental parameters affecting 
wine quality production. The aim was to collect data on environmental parameters 
involved in relevant plant physiology processes: temperature, humidity and radiation. At 
each sampling site, sensor devices were deployed within the canopy of a grapevine plant 
selected to be representative of its surrounding. 

The vineyard (Vitis vinifera L.) of 1 ha is located close to Albacete city, Spain, at 690 m 
a.s.l.. There are 2240 drip-irrigated grape trellised plants. Sensors were deployed at 12 
nodes in a 25x40-m grid. Camilli et al. (2007) considered grid distances less than 30 m is 
a setup compatible with the PA requirements. The experiment started in spring 2009. 

The Wireless Sensor Network  The network consisted on 12 devices belonging to the 
ēKo® series(Crossbow Technology, Inc., San José, CA, EEUU). The eN2100 ēKo node 
is a fully integrated, rugged outdoor sensor package that uses energy-efficient radio and 
sensors for extended battery life and performance.  
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The ēKo node integrates an IRIS family processor/radio board and antenna that are 
powered by rechargeable batteries and solar cell. In addition, provides a direct sequence 
spread spectrum radio (DSSS) supporting the 2.4 GHz global ISM band. ēKo node is 
capable of outdoor radio range of 500 to 1500 feet depending on deployment. The nodes 
come pre-programmed and configured with Crossbow’s XMesh low power networking 
protocol. This provides plug-and-play network scalability for wireless sensor network.   

The nodes extend their radio range by hopping messages. All ēKo nodes can originate 
sensor data and also forward data from other ēKo nodes (see fig. 1). ēKo nodes without 
sensors can be placed anywhere to act as repeaters if required. Each node monitors the 
radio traffic in its neighbourhood and keeps track of possible alternate radio paths. If one 
path is blocked or degrades, it will switch to an alternate path.  

The ēKo gateway stores and forwards (optional) data from the sensor network. The 
ēKoView web service allows users to remotely view sensor data via the internet and 
monitor the network. The gateway will connect to any standard Ethernet hub or router. 

  

Figure 1. Operating layout of the ēKo network(www.xbow.com) 

 
The ēKo Pro Series system can support a wide range of external sensors from different 
manufacturers. Its plug-and-play Environmental Sensor Bus (ESB) architecture provides 
the versatility to interface both smart and custom sensors with direct plug-in. 
 
Each node can support up to four sensors, one for each port. The system can be easily 
enhanced with various sensors such as soil moisture, ambient temperature and humidity, 
soil water content, solar radiation, etc. 
 

• Ambient temperature and humidity (eS1201): This device works using the 
“Sensirion-SHT75” sensor which provides the following characteristics: 0 to 
100%RHI humidity range, -40ºC to 70ºC of temperature range. Its certified 
accuracy is +/-3% (10 to 90%RHI) and +/-2ºC. 

• Soil moisture and soil temperature (Watermark) (eS1101): This is a Davis 
device adapted to the Switchcraft EN3 connector. Its water potential range widens 
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from 0 to 200 cbar with +/-5% accuracy. It also includes a soil temperature sensor 
(Sensirion-SHT75) for possible water potential measure corrections. 

• Solar radiation (eS1401): The eS1401 uses the Davis Solar Radiation sensor and 
measures global radiation, both the direct and diffuse components of solar 
irradiance. It measures a range from 0 to 1800 W/m2 with +/-5% accuracy. 

• Soil water content (eS1110): The eS1110 uses the Decagon EC-5 which obtains 
volumetric water content by measuring the dielectric constant of the media. Its 
range widens from 0 to 100% of volumetric water content with a maximum +/-3% 
accuracy depending on the soil type and water salinity. 

 
The sensors conformed to the Guide to Meteorological Instruments and Methods of 
Observation (World Meteorological Organization, 2008). Data are transmitted every 15 
minutes from the nodes to the gateway unit.   

Data Analysis. The data analysis was carried out in two main steps. The first one was a 
statistical analysis of the raw data using SPSS Statistics 17.0. A multiple comparison test 
was done in order to find data patterns and anomalies. These anomalies provided us with 
feedback information to enhance the WSN prototype and the experimental design.  

Once daily data patterns were revised, the second step was a geostatical analysis 
(Kravsehnko and Bullock, 1999) looking for spatial variability trends. This process can 
be broken down into the following steps: 

• Explore the data (Histograms, Voronoi maps, Semivariograms, etc.) 
• Fit a model (IDW, Kriging, Cokriging, Radial Basis, Global Polynomial, etc.)  
• Perform diagnostics and compare the models 

This methodology was implemented by using the ArcGis software (ESRI, 2009). 

RESULTS 

WSN Prototype The system architecture, both hardware and software, was successfully 
tested in the lab under controlled conditions with a limited number of three nodes. 
Temperature and humidity sensors (SHT75 Sensirion, CA, USA) were calibrated by 
using a plant growth chamber CMP 4030 (Conviron, Winnipeg, Canada). 

After passing the test, the sensors were deployed in the field. Occasionally, some 
anomalies were found in the recorded data due to different situations such as network 
saturation, missing data packages during the deliver-receiving process or power cuts. 
These situations caused data errors and gaps in the data set continuity. The battery 
management systems are critical, especially in the data’s deliver-receiving process, 
provoking unsuccessful connections in those devices with partially charged batteries that 
might turn down the whole network activity. Another important problem has been the 
instability in power supply in terms of voltage peaks or electric supply cuts. These issues 
have caused serious damage in the gateway’s boot-up system and the corruptions of its 
files therefore, long data series during the vegetative cycle of the vineyard were lost. We 
have concluded that the system nodes are able to sustain themselves based on solar 
energy alone (Morais et al., 2008) as well as the gateway device trying to reach the 
overall energy system autonomy.  
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The longest continuous data time period was chosen for the statistical analysis of the raw 
data. The 66705 collected data packets, corresponding to the 33 days around vineyard 
bloom, were depurated. The statistical analysis let us identify malfunctioning nodes that 
seemed to be working properly. Two main problems concerning data quality were found. 
In one hand, some nodes revealed continuity problems in operation, delivering one same 
data packet repeatedly; this problem alters the means calculation. On the other hand, out-
of-range measurements were registered by some sensors under specific local conditions, 
particularly with high temperatures under direct solar radiation. The most representative 
parameter that is not affected by these troubles and could be used in the geoestatistical 
analysis was the daily minimum temperature. 

The multiple comparison test showed the homogeneity of the average daily data. 
However, when the full data sets were analyzed, remarkable differences were found in 
certain parameters. These differences let us have an insight view of the intrinsical plot's 
variability. The outcomes of this preliminary test lead us to make changes in the sensor 
canopy location or replace the out of range ones, improving the experimental WSN 
prototype design.  

Agricultural Information System The large amount of data to be collected  with a very 
high spatial sampling density and in order to improve our ability to understand yield 
variability, a software tool for visualization and analysis of monitoring data as well as the 
management of the network was developed. WiseObserver is an intuitive and powerful 
interface allowing all kind of users to approach network data treatment and visualization.  

WiseObserver has been developed in C# .net and uses a database with data coming from 
the WSN. One important requirement is that the system must be independent of the 
hardware platform and software of the WSN, as well as independent of the scope of 
application altogether. In order to obtain these technological independence and use 
flexibility it is necessary the division of the application in modules to make easy certain 
functionalities and satisfy certain requirements. 

The application includes several modules with different functionality to fulfill all its 
requirements: 

• Evolution Chart: It includes different graphic formats to represent data evolution 
in a certain monitoring period. The tool facilitates graphic generation in different 
formats: block, evolution, bars, etc., and also statistical functions. Another 
important characteristic of this module is that it allows the comparison between 
graphs.  

• Interpolation Maps: It is a special visualization module which generates contour 
maps, and offers very fast instantaneous data visualization. Interpolation maps are 
designed to work with all kinds of outdoor monitoring applications, but future versions of 
the tool will include calculations for different interpolation maps. With this additional 
functionality, WiseObserver will also extend its scope of use to almost all monitoring 
wireless sensor network applications 

• Evolution Video Generation: This module generates videos mounted with 
sequential contour maps to cover a certain period of time. 

• External Data: This module makes more flexible the scope of application of the 
tool, incorporating related external data not provided by the network and 
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manually added. The tool uses these data to perform evolution charts and contour 
maps and can be compared with data coming from the WSN. 

• Report Generation: This module has been designed to generate automatic 
reports based on WSN data and allows the inclusion of graphs and maps 
generated by means of evolution charts and interpolation maps modules. 

 

      

Figure 2. WiseObserver Graphical User Interface for Evolution Chart (left) and 
Interpolation Maps (right) 

Spatial variability. Since the land characteristics are continuously varying, the estimated 
yield over the interpolation is more operational than discrete measurements on certain 
points (Lamb and Bramley, 2001). 

As a result of the data analysis methodology described in this paper, the 23rd of May was 
selected as the most suitable day for the geoestatistical analysis. The Duncan multiple 
comparison test showed two different homogenous groups with a 0.10 alpha value for 
this day. Therefore, the final data set chosen to perform the geoestatistical analysis, was 
the 23rd of May minimum temperature of each node. Exploring the data set, we got the 
outcomes shown in Figure 3. 

  

Figure 3. Data distribution of minimum temperature for the case study (May 23, 2009): 
Histogram (left) and Semivariogram (right) 

Fitting a model means choosing a surface interpolation method to estimate data values at 
locations where measurements have not been taken. To fit our model, firstly, an 
Interpolated Distance Weighted (IDW) method with standard settings was applied to the 
data set. Then, kriging methods with different settings were also applied. Figure 4 shows 
the results of these interpolation methods. 
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Figure 4. Spatial distribution results of several interpolation models applied to the case 
study (May 23, 2009): IDW optimum (left), Ordinary Kriging default (center) and 
Ordinary Kriging exponential (right). Values range from 12ºC (yellow) to 15ºC (dark 
brown). 

To select the method that better fits the data set, a cross validation comparison was 
performed. The model with the lowest root mean square error is the one that was finally 
selected, Ordinary Kriging exponential was the selected model in this case. 

Another factor involved in this kind of analysis is the time. Since the physical parameters 
vary not only along the space but also with the time, the amount of data collected by the 
WSN is so large that data processing troubles appeared frequently. Also, the level of 
analysis required increases a lot and demands training and skill working procedures. 

CONCLUSION. Precision Viticulture has an increasing impact on the world-wide wine-
growing sector because of the best management of the inherent variability, the best 
economic benefits and the reduction of environmental impact. So far very few decisions 
on vineyard management (canopy conduction, pruning, pest treatments or harvest) are 
made basing on individual plants. Any approach to decision support systems is more 
effective at the level of block or small zone than individual plant. But mapping should be 
no longer constrained to a collection and often outdated data collected from satellites that 
must be preprocessed to obtain useful results. A map showing the field variability 
improves a better understanding of data collected from a dense WSN enabling decision 
making in selecting the best strategy for crop management. The precision of the map will 
depend on the number of nodes and the reliability of the process.  

The variability analysis would lead users to make on-the-go changes in sensor location 
within the canopy, replacement of the out-of-range devices and optimize the number of 
nodes improving the experimental WSN prototype design. Certain aspects concerning 
standard data communication and power supply of this kind of networks have being 
solved. Future advances in this field will include the improvement of the quality model 
that could be validated when harvesting quality data were integrated. Additional data to 
estimate plant water requirements could be used in further experiments. 
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