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Summary
Knowing the components of a soil water balance—for example, evapotranspiration, soil water content, and precipitation—is the basis 
for agricultural water management. Weighing lysimeters and soil water sensors are commonly used to quantify these components. Data 
can be used to validate common models to estimate evapotranspiration based on meteorological data, for instance. As every measure-
ment device has its own characteristics, it is helpful to assess and improve the performance of a system to obtain best possible data. 
Recent developments in the processing of lysimeter data allow determining both evapotranspiration and precipitation directly from 
lysimeter data. Resulting datasets are characterized by a proper accuracy, completeness, and a high temporal resolution. Soil water sen-
sors usually measure a physical property that is related to soil water content or matric potential via a specific calibration function. Hence, 
measurement accuracy depends not only on this calibration but also on basic physical principles and material properties. Knowing the 
performance of a device is, therefore, essential for the selection of an adequate sensor arrangement and truthful data interpretation. 
Advanced soil water monitoring sites combine different sensor types that are integrated into a wireless network to enable real-time data 
availability and provide a basis for large-scale monitoring.
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Zusammenfassung
Die Kenntnis von Bodenwasserhaushaltskomponenten – zum Beispiel Verdunstung, Bodenwasseranteil und Niederschlag – ist die 
Basis für landeskulturelle Wasserwirtschaft. Zur Bestimmung dieser Größen werden üblicherweise wägbare Lysimeter und Boden-
wassersensoren herangezogen. Die Daten können verwendet werden, um Verdunstungsformeln zu evaluieren, welche zur Abschät-
zung der Verdunstung basierend auf meteorologischen Daten dienen. Da jedes Messgerät gewisse Eigenschaften aufweist, sollten 
diese ermittelt, beurteilt und gegebenenfalls verbessert werden, um bestmögliche Daten zu erhalten. Aktuelle Entwicklungen in der 
Aufbereitung von Lysimeterdaten ermöglichen die Ermittlung sowohl von Verdunstung als auch Niederschlag direkt aus Lysimeter-
daten. Die daraus resultierenden Datensätze zeichnen sich durch hohe Genauigkeit, Vollständigkeit und hohe zeitliche Auflösung 
aus. Bodenwassersensoren messen üblicherweise eine physikalische Eigenschaft, die über eine Kalibrierfunktion mit einer physika-
lischen Bezugsgröße wie Bodenwasseranteil oder Matrixpotenzial in Beziehung gesetzt wird. Die Messgenauigkeit hängt somit von 
der Kalibrierung, aber auch von physikalischen Grundlagen und Materialeigenschaften ab. Die Kenntnis der Eigenschaften von 
Messgeräten ist für die Auswahl eines entsprechenden Messsystems sowie für eine bestmögliche Interpretation der Daten erforder-
lich. Moderne Messstellen für Bodenwassermonitoring stellen eine Kombination von mehreren Sensortypen dar. Die Sensoren sind 
üblicherweise in ein Fernmessnetz eingebunden, um die Datenübertragung in Echtzeit zu ermöglichen. Messnetze bieten zudem 
Informationen über größere Flächen. 
Schlagworte: Messsystem, Verdunstung, Wasseranteil, Matrixpotenzial, Datenmanagement
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1. Background and objectives

Water is vital for humans, animals, and plants. Driven by 
various processes, it is continuously transported above, on, 
and below the surface of the earth. Soil represents only a 
thin layer between the earth’s rocky crust and the atmos-
phere, but it is extremely important for vegetation as it 
provides anchorage to roots and stores water and nutrients. 
Soil water—as a part of the hydrological cycle—comprises 
water of the vadose zone, which is the zone between the 
land surface and the top of the phreatic surface. Plants ab-
sorb soil water through their root system and transport it 
to the atmosphere. A small amount is required for the pro-
cess of photosynthesis, which combines water with carbon 
dioxide and solar energy from the atmosphere and converts 
them to carbohydrates. In this context, the availability of 
(soil) water and the interactions between soil, plant, and 
atmosphere are essential for nearly all life on earth.
Agricultural production (thus food security) strongly de-
pends on environmental conditions, which build the 
framework for processes in the soil–plant–atmosphere 
continuum. While some environments provide favorable 
conditions for farming, others are less suitable. Already 
during the Neolithic Revolution, when societies changed 
from hunting and gathering to arable farming and livestock 
breeding, people started to modify their natural environ-
ment fundamentally in order to enhance food production 
(Bocquet-Appel, 2011). Conventional measures to achieve 
this objective have been—and still are—deforestation, soil 
cultivation, cultivar selection, plant breeding, and irriga-
tion. By learning how to care for the soil and the thriv-
ing and prospering of plants, people enhanced agricultural 
management in the course of the millennia. In Europe, the 
development of advanced methods and techniques led to 
closed greenhouse systems with total control of the envi-
ronment (Opdam et al., 2005). However, in the EU mem-
ber states, all-season greenhouses production of fruits and 
vegetables is only complementing the dominating open-air 
production of a wide range and variety of crops (EURO-
STAT, 2015). Consequently, most farmers have to face 
chancing environmental conditions, and they have to adapt 
their management strategies accordingly. In this regard, soil 
water management has always been a great challenge.
Loiskandl and Kammerer (2011) defined soil water man-
agement as “active involvement in controlling soil water 
content at an optimal state for all given purposes, includ-
ing environmental needs.” With regard to agricultural pro-
duction, soil water status should remain within a certain 

range that is optimal for plant water uptake. If the soil 
becomes too dry, water-deficit stress is supposed to occur. 
In such a case, irrigation can help avoiding the reduction 
of both yield and quality. However, irrigation has to be 
adapted to soil properties in order to minimize potential 
negative environmental impacts such as deep percolation, 
leaching of water-soluble nutrients, water logging, and 
soil salinization. In certain circumstances, drainage—the 
counterpart of irrigation—is also required to keep the soil 
water content at an optimal state. Accordingly, the optimal 
state can be “a compromise between competing uses and 
needs to account for long-term sustainability of the soil 
water system” (Loiskandl and Kammerer, 2011).
Beside the immediate adaptation of agricultural manage-
ment practices to local environments, global change will 
generate new challenges for farmers in future. Climate 
change, for example, will affect rainfall, temperature, and 
evapotranspiration. In many European regions, the pre-
dicted larger variability of environmental factors—for ex-
ample, more frequent extreme events and longer drought 
periods—will increase the pressure on farmers to imple-
ment water-conserving practices and improve irrigation 
management (Olesen and Bindi, 2002). Furthermore, cer-
tain awareness is necessary in order to avoid undesired side 
effects—for example, soil salinization as a consequence of 
deficit irrigation strategies (Aragüés et al., 2015). Against 
this background, studying the soil water balance and its 
components is supposed to provide a basis for the develop-
ment and assessment of approaches for agricultural water 
management.
This article focuses on the determination of water balance 
components by means of weighing lysimeters and soil wa-
ter sensors. Regarding an adequate data interpretation, it 
is essential to consider both strengths and limitations of 
measurement systems and preferably reduce shortcomings. 
Therefore, system performance is particularly addressed 
in terms of measurement accuracy, precision, temporal 
resolution, and data management. Practical examples of 
recent developments are given concerning this matter. Re-
liable measurements can help understanding processes or 
directly serve as basis for management decisions. Examples 
of irrigation scheduling based on soil water monitoring are 
mentioned in the article. As weighing lysimeters and soil 
water sensors represent only point measurements, further 
efforts might become necessary to obtain large-scale in-
formation. Lysimeter data, for instance, were traditionally 
used to develop, calibrate, and validate models for the esti-
mation of water balance components. Data of point-scale 
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sensors and sensor networks are also used to calibrate and 
validate large-scale soil moisture monitoring techniques, 
which have advanced in recent years. Thus, the article also 
contains examples referring to this.

2. Soil water balance

2.1 Relevant components of the soil water balance

Soil consists of solids and a pore system that enables trans-
port and storage of water. Soil water status can range from 
wet to dry, indicating the degree of saturation of the voids 
(Hillel, 1998). It can be described either by soil water con-
tent (volume of water per volume of soil) or by soil water 
potential (energy state of water at a certain point in rela-
tion to a reference level). Both quantities are linked via 
a soil-specific water retention function. Together with the 
relationship between matric potential and hydraulic con-
ductivity, a water retention function characterizes the hy-
draulic properties of a soil (Hillel, 1998). Considering a 
certain volume of soil, inflow and outflow change its water 
content (∆W). Under natural conditions, the main fluxes 
arise from evapotranspiration (ET), precipitation (P), deep 
percolation (DP), and capillary rise (CR).
Evapotranspiration represents fluxes of water (vapor) from 
the soil to the atmosphere as a combination of two sub-
processes: evaporation and transpiration. While evapora-
tion describes the process of vaporization—where water 
changes its phase from liquid to gaseous—from bare soil or 
a water surface, transpiration is associated with plant wa-
ter uptake in the rooting zone (Monteith and Unsworth, 
2013). Plants raise the water through their vascular tissues 
onto the stomata of the leaves from where it can vapor-
ize. The main driving force originates from the potential 
gradient between the energy state of water in the (relatively 
wet) soil and the (relatively dry) atmosphere (Hillel, 1998). 
Hence, evapotranspiration is a continuous process—at 
least as long as soil water is available—that depends on at-
mospheric factors such as solar radiation, air temperature, 
air humidity, and wind velocity as well as on crop charac-
teristics (Monteith and Unsworth, 2013).
Precipitation in its various forms (e.g., rainfall, hail, or 
snow) occurs when water condenses in the atmosphere and 
falls to the ground because of gravitation. Hence, it repre-
sents atmospheric inputs of water into the soil. In contrast 
to evapotranspiration, precipitation occurs occasionally.
Deep percolation is the movement of water out of the 
rooting zone and toward groundwater, whereas capillary 

rise acts in the opposite direction. Soil water studies often 
disregard capillary rise as it appears only at locations with 
a high groundwater table and flow rates are typically small.
For flat areas with low groundwater table, Eq. 1 represents 
a simple water balance of the relevant components men-
tioned earlier in this section and irrigation (I ).

ET = P + I − DP ± ∆W  (1)

With regard to agricultural water management, evapo-
transpiration is a key component of the water balance. 
Together with precipitation as its “opponent,” it describes 
representatively the climate of a region. Both quantities 
also provide the basis for water balance models, which may 
serve as decision support systems for irrigation manage-
ment. Knowing the water balance of a specific area can 
thus be a meaningful step toward an economic and eco-
logical agriculture.

2.2 Quantifying soil water balance components

Considering the components in Eq. 1, it is comparatively 
simple to measure P (and I ) by means of a rain gauge. 
The result is a volume of water that was collected within 
a certain time interval and is related to a certain surface 
area. In contrast, determination of ET requires complex 
measurement systems.
Lysimeters separate a certain volume of soil from its sur-
roundings in order to prevent lateral fluxes, and enable 
measurements of water and solute fluxes across its upper 
and lower boundary. Equipped with a weighing device 
to detect water content changes (∆W)—the mass of the 
container and the solid soil remain the same—and devices 
to measure precipitation (P ) and drainage at the bottom 
(DP ) (e.g., tipping buckets), ET can be calculated accord-
ing to Eq. 1 (Aboukhaled et al., 1982). State-of-the-art ly-
simeters are equipped with sensor arrays that measure soil 
parameters inside and outside of the lysimeter container 
to monitor and control boundary conditions similar to 
that of the undisturbed soil environment (von Unold and 
Fank, 2008). Hence, modern lysimeters are powerful tools 
to quantify water balance components with a high preci-
sion (<0.1 mm) and a high temporal resolution (<10 min) 
(Hannes et al., 2015).
Another method to determine ET relies on observing the 
change of water (∆W ) in a soil profile over time to solve 
Eq. 1. For this purpose, soil water content is traditionally 
determined by means of soil sampling and gravimetric 
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analyses. In the past decades, sensor technologies largely 
replaced this method, because soil water sensors enable 
monitoring of water content at short time intervals with-
out destructive and laborious soil sampling (Allen et al., 
2011). However, a major potential source of error in the 
water balance method is the uncertainty in drainage and 
other undetected fluxes in and out of the control volume. 
Therefore, an advanced sensor arrangement should pro-
vide the possibility to obtain information about both the 
occurrence and the movement of soil water. Discovering 
fluxes requires measurement of the matric potential at dif-
ferent locations. According to the concept of soil water po-
tential, water will flow from the higher energy level to the 
lower one (Hillel, 1998). A sensor setup that combines wa-
ter content and matric potential measurements in different 
depths of a soil profile can, therefore, handle the tasks of a 
traditional lysimeter. The basic concept of such a “virtual 
lysimeter” considers that soil parameters always depend 
on natural conditions. Therefore, sensing an undisturbed 
part of soil not separated from the surrounding area better 
represents natural conditions (Kastanek et al., 2002). On 
the other hand, the capability of a site for monitoring soil 
water depends on the arrangement and the performance 
of the implemented sensors and sensor types, which can 
cause systemic weaknesses.
Lysimeter facilities generally provide accurate water bal-
ance data, but they do have some disadvantages compared 
with other techniques. Above all, they are not widely dis-
tributed because of their quite costly and complex con-
struction, maintenance, and operation (Allen et al., 2011). 
Furthermore, the footprint of a lysimeter is small, so the 
measurements may not be representative of a larger area for 
several reasons, including differences in plant stand, tillage, 
moisture, fertilization, herbicide application, and simple 
random variability (Evett et al., 2016). The combination 
of lysimeter measurements and soil water monitoring in 
the field promises more comprehensive information, but 
these methods still represent only point-scale measure-
ments. To obtain water balance components on a larger 
scale, one might use systems that require the application 
of relatively complex physical principles and techniques, 
such as Bowen ratio–energy balance, eddy covariance, and 
scintillometers (Allen et al., 2011). Furthermore, recent 
developments in large-scale soil moisture monitoring—in-
cluding satellite data and global soil moisture networks, 
for instance—reveal opportunities to advance science and 
practice in this regard (Albergel et al., 2012; Ochsner et 
al., 2013). According to recent literature, irrigation wa-

ter management is more and more considering remotely 
sensed data, partly in combination with model approaches, 
in order to obtain spatial information (e.g., Guermazi et 
al., 2016; Toureiro et al., 2016). Data of lysimeters and soil 
water sensors are typically used to calibrate and validate 
such combined approaches (e.g., Zhang and Wegehenkel, 
2006).
Disregarding these novel developments, lysimeter data are 
traditionally used to develop, calibrate, and validate mo-
dels to better understand the basic hydrological processes 
and make them applicable at a larger scale. Evapotranspi-
ration, for instance, can be estimated using weather data 
and algorithms that describe surface energy and aerody-
namic characteristics of the vegetation (Allen et al., 2011). 
A well-known model in this regard is the one after Penman 
and Monteith (PM), which was recommended as stan-
dard model for calculating reference evapotranspiration 
(ETref) and subsequently plant water requirements by the 
Food and Agriculture Organization of the United Nations 
(FAO) (Allen et al., 1998). Several water balance models 
refer to this approach, for example, the FAO AquaCrop 
model (Heng et al., 2009). AquaCrop or similar models 
are often used as decision support for irrigation scheduling 
(e.g., Garcia-Vila and Fereres, 2011; Geerts et al., 2010; 
Montoya et al., 2015). Although models represent only 
a simplification of natural processes, they are easily avail-
able and users can simulate different (future) scenarios by 
modifying the input data or the model parameters. Conse-
quently, model results often serve as basis for adaptations 
of management practices and political decisions.
The presented approaches and combinations of them of-
fer plenty of opportunities to enhance agricultural water 
management in terms of irrigation, drainage, fertilization 
practices, and land management, for instance. In this re-
gard, lysimeters and soil water sensors can deliver the es-
sential database.

2.3 Data acquisition and data management

Observations of environmental processes and measure-
ments are the basis for natural sciences. Research questions 
associated with agricultural water management or related 
topics focus on observations of soil water status, atmos-
pheric processes (weather), and plant water status, for in-
stance. In this regard, a measurement can be defined as “a 
process of experimentally obtaining one or more quantity 
values that can reasonably be attributed to a quantity,” in 
which a quantity is “a property of a phenomenon, body, 
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or substance, where the property has a magnitude that can 
be expressed as a number and a reference.” Furthermore, a 
sensor is “an element of a measuring system that is directly 
affected by a phenomenon, body, or substance carrying a 
quantity to be measured” (JCGM, 2012). A measurement 
system typically contains several devices (e.g., weather in-
struments, soil water sensors, load cells) to measure differ-
ent physical quantities. Electronic devices typically meas-
ure voltage, resistance, or frequency and then convert the 
values to physical quantities—for example, temperature, 
relative humidity, soil water content, or mass. For this pur-
pose, some devices contain a basic calibration function, 
while others require a user calibration to obtain accurate 
data. Many soil water content sensors, for instance, detect 
the permittivity of the soil-water-air-composite within a 
sensed area, and specific calibration functions provide the 
relationship to transfer the sensor readings to water con-
tent values.
In general, every measurement system has weaknesses. 
Therefore, knowing the characteristics of single devices or 
a complete measurement system is essential for the selec-
tion of adequate devices, professional installation and ap-
plication, and correct data interpretation. The performance 
of a sensor or a measurement system can be characterized 
by precision, accuracy, measurement range, reaction time, 
temperature effects, and others. In this context, precision 
is defined as “closeness of agreement between measured 
quantity values obtained by replicate measurements on the 
same or similar objects under specified conditions” and 
accuracy as “closeness of agreement between a measured 
quantity value and a true quantity value of a quantity to be 
measured” (JCGM, 2012).
Furthermore, an adequate data management is essential to 
obtain high-quality datasets. In this context, data manage-
ment includes data acquisition, storage and backup, data 
processing, quality control, and calibration.

3. Weighing lysimeters

3.1 Weighing and data processing

The core part of a lysimeter facility is its weighing system. 
The challenge is to scale a large mass of several tons in order 
to measure differences of a few hundred grams. Lever-arm-
counterbalance systems—which were state of the art in the 
1970s and 1980s—reduced the weighing mass to a frac-
tional amount. This enabled measuring mass changes with 
satisfying accuracy (Aboukhaled et al., 1982). However, the 

weighing mechanism (alike every measurement system) is 
prone to both random and systematic errors. Disadvanta-
geous are mainly oversensitivity to external disturbances, 
for example, such as exerted by wind (Howell et al., 1995; 
Malone et al., 1999; Nolz et al., 2009). In spite of the short-
comings, lysimeters with lever-arm weighing systems are 
still useful for current research tasks (e.g., Evett et al., 2015; 
Knappe et al., 2002; Knoblauch and Swaton, 2007; Wege-
henkel et al., 2008). Therefore, updating older facilities—in 
particular with respect to accuracy and temporal resolution 
of lysimeter data—is a prerequisite to meet requirements 
of recent and future research tasks. Modernization should 
include the renewing of technical parts as well as the im-
provement of data management (Nolz et al., 2011). Nolz et 
al. (2013a) analyzed how wind flow affected the weighing 
accuracy of an old lysimeter facility. They found a charac-
teristic oscillation behavior of the lever-arm system that was 
influenced by irregular wind forces. At 10-m-wind veloci-
ties larger than 5 m·s−1, the accuracy decreased considerably, 
but because of the irregular oscillation, the relation could 
not be described mathematically.
Beyond recommendations regarding optimization of the 
measurement procedure, improvements in data process-
ing are necessary. Vaughan and Ayars (2009), for instance, 
published well-adjusted averaging procedures as an option 
for noise reduction arising from mechanical oscillation of 
a weighing system. Nolz et al. (2013b) tested two types of 
smoothing functions on a set of noisy lysimeter weighing 
data with respect to improved data interpretation: A basic 
piecewise sigmoid function was easy to fit and gave proper 
results of typical diurnal variation of evapotranspiration 
on single days without rainfall. However, during a longer 
period including rainfall events, a polynomial spline func-
tion performed better. Marek et al. (2014) used a moving 
average and Savitzky–Golay filtering to reduce errors in 
weighing lysimeter evapotranspiration. The advantage of 
continuous datasets is that they allow determining both 
ET and P directly from weighing data (Nolz et al., 2013b). 
Consequently, an objective (preferably automatized) data 
processing is of particular relevance when processing and 
comparing data from several lysimeter stations. In the past 
decade, the utilization of sophisticated lysimeters for water 
balance and climate change studies considerably increased 
(e.g., Balykin et al., 2016; Prasuhn et al., 2009; Zacharias 
et al., 2011). Hence, recent studies addressed the necessity 
to improve data processing also of modern lysimeter facili-
ties (Hannes et al., 2015; Peters et al., 2014; Schrader et 
al., 2013). Peters et al. (2014), for instance, introduced a 
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novel routine that uses adaptive filter parameters depend-
ent on signal strength and noise (AWAT, adaptive window 
and adaptive threshold filter). Such and similar routines 
provide the basis for recently published lysimeter studies 
(e.g., Gebler et al., 2015; Rodný et al., 2016).

3.2 Measurements and applications

With advanced data processing as described earlier, lysim-
eter facilities provide data with proper accuracy (equiva-
lent to 0.1 mm water height or smaller) and high tempo-
ral resolution (hourly or shorter intervals). Based on such 
datasets, it is possible to quantify both ET and P directly 
from lysimeter data (e.g., Nolz et al., 2014). The method 
is based on the assumption that during short time inter-
val either ET (weight losses) or P (weight gains) occurs. 
The resulting datasets proved more reliable, because it was 
shown that precipitation amounts on the lysimeter differ 
from that of separate rain gauge measurements (Gebler et 
al., 2015; Nolz et al., 2014). While lysimeter data are sup-
posed to represent precipitation that reaches the ground, 
the discovered differences depend on the type and place-
ment of the respective rain gauge (Hoffmann et al., 2016). 
With the novel method, dew amounts—representing only 
a small portion of precipitation in subhumid climates—
can also be determined by means of weighing lysimeters 
(e.g., Nolz et al., 2014). Furthermore, time series for deter-
mination of ET contained fewer gaps, whereas in former 
studies, days with rainfall were often filtered. Hence, this 
approach represents the state of knowledge of lysimeter 
data processing.
Adequate datasets of water balance components can thus 
be used for validation of methods to measure or calculate 
ET (Allen et al., 2011; Gebler et al., 2015; Groh et al., 
2015). Recently, Nolz et al. (2014, 2016a) validated the 
PM model (Allen et al., 1998) for a subhumid site in the 
eastern part of Austria. They found that ETref calculated 
with PM was larger than ETref measured at a reference grass 
lysimeter at small values and vice versa. Although the aver-
age differences were small over a year, the findings revealed 
potential of improvement. Hence, Rodný et al. (2016) used 
data of the same lysimeter to validate a modified method 
of aerodynamic resistance calculation and its application to 
potential evapotranspiration estimation. Similar data were 
also used to evaluate a water balance model for predicting 
crop water requirements (Muzikova et al., 2010).
In general, applications of sophisticated lysimeter facilities 
are manifold, including simulations of groundwater fluc-

tuations (Fahle and Dietrich, 2014; Dietrich et al., 2016) 
or validation of water flow models that focus on process-
es in the vadose zone (Durner et al., 2008; Schelle et al., 
2012). An overview on different lysimeter types and their 
usage was recently presented by Meissner et al. (2014). 
Beside the large number of lysimeters that were installed 
during the past few years, older models are also still useful 
for research. The weighing lysimeters in Bushland, Texas, 
USA, for example, were installed in the 1980s and up to 
now were used for studying the soil–plant–atmosphere 
continuum with regard to sustainable water management 
(Evett et al., 2016). Related research articles address evapo-
transpiration, crop coefficients, and irrigation scheduling 
(e.g., Colaizzi et al., 2014; Evett et al., 2012; Howell et al., 
2015); field-scale simulations: model testing and develop-
ment (e.g., Booker et al., 2014; Colaizzi et al., 2014; Heng 
et al., 2009); and remote-sensing-based simulations (e.g., 
Evett et al., 2012; Gowda et al., 2013; Paul et al., 2013).

4. Soil water sensors

4.1 Calibration and performance assessment

Basic studies of measurement devices help enhancing data 
quality and thus improving data interpretation with regard 
to scientific as well as practical questions. Allen (1996), for 
instance, recommended assessing the integrity of weather 
data for estimating reference evapotranspiration. In order 
to obtain precise and reliable measurements, it is essen-
tial to know about the capability of a system and its single 
components. This is important to obtain interpretable re-
sults and to avoid drawing wrong conclusions from errone-
ous data. Beside hardware characteristics (e.g., precision, 
resolution, and measuring range), it is also essential to have 
a proper data management. An adequate calibration is 
also essential, which is why a bulk of literature is available 
about sensor calibration. Generally, researchers select and 
arrange measurement systems according to their respective 
research task. Hence, the performance of a specific setup 
should also be assessed in this regard. Through all these 
steps, a certain data quality is crucial. This became particu-
larly demanding in the past years because of the increased 
installation of large sensors arrays and sensor networks 
(e.g., Bogena et al., 2010; Terzis et al., 2010).
The requirement of sensor tests shall be illustrated based 
on two examples: an established soil water content sensor 
and a novel matric potential sensor. Hydra Probe soil water 
content sensors (Stevens Water Monitoring Systems, Inc., 
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Portland, OR, USA) (Stevens, 2015) are well known from 
various research applications (e.g., López Riquelme et al., 
2009; Smith et al., 2012). Satisfactory literature is available 
about sensor calibration and performance (e.g., Loiskandl 
et al., 2010; Seyfried and Murdock, 2004, Seyfried et al., 
2005; Vaz et al., 2013). The sensor is known to be robust 
and the measurements are reliable and precise. However, 
in spite of soil-specific calibration, the measurement accu-
racy is ±0.03 cm3·cm−3, which has to be considered for data 
interpretation. In contrast to soil water content sensors, 
which operate from saturation to dryness, matric potential 
sensors have a limited measuring range. Nolz et al. (2013c) 
tested novel MPS-1 dielectric sensors (Decagon Devices, 
Inc., Pullman, WA, USA) in a pressure plate apparatus in 
the laboratory. The sensors measured matric potential be-
tween −10 and −500  kPa, which is a rather large range 
compared to other sensors. However, because of the very 
large sensor-to-sensor variation (±50 % of sensor read-
ings), sensor-specific calibrations turned out to be essen-
tial. Using only the factory calibration would result in con-
siderably erroneous data (Malazian et al., 2011; Nolz et al., 
2013c). Field tests of MPS-1 in combination with Hydra 
Probes revealed considerable fluctuations of the readings 
of both sensor types because of temperature effects (Kam-
merer et al., 2014). Neglecting such uncertainties when 
interpreting data might cause wrong scientific conclusions.

4.2 Applications: Soil water monitoring as basis for 
irrigation management

Monitoring soil water status can be valuable for agricul-
tural water management, in particular as basis for demand-
oriented irrigation control (Acevedo-Opazo et al., 2010; 
Intrigliolo and Castel, 2004; Thompson et al., 2007). 
Modern telemetry systems enable the integration of differ-
ent instruments, for example, soil water and weather sen-
sors, thus providing real-time field data (Kim et al., 2008; 
Vellidis et al., 2008). Such systems provide an integrated 
approach, in which different datasets reveal a better over-
all picture of the respective situation. In general, it should 
be noted that various combinations and arrangements of 
sensors might be suitable and feasible depending on the 
economic and environmental conditions. From a practical 
and economical point of view, monitoring systems should 
be as simple as possible. This can be achieved by focusing 
measurements on the uppermost few decimeters of a soil 
and using only as few sensors as necessary. In this regard, 
a key question is whether measuring water status in a cer-

tain depth of a soil profile is accurate and representative 
(Dabach et al., 2015; Soulis et al., 2015). Hence, testing 
systems under local conditions is recommended regarding 
an optimal application.
The following case studies exemplify monitoring studies 
in the eastern part of Austria. The region is characterized 
by a subhumid climate with a mean annual temperature 
and precipitation of approximately 10°C and 550 mm, 
respectively. Favorable environmental conditions support-
ed the development of large production areas for various 
crops in the past decades. However, the region is prone 
to water-deficit stress and heat stress; hence, irrigation has 
a long tradition. Moreover, irrigation demand is expected 
to increase in this region because of the effects of climate 
change (Nachtnebel et al., 2014). Therefore, proactive 
water-saving strategies and technologies might help to face 
predicted future challenges.
A semiautomatic irrigation management system was test-
ed for sprinkler irrigation in maize (Nolz and Cepuder, 
2014). A software application collected monitoring data 
from soil water sensors and weather instruments. Based on 
these data, an operator set starting and end time of the 
irrigation system. At the respective time, the application 
opened and closed valves of the irrigation system. Advan-
tages were that irrigation could be optimized according 
to the soil water status and weather conditions. Unfortu-
nately, failures of some sprinklers could not be detected, 
so further tests and optimizations are required. Nolz et al. 
(2016b) tested a soil water monitoring system in a vine-
yard with subsurface drip irrigation, which represents the 
most efficient irrigation method. They proposed a setup 
of only few soil water sensors in the representative depth 
of 30 cm. However, local management practices should be 
considered when installing sensors in the field, as inter-row 
cropping has an effect on soil water distribution (Nolz et 
al., 2016c). Nolz et al. (2016b) also presented an approach 
that does without laborious soil analyses and on-site cali-
bration sensors. A promising potential application of such 
an approach is to implement specific software into a sensor 
network in order to control irrigation automatically. This 
would be a decisive step toward fully automatic irrigation 
control based on soil water monitoring.

5. Conclusions and outlook

Lysimeters and soil water sensors are valuable tools to 
quantify components of the soil water balance. In com-
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bination with other approaches such as models or remote 
sensing, measurements provide the basis for agricultural 
water management. Preconditions to obtain proper data-
sets are well-maintained equipment and adequate data 
management. Furthermore, knowledge of system perfor-
mance is essential for correct data interpretation.
Recent studies focused on improving the processing and 
interpretation of lysimeter data. A key element in this re-
gard is the smoothing of noisy data. Although some pro-
cedures proved helpful, they require subjective decisions of 
the editor to adapt the degree of smoothing. Future studies 
should approach this problem by finding procedures that 
are both objective and reliable and thus suitable for autom-
atized and efficient algorithms. However, enhanced data 
processing guarantees proper datasets that allow detailed 
quantification of water balance components. Comparisons 
of measured and modeled data revealed some deviations 
that require improvements of the applied models. Espe-
cially, some parameters required for calculating reference 
evapotranspiration should be reviewed under the present-
ed environmental conditions.
Tests of sensors and sensor setups demonstrated the po-
tential of such devices and also revealed some limitations, 
for example, because of temperature effects. A recurrent 
and conflicting topic is the adequate site-specific calibra-
tion of sensors. On the one hand, it has often proven to 
be a precondition for proper data interpretation; on the 
other hand, it is destructive and labor intensive. For these 
reasons, researchers as well as farmers often apply default 
calibrations, which are easily available but bear a risk of in-
accurate measurements. An Austrian case study referred to 
these shortcomings with regard to irrigation management. 
The presented approach considered the optimal arrange-
ment of sensors and the combination of different sensor 
types in order to enhance data interpretation. Although 
some methods promise to advance the implementation of 
sensor technologies, future studies are necessary to validate 
the findings under different environmental conditions and 
thus put the results on a broader basis.
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