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Abstract
Climate change occurs, changes in Earth's climate system result in new weather patterns that last for at
least a few decades. Most of Northern Europe was affected by drought during the summer of 2018. This
accentuates the need for irrigation and improved tools for irrigation management, that can be more
effective, knowing when, where and how much the irrigation should be. The thesis contains a study on
the creation of an irrigation support system. The system takes into account parameters about the soil
moisture, evapotranspiration (ET) and precipitation. Evapotranspiration is calculated by the type of crop
and weather parameters. All the weather data used in this project was downloaded from Danish
Meteorology Institute (DMI). Soil moisture information is coming from remotely sensed information,
while the type of soil is implemented in the decision support system. The study area is Viborg municipality,
which is located in central north Denmark in an area with agricultural production. The test time period of
the project was from March till July of 2018. In the final stage, the model created presents the amount of
water that farmers need to irrigate in specific areas in their fields. The test fields chosen were in Viborg
municipality and had potato, carrot and corn crops.
This project is an example of how geoinformatics and remote sensing products can offer the possibility of
better management of water resources and reduced environmental impact of agricultural production.
The output can benefit Danish farmers, and the export potential to other regions of the World is large.
The decision support system created can provide information about water needs. The users can have
information about crop water requirements to optimize irrigation.
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1. Introduction
Denmark is a country with a large amount of exports of agricultural products, producing three times more
the amount of food, which is needed for the domestic population (Michael Falch (Danmarks Statistik)
2010). The type of soil and the moderate climate in the country is helpful to agriculture, while the
advanced technology and infrastructure made the sector more productive in recent years. Almost 60%
of Denmark is agricultural land (Michael Falch (Danmarks Statistik) 2010). The moderate climate offers a
large amount of precipitation in the fields of Denmark, but it should not be taken for granted. Climate
change occurs, changes in Earth's climate system result in new weather patterns that last for at least a
few decades.
Most of Northern Europe was affected by drought during the summer of 2018. More specific, as it can be
seen from the diagram (Figure 1) in Denmark May, June and July were the driest months for the last 8
years. Danish Metrology Institute (DMI) also highlights that the values of the drought index for Denmark
for the period from late June till early August exceed the maximum values of the last 13 years (Figure 2).
In Denmark, the period from May to July was among the driest in the country in 99 years, with
consequences, significant lower agricultural yields and reduced income by farmers. This accentuates the
need for irrigation and improved tools for irrigation management, that can be more effective, knowing
when, where and how much the irrigation should be.

Figure 1: Amount of precipitation in Denmark from April till August, from 2011 – 2018 (Source: (DMI (Danish Meteorology
Institute) 2019)).
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Figure 2: Drought Index for Denmark from 2005 – 2018 (Source: (DMI (Danish Meteorology Institute) 2019)).

Meteorological institutes offer information about the drought on a broad scale, which is not realistic to
adopt for every area. Remote sensing offers this possibility using imagery processed data and following a
specific methodology. NDVI (Normalized difference vegetation index), for example, is used in some cases
to detect water stressed vegetation but the usage of NDVI cannot be effective during the Stage of
response as in most of the cases the detection is made when it is already late to respond, meaning that
the vegetation is already irreversibly damaged. Using remotely sensed data and meteorological
parameters in an irrigation management system, information for the needs of crops, can be retrieved for
both small and larger areas.
Optimized irrigation is important not only in Denmark but worldwide and can lead to increase in crop
yields, better management of water resources and reduced environmental impact of agricultural
production. According to FAO (Food and Agriculture Organization), the amount of crop land’s size is stable
the last years but there is an increase of irrigated areas (Figure 3). On the other hand, the amount of
cropland per person is decreasing. This in conjunction with the constant increase of population, increases
also the need for productivity. The increase of cropland’s productivity can be achieved by irrigating smart.
Irrigating smart among others means to have a correct schedule for irrigation which will increase yield
and lead to less leaching of the nitrogen. Nonoptimal scheduling of irrigation can lead to water deficit
with consequence yield loss and subsequently leaching of the nitrogen. Similar, water excess can lead to
leaching of the nitrogen with consequence yield loss.
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Figure 3: Evolution of land user irrigated and rainfed cropping (1961 – 2008) (FAO (Food and Agriculture Organization) 2014).

The purpose of this study is to create a model so that can be used from farmers, using freely available
satellite and weather data. The project was created in cooperation with Sandholt ApS and it was funded
by MOIST project via Danish innovation fund.
There is no similar study presently, but there are lots of studies that focusing only on some parts of the
characteristics of the plants in order to calculate the water needs without taking into account weather
parameters like rainfall. Others are focusing more on the yearly estimation of water needs of the crops
while others try to create a local irrigation support system calculating only ground data.
On the other hand, there are lots of studies where describing different and interesting methods about
mapping fields like one study in 2018 where a simple methodology for mapping the seasonal cultivated
area of the Gash Delta Spate Irrigation System based on satellite images was developed. The methodology
of this study combines information from multiple bands to characterize the land surface in terms of
spectral indices (e.g., Normalized Difference Vegetation Index (NDVI), and surface temperature (Ts)). The
NDVI and Ts values (computed from multi-date images that represented the crop growing period) of some
chosen points were used to developed typical NDVI and Ts plots. By analyzing these plots and the cropping
calendar, an NDVI and Ts threshold-based algorithm was developed to extract the cultivated area of a
given season (Ghebreamlak et al. 2018).
In 2008 Santos et al., combine a water balance model with satellite-based remote-sensing estimates of
evapotranspiration (ET) to provide irrigation scheduling guidelines. The satellite-derived ET was used in
the daily soil water balance model to improve accuracy of field-by-field ET demands and subsequent fieldscale irrigation schedules. The procedure was applied to Genil–Cabra Irrigation Scheme of Spain, where
irrigation water supply is often limited by regional drought (Santos et al. 2008).
Scientists are very interested in the correct schedule of irrigation last decades. A group of them already
from 1999 tried to explore the water needs in dry regions. They used satellite, ground data, and
agrometeorological data in combination to forecast the volume of irrigation water needed during 1993
and 1994 in an irrigation district of 327 km2 located in the Ebro basin, Spain. Net water requirements of
crops were computed from reference evapotranspiration estimates, crop coefficients and effective
precipitation (Herrero and Casterad 1999).
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1.1.

Background

The purpose of this chapter is to discover what all the field crops need to grow healthy. In the next pages,
significant terms for crop needs and procedures will be described.

1.1.1. Evapotranspiration
Evapotranspiration (ET) is a process, which the plants losing water through the stomata (Sandholt,
Rasmussen, and Andersen 2002). The loss of water, which are the water needs of the plants, can be
obtained from precipitation and soil. In the following Chapter, all these parameters will be described.
Evapotranspiration (ET) is a combination of two processes where the soil surface loses water by
evaporation and the crop loses water through the stomata by transpiration (Richard G. Allen et al. 1998).
The procedure when energy force water to be moved is called evaporation (E). As evaporation proceeds,
the surrounding air becomes gradually saturated and the process will slow down and might stop if the
wet air is not transferred to the atmosphere. The replacement of the saturated air with drier air depends
mostly on wind speed. Hence, solar radiation, air temperature, air humidity, and wind speed are
climatological parameters to consider when assessing the evaporation process (Richard G. Allen et al.
1998).
Transpiration (T) consists of the vaporization of liquid water contained in plant tissues and the vapor
removal to the atmosphere. Crops predominately lose their water through stomata. Stomata are small
openings on the plant’s leaf which gases and water vapor pass (Richard G. Allen et al. 1998). As direct
evaporation, transpiration also depends on the energy supply, vapor pressure gradient, and wind. Hence,
radiation, air temperature, air humidity, and wind terms should be considered when assessing
transpiration. The soil water content and the ability of the soil to conduct water to the roots also
determine the transpiration rate, as do waterlogging and soil water salinity. The transpiration rate is also
influenced by crop characteristics, environmental aspects and cultivation practices. Different kinds of
plants may have different transpiration rates. Not only the type of crop but also the crop development,
environment, and management should be considered when assessing transpiration (Richard G. Allen et
al. 1998).
As mentioned above evapotranspiration is a complex procedure. Evaporation and transpiration occur at
the time and this is the reason why there is no easy way of distinguishing between the two processes.
Apart from the water availability in the topsoil, the evaporation from a cropped soil is mainly determined
by the fraction of the solar radiation reaching the soil surface. This fraction decreases over the growing
period as the crop develops and the crop canopy shades more and more of the ground area. When the
crop is small, water is predominately lost by soil evaporation, but once the crop is well developed and
completely covers the soil, transpiration becomes the main process (Richard G. Allen et al. 1998). This
can be also seen from the diagram follows in Figure 4. The Leaf Area Index (LAI) mentioned in the diagram
can be simply defined as the amount of leaf surface area per unit ground area and has broad applications
in ecophysiology, water balance modeling, and characterization of vegetation-atmosphere interactions
(Rich and Chen 1995). In other words, for the specific diagram, can help to demonstrate the development
of the crop and the cover of the soil by the crop.
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Figure 4: The partitioning of the evapotranspiration into evaporation and transpiration over the growing period for an annual
field crop (Richard G. Allen et al. 1998).

1.1.1.1. Units
Normally, the evapotranspiration rate is expressed in millimeters (mm) per unit time. The time unit differs
and can be an hour, decade, month or even an entire growing period or year. The rate expresses the
amount of water lost from a cropped surface in units of water depth. As one hectare has a surface of
10.000 m2 and 1 mm is equal to 0.001 m, a loss of 1 mm of water corresponds to a loss of 10 m3 of water
per hectare. In other words, 1 mm day-1 is equivalent to 10 m3 ha-1 day-1 (Richard G. Allen et al. 1998).

1.1.1.2. Factors affecting Evapotranspiration
Weather parameters, crop characteristics, management, and environmental aspects are factors
affecting evaporation and transpiration. Radiation, air temperature, humidity and wind speed are the
weather parameters affecting evapotranspiration the most. Crop factors such as the variety and the
development stage of the crop affect also evapotranspiration. Differences in resistance to transpiration,
crop height, crop roughness, reflection, ground cover and crop rooting characteristics result in different
evapotranspiration levels in different types of crops under identical environmental conditions. Factors
such as soil salinity, poor land fertility, limited application of fertilizers, the presence of hard or
impenetrable soil horizons, the absence of control of diseases and pests and poor soil management may
limit the crop development and reduce the evapotranspiration (Richard G. Allen et al. 1998).

1.1.1.3. Determining Evapotranspiration
Evapotranspiration can be estimated from meteorological data, measured using Lysimeters, by calculating
the soil water balance, by using both energy balance and microclimatological methods or using a pan and
more.

1.1.1.3.1. Evapotranspiration measurements
Evapotranspiration is difficult to measure. There are specific devices and accurate measurements of
various physical parameters or the soil water balance in lysimeters to determine evapotranspiration.
Nonetheless, the methods are often expensive, and they demand high accurate measurements and can
only be fully exploited by well-trained research personnel. Although the methods are inappropriate for
5

routine measurements, they remain important for the evaluation and calibration of evapotranspiration
estimates obtained by more indirect methods (Richard G. Allen et al. 1998).
Energy balance and microclimatological methods
Evaporation of water requires relatively large amounts of energy, either in the form of sensible heat or
radiant energy. Therefore, the evapotranspiration process is governed by energy exchange at the
vegetation surface and is limited by the amount of energy available. The energy arriving at the surface
must equal the energy leaving the surface for the same time period. The equation for an evaporating
surface can be written as is described in equation 1
Rn − G − λET − H = 0

(1)

Equation 1: Energy balance equation (Richard G. Allen et al. 1998).

where Rn is the net radiation, H the sensible heat, G the soil heat flux and λET the latent heat flux. The
various terms can be either positive or negative. Positive Rn supplies energy to the surface and positive
G, λET, and H remove energy from the surface (Richard G. Allen et al. 1998).
Soil water balance
Evapotranspiration can also be determined by measuring the various components of the soil water
balance. The method consists of assessing the incoming and outgoing water flux into the crop root zone
over some time period and can be calculated as is described in equation 2
ET = I + P − RO − DP + CR ± ΔSF ± ΔSW

(2)

Equation 2: Soil water balance equation (Richard G. Allen et al. 1998).

where I, is irrigation and P, is the rainfall which adds water to the root zone. An amount of water from I
and P can be lost by surface runoff (RO) and by deep percolation (DP) that will eventually recharge the
water table. Water might also be transported upward by the capillary rise (CR) from a shallow water table
towards the root zone or even transferred horizontally by subsurface flow in (SFin) or out of (SFout) the
root zone. In many situations, however, except under circumstances with large slopes, SFin and SFout are
minor and can be ignored. Soil evaporation and crop transpiration deplete water from the root zone. If
all fluxes other than evapotranspiration (ET) can be assessed, the evapotranspiration can be deduced from
the change in soil water content (ΔSW) over the time period (Richard G. Allen et al. 1998). The above
mentioned are illustrated in Figure 5.
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Figure 5: Soil water balance of the root zone (Richard G. Allen et al. 1998).

Lysimeters
Lysimeters isolates the crop root zone from its environment and controls the processes that are difficult
to measure. The result is that the different terms in the soil water balance equation can be determined
with greater accuracy. This is done in lysimeters (Figure 6) where the crop grows in isolated tanks filled
with either disturbed or undisturbed soil (Richard G. Allen et al. 1998).

Figure 6: Lysimeters (BME ABÉT 2008).

7

1.1.1.3.2. ET computed from meteorological data
Owing to the difficulty of obtaining accurate field measurements, ET is commonly computed from weather
data. A large number of empirical or semi-empirical equations have been developed for assessing crop or
reference crop evapotranspiration from meteorological data. Some of the methods are only valid under
specific climatic and agronomic conditions and cannot be applied under conditions different from those
under which they were originally developed (Allen 2006).
Numerous researchers have analyzed the performance of the various calculation methods for different
locations. As a result of an Expert Consultation held in May 1990, the FAO Penman-Monteith method is
now recommended as the standard method for the definition and computation of the reference
evapotranspiration, ET0. The ET from crop surfaces under standard conditions is determined by crop
coefficients (Kc) that relate ETc to ET0. The ET from crop surfaces under non-standard conditions is
adjusted by a water stress coefficient (Ks) and/or by modifying the crop coefficient (Allen 2006).

1.1.1.3.3. Pan Evaporation
Evaporation from an evaporation pan (Figure 7) has been used for several centuries as an approximate
measure of the potential evapotranspiration (Ep). However, research over the last several decades points
to the need for caution in the use of general pan evaporation data to estimate lake evaporation or
evapotranspiration from the land. Daily pan evaporation (Epan) is computed from the change in water
storage in the pan, inputs of precipitation and water added to maintain an adequate supply. Owing to
differing thermal characteristics between the pan and large water bodies, Epan tends to overestimate the
total amount of evaporation and distort the seasonal distribution (Allen 2006).

Figure 7: Evaporation pan (Brouwer and Heibloem 1986).

1.1.1.4. Estimating Evapotranspiration
The estimation nor the measurement of the evapotranspiration as mentioned above is not an easy task.
There are different formulas that scientists use, to calculate evapotranspiration. Every method uses
different or similar approaches from each other. The chapter that follows tries to give an overview of
some of the methods and the methods that are used for the delivery of the results in the following
chapters.

1.1.1.4.1. Estimating Evapotranspiration using remotely sensed data and energy balance
TSEB (Two-Source Energy Balance) method uses the basic equation (Equation 3) of the energy balance at
the surface which can be expressed as:
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Rn ≈ H + λΕ + G
Rn,S ≈ Hs + λΕs + G

(3)

Rn,C ≈ Hc + λΕc
Equation 3: Two-Source Energy Balance method equation (Nieto et al. 2019).

with Rn being the net radiation, H the sensible heat flux, λE the latent heat flux or Evapotranspiration, and
G the soil heat flux. C and S subscripts refer to canopy and soil layers respectively. The symbol ≈ appears
since there are additional components of the energy balance that are usually neglected, such as heat
advection, storage of energy in the canopy layer or energy for the fixation of CO2 (Hillel et al. 1998). The
key in TSEB models is the partition of sensible heat flux into the canopy and soil layers, which depends on
the soil and canopy temperatures (TS and TC respectively) (Nieto et al. 2019).
The input data required to run the evapotranspiration models comes from three main and two ancillary
sources. The main sources are: Sentinel-2 optical observations, Sentinel-3 thermal observations and
European Center for Medium-range Weather Forecasts (ECMWF) ERA-5 meteorological reanalysis data.
The ancillary sources are a digital elevation model (DEM) from the Shuttle Radar Topography Mission
(SRTM) satellite, and land cover map created as part of the ESA Climate Change Initiative (CCI) (Nieto et
al. 2019).
The actual evapotranspiration (ETa) can be calculated using the above-mentioned method.

1.1.1.4.2. Estimating Evapotranspiration from meteorological data
The term evapotranspiration (ET), developed over the last half-century (Thornthwaite 1948), is used as a
simplifying concession to describe the combined vapor fluxes from soil and vegetation. Some scientists
argue that evaporation from soil and evaporation from plants via transpiration both constitute
evaporation, so that only the term evaporation is necessary, and the use of the term transpiration is
redundant. However, the term ET is useful for the efficiency of communication and visualization, since
the use of only the term evaporation generally requires qualification as “evaporation from the soil” or
“evaporation from vegetation leaf surfaces” or “evaporation of transpired water within leaves”, or the
sum of all these processes. For communication efficiency, the sum of all three of these evaporation
components, which constitutes the total flux of vapor from a vegetated surface, is commonly referred to
as ET (if one wishes, one can think of the term ET as representing “evaporation total”) (Allen 2006).
Calculations which are made using meteorological data in order to compute ET usually give the results of
the potential evapotranspiration (Ep) of the crop. The term “potential evapotranspiration” (ETp) had
widespread usage from the 1940s through the 1970s (Allen 2006), when the term was used to represent
a maximum evaporative index from which to derive estimates of actual ET (ETa) from vegetation (Penman
1963). However, there are several majors, contrasting definitions for ETp and several challenges
associated with its usage. One of the primary definitions used for ETp is as the rate of evaporation and
transpiration from a saturated (free-water) vegetated surface so that the evaporation process occurs at
the potential level. This definition can in principle be applied to any surface, including vegetation, having
a free-water (saturated) surface (Allen 2006).
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As can be seen from Figure 8, ET can be calculated considering different factors or a combination of
factors. Only weather parameters can be used to calculate ET, but these can be combined with crop
factors and management and environmental factors for more accurate results.

Figure 8: Factors affecting evapotranspiration (Richard G. Allen et al. 1998).

In this chapter will be described what is the reference evapotranspiration (ET0) and how can be calculated
and how ET0 can be used to calculate the crop evapotranspiration considering the crop characteristics
(ETc) or the environmental factors (ETc adj). The concepts of the calculations for the ETc and ETc adj are
described in Figure 9.
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Figure 9: The calculation of ET0, ETc and ETc adj (Brouwer and Heibloem 1986).

Reference Evapotranspiration (ET0)
The evapotranspiration rate from a reference surface, not short of water, is called the reference crop
evapotranspiration or reference evapotranspiration and is denoted as ET0. The reference surface is a
hypothetical grass reference crop with specific characteristics. The only factors affecting ET0 are climatic
parameters. The main weather parameters that affect evapotranspiration are radiation, air temperature,
humidity and wind speed. Thus, ET0 is a climatic parameter and can be computed from weather data. ET0
expresses the evaporating power of the atmosphere at a specific location and time of the year and does
not consider the crop characteristics and soil factors (Richard G. Allen et al. 1998).
Penman – Monteith Equation
In 1948, Penman combined the energy balance with the mass transfer method and derived an equation
to compute the evaporation from an open water surface from standard climatological records of sunshine,
temperature, humidity and wind speed. The Penman-Monteith approach includes all parameters that
govern energy exchange and corresponding latent heat flux (evapotranspiration) from uniform expanses
of vegetation. The parameters are measured or can be calculated from weather data. The equation can
be utilized for the direct calculation of any crop evapotranspiration as the surface and aerodynamic
resistances are crop specific (Richard G. Allen et al. 1998).
The reference surface is a hypothetical grass reference crop with an assumed crop height of 0.12 m, a
fixed surface resistance of 70 s m-1 and an albedo (part of the energy from the sunlight that casts back
into the atmosphere) of 0.23. The reference surface closely resembles an extensive surface of green, wellwatered grass of uniform height, actively growing and completely shading the ground. The fixed surface
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resistance of 70 s m-1 implies a moderately dry soil surface resulting from about a weekly irrigation
frequency (Richard G. Allen et al. 1998). The Penman – Monteith equation (Equation 4) can be expressed
as:

(4)
Equation 4: Penman – Monteith equation (Richard G. Allen et al. 1998).

Where ET0 is reference evapotranspiration (mm day-1), Rn is the net radiation at the crop surface (MJ m-2
day-1), G is the soil heat flux density (MJ m-2 day-1), T is the mean daily air temperature at 2m height (oC),
u2 is the wind speed at 2m height (m s-1), es is the saturation vapor pressure (kPa), ea is the actual vapor
pressure (kPa), es - ea is the saturation vapor pressure deficit (kPa), Δ is the slope vapor pressure curve
(kPa oC-1) and γ is the psychrometric constant (kPa oC-1).
Blaney – Criddle Method
There are many theoretical methods to determine ET0. The most commonly used theoretical method is
the Penman method but this method, though, can be complicated. Blaney – Criddle is a theoretical
method with which the reference evapotranspiration (ET0) can be calculated. This method is simple and
uses temperature measurements only, however, this method is not very accurate. It provides a rough
estimate. Especially under "extreme" climatic conditions, the Blaney-Criddle method is inaccurate: in
windy, dry, sunny areas, the ET0 is underestimated (up to some 60%), while in calm, humid, clouded areas,
the ET0 is overestimated (up to some 40%) (Brouwer and Heibloem 1986).
The Blaney – Criddle method always refers to mean monthly values, both for the temperature and the ET0
and it can be expressed as it can be seen in equation 5.
ET0 = p (0.46 Tmean + 8)

(5)

Equation 5: Blaney – Criddle method equation (Richard G. Allen et al. 1998).

Where ET0 is the reference crop evapotranspiration (mm/day) as an average for a period of 1 month, Tmean
is the mean daily temperature (oC) and p is the mean daily percentage of the annual daytime hours.
Crop evapotranspiration under standard conditions (ETc)
The crop evapotranspiration under standard conditions, denoted as ETc, is the evapotranspiration from
disease-free, well-fertilized crops, grown in large fields, under optimum soil water conditions, and
achieving full production under the given climatic conditions. The effects of various weather conditions
on evapotranspiration are incorporated into ET0. The effects of characteristics that distinguish the
cropped surface from the reference surface are integrated into the crop coefficient. By multiplying ET0 by
the crop coefficient, ETc is determined (Richard G. Allen et al. 1998).
Evaporation and transpiration differences between field crops and the reference grass can be integrated
in a single crop coefficient (Kc) (single crop coefficient approach) or separated into two coefficients. A
crop transpiration (Kcb) and a soil evaporation coefficient (Ke) (dual crop coefficient approach). In the
single crop coefficient approach, the difference in evapotranspiration between the cropped and reference
grass is combined into one single coefficient. In the dual crop coefficient approach, the crop coefficient
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is split into two factors describing separately the differences in evaporation and transpiration between
the crop and reference surface (Richard G. Allen et al. 1998).
Single crop coefficient approach
In the crop coefficient approach the crop evapotranspiration, ETc, is calculated by multiplying the
reference crop evapotranspiration, ET0, by a crop coefficient, Kc. The equation (Equation 6) of the single
approach can be expressed as:
(6)
Equation 6: Single crop coefficient equation (Richard G. Allen et al. 1998).

where ETc is the crop evapotranspiration (mm d-1), Kc is the crop coefficient and it is dimensionless, and
ET0 is the reference crop evapotranspiration (mm d-1). ET0 represents an index of climatic demand, Kc
varies mostly with the specific crop characteristics and only to a limited extent with climate. This enables
the transfer of standard values for Kc between locations and between climates. This has been a primary
reason for the global acceptance and usefulness of the crop coefficient approach (Richard G. Allen et al.
1998).
Some examples of values of Kc are presented in Figure 10. The values of the coefficient referring only at
the mid-season of the crop. The grass coefficient, which is 0, can also be seen in the figure. Crops with
larger Kc have larger ETc values and crops with minor coefficient take smaller values of ETc.

Figure 10: Typical Kc for different types of full-grown crops (Richard G. Allen et al. 1998).

Dual crop coefficient approach
In the dual crop coefficient approach the crop evapotranspiration, ETc, is calculated by multiplying the
reference crop evapotranspiration, ET0, by two separate coefficients, one for crop transpiration, i.e., the
basal crop coefficient (Kcb), and one for soil evaporation (Ke). The equation (Equation 7) of the dual
approach can be expressed as:
(7)
Equation 7: Dual crop coefficient equation (Richard G. Allen et al. 1998).

The dual crop coefficient approach is more complicated and more computationally intensive than the
single crop coefficient approach (Kc). The procedure is conducted daily and is intended for applications
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using computers. It is recommended that the approach be followed when improved estimates for Kc are
needed, for example to schedule irrigations for individual fields daily (Richard G. Allen et al. 1998).
The differences between the single and dual crop coefficient can be seen from the following figure (Figure
11). The Kc value is the same but using the dual coefficient the values of the transpiration and evaporation
can be distinguished. Crop coefficient curves showing the basal Kcb (thick line), soil evaporation Ke (thin
line) and the corresponding single Kc (dashed line). The values are calculated by the crop development.

Figure 11: The single and dual crop coefficient values for crop (Richard G. Allen et al. 1998).

Crop evapotranspiration under non – standard conditions (ETc adj)
Soil salinity, limited application of fertilizers, poor land fertility, the absence of control of diseases and
pests, the presence of hard or impenetrable soil horizons and poor soil management are factors that may
limit the crop development and reduce the evapotranspiration. Forces acting on the soil water decrease
its potential energy and make it less available for plant root extraction. When the soil is wet, the water
has a high potential energy, is relatively free to move and is easily taken up by the plant roots instead in
dry soils, the water has a low potential energy and is strongly bound by capillary and absorptive forces to
the soil matrix and is less easily extracted by the crop (Richard G. Allen et al. 1998).
Crop evapotranspiration under non – standard conditions (ETc adj) can be expressed with the following
equation using the single crop coefficient (Equation 8) or the dual crop coefficient (Equation 9) mentioned
in the previous chapter.
(8)
Equation 8: Crop evapotranspiration under non – standard conditions (ETc adj) equation using the single crop coefficient (Richard
G. Allen et al. 1998).

(9)
Equation 9: Crop evapotranspiration under non – standard conditions (ETc adj) equation using the dual crop coefficient (Richard
G. Allen et al. 1998).
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Ks describes the effect of water stress on crop transpiration and for soil water limiting conditions, Ks < 1.
When there is no soil water stress, Ks = 1.

1.1.2. Soil
The soil particles even if it seems to touch each other, they have spaces in between. These spaces are
called pores. The pores are mainly filled with air when the soil is dry, in contrast, after irrigation or rainfall,
the pores are mainly filled with water. Living material is found in the soil and it can be live roots as well
as beetles, worms, larvae, etc. The living material helps to aerate the soil and thus create favorable
growing conditions for the plant roots (Figure 12) (Brouwer, Goffeau, and Heibloem 1985).

Figure 12: The composition of the soil (Brouwer, Goffeau, and Heibloem 1985).

1.1.2.1. Soil moisture content
The soil moisture content indicates the amount of water present in the soil. It is commonly expressed as
the amount of water (in mm of water depth) present in a depth of one meter of soil. For example: when
an amount of water (in mm of water depth) of 150 mm is present in a depth of one meter of soil, the soil
moisture content is 150 mm/m (Figure 13) (Brouwer, Goffeau, and Heibloem 1985).

15

Figure 13: A soil moisture content of 150 mm/m (Brouwer, Goffeau, and Heibloem 1985).

The soil moisture content can also be expressed in percent of volume. In the example above, 1 m3 of soil
(e.g. with a depth of 1 m, and a surface area of 1 m2) contains 0.150 m3 of water (e.g. with a depth of 150
mm = 0.150 m and a surface area of 1 m2). This results in a soil moisture content in volume percent of:

Thus, a moisture content of 100 mm/m corresponds to a moisture content of 10% volume. The amount
of water stored in the soil is not constant with time but may vary (Brouwer, Goffeau, and Heibloem 1985).
Depending on the amount of water existing in the soil, the soil can be saturated, the soil moisture can
reach the field capacity level or the permanent wilting point.

1.1.2.1.1. Saturation
When a rain or irrigation event happens, the soil pores will fill with water. The soil is said to be saturated
if all soil pores are filled with water. In this case, there is no air left inside the soil. Plants need except of
water in the soil, air. In the case of soil saturation, the plants are suffering because of the lack of air (Figure
14 a). There are many crops that cannot withstand saturated soil conditions for a period of more than 2
– 5 days. There are also some exceptions to this rule e.g. rice. The period of saturation of the topsoil
usually does not last long. After the rain or the irrigation event, part of the water will move downward.
This process is called drainage or percolation. The water drained from the pores s replaced by air. In
coarse textured (sandy) soils, drainage is completed within a period of a few hours. In fine textured
(clayey) soils, drainage may take some (2-3) days (Brouwer, Goffeau, and Heibloem 1985).

1.1.2.1.2. Field capacity
Soon after the drainage, the large soil pores are filled with both air and water and the smaller pores are
still full of water. At this stage, the soil is said to be at field capacity. At field capacity, the water and air
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contents of the soil are considered to be ideal for crop growth (Figure 14 b) (Brouwer, Goffeau, and
Heibloem 1985).

1.1.2.1.3. Permanent wilting point
The water which is stored in the soil is taken up by the plant roots or evaporated from the soil to the
atmosphere and eventually, the soil gradually dries out if no additional water is supplied in it. Drier soil
means larger difficult for the plant roots to extract the water from it. The stage that the uptake of water
is not sufficient to meet the plant's needs, the plant loses freshness and wilts, the leaves change color
from green to yellow and finally, the plant dies is called permanent wilting point. The soil still contains
some water, but it is too difficult for the roots to suck it from the soil (Figure 14 c) (Brouwer, Goffeau, and
Heibloem 1985).

Figure 14: Some soil moisture characteristics (Brouwer, Goffeau, and Heibloem 1985).

1.1.2.2. Available water content
The soil can be compared to a water reservoir for the plants. When the soil is saturated, the reservoir is
full. Some water drains rapidly below the root zone before the plant can use it (Figure 15 a) but when this
water has drained away, the soil is at field capacity (Figure 15 b). The plant roots draw water from what
remains in the reservoir. When the soil reaches the permanent wilting point (Figure 15 c), the remaining
water is no longer available to the plant. The amount of water actually available to the plant is the amount
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of water stored in the soil at field capacity minus the water that will remain in the soil at permanent wilting
point (Brouwer, Goffeau, and Heibloem 1985). This is illustrated in figure 15 d.

Figure 15: Saturation, field capacity, wilting point and available water content (Brouwer, Goffeau, and Heibloem 1985).

The available water content depends greatly on the soil texture and structure. A range of values for
different types of soil is given in the following figure. As it can be seen from the diagram in figure 16 the
percentage of the water content for saturated soil, the soil at field capacity and soil at the permanent
wilting point differs for each soil type. Sandy soils need a smaller percentage of water in the soil than clay.
The percentage in between the red and blue line is the ideal for most of the crops.
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Figure 16: Field Capacity, Wilting Point, Available and Unavailable water vs. Soil Texture (Spruceirrigation.com 2019).

1.1.3. Water needs
As mentioned above, all field crops need soil, water, air and light (sunshine) to grow. The soil gives stability
to the plants and it also stores the water and nutrients which the plants can take up through their roots.
The energy which is necessary for plant growth is provided from the sun. Water is another factor that
affects the wellbeing of the plant. Crops need water for transpiration and evaporation. Without it, the
crops cannot grow while too much water is not good for many crops either. If there is too little rain, water
must be supplied from other sources, so irrigation is needed. The amount of irrigation water which is
needed depends not only on the amount of water already available from rainfall but also on the total
amount of water needed by the various crops (Brouwer and Heibloem 1986).

1.1.3.1. Crop water needs
The water need of a crop is usually expressed in mm/day, mm/month or mm/season. Suppose the water
need of a certain crop in a very hot, dry climate is 10 mm/day. This means that each day the crop needs
a water layer of 10 mm over the whole area on which the crop is grown. It does not mean that this 10
mm must indeed be supplied by rain or irrigation every day. It is, of course, still possible to supply, for
example, 50 mm of irrigation water every 5 days. The irrigation water will then be stored in the root zone
and gradually be used by the plants: every day 10 mm (Brouwer and Heibloem 1986).
The crop water need depends on three parameters, the climate, the crop type and the growth stage of
the plants. A specific crop needs more water per day if the area has no clouds, is hot, the humidity is low,
or it is windy but needs less water in cloudy areas or cooler areas and areas with little wind or high
humidity. The crop type is also influencing the daily crop water needs. FAO uses a reference type of crop
for all calculations which is the grass. As can be seen from the following table (Table 1) the daily water
needs of the grass depending on the climatic zone and daily temperature.
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Table 1: Average daily water need of standard grass during the irrigation season (Brouwer and Heibloem 1986).

According to the above figure, the standard grass crop grown in a Sub-humid climate with a mean
temperature of 17 oC needs approximately 5.5 mm of water per day. The same grass crop grown in a
Semi-arid climate with a mean temperature of 30°C needs some 7.5 mm of water per day. According to
FAO this daily water need of the standard grass crop is also called "reference crop evapotranspiration"
(Brouwer and Heibloem 1986).
There are some types of crops that have the same water needs in peak period as standard grass but there
are other types that they need different amount of water. For the various field crops, it is possible to
determine how much water they need compared to the standard grass using the following table (Table
2).
Table 2: Crop water needs in the peak period of various field crops as compared to standard grass (Brouwer and Heibloem
1986)

.
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The table above indicates five groups of crops. The crops in column 1 need 30 % less water than grass in
their peak period. The crops in column 2 need 10 % less water than grass. The crops in column 3 need
the same amount of water as grass. The crops in columns 4 and 5 need 10 and 20 % more water than
grass in their peak period respectively.
Some examples of the amount of the total crop water needs can be seen from Table 3.
Table 3: Approximate values of seasonal crop water needs by FAO (Brouwer and Heibloem 1986).

The crop type not only has an influence on the daily water need of a fully-grown crop, i.e. the daily peak
water need, but the crop type also has an influence on the duration of the total growing season of the
crop, and thus on the seasonal water need.
Data on the duration of the total growing season of the various crops grown in an area is best to be
obtained locally. The duration of the total growing season has an enormous influence on the seasonal
crop water need. There are, for example, some crops with a short growing cycle (e.g. 75 – 90 days) and
others with a long growing cycle (e.g. 150 – 220 days). Indicative values or approximate values for the
duration of the total growing season for the various field crops are described in the next figure (Table 4).
These values are only rough approximations and it is much better to obtain the values locally (Brouwer
and Heibloem 1986).
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Table 4: Indicative values of the total growing period (Brouwer and Heibloem 1986).

There is a large variety of values not only between crops but also within one crop type. An assumption
that can be made is that the growing period for a certain crop is longer for cool climate and shorter when
the climate is warm (Brouwer and Heibloem 1986).

1.1.3.2. Irrigation requirements
Pruitt in 1984, mentions that the net irrigation requirements of the crops (In) are calculated using the field
water balance. The variables include crop evapotranspiration (ETcrop), rainfall (Pe), groundwater
contribution (Ge) and stored soil water at the beginning of each period (Wb), or:
In = ETcrop - (Pe + Ge + Wb)
losses -

gains

All variables are expressed in units of depth of water (mm) and, depending on the accuracy required, In
can be determined for seasonal, monthly or 10-day periods. For preliminary planning, monthly data are
frequently used. The sum of In for the different crops over the entire irrigated area forms the basis for
determining the necessary supply (Pruitt 1984).
According to Pruitt, calculating the amount of water stored in the soil and the amount that can be used
from the crop is not easy. FAO introduced some years later a simpler method for calculating the irrigation
water need using the field water balance. This method can be seen in Figure 17 where the irrigation water
need is defined by the crop water need and the available rainwater.

Figure 17: Irrigation water need (Brouwer and Heibloem 1986).
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1.1.3.3. Effective Rainfall
The water can be supplied to the crops by rainfall (also called precipitation), by irrigation or by a
combination of rainfall and irrigation. If the rainfall is sufficient to cover the water needs of the crops,
irrigation is not required. If there is no rainfall, all the water that the crops need must be supplied by
irrigation. If there is some rainfall, but not enough to cover the water needs of the crops, irrigation water
must supplement the rain water in such a way that the rain water and the irrigation water together cover
the water needs of the crop. This is often called supplemental irrigation: the irrigation water supplements
or adds to the rain water (Brouwer and Heibloem 1986).
Part of the rain water percolates below the root zone of the plants and part of the rain water flows away
over the soil surface as run-off. This deep percolation water and run-off water cannot be used by the
plants. In other words, part of the rainfall is not effective. The remaining part is stored in the root zone
and can be used by the plants. This remaining part is the so-called effective rainfall. The factors which
influence which part is effective and which part is not effective, include the climate, the soil texture, the
soil structure and the depth of the root zone (Brouwer and Heibloem 1986).
The effective rainfall is the total rainfall minus runoff minus evaporation and minus deep percolation.
Only the water retained in the root zone can be used by the plants and represents what is called the
effective part of the rainwater. The term effective rainfall is used to define this fraction of the total
amount of rainwater useful for meeting the water need of the crops. 2 simple formulas are introduced
by FAO to estimate the fraction of the total rainfall which is used effectively. These formulas (Equation
10) can be applied in areas with a maximum slope of 4-5 % (Brouwer and Heibloem 1986).
Pe = 0.8 P – 25 if P > 75 mm/month
Pe = 0.6 P – 10 if P < 75 mm/month
Equation 10: Formulas for affective rainfall.

Where Pe is the effective rainfall and P is the seasonal rain precipitation.
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(10)

1.2.

Problem statement

Denmark was affected by drought during the summer of 2018 and this highlighted the need for improved
tools for irrigation management. Optimize irrigation can be beneficial in both environmental and
economic terms. The purpose of this study is to estimate the amount of water that farmers need to
irrigate in each area of the field. The study will create a decision support system for irrigation
management on a national scale for Denmark. In order to test our approach, one municipality in Denmark
will be selected as a pilot area.

1.3.

Research questions

To estimate the amount of water for irrigation, a set of research questions were outlined in order to help
in the development of the support system.
1. What are the most important parameters for developing an irrigation support system?
2. How can an irrigation support system benefit from geographical data/tools as well as remote
sensing products?
3. How/which meteorological parameters can be implemented in an optimal irrigation management
system?
4. How can we propose an optimal irrigation management system based on remote sensing and
geographical data?
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2. Study Area
Denmark is a Nordic country and it is part of the geographic region called Scandinavia (Figure 18). Denmark
is the southernmost of the Scandinavian nations, it is south-west of Sweden and south of Norway, and
bordered to the south by Germany (Michael Falch (Danmarks Statistik) 2010).
Denmark consists of a peninsula, Jutland, and islands. The larger islands are Zealand, Funen, LollandFalster and 429 other islands between the North Sea and the Baltic Sea, 72 of which are inhabited. The
islands are characterized by flat, arable land and sandy coasts, low elevation and a temperate climate.
Denmark has a total area of 42,934 km2 and a population of 5.71 million (2016). The population density
of Denmark is 132 per square kilometer (Michael Falch (Danmarks Statistik) 2010).

Figure 18: Denmark’s location.
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3. Methodology
The purpose of this project was to estimate the amount of water that farmers need to irrigate in every
field. The aim of this chapter is to clarify the procedure followed to reach the desired result. As can be
seen from the diagram (Figure 19), six steps took place in order to find the process to the final results.
Each step will be commented with more details in the following chapter.

Figure 19: Workflow diagram.

Three methods were used in this project. For answering the first three research questions (see chapter
1.3.) the literature review method was used. For the last research question first, the requirement analysis
method and final the prototype design method was used.
The most important step was the literature review stage, which is described with more details in Chapter
1.1. After reading and understanding all the necessary parameters for the water needs of the crops, the
next step was to find the formula to calculate the irrigation needs for each crop. The 3 rd stage was to
collect the required data, which was used to deliver the final result. At this stage, lots of complicate
procedures took place as some data had to be processed before running the final scripts and other data
was used directly from the model. In this step, scripts were also created to download the data. After that,
the model was created and soon after the process had to automated. This step made easy to have results
for all the growing period of the crops in 2018 and led to the results. The final result consists of
information about the amount of water that the farmers need to irrigate the specific date, in a specific
area and the amount was the daily or weekly need.

3.1.

Stage 1 – Literature Review

As already mentioned above, this step is described in the Chapter of Background. In this stage, definitions
such as evapotranspiration, water needs, and soil moisture were clarified. This step was important to
understand which parameters can be used to calculate the irrigation requirements (see Chapter 1.1.3.2.
Irrigation requirements). According to this Chapter, the irrigation requirements can be estimated
calculating the losses of water (ET) and the gains of water (Soil Moisture and Precipitation) for the crops.
The following figure (Figure 20) gives an overview of how the above-mentioned variables can be estimated
and in some cases from which other parameters can be estimated.
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Figure 20: An overview of the variables, which can be used to estimate the irrigation requirements.

Evapotranspiration can be estimated with different ways according to the Chapter 1.1.1. For the needs
of this project a straightforward method was used, which is described in Chapter 1.1.3.1. Crop water need
is evapotranspiration and can be calculated by using the reference type of crop according to FAO which is
the grass. According to the following table (Table 5), in Denmark, which is in Semi-arid zone, grass’s
average daily ET is 4 – 5 mm, when the mean temperature is less than 15 oC. ET is 6 – 7 mm, when the
mean daily temperature is from 15 oC till 25 oC, and 8 – 9 mm when the mean temperature is more than
25 oC.
Table 5: Average daily water need of standard grass during the irrigation season (Brouwer and Heibloem 1986).

At this point is known how to calculate ET for grass. The ET for each crop can be estimated using the next
table (Table 6), where for each type of crop a percentage is added or removed from the ET of the grass.
There are crops like carrots that have the same ET rate with grass. Another example is potatoes, which
they evapotranspire 10% more than grass. For example, in Denmark, in a day with a mean daily
temperature of 16 oC, ET for potatoes will be 6.5 * 110% = 7.15 mm/day. For the same place and day, ET
for carrots will be 6.5 mm/day.
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Table 6: Crop water needs in the peak period of various field crops as compared to standard grass (Brouwer and Heibloem
1986).

For the calculation of ET the mean temperature daily values and the type of the crops have to be known.
Moving forward, Soil Moisture is the next variable which can be used to estimate the irrigation
requirements. Soil Moisture satellite data is freely available through several websites on the web. In each
pixel exists the information about the soil moisture content. In the following picture (Figure 21) for a
specific area, the soil moisture content can be seen on the left. The number of 0.03003 means that 1 m 3
of soil, with a depth of 1 m, and a surface area of 1 m2 contains 0.03003 m3 of water. The percentage of
the moisture content volume for this specific example is 3.003 %.
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Figure 21: An example of Soil Moisture satellite image.

According to Chapter 1.1.2.1. Available water content soil can be compared to a water reservoir for the
plants but the available water for the plants depends greatly on the soil texture and structure. The
following table (Table 7) can clarify which percentage of soil moisture in which types of soils can provide
water to a plant. Percentages higher than the field capacity number means that the soil is oversaturated,
percentages above the number of witling point means that the soil has no available water for the plants,
while percentages in between the two numbers mean that the plants have available water. For example,
in an area with sandy soil if the percentage of the moisture content volume is 6% it means that there is
available water for the plants, while the same percentage in an area with clay soil, means that there is no
available water for the plants.
Table 7: Field Capacity, Wilting Point vs. Soil Texture (Spruceirrigation.com 2019).
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In order to use Soil Moisture as a variable to calculate the irrigation requirements, the percentage of the
moisture content volume and the soil type of the area must be known.
Finally, the final variable which can be used to estimate the irrigation requirements is effective rainfall.
According to Chapter 1.1.3.3. Effective Rainfall part of the rainfall is not effective; therefore, the plants
cannot use all the amount of precipitation. Moreover, FAO introduced 2 simple formulas estimate the
fraction of the total rainfall which is used effectively. These formulas can be applied in areas with a
maximum slope of 4-5 %. Denmark is a country with a relatively low percentage of slopes therefore, these
formulas can be easily used in this project. Using a Digital Elevation Model (DEM) of Denmark, the
percentage of the slopes can be estimated. Places with higher values than 5% of the slope can be excluded
from the procedure.
As can be seen from the following equation (Equation 11), in order to calculate the effective rainfall, the
amount of precipitation from the previous 30 days must be known. In case that the amount of
precipitation of the previous month was more than 75 mm the first equation will be used, in another case,
the second one will be used.
Pe = 0.8 P – 25 if P > 75 mm/month

(11)

Pe = 0.6 P – 10 if P < 75 mm/month
Equation 11: Formulas to estimate affective rainfall.

In order to calculate the irrigation requirements considering also the rainfall, a DEM and precipitation
measurements from the area should be known.

3.2.

Stage 2 – Finding the Formula

The next step was to find the formula in order to find the amount of irrigated water. This has to be
estimated considering the evapotranspiration rate of the crop, the amount of the effective precipitation
and the soil moisture percentage. The simplest formula can be seen in the following equation (Equation
12)
IF Soil Moisture < Wilting point THEN In = ETcrop - Pe

(12)

IF Soil Moisture > Wilting point THEN In = 0
Equation 12: Simplest formula to find the irrigation needs.

With this formula first a check is made if the soil moisture level is below the wilting point which means
that there is no available water for the plants in the soil. If the level is below the wilting point, then the
irrigation requirements of the crops (In) is calculated by estimating the evapotranspiration rate of the
specific type of crop minus the effective rainfall (Pe). If the soil moisture level is above the wilting point,
it means that there is available water for the plants with consequence no irrigation needs. At this point,
for checking the soil moisture content if it has available water for the plants, the percentage of the
moisture content volume and the soil type is considered.

3.3.

Stage 3 – Data Collection and Process

Following the 2nd stage, was the stage of data collection. At this point, the formula of the estimation of
irrigation requirements is known. The next step was to find the data and, in some cases, process the data
in order to have it in the desired format. The purpose of this chapter is to clarify all the procedures that
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took place from the collection and process of the primary data until the data, that was used from the
model.
As mentioned above (4.1. Stage 1 – Literature Review), in order to use Soil Moisture as a variable to
calculate the irrigation requirements, the percentage of the moisture content volume and the soil type of
the area must be known. For the calculation of ET, the mean temperature daily values and the type of
the crops have to be known and considering also the rainfall, a DEM and precipitation measurements from
the area should be known.
This chapter will be divided into three subchapters, for better understating of the procedures that took
place. The first subchapter describes the process made to obtain the data for soil moisture variable, the
following one, refers to the ET and the final refers to the rainfall.

3.3.1. Data Collection and Process of Soil Moisture
To obtain the remotely sensed data for soil moisture was proved to be more difficult than expected. There
were problems at downloading or processing the data while in some cases the data was not free. For this
project, only free available data was used with consequence some providers, could not be used. ESA was
one of the candidate organizations for obtaining the data using data from Soil Moisture Ocean Salinity
(SMOS) Earth Explorer mission and another candidate was NASA, using SMAP (Soil Moisture Active
Passive) data. Even though SMAP data had a better spatial resolution, there were lots of problems with
processing the data and because of lack of time, it was decided to use SMOS mission and data from ESA.
The primary objective of the SMOS mission is to provide global observations of soil moisture over land
surfaces and ocean salinity over the oceans. SMOS was launched on 2nd of November of 2009 and the
mission requirements for soil moisture is an accuracy of 4% volumetric soil moisture, spatial resolution of
35-50 km with a revisit time 1-3 days (ESA 2019).
For downloading SMOS data, FileZilla was used. FileZilla is a free software, cross-platform FTP application
which after signing in with username and password, users can search and download data from servers.
The server is located in smos-diss.eo.esa.int location and the access is free.
There are folders with data for every day, every month and every year. The acquisition of the satellite for
Denmark takes place almost every day from 16:00 till 17:00 depending on the day of the month. All
images for the period from March till July with start acquisition time from 16:00 till 17:00 were
downloaded. There were some images without data and others without Denmark inside the scene. These
images were not a problem as the model for finding the irrigation needs can run using them but will not
deliver any results. An example of SMOS data can be seen in the following picture (Figure 22). The image
is from the 2nd of July in 2018.
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Figure 22: Example of SMOS data.

The next step was to subset the image in order to have only Denmark and extract only the band which
consist of information about the soil moisture. This was made by using SNAP (Sentinel Application
Platform). SNAP architecture with toolboxes is ideal to process and analyze Earth Observation data and
it can be freely downloaded from the ESA website.
The process to subset an image is simple, and it can be seen from the diagram (Figure 23). The first step
was to read the image which the subset will take place, then in the subset step the band of interest (in
this case the soil moisture band only) and the polygon which consists Denmark (in this case the polygon
is 7 54, 13 54, 13 58, 7 58) were defined. The final step was to create the new image and save it as a
GeoTIFF file.

Figure 23: Graph for the subset of an image.

The use of Graph Builder in SNAP for the subset is very slow while it cannot be used for automation.
Therefore, it was essential to create a .xml file which can make the process quicker and to use this file in
the following stage of automation of the process. This .xml file can be run using snap gpt.exe in the
command line. The first step was to create the .xml file (Figure 24) where for Read, Subset and Write
there was a node with a specific id.
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Figure 24: The .xml file to subset the image.

Inside the node of Read the name of the file with the complete path is defined in line 7. After that, inside
the node with the Subset id in line 10, the Soil Moisture band (line 11) and the coordinates of the polygon
are defined (line 18). The name of the band is in the node called sourceBands and the polygon in the node
with name geoRegion. The final step is to define the name and format of the new file. The format of the
new file was GeoTIFF. The .xml file can be run from the command line using SNAP gpt.exe and defining
the complete path of the .xml file. The commands can be seen in the following picture (Figure 25).

Figure 25: Commands to run the subset .xml file.
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The second crucial dataset needed to use Soil Moisture as a variable to calculate the irrigation
requirements was the soil type of the area. The dataset was downloaded from the European Commission
and more specific from the European Soil Data Centre (ESDAC) which is the thematic center for soil-related
data in Europe. It was compulsory to ask for permission in order to use this dataset. The request was
quickly accepted from ESDAC and the data of soil types in Europe was downloaded and it can be seen in
the next picture (Figure 26).

Figure 26: The soil types in Europe (Panagos 2006), (Liedekerke, Jones, and Panagos 2006).

The resolution of the data is 1km2 and the information refers only in Europe. The next step was to create
a new raster file consists information for soil types only for Denmark. Using a shapefile for Denmark which
was downloaded from kortforsyningen.dk website and running a mask tool the new raster dataset was
produced (Figure 27).
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Figure 27: Map of Denmark’s soil types.
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After having the dataset with the soil types the next step was to categorize the types in clay, loam and
sandy soils. This step was necessary for using the table in Figure 28 which presents the Field Capacity and
Wilting Point vs. Soil Texture. For finding the categories for each soil type in Denmark, World reference
base for soil resources (WRB) from FAO was used. The full name, some more information and the category
of the soil type are presented in the next table (Table 8).
Table 8: Soil type categories in Denmark according to World reference base for soil resources (WRB).

Soil
Type
Code

Soil Type Information
Name

Category

RG

Regosol

Sandy

PZ

Podzol

LV

Luvisol

HS

Histosol

GL

Gleysol

FL

Fluvisol

CM

Cambisol

AR

Arenosol

A Regosol in the World Reference Base for Soil Resources (WRB) is
very weakly developed mineral soil in unconsolidated materials
(FAO 2015).
Podzols are the typical soils of coniferous or boreal forests (FAO
2015).
Luvisols are widespread, especially in temperate climates, and are
generally fertile. Luvisols are widely used for agriculture (FAO
2015).
The central concept of Histosols is that of soils that are dominantly
organic (FAO 2015).
Gley is a wetland soil that, unless drained, is saturated with
groundwater (FAO 2015).
Fluvisol in the World Reference Base for Soil Resources (WRB) is a
genetically young soil in alluvial deposits (FAO 2015).
Cambisol is a soil with a beginning of soil formation. Cambisols are
developed in medium and fine-textured materials derived from a
wide range of rocks, mostly in alluvial, colluvial and aeolian
deposits. Most of these soils make good agricultural land and are
intensively used (FAO 2015).
Arenosol consists basically of unconsolidated sand deposits, often
found in shifting sand dunes (FAO 2015).

Sandy
Clay

Sandy
Clay
Loam
Loam

Sandy

The final step for the soil type dataset was to reclassify the raster file so that each pixel consists the
information about the soil type category (Sandy, Clay or Loam) and to reproject the dataset. The value 1
was assigned for sandy soils, 2 for loam type and 3 for clay. The projection used for all datasets was the
WGS 84 / UTM zone 32N.

3.3.2. Data Collection and Process for ET
As already mentioned above in chapter 3.1. Stage 1 – Literature Review for the calculation of ET the mean
temperature daily values and the type of the crops have to be known. The mean temperature daily values
were obtained from the archive of weather data from Danish Meteorology Institute (DMI) and the type
of the crops was obtained from the Ministry of Environment and Food of Denmark (Miljø og
Fødevareministeriet) website.
More specific, for the weather data, the website https://www.dmi.dk/vejrarkiv/ (Figure 28) allows the
users to download weather data for Denmark, Greenland and Faroe Islands for every municipality from
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2012 till the current date. The data can be yearly, monthly, daily or hourly and it can be downloaded as a
diagram or .csv file. Moreover, among temperature and precipitation, there are 8 more measurements
which can be downloaded.

Figure 28: DMI weather data archive website (DMI (Danish Meteorology Institute) 2019).

The next step was to create a script using Java in order to download the data from the website. The script
was provided from Sandholt ApS and the data was downloaded. The downloaded data was for Denmark,
for all municipalities, for all weather measurements, for every year and every day. The format and the
structure of the downloaded data can be seen in the following image (Figure 29). There was a folder for
every municipality consisting 10 folders, one for each weather parameter. Inside each weather parameter
folder, there were .txt files one for every month of the year. The .txt files which include information for
every day of the month were in GeoJSON format.
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Municipalities
→

Weather
parameters
→

Months

GeoJSON files

→

Figure 29: Format and structure of DMI weather data.

The next step, in order to save the weather data, was to create a database. The database software used
was MySQL Workbench which is a unified visual tool for database architects and developers (MySQL 2019)
and it is an open source software. The structure of the database can be seen in the following UML (Unified
Modeling Language) diagram (Figure 30).

Figure 30: UML diagram of the weather data archive database.

More specifically, the database has four entities. The table of municipalities contains a unique number
attribute called id_municipalities which is the primary key of the table, the name, and the shape attribute.
The shape attribute contains the geometry information of each municipality in Denmark. The parameter
table has the attribute id_parameters, which is a unique number and primary key. The other attributes
of this table are the name and the unit. The retrieval_date entity has two attributes. The first is the
id_retrieval_date, which is the primary key of this table and unique number, and the date attribute with
datetime format. Lastly, there is the values entity. In this table, the attribute id_value is the primary key
but there are also foreign keys. The id_municipalities attribute refers to municipalities table, the
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id_parameters attribute refers to parameters table and the id_retrieval_date attribute refers to
retrieval_date table. The last two attributes are the date, which is datetime type, and the value, which is
in float format.
As for the cardinalities of the tables, the relationships are all one to many. More specific, municipalities
and value table have a one to many cardinality. This means that every entity in the municipalities table
can be associated to one or a lot of occurrences in the values table but every entity in the values table is
linked to only one occurrence in the municipalities table. Similarly, parameter and value table have a one
to many cardinality. This means that every entity in the parameter table can associated to one or a lot of
occurrences in the values table but every entity in the values table is linked to only one occurrence in the
parameter table. Finally, the degree of relationship between retrieval_date and values table, is one to
many. This means that every entity in the retrieval_date table can be associated to one or more
occurrence in the values table and every entity in the values table is linked to only one occurrence in the
retrieval_date table.
The next stage after creating the database was to store the data from the .txt files inside the database. In
this step, a script was created from Sandholt ApS using Java. The aim of this script was to read all the
GeoJSON files and store the information about the weather parameters inside the database. After running
the Java file, the database was populated with the values of all the weather parameters, for all the
municipalities, for every day from January of 2012 till March of 2019.
At this point, the mean temperature daily values, which are needed to estimate the ET of the crops, are
stored in the database and they can be exported as a table. But not only mean temperature values are
needed to calculate ET. The type of crops is also crucial information. For retrieving this data the
http://miljoegis.mim.dk/cbkort?profile=jordbrugsanalyse website was used. An effort made to download
one shapefile consisting the information about the type of the crops in every field in Denmark for 2018.
In this shapefile, there were more than 600.000 polygons, which could give difficulties during the process.
There was no option to download one shapefile for all Denmark, the shapefile was divided by 4 areas.
After that, the 4 areas were combined in one shapefile (Figure 31).
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Figure 31: Shapefile of fields in Denmark in 2018 (Miljø, Og, and Fødevareministeriet 2019).

After that, a very important decision was made. It was decided to use the data for only one municipality
as the process for all dataset of the fields for entire Denmark would need more time and computation
power. Viborg municipality was chosen as a test area because Sandholt ApS has an experimental site in
this area. The next step was to create a new shapefile with all the fields located in Viborg municipality.
For every field, there is information about the type of the crop as it can be seen from the following image
(Figure 32). The information about the crop type was in Danish and in this selected field “gulerød” means
carrot.
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Figure 32: Shapefile presenting marks in Viborg (Miljø, Og, and Fødevareministeriet 2019).

Thus, the data for the calculation of ET, which is the mean temperature daily values and the type of the
crops, is retrieved.

3.3.3. Data Collection and Process for rainfall
As already mentioned above in chapter 3.1. Stage 1 – Literature Review for the calculation of the effective
rainfall an equation can be used, but the precipitation measurements from the area should be known.
Effective rainfall can be estimated with this equation in areas with less than 5% slope. In order to find the
slope, a DEM of the area was downloaded. The precipitation values were obtained from the archive of
weather data from DMI and the DEM of the area, from the earth explorer of United States Geological
Survey website (https://earthexplorer.usgs.gov/) using data from the SRTM (Shuttle Radar Topography
Mission).
In the previous Chapter (3.3.2. Data Collection and Process for ET) was described the process followed to
download weather data from the weather archive of DMI. Precipitation data was already stored inside
the database among other parameters. The next step was to extract the weather data, which was needed
for the next stages. The data needed was the mean temperature and precipitation values. For this step,
an SQL query was created, and it can be seen in the next picture (Figure 33).
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Figure 33: SQL query to retrieve weather data measurements from the database.

The SQL query selects from the database the date and then the mean temperature values and
precipitation using the id numbers of the parameters. Then, it takes only the measurements from Viborg
municipality, which has the 93-id number and the measurements are for the period from February to July
of 2018. February’s measurements were used only for counting the amount of precipitation of the last
month on 1st of March. These months were chosen for this study as they are the months consisting the
period from seed to harvest for several crops in Denmark such as potatoes, carrots and corn. The
following step was to export the table in .csv format.
After that, the next step was to add some more information in the specific file (Figure 9). The first field
was the referenced ET for grass. Using Table 1 (Average daily water needs of standard grass during
irrigation season (Brouwer and Heibloem 1986)) the column was populated with values 4.5 when the
mean temperature value was below 15 oC, 6.5 when the mean daily temperature was from 15 oC till 25
o
C, and 9.5 when the mean temperature of the day was more than 25 oC. The above-mentioned values
were for every day thus, a second field for the weekly ET was added and populated with the number of
the ET per day multiplied by 7. The next four columns refer to rainfall. To use the equation to find the
amount of effective rainfall (Equation 11: Formulas for effective rainfall), the precipitation amount of the
last 30 days is needed to be known. The mm_month field is populated, adding all the precipitation values
of the last 30 days. Then the effective monthly rainfall amount for each day is estimated using the abovementioned formula. The weakness of this formula is that it can calculate the effective rainfall for a season
of 30 days and not daily. At this point an assumption was made in order to find the weekly and daily
amount of effective rainfall, that these values can be estimated by dividing the monthly amount by 4 for
the weekly and by 30 for the daily amount of effective rainfall.
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Table 9: Final weather data file for Viborg municipality including the ET of grass and effective rainfall.

The final step to calculate the effective rainfall after having the data of the amount of precipitation of the
last month was to calculate the slope of Viborg municipality. The purpose of this step was to create a
raster file, which will be used for masking out all the areas with slopes more than 5%. So, for calculating
the slope, the DEM and a tool to create the slop raster file was used. The final file was clipped for having
only Viborg municipality and the results can be seen in the following map (Figure 34). The green areas
can be used in the calculations for the estimation of irrigation requirements, but red areas should be
excluded as they are areas with higher than 5% values of slope. The last step was to reclassify the raster
file and assign No Data values in areas with higher than 5% slope so that the file can be used inside the
calculations as a clip file for the results.
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Figure 34: Slope map of Viborg.

3.4.

Stage 4 – Model creation

rd

In the 3 stage, data was collected and processed. In the next stage, the processed data will be used
directly from the model. The entire model is presented using Arc Map model builder in the next picture
(Figure 35). For clarifying all the intermediate steps, the model is divided into 5 smaller parts in this
Chapter. The model will be commented by parts.
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Figure 35: The final model using Arc Map model builder.
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In Chapter 3.3.2. Data Collection and Process for ET a shapefile with marks only in Viborg was created.
This shapefile contains information, among others, about the type of the crops in each field.

Figure 36: 1st part of the model.

The first part of the model (Figure 36) starts with the shapefile of the marks in Viborg. After that, a
selection for 3 types of crops was made, choosing potatoes, carrots and corn. These types of crops were
chosen as they are the most usually grown crops in the area. Then the selected features were copied and
after that, a new field, called date, inside the attribute table was added. At this stage, the first parameter
of the model which is the choice of the date was created. The date is depending on the date of the soil
moisture image. For example, if the soil moisture image is from 03-06-2018, then the date should be 0306-2018.

Figure 37: 2nd part of the model.

The next step was to populate the date field of the new file of the marks in Viborg with the chosen date
(Figure 37). All the records of the attribute table had the same date. After that, the Viborg weather data
.csv file was used, and the attribute table of the shapefile joined with the .csv table using the date field.
The next step was to add the ETc field and populate the column by using a function (Figure 38).

Figure 38: Function for populate ETc field.

46

This function estimates the ETc field. More specifically, if the category of the crop is corn or potato, then
the value is the ET_day (grass’s ET) multiplied by 1.1 (10% more), and if the category of the crop is carrot,
then the value is the ET_day multiplied by 1 (same as grass). The next step was to add a field called
ETc_week for the weekly evapotranspiration of the crops and populate the field using the ETc_day
multiplied by 7.
At this stage of the model, it was known the amount of weekly and daily evapotranspiration for the specific
day for each type of crop.

Figure 39: 3rd part of the model.

While the above-mentioned process was executed another process was taking place, which refers to the
soil moisture information (Figure 39). The soil moisture image first, was projected in WGS 84 / UTM zone
32N projection and then the Viborg slope mask raster file (see 4.3.3. Data Collection and Process for
rainfall) was used to mask out all the areas of Viborg, which they have slopes bigger than 5%. Lastly, a Set
Null function in raster calculator was used and the result was a raster file with soil moisture information
in Viborg municipality having No data values in areas with higher than 5% slope.

Figure 40: 4th part of the model.

After the previous process the masked raster file with the soil moisture information for Viborg was used
with the raster file of soil type information (see 4.3.1. Data Collection and Process of Soil Moisture) (Figure
40). The two files were used inside 3 different Set Null functions (Figure 41).
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Figure 41: Set Null functions for soil type and moisture.

In the first function, only the areas with sandy soils and soil moisture values with lower values of 0.05
were kept and all the others were characterized as No Data. The second function keeps the values only
in areas with loam type of soil and soil moisture less than 0.14, and the third function assign No Data
values in all areas except the ones that they have clay type of soil and soil moisture values less than 0.17.
The three raster files turned into one and at this point of the model a raster file was created having the
values 1 in areas, where there is need of irrigations because the soil moisture values are lower than Wilting
Point (see 4.1. Stage 1 – Literature Review) and 0 to all other areas. The last step was to mask out again
the areas with high slopes.

Figure 42: 5th part of the model.

The final part of the model (Figure 42) uses one shapefile with the information of marks in Viborg from
the 1st and 2nd part and the raster file created from the 3rd and 4th part. The raster file consisting the
information about the places which they should be irrigated was resampled. The new resolution was 10
x 10 m. The same resolution was used to create 4 different raster files from the shapefile, which consist
information about the ETc and effective rainfall. The first raster had information about the daily ETc, the
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second about the estimation of the daily effective rainfall, the third about the estimation of the weekly
effective rainfall and the last, about the weekly ETc. The final calculation was made using the weekly and
daily measurements. The reason why both measurements were used, was that irrigation can happen not
necessary every day. So, the final results of the amount of water can be irrigated in one or more events
during the week. In the next picture, it can be seen the final calculations (Figure 43) for daily and weekly
measurements. The amount of effective rainfall was removed from the ETc amount and the result was
multiplied with the raster file which has value 1 to the places which they should be irrigated and 0 to
others. The results contain information about the amount of water that should be irrigated for every day
and every week for a specific day with a resolution of 100 m3.

Figure 43: Calculations of the final raster files.

3.5.

Stage 5 – Process Automation

In this chapter, will be described how all the processes are automated. All the files of soil moisture images
are stored locally, and the purpose of the automation was to run all the processes for each file. To do that
three different scripts had to be created. The first was a .xml file, which will deliver the subset of each
soil moisture satellite image, the second was a Python script, which will run all the process of the model
as mentioned above, and the third, was a Java script, which will run for each file the two previous
mentioned scripts defining two parameters.
The .xml file was already presented in the Chapter (3.3.1. Data Collection and Process of Soil Moisture).
With this file, a subset of every image in the folder where the soil moisture pictures are stored (Figure 44)
will be created in GeoTIFF format.

Figure 44: Folder containing SMOS data.

The Python file was created almost from the crutch as model builder in Arc Map, even though has an
option to extract the model to a python script, lots of changes had to be done to run the model in python.
There is no need to comment each line of the script because the process described in the python script is
the same as was described in the previous chapter. The whole code is presented in the appendix and in
this chapter will be commented only some parts that differ from the model.
More specific, after the libraries were imported inside the python script the next step was to define all
the arguments. There were two arguments that they will be imported from Java in the next step. The
first was the date and the second was the path of the soil moisture image. The date was taken from the
name of the file of soil moisture. In the above figure, it can be seen how the names of SMOS data files
are. At the first part of the code (Figure 45), there were some changes that had to be done referring to
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the date format, which was delivered from the Java script. After this process, the date could be read from
python.

Figure 45: Python code with arguments.

The next part of the code refers to how to retrieve the information about the resolution and projection.
Every raster file had to be at the same resolution and have the same projection. Similar, all the shapefiles
must have the same projection. The processes to have the same projection and resolution was done using
a reference raster file (Figure 46).

Figure 46: Python code for the transformation of other files.

The other processes were made as described in the previous chapter using python.
The final step was to create a Java script, which is presented in the appendix. In this chapter, will be
explained some parts of the script. After importing the libraries, the next step was to define the folder,
where the data for soil moisture is stored (Figure 47). This process is made in line 24. Then with an if
function, only files ending with DBL were processed to the next step.
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Figure 47: Java code presenting if function.

In the next step, a for loop takes all the files from the previous step one by one (Figure 48). First, the path
of the script.properties is defined. In this file, the full path of the input image of the soil moisture was
defined and after that, the full path of the GeoTIFF image of the subset was also defined (Figure 49). The
String date in line 55 gets the name of the file and the date is extracted as an argument. The date will be
used in the python script. In lines 59 and 60 Java execute the .xml file using the gpt.exe file from SNAP,
using the full path of DBL image. This information is written inside the script.properties file. The next step
was to execute the python script in lines 62 and 63 using python with arguments the date and the GeoTIFF
file created from the previous step.

Figure 48: Java code presenting the for loop.

Figure 49: The script.properties file.
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At this point, files with the irrigation needs for every day from March to July of 2018 using the soil moisture
images where created and stored.
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4. Results
This Chapter presents the results of the project. There are more than 60 Irrigation Needs maps from the
period from March to July. There is no need to present all the maps in this Chapter. Therefore, six were
chosen to be presented and commented with details in order to understand what the model can do.
The units used in the maps are referring to the amount of the water that farmers should irrigate in a
specific area on their field depending on the type of the crop, the amount of water stored in the soil and
the precipitation of the last days. The units are in mm. In this point is important to clarify what the unit
refers to. 1 mm expresses the amount of water need of crops. As one hectare has a surface of 10,000 m2
and 1 mm is equal to 0.001 m, water need of 1 mm of water, corresponds to 10 m3 of water per hectare.
Accordingly, 1mm of water needs means that farmers should irrigate 1 m3 (1,000 Liter) per 1,000 m2 or
0.1 m3 (100 Liter) per 100 m2, etc.
Every map has the same format. The first big map presents the amount of water that farmers need to
irrigate in the potatoes, carrots and corn fields in Viborg. The smaller map on the left presents the results
from a smaller area and on the right, the map presents the location of Viborg municipality in Denmark,
which is the test area of this project.
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Figure 50: Weekly Irrigation needs on 08/04/2018.

The first map (Figure 50) presents the amount of water that farmers should irrigate in their fields on the
8th of April of 2018. The amount was calculated by the weekly needs. As it can be seen from the map,
according to soil moisture, precipitation and evapotranspiration of the crops for the specific period there
is no need for irrigation. Looking at the smaller map on the left, it can be seen that some fields or parts
of fields are presented with white color. White color inside a field means that there was no soil moisture
data of the area or the field is located in an area with more than 5% slope, with consequence the area is
excluded from the calculations because the amount of effective rainfall could not be estimated. In the
following table (Table 10) it can be seen the amount of water needs for different units and area size for
this period.
Table 10: Amount of water that farmers should irrigate on 08/04/2018.

mm
0

m3 of water per hectare
0

m3 per 1,000 m2
0
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Liter per 100 m2
0

Figure 51: Daily Irrigation needs on 08/04/2018.

The second map (Figure 51) presents the amount of water that farmers should irrigate in their fields on
the 8th of April of 2018. As it was expected, observing the weekly needs of the specific day, according to
soil moisture, precipitation and evapotranspiration of the crops for the specific day there is no need of
irrigation. The following table (Table 11) presents the amount of water that farmers should irrigate in
different units and scale for this day.
Table 11: Amount of water that farmers should irrigate on 08/04/2018.

mm
0

m3 of water per hectare
0

m3 per 1,000 m2
0
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Liter per 100 m2
0

Figure 52: Weekly Irrigation needs on 15/07/2018.

The weekly needs for irrigation on the 15th of July of 2018 are presented in the map above (Figure 52).
Fields and part of fields with white colors mark areas with no data values. There is no weekly need of
irrigation on the most of the fields on the northwest part of Viborg, while in on the southeast part, crops
were missing water and irrigation had to be applied. Areas with crops needing more water are presented
with dark blue color and needs for less water are presented with a light blue color. 491.70 m3 of water
per hectare should be irrigated in most of the areas during the week, while in light blue areas the amount
is 446.30 m3 of water per hectare. In the following table (Table 12) it can be seen the amount of water
needs for different units and area size for this period.
Table 12: Amount of water that farmers should irrigate on 15/07/2018.

mm
0
44.63
49.17

m3 of water per hectare
0
446.30
491.70

m3 per 1,000 m2
0
44.63
49.17
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Liter per 100 m2
0
4,463
4,917

Figure 53: Daily Irrigation needs on 15/07/2018.

The map above (Figure 53) presents the results of the amount of water that farmers should irrigate on
the 15th of July of 2018. There was no data for soil moisture for the west and north part of Viborg
municipality and this is the reason why there are no results for the mentioned areas. Looking closer to a
randomly taken area (small map on the left), it can be seen that there is no need for irrigation in some
fields as the soil moisture and type of soil can provide water to the plants for the specific period. While
in some other areas there is a need for irrigation as the soil moisture could not provide water to the plants
and effective rainfall was not enough to cover the water needs of the crops. In areas presented with dark
blue colors the amount of water that the farmers should irrigate on the 15th of July is 70.30 m3 of water
per hectare, and 63.80 m3 of water per hectare for the light blue areas. The following table (Table 13)
presents the amount of water that farmers should irrigate in different units and scale for this day.
Table 13: Amount of water that farmers should irrigate on 15/07/2018.

mm
0
6.38
7.03

m3 of water per hectare
0
63.80
70.30

m3 per 1,000 m2
0
6.38
7.03
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Liter per 100 m2
0
638
703

Figure 54: Weekly Irrigation needs on 25/07/2018.

The weekly needs for irrigation on the 25th of July of 2018 are presented in the map above (Figure 54).
There is no weekly need for irrigation on the fields that are located on the west Viborg, but there was a
need for irrigation on the rest areas of the municipality. Areas with crops needing more water are
presented with dark blue color and needs for less water are presented with a light blue color. m3 of water
per hectare should be irrigated in most of the areas during the week, while in light blue areas the amount
is 455 m3 of water per hectare. In the following table (Table 14) it can be seen the amount of water needs
for different units and area size for this period.
Table 14: Amount of water that farmers should irrigate on 25/07/2018.

mm
0
45.50
50.00

m3 of water per hectare
0
455.00
500.00

m3 per 1,000 m2
0
45.50
50.00
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Liter per 100 m2
0
4,550
5,000

Figure 55: Daily Irrigation needs on 25/07/2018.

The map above (Figure 55) presents the results of the amount of water that farmers should irrigate on
the 25th of July of 2018. Looking closer to a specific area (small map on the left), it can be seen that there
is no need for irrigation in some fields as the soil moisture and type of soil can provide water to the plants
for the specific day. Some other areas need irrigation as the soil moisture could not provide water to the
crops and effective rainfall was not enough to cover the water needs of the plants. In areas presented
with dark blue colors the amount of water that the farmers should irrigate on the 25th of July was 71.50
m3 of water per hectare, and 65 m3 of water per hectare for the light blue areas. The part of the filed
which is presented with white color is located in areas with higher than 5% slope. The following table
(Table 15) presents the amount of water that farmers should irrigate in different units and scale for this
day.
Table 15: Amount of water that farmers should irrigate on 25/07/2018.

mm
0
6.50
7.15

m3 of water per hectare
0
65.00
71.50

m3 per 1,000 m2
0
6.50
7.15

59

Liter per 100 m2
0
650
715

5. Discussion
Nowadays using remote sensing products is not an advantage for the few. Having satellite images in the
past could be expensive and difficult but all that changed. Anyone can have access to remote sensing
products and in lots of cases, these products are free.
The European Space Agency (ESA) which is Europe’s gateway to space provides free data to the public. It
is an international organization with 22 Member States (from the EU) while there are also countries that
have cooperation agreements with ESA, associate members and countries like Canada who take part in
some projects under a cooperation agreement. ESA’s mission is to find out more about Earth, its
immediate space environment, our Solar System and the Universe and to develop satellite-based
technologies and services promoting European industries. The primary goal of ESA is to ensure that the
investments in space deliver benefits to the citizens of Europe and the world (ESA (European Space
Agency) 2018b). All people of the world can benefit from the freely available data that ESA provides and
with this data scientists and decision-makers can have the information they need to understand and
protect our environment. The continuous views of our planet which are supplied by satellites have many
applications. Among others, they are monitoring the air, seas, and land and they can supply agencies with
data when disasters strike (ESA (European Space Agency) 2018a).
Of course, there are still some products that people should pay or there are some that people must have
the appropriate equipment to get them. Moreover, online courses and free software for the processing
of satellite images can help people who are not specialist to create their own products. All the abovementioned drive to the conclusion that the last years remote sensing scientists tried to transmit their
knowledge to the public, encouraging individual people and companies to use more remote sensing
products.
FAO has many examples that can calculate irrigation needs, without any calculations about the soil
moisture. Other organizations or private companies are offering applications about irrigation needs using
satellite images, but they do not calculate the phenology of the crops. To have a fully covered irrigation
management decision support system lots of parameters should be calculated.
In the results, it is clear that remote sensing products and weather data can provide information about
the crop water needs. Soil moisture information on the past could only be retrieved by measurements
on the ground. Farmers on the past were digging holes to the ground so that they could understand if
their field needed water or not. There are also instruments that can measure soil moisture but, in some
cases, the instruments were and still are expensive. New technologies are used nowadays to create
cheaper products for soil moisture measurements, but cheaper instruments cannot offer very accurate
measurements.
In the results, the amount of water that farmers should irrigate in specific areas is changing. The amount
is depending on the type of crop. For example, potatoes and corn need more water than carrots and due
to this, the values of the irrigation needs were deferent in some areas. The amount of rainfall also affects
the results, leading to fewer water needs than the amount of the total evapotranspiration of an area.
Areas in the results with white color indicate areas without measurements of soil moisture or areas with
high slopes. In some cases, the mentioned areas where inside one field, with the result the farmer could
know how much water should be irrigated in only a part of his field. This is a problem as the farmers need
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information for the whole area that they are interested in and they need this information for every day.
There is also a pattern in the results. Areas in the west of Viborg often do not need irrigation. This is due
to the soil type which can hold water inside easier than the other types of soil on the east part of Viborg.
So, in some cases, the soil moisture had the same values in a broad area, but the area had to be irrigated
due to the soil type.
As for the future development of the project the first that could be easily implemented is to use deferent
soil moisture information. The model is very flexible to changes. Soil moisture information with better
resolution and better temporal resolution can lead to more accurate results. The other part that can be
changed is to find another formula for calculating the effective rainfall. There were some assumptions
made to calculate the effective rainfall. The amount of the rainfall was estimated by calculating all the
measurements of the past month. For more accurate results may be another formula should be used.
Ideally, will be very interesting if the values of the prediction of the next day’s rainfall can be implemented
in the model. There is no need for irrigating the amount of water that will fall from the sky and can be
used effectively form the plants. In an improved version of the model also the phenology of the plants
can be taken into account while the crop development can be used also to calculate the irrigation needs.
Plants need more water after seed and less before harvest, but this is not applied in all types of crops.
Moreover, the evapotranspiration rate of the area can also be calculated directly from satellite images
and in this case, it would be interesting to use also this information inside the support system.
The model can be sensitive if basic changes occur. The output of the model could be deferent if the input
type of satellite image of soil moisture changes. The resolution of the image is very important and in the
present study high spatial resolution images are not used. In case that high spatial resolution images are
used as input in the model then there could be different values of irrigation water amount. Different
values could also derive from the model in case that the rainfall was calculated using interpolation
methods or using different methods to calculate effective rainfall.
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6. Conclusion
This project is an example of how geoinformatics and remote sensing products can offer the possibility of
better management of water resources and reduced environmental impact of agricultural production.
The output can benefit Danish farmers, and the export potential to other regions of the World is large.
The decision support system created can provide information about water needs. The users can have
information about crop water requirements to optimize irrigation.
Calculating the amount of irrigation of the crops is not an easy process. There are lots of parameters that
someone can take into account. In this study, the model created checks the amount of the water exists
in the soil and then decides if the area should have water from irrigation or not. After the first decision
made automated, from the model, which takes into account the soil types of the areas with combination
the soil moisture, the second decision is made. The model calculates the amount of the water that should
be irrigated in each area on the field, calculating the ET and effective rainfall of the last days. Using
weather data, remotely sensed data the model was created, and it is flexible to use and modify. This
project was created using mostly open source software like QGIS and SNAP while Sentinel data and
weather from DMI is the original inputs for the model.
Accurate and freely available soil moisture satellite data is difficult to obtain, while cloud coverage makes
difficult to have data whenever is needed. Nowadays, remote sensing can give a solution by estimating
the soil moisture from satellites. The last years an effort is made to produce more accurate and useful
information about the soil moisture. There are methods that can use radar data from the satellite in order
to estimate soil moisture. This means that the images are not limited to clear sky observations, which is
very important as in lots of areas of the world clear sky days are not so many during a year. The
Mediterranean region, for example, is a region with good coverage from satellites while clear sky
observations can happen often because of the climate. On the other hand, Denmark is located in an area
in which there are more observations, but the skies are often covered by clouds. Areas such as Senegal
or India have a season which the skies are covered all the time by clouds and another season with clear
skies. In some cases, the ground data or radar data from the satellites can be the solution in order to have
measurements during all year.
In Denmark, the output for the irrigation management can be used for increasing yields and preserve the
amount of nitrogen in the soil. For other regions of the world is very important also to save water. Areas
in the Mediterranean which have drought periods and in some cases no water to irrigate, need an
irrigation management system. Other areas like in Africa have limited water availability for long periods.
Systems like that can help to better management of the available water.
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8. Appendix
Java Code
1. package thesisexecuter;
2.
3. import java.io.File;
4. import java.io.FileFilter;
5. import java.io.FileNotFoundException;
6. import java.io.PrintWriter;
7. import java.util.logging.Level;
8. import java.util.logging.Logger;
9.
10. /**
11.
*
12.
* @author Giorgos
13.
*/
14. public class ThesisExecuter {
15.
16.
/**
17.
* @param args the command line arguments
18.
*/
19.
public static void main(String[] args) {
20.
// TODO code application logic here
21.
22.
System.out.println(" Start");
23.
24.
File directory = new File("C:\\Data\\SMOS_data");
25.
26.
if (directory.isDirectory()) {
27.
28.
File[] files = directory.listFiles(new FileFilter() {
29.
@Override
30.
public boolean accept(File pathname) {
31.
32.
if (pathname.getAbsolutePath().endsWith("DBL")) {
33.
return true;
34.
} else {
35.
return false;
36.
}
37.
}
38.
});
39.
40.
//For each file
41.
for (File f : files) {
42.
PrintWriter out = null;
43.
try {
44.
System.out.println("Processing: " +
f.getAbsolutePath());
45.
ExecuteCommand ec = new ExecuteCommand();
46.
//Write the properties file
47.
String propertiesFilePath = "C:\\Data\\final
scripts\\script.properties";
48.
String outputFolder =
f.getParentFile().getAbsolutePath();
49.
out = new PrintWriter(propertiesFilePath);
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50.

out.println("product_dbl=" +
f.getAbsolutePath().replace("\\", "\\\\"));
51.
out.println("tif_output=" +
f.getAbsolutePath().replace("DBL", "").replace("\\", "\\\\"));
52.
out.flush();
53.
out.close();
54.
55.
String date = "" + f.getName().substring(19, 23) +
"-" + f.getName().substring(23, 25) + "-" + f.getName().substring(25,
27);
56.
System.out.println("Date: " + "\"" + date + "\"");
57.
//Execute graph
58.
//ec.executeCommand("C:\\Program
Files\\snap\\bin\\gpt.exe", "C:\\Data\\final
scripts\\Subset_from_whole_orbit_smos.xml", "-p", propertiesFilePath);
59.
60.
ec.executeCommand("C:\\Python27\\ArcGIS10.6\\pythonw.exe",
"C:\\Data\\final scripts\\model_thesis.py", date,
f.getAbsolutePath().replace("DBL", "TIF"));
61.
} catch (FileNotFoundException ex) {
62.
Logger.getLogger(ThesisExecuterbackup.class.getName()).log(Level.SEVERE
, null, ex);
63.
} finally {
64.
out.close();
65.
}
66.
}
67.
68.
}
69.
70.
}
71.
72. }
73.
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XML Code
1. <graph id="Graph">
2.
<version>1.0</version>
3.
<node id="Read">
4.
<operator>Read</operator>
5.
<sources/>
6.
<parameters class="com.bc.ceres.binding.dom.XppDomElement">
7.
<file>${product_dbl}</file>
8.
</parameters>
9.
</node>
10.
<node id="Subset">
11.
<operator>Subset</operator>
12.
<sources>
13.
<sourceProduct refid="Read"/>
14.
</sources>
15.
<parameters class="com.bc.ceres.binding.dom.XppDomElement">
16.
<sourceBands>Soil_Moisture</sourceBands>
17.
<region>0,0,3270,1201</region>
18.
<geoRegion>POLYGON ((7 54, 13 54, 13 58, 7 58, 7 54, 7
54))</geoRegion>
19.
<subSamplingX>1</subSamplingX>
20.
<subSamplingY>1</subSamplingY>
21.
<fullSwath>false</fullSwath>
22.
<tiePointGridNames/>
23.
<copyMetadata>true</copyMetadata>
24.
</parameters>
25.
</node>
26.
<node id="Write">
27.
<operator>Write</operator>
28.
<sources>
29.
<sourceProduct refid="Subset"/>
30.
</sources>
31.
<parameters class="com.bc.ceres.binding.dom.XppDomElement">
32.
<file>${tif_output}</file>
33.
<formatName>GeoTIFF</formatName>
34.
</parameters>
35.
</node>
36.
<applicationData id="Presentation">
37.
<Description/>
38.
<node id="Read">
39.
<displayPosition x="37.0" y="134.0"/>
40.
</node>
41.
<node id="Subset">
42.
<displayPosition x="242.0" y="136.0"/>
43.
</node>
44.
<node id="Write">
45.
<displayPosition x="332.0" y="259.0"/>
46.
</node>
47.
</applicationData>
48. </graph>
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Python Code
1. #-----------------------------------------------------------------------------2. # Name:
model_thesis.py
3. # Purpose:
4. #
5. # Author:
Giorgos
6. #
7. # Created:
29-04-2019
8. # Copyright:
(c) Giorgos 2019
9. # Licence:
<your licence>
10. # Import arcpy module
11. import arcpy
12. from arcpy import env
13. from arcpy.sa import *
14. arcpy.CheckOutExtension('Spatial')
15.
16. # Script arguments
17.
18. Choose_date = sys.argv[1] #"\"2018-07-02\"" # provide a default value
if unspecified
19. choose_date_2 = "\" "+Choose_date+"\""
20. date_with_ = str(Choose_date)
21. date_without_=date_with_.replace("-", "_")
22. date_without_and_qu= date_without_.strip('"\'')
23. i="D"+date_without_and_qu+"V"+(time.strftime("%Y%m%d_%H%M%S"))
24.
25. env.workspace = "C:/Data/Trial_model/trial.gdb"
26. final_results = "C:/Data/final_results/"
27.
28. # Marks
29. marks_viborg = "marks_viborg"
30. marks_viborg_3t = "marks_viborg_3t"+str(i)
31. marks_viborg_new = "marks_viborg_new"+str(i)
32. marks_viborg_new = marks_viborg_3t
33. marks_viborg_new__2_ = "marks_viborg_new__2_"+str(i)
34. marks_viborg_new__2_ = marks_viborg_new
35. v3type_crop_viborg = marks_viborg_new__2_
36. raster_marks = "raster_marks"+str(i)
37.
38. # Slope
39. slop_vib_Project = "slop_vib_Project"
40.
41. # Soil Moisture
42. Soil_Moisture_img=sys.argv[2]#"Soil_Moisture"
43. Soil_Moisture_ProjectRaster = "Soil_Moisture_ProjectRaster"+str(i)
44. slop_moisture = "slop_moisture"+str(i)
45. soil_moisture_nd = "soil_moisture_nd"+str(i)
46. soil_type_recl_Project = "soil_type_recl_Project"
47. clay = "moist_type_clay"+str(i)
48. sandy = "moist_type_sandy"+str(i)
49. loam = "moist_type_loam"+str(i)
50. where_to_irrigate = "where_to_irrigate"+str(i)
51. soil_moisture_nd_value1 = "soil_moisture_nd_value1"+str(i)
52. soil_moisture_nd_value1_p ="soil_moisture_nd_value1_p"+str(i)
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53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.

# Weather data
viborg_weather_data = "viborg_weather_data"
# ETc and Effective rainfall
marks_viborg_ETc = v3type_crop_viborg
marks_viborg_ETc_values = marks_viborg_ETc
marks_viborg_ETc_week = marks_viborg_ETc_values
marks_viborg_all_info = marks_viborg_ETc_week
ETc_weekly = "ETc_weekly"+str(i)
Eff_Rain_weekly = "Eff_Rain_weekly"+str(i)
ETc_raster_daily = "ETc_raster_daily"+str(i)
Eff_Rain_daily = "Eff_Rain_daily"+str(i)
# Irrigation
Irrigation_weekly_n = "Irrig_weekly_n"+str(i)
Irrigation_daily_n = "Irrig_daily_n"+str(i)
Irrigation_weekly = "I_weekly"+str(i)
Irrigation_daily = "I_daily"+str(i)
Irr_weekly= final_results+i+"_w.tif"
Irr_daily= final_results+i+"_d.tif"
# SpatialReference
out_coor_system = arcpy.Describe(slop_vib_Project).spatialReference
# Resolution
# Read cell size in X direction
cellSizeX = arcpy.Describe(slop_vib_Project).meanCellWidth
# Read cell size in Y direction
cellSizeY = arcpy.Describe(slop_vib_Project).meanCellHeight
# Resample
cellSizeXY = u"{} {}".format(cellSizeX, cellSizeY)
############################################################ START
########################################
# Make a layer from the feature class
arcpy.MakeFeatureLayer_management(marks_viborg, "lyr")
# Select 3 types of crops
arcpy.SelectLayerByAttribute_management("lyr", "NEW_SELECTION",
"\"AfgKat\" = 'Gulerod' OR \"AfgKat\" = 'Kartoffel' OR \"AfgKat\" =
'Majs'")

94.
95. # Process: Copy Features with 3 types of crops
96. arcpy.CopyFeatures_management("lyr", marks_viborg_3t, "", "0", "0",
"0")
97.
98. # Process: Add Field Date
99. arcpy.AddField_management(marks_viborg_new, "date", "DATE", "", "",
"", "", "NULLABLE", "NON_REQUIRED", "")
100.
101. # Process: Calculate Field Date
102. arcpy.CalculateField_management(marks_viborg_new, "date",
choose_date_2, "PYTHON_9.3")
103.
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104. # Process: Join Field and add weather data
105. arcpy.JoinField_management(marks_viborg_new__2_, "date",
viborg_weather_data, "date", "")
106.
107. # Process: Add Field ETc
108. arcpy.AddField_management(v3type_crop_viborg, "ETc", "DOUBLE", "", "",
"", "", "NULLABLE", "NON_REQUIRED", "")
109.
110. # Process: Calculate Field ETc
111. arcpy.CalculateField_management(marks_viborg_ETc, "ETc",
"Calculate_ETc(!ETc!, !AfgKat!, !ET_day! )", "PYTHON_9.3",
112. "def Calculate_ETc(ETc, AfgKat, ET_day ):\\n if ( AfgKat ==
\"Majs\"):\\n
return ( ET_day * 1.1)\\n elif ( AfgKat ==
\"Kartoffel\"):\\n
return ( ET_day * 1.1)\\n elif ( AfgKat ==
\"Gulerod\"):\\n
return ( ET_day * 1)")
113.
114. # Process: Add Field ETc_week
115. arcpy.AddField_management(marks_viborg_ETc_values, "ETc_week",
"DOUBLE", "", "", "", "", "NULLABLE", "NON_REQUIRED", "")
116.
117. # Process: Calculate Field ETc_week
118. arcpy.CalculateField_management(marks_viborg_ETc_week, "ETc_week",
"[ETc]*7", "VB", "")
119.
120. # Process: Polygon to Raster ETc_weekly
121. arcpy.PolygonToRaster_conversion(marks_viborg_all_info, "ETc_week",
ETc_weekly, "CELL_CENTER", "NONE", "10")
122.
123. # Process: Polygon to Raster Eff_Rain_weekly
124. arcpy.PolygonToRaster_conversion(marks_viborg_all_info, "Ef_rain_w",
Eff_Rain_weekly, "CELL_CENTER", "NONE", "10")
125.
126. # Process: Polygon to Raster ETc daily
127. arcpy.PolygonToRaster_conversion(marks_viborg_all_info, "ETc",
ETc_raster_daily, "CELL_CENTER", "NONE", "10")
128.
129. # Process: Polygon to Raster Eff_Rain_daily
130. arcpy.PolygonToRaster_conversion(marks_viborg_all_info, "Ef_rain_d",
Eff_Rain_daily, "CELL_CENTER", "NONE", "10")
131.
132. # Process: Project Raster Soil Moisture from Satellite Image
133. arcpy.ProjectRaster_management(Soil_Moisture_img,
Soil_Moisture_ProjectRaster, out_coor_system, "NEAREST", cellSizeXY)
134.
135. # Process: Raster Calculator mask big slopes for soil moisture
136.
137. slop_moisture_ = Raster(Soil_Moisture_ProjectRaster) *
Raster(slop_vib_Project)
138. slop_moisture_.save(slop_moisture)
139. # Execute SetNull
140. outSetNull = SetNull(slop_moisture, slop_moisture, "VALUE < 0")
141. # Save the output
142. outSetNull.save(soil_moisture_nd)
143.
144. # Process: Raster Calculator for Sandy, Clay and Loam soil type
145. inRaster1 = Raster(soil_type_recl_Project)
146. inRaster2 = Raster(soil_moisture_nd)
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147.
148. # Process: Raster Calculator sandy
149. out1 = Con(inRaster1 != 1, 0, 1)
150. outCon = Con(((out1 == 1) & (inRaster2 <= 0.05)), out1)
151. outCon.save(sandy)
152.
153. # Process: Raster Calculator clay
154. out1 = Con(inRaster1 != 3, 0, 1)
155. outCon = Con(((out1 == 1) & (inRaster2 <= 0.17)), out1)
156. outCon.save(clay)
157.
158. # Process: Raster Calculator loam
159. out1 = Con(inRaster1 != 2, 0, 1)
160. outCon = Con(((out1 == 1) & (inRaster2 <= 0.08)), out1)
161. outCon.save(loam)
162.
163. # Process: Mosaic To New Raster Sandy, Clay and loam and find where to
irrigate
164. arcpy.MosaicToNewRaster_management((sandy,loam,clay), env.workspace,
where_to_irrigate, out_coor_system, "8_BIT_SIGNED", "10", "1", "LAST",
"FIRST")
165.
166. # Create a raster with all marks with 0 value
167. raster_marks_ = ((Raster(ETc_raster_daily)) * 0)
168. raster_marks_.save(raster_marks)
169.
170. # Process: Raster Calculator_weekly to find the weekly ammount of
irrigation
171. Irrigation_weekly_n_ = (((Raster(ETc_weekly)) (Raster(Eff_Rain_weekly)))* where_to_irrigate)
172. Irrigation_weekly_n_.save(Irrigation_weekly_n)
173.
174. # Process: Raster Calculator Irrigation_daily to find the daily
ammount of irrigation
175. Irrigation_daily_n_ = (((Raster(ETc_raster_daily)) (Raster(Eff_Rain_daily))) * where_to_irrigate)
176. Irrigation_daily_n_.save(Irrigation_daily_n)
177.
178. # Process: Mosaic To New Raster for final result Irrigation_daily
179. arcpy.MosaicToNewRaster_management((Irrigation_daily_n,raster_marks),
env.workspace, Irrigation_daily, out_coor_system, "32_BIT_FLOAT", "10",
"1", "MAXIMUM", "FIRST")
180.
181. # Process: Mosaic To New Raster for final result Irrigation_weekly
182. arcpy.MosaicToNewRaster_management((Irrigation_weekly_n,raster_marks),
env.workspace, Irrigation_weekly, out_coor_system, "32_BIT_FLOAT",
"10", "1", "MAXIMUM", "FIRST")
183.
184. # Create a raster as a mask for soil moisture. has value 1 to areas
with measurements and no data to no data
185. soil_moisture_nd_value1_ = ((Raster(soil_moisture_nd)) /
(Raster(soil_moisture_nd)))
186. soil_moisture_nd_value1_.save(soil_moisture_nd_value1)
187.
188. # SpatialReference
189. out_coor_system =
arcpy.Describe(soil_moisture_nd_value1).spatialReference
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190.
191. arcpy.ProjectRaster_management(Irrigation_weekly, Irrigation_weekly_p,
out_coor_system, "NEAREST", "10")
192. arcpy.ProjectRaster_management(soil_moisture_nd_value1,
soil_moisture_nd_value1_p, out_coor_system, "NEAREST", "10")
193.
194. # Create a raster for final result Irrigation_weekly with values
irrigation, 0 and no data
195. Irr_weekly_ = ((Raster(Irrigation_weekly_p)) *
(Raster(soil_moisture_nd_value1_p)))
196. Irr_weekly_.save(Irr_weekly)
197.
198. # Create a raster for final result Irrigation_daily with values
irrigation, 0 and no data
199. Irr_daily_ = ((Raster(Irrigation_daily)) *
(Raster(soil_moisture_nd_value1_p)))
200. Irr_daily_.save(Irr_daily)
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