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EXTENDED ABSTRACT 

 
ABSTRACT  
 
The goal of this study is a contribution to the water resources management through 

the detailed study of evapotranspiration estimated by calculating the surface energy 

balance. The surface energy balance is examined in a new way with the use of satellite 

remote sensing techniques deriving, finally, crop coefficients values (Kc) giving much 

emphasis to the prevailing local conditions. During this thesis satellite-based energy 

balance for Mapping EvapoTRanspiration with Internalized Calibration (METRIC) 

methodology is successfully modified for the region of Thessaly, Greece. At the same 

time, a new land use map is produced, necessary for the next steps of the described 

water balance methodologies. Furthermore, field measurements (spectral 

measurements) for the year 2012 for selected crops at the Lake Karla basin were 

recorded. Hundreds of surface reflectivity values are filtered and then converted 

according to the specific wavelengths of Landsat 7 bands. This is achieved by applying 

the method of interpolation in order to yield values in steps of 1 nm.  These values  are 

then filtered according to the relative spectral profiles provided by the satellite 

manufacturer. Finally, using the Relative Spectral Response (RSR) of Landsat TM/ETM+, 

and applying interpolation, surface reflectivity values equivalent to channels 1, 2, 3 and 

4 of Landsat TM/ETM+ for selected crops of Lake Karla basin, namely cotton, wheat, 

maize, alfalfa and sugar beet are generated.  As a result, vegetation indices can be 

estimated with high accuracy without the need for atmospheric correction. It is 

therefore possible now to incorporate accurate values of vegetation indices into 

METRIC methodology to Lake Karla watershed and finally get separate Kc values for 

each crop with a spatial resolution of 30 m x 30 m. Kc values can be finally introduced 

into FAO CROPWAT   model computing water needs for each crop.  

 

The next step is the application of specialized downscaling techniques, where fine 

spatial resolution  from Landsat imagery, is combined with fine temporal resolution 

from AQUA/MODIS sensors, resulting to an "artificial" ETa and/or Kc image map with 

improved spatiotemporal characteristics. This methodology can be applied again for 

every crop as previously. The reason for doing this procedure is the need for 
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Wriedt et al., (2008) applied a soil water and crop growth model to estimate irrigation 

water requirements with a 10x10 km raster cells spatial resolution. The result (Figure 

1.4) illustrates that large amounts of irrigated water are actually needed especially for 

Southern Europe. 

 

 

 
Figure 1.4. Average Irrigation requirement (mm/year) in EU (Source: Wriedt et al., 

2008)  

 

Mimikou (2005) made a more thorough study of water resources in Greece showing 

that almost 86% of the total water in Greece is rural (Figure 1.5). 
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Figure 1.5. Water use in Greece (reproduced from Mimikou, 2005). 
 

Giving a focus in Greece and after dividing the country into 13 administrative regions 

the following results are indicative (Figure 1.6). It is very significant that Thessaly 

region, which is the region where the study region is situated, is a very large water 

consumer even if it is relatively small in area (Figure 1.7).  

 

 
Figure 1.6. Irrigation per region in Greece (reproduced from Mimikou, 2005). 
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Figure 1.7. Administrative Regions of Greece (reproduced from Greek Ministry of 

Interior- http://www.ypes.gr/)). 

 

In any case, it is obvious that, agriculture consumes a very large amount of the total 

water supply. How to use this supply effectively is, perhaps, the largest problem of the 

water resources. Dealing with agriculture, evapotranspiration can be closely related to 

water demand, meaning that losses due to evapotranspiration can be handled in a way 

allowing assuring the best conditions for agricultural needs, if water resources 

management is correctly planned and implemented (Irmak, 2012). Computation of 

water use based on FAOSTAT methodology is illustrated in Figure 1.8.  
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Figure 1.8. Computation of agricultural water use (Reproduced from FAOSTAT- 

http://faostat.fao.org/)). 

 
It is obvious that evapotranspiration assessment is of outstanding importance both for 

planning and monitoring purposes, playing a very crucial role to the hydrological 

balance and the differences between water requirements and availability. The 

magnitude of evapotranspiration can be compared to the main forcing parameter of 

the water balance which is the precipitation, and for this reason several climatic 

classifications are based on comparisons between these two quantities, with the aim of 

determining specific climate conditions for different areas (Rivas-Martinez, 1995). In 

this framework, evapotranspiration is the only component of the water balance having 

a central role also in the energy and carbon balance, since it directly accounts for 

hydrological, agricultural and ecological effects of drought events (Mendicino and 

Senatore, 2012). 

 

Most of the water resources in the study region, described later, are overused beyond 

their sustainable potential. There is already a serious concern because of groundwater 

over-pumping in the study area. Persistence to the old habits and water policies may 
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review is presented. Remote sensing data sets used are described, giving focus to some 

technical characteristics of the sensors. Crop coefficient theory is presented and 

CropWat model is described. 

 

The third chapter gives a detailed description of the study area (geography, climate, 

and geomorphology) together with information about land use classification achieved 

for this thesis.  The fourth chapter describes the methodology used for the processing 

of images (images calibration, processing, and geo-referencing), the application of 

surface energy balance, and the field spectroscopy methodology as well as the 

downscaling technique and CropWat model used. An integration building the new 

proposed methodology is finally described. 

 

The fifth chapter gives the results of the application of the surface energy balance to 

the study area. Crop coefficients values are validated using Penman-Monteith 

methodology. The results then are combined with CropWat model application 

improving its performance. Crop water requirements are presented. Results of the new 

integrated proposed methodology are described. Vegetation indices derived from field 

measurements produce new relationships with crop coefficients. Downscaling NDVI 

values are inserted into the model producing the final crop coefficient product which is 

presented and tested. Crop irrigation estimations using CropWat are generated and 

validated. 

 

The sixth chapter presents the conclusions of the thesis. The chapter evaluates the 

research objectives, provides conclusions and recommendations, and suggests further 

research.  The seventh chapter presents scientific publications which have been 

produced through the research towards this dissertation.  Finally, scientific publications 

used and cited in the development of this research and dissertation are listed at the 

end.  Appendices containing tables and information used in the dissertation are also 

attached separately. 
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TERRA Optical moderate spatial resolution, 
multispectral, microwave sensors 
for land and atmosphere 

General land-cover, land-
use mapping, quality of 
atmosphere, environmental 
monitoring, agriculture 

AQUA Optical moderate spatial resolution, 
multispectral, microwave sensors 
for atmosphere, land and sea  

General land-cover, land-
use mapping, quality of 
atmosphere, environmental 
monitoring, ocean 
monitoring 

NOAA-
AVHRR 

Optical low resolution imaging 
sensors 

Atmosphere-Meteorology 
small scale land-cover 
mapping sea environment 
monitoring, 

Meteosat 
Third 
Generation 
satellites 

Optical and microwave low 
resolution sensors 

Atmosphere - Meteorology 
small scale land-cover 
mapping, ocean 
environment monitoring, 

GeoEye-1  Optical, very-high spatial  
resolution, multispectral 

Mapping, environmental 
monitoring security, 
precision farming 

IKONOS  Optical, very-high spatial  
resolution, multispectral 

Mapping, environmental 
monitoring security, 
precision farming 

Pleiades  Optical, very-high spatial  
resolution, multispectral 

Mapping, environmental 
monitoring security, 
precision farming 

RapidEye  Optical, high spatial  resolution, 
multispectral 

Mapping, environmental 
monitoring, precision 
farming 

SPOT 6,7 Optical, very-high spatial  
resolution, multispectral 

Mapping, environmental 
monitoring security, 
precision farming 

WorldView-
1  

Optical, very-high spatial  
resolution, panchromatic 

Mapping 

WorldView-
2  

Optical, very-high spatial  
resolution, multispectral 

Mapping, environmental 
monitoring security, 
precision farming 

TanDEM-X  
 

Radar, high spatial  resolution,  Land and Sea: 
environmental monitoring 
security, precision farming, 
sea monitoring 

TerraSAR-X  
 

Radar, high spatial  resolution,  Land and Sea: 
environmental monitoring 
security, precision farming, 
sea monitoring 

COSMO-
SkyMed  

Radar, very-high spatial  resolution,  Land and Sea Mapping, 
environmental monitoring 
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security, precision farming, 
sea monitoring 

Radarsat-2  Radar, high spatial  resolution,  Land and Sea: 
environmental monitoring 
security, precision farming, 
sea monitoring 

 

 

European Space Agency (ESA) ESA is currently developing a new family of missions 

called Sentinels. Each Sentinel mission is based on a constellation of two satellites 

providing a range of technologies, such as radar and multi-spectral imaging instruments 

for land, ocean and atmospheric monitoring which will be very useful in the near future 

(http://www.esa.int/Our_Activities/Observing_the_Earth/Copernicus/Overview4). 

Specifications of the Sentinels are shown on Table 2.2 (Dalezios and Spyropoulos, 

2015). 

 

Table 2.2. European Sentinel Satellites.  
 

Satellite Type of sensor carrying on Applications 
Sentinel-1A 
Sentinel-1B 

C-band radar medium spatial 
resolution 

Land, ocean monitoring, ice 
detection, oil spill 
monitoring, ship detection 
tracking,  flood mapping, 
monitoring of land-surface 
motion risks, mapping land-
surface, forest, water and 
soil, agriculture 

Sentinel-2A 
Sentinel-2B 

Optical multispectral medium to 
moderate spatial resolution 
instruments   

Land-cover, usage and 
change detection maps, 
geophysical variable maps 
(leaf chlorophyll content, 
leaf water content, leaf 
area index etc.), risk 
mapping, disaster relief 

Sentinel-3A 
Sentinel-3B 

Optical ocean and land colour 
moderate spatial resolution 
instrument, sea and land 
temperature radiometer, altimeter 
and microwave radiometer 

Sea and land applications, 
sea and land temp, sea-
surface and land-ice 
topography, coastal zones, 
in land-water and sea ice 
topography 

Sentinel-4A 
Sentinel-4B 

Optical and microwave low 
resolution sensors 

Geostationary atmospheric 
chemistry missions 
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(a) (b) 

Figure 2.3. Landsats: (a) L5, (b) L7 
 

  
 (a)  (b)  

Figure 2.4. Landsat 8: (a) Launch, (b) On the air 
 

 
Figure 2.5. OLI and TIRS sensors mounting 
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2.1.3 Moderate Resolution Imaging Spectroradiometer (MODIS) 

MODIS is a key instrument aboard the Terra (EOS AM) and Aqua (EOS PM) satellites 

(Figure 2.6). According to the above, Terra MODIS and Aqua MODIS are viewing the 

entire Earth's surface every 1 to 2 days, acquiring data in 36 spectral bands, or groups 

of wavelengths (Table 2.6). These data improve the understanding of global dynamics 

and processes occurring on the land, the oceans, and the lower atmosphere 

(http://modis.gsfc.nasa.gov/about/). 

Table 2.6.MODIS bands. 
 

Band Bandwidth1 Spectral 

Radiance2 

Required 

SNR3 

1 620 - 670 21.8 128 

2 841 - 876 24.7 201 

3 459 - 479 35.3 243 

4 545 - 565 29.0 228 

5 1230 - 1250 5.4 74 

6 1628 - 1652 7.3 275 

7 2105 - 2155 1.0 110 

8 405 - 420 44.9 880 

9 438 - 448 41.9 838 

10 483 - 493 32.1 802 

11 526 - 536 27.9 754 

12 546 - 556 21.0 750 

13 662 - 672 9.5 910 

14 673 - 683 8.7 1087 

15 743 - 753 10.2 586 

16 862 - 877 6.2 516 

17 890 - 920 10.0 167 

18 931 - 941 3.6 57 

19 915 - 965 15.0 250 

20 3.660 - 3.840 0.45 (300K) 0.05 
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ascending node (Aqua), sun-synchronous, near-polar, 

circular 

Scan Rate: 20.3 rpm, crosstrack 

Swath 

Dimensions: 

2330 km (cross track) by 10 km (along track at nadir) 

Telescope: 17.78 cm diam. off-axis, afocal (collimated), with 

intermediate field stop 

Size: 1.0 x 1.6 x 1.0 m 

Weight: 228.7 kg 

Power: 162.5 W (single orbit average) 

Data Rate: 10.6 Mbps (peak daytime); 6.1 Mbps (orbital average) 

Quantization: 12 bits 

Spatial 

Resolution: 

250 m (bands 1-2) 

500 m (bands 3-7) 

1000 m (bands 8-36) 

Design Life: 6 years 

 

2.1.4 MODIS data products 

There are many standard MODIS data products ready to be used by scientists, 

according to their topic. Table 2.8 illustrates MODIS products in use today. 

Table 2.8. MODIS products. 
 

Category Name Characterization 

Calibration MOD 01    Level-1A Radiance Counts 

MOD 02  Level-1B Calibrated Geolocated Radiances 

MOD 03   Geolocation Data Set 

Atmosphere MOD 04 Aerosol Product 

MOD 05  Total Precipitable Water (Water Vapor) 

MOD 06 Cloud Product 

MOD 07  Atmospheric Profiles 
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MOD 08 Gridded Atmospheric Product 

MOD 35  Cloud Mask 

Land MOD 09  Surface Reflectance 

MOD 11  Land Surface Temperature & Emissivity 

MOD 12  Land Cover/Land Cover Change 

MOD 13  Gridded Vegetation Indices (Max NDVI & 

Integrated MVI) 

MOD 14  Thermail Anomalies, Fires & Biomass Burning 

MOD 15  Leaf Area Index& FPAR 

MOD 16 Evapotranspiration 

MOD 17  Net Photosynthesis and Primary Productivity 

MOD 43  Surface Reflectance 

MOD 44  Vegetation Cover Conversion 

Cryosphere MOD 10 Snow Cover 

MOD 29   Sea Ice Cover 

Ocean - Angstrom Exponent 

- Aerosol Optical Thickness 

- Chlorophyll a 

- Downwelling diffuse attenuation coefficient at 490 

nm 

- Level 2 Flags 

- Photosynthetically Available Radiation 

- Particulate Inorganic Carbon 

- Particulate Organic Carbon 

- SeaSurface Temperature Quality 

- Sea Surface Temperature Quality - 4um 

- Remote Sensing Reflectance 

- Sea Surface Temperature 

- Sea Surface Temperature 4um 
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Figure 2.6. MODIS instrument (taken from modis.gsfc.nasa.gov) 
 
 
 

2.2 The estimation of ET (Review of Methods) 

 
Traditionally, evapotranspiration (ET) can be measured over a homogeneous surface 

using conventional techniques such as Bowen Ratio (BR), eddy covariance (EC), and 

lysimeter systems. However these techniques cannot be applied to the majority of 

cases worldwide for different reasons. The most convenient methodology for many 

years was the theoretically computation of ET. 

 

2.3 Non Remote Sensing based methodologies 

 

Evapotranspiration (ET) is a very important factor for energy, hydrologic, carbon and 

nutrient cycles and a key component of water balance. ET belongs to the category of 

secondary meteorological parameters. Actual or reference ET is a complex 

phenomenon, combining energy and water balance together, employing the scientific 

community for many decades. For the conventional calculation of Evapotranspiration, 

techniques are grouped into the following categories (Table 2.9): 
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Table 2.9. Calculation of evapotranspiration: Categories. 
 
Type of methodology Description 
Hydrological  Water balance 

Micrometeorological  Mass and energy transfer 

Climatological  Empirical Relationships Based On Air Temperature 

Computational Relations Based On Solar Radiation 

Combined Computational Relations 
 

Category 1: ET is calculated as a residual between parameters of water balance which 

of course can be measured or estimated (Thornthwaite, 1948; Blaney-Griddle, 1950; 

Hargreaves, 1974; Linacre, 1977). These methods are difficult to apply because many 

water balance parameters cannot be computed with satisfactory accuracy. 

 

Category 2: ET is calculated through natural processes of mass and energy transfer in 

the boundary layer above the ground (Makkink, 1957; Stanhill, 1961; Turk, 1961; 

Jensen & Haise, 1963; Tanner 1967; Caprio, 1974; Idso et. al., 1977). This method is 

more experimental and also not easy applicable due to the lack of sufficient 

measurements (insufficient number of meteorological stations and frequency data 

acquisition). 

 

Category 3: It is the most prevailing category (Penman, 1948; Slatyer and Mac Ilroy, 

1961; Penman-Monteith, 1965; Van Banel, 1966; Priestley-Taylor, 1972; Monteith, 

1981). The reliability of these methods increases from the third to the first subcategory 

(Liakatas and Anadranistakis, 1992). 

 

Since the calculation of ET is needed to a very wide range of applications, it is the type 

of the final application which is the criterion of the selection of the ET computation 

sub-method. Below this is a summary of the most prevailing equations using for the 

estimation of ET today: 
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Index 

Sum Green Index 

Narrowband 

Greenness 

Red Edge Normalized Difference 

Vegetation Index 

Modified Red Edge Simple Ratio Index 

Modified Red Edge Normalized Difference 

Vegetation Index 

Vogelmann Red Edge Index 1 

Vogelmann Red Edge Index 2 

Vogelmann Red Edge Index 3 

Red Edge Position Index 

Light Use 

Efficiency 

Photochemical Reflectance Index 

Structure Insensitive Pigment Index 

Red Green Ratio Index 

Canopy Nitrogen Water Band Index 

Normalized Difference Water Index 

Moisture Stress Index 

Normalized Difference Infrared Index 

Dry or Senescent 

Carbon 

Normalized Difference Lignin Index 

Cellulose Absorption Index 

Plant Senescence Reflectance Index 

Leaf Pigments Carotenoid Reflectance Index 1 

Carotenoid Reflectance Index 2 

Anthocyanin Reflectance Index 1 

Anthocyanin Reflectance Index 2 

Canopy Water 

Content 

Water Band Index 

Normalized Difference Water Index 

Moisture Stress Index 

Normalized Difference Infrared Index 
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2.8.3 ClimWat 2.0 software (used for accessing climatic data): 
 

ClimWat is a climatic database to be used in combination with the computer program 

CropWat and allows the calculation of crop water requirements, irrigation supply and 

irrigation scheduling for various crops for a range of climatological stations worldwide. 

The data can be extracted for a single or multiple stations in the format suitable for 

their use in CropWat. Two files are created for each selected station. The first file 

contains long-term monthly rainfall data (mm/month). Additionally, effective rainfall is 

also included (calculated and included in the same file). The second file consists of long-

term monthly averages for the needed climatic parameters. This file also contains the 

coordinates and altitude of the location (Figure 2.12). 

 

Figure 2.12. ClimWat: example. 
 

2.8.4 Software Environment 
 
CropWat   8.0 now operates in the Windows environment. After the insertion of 

climatic, rainfall, crop and soil data, CropWat gives the following results in a 

spreadsheet style (Figure 2.13): 
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Figure 2.13. CropWat : example. 
 

The program needs input by its own file type which is: 

 *. pen for climatological data, 

 *. cli for rainfall data, 

 *. soi for soil data, 

 *. cro for crop data, 

 

And returns  

*. pem   as output climatological data (together with estimated ET0) and 

*. crm as output for rainfall data (together with estimated effective rainfall) 

*. sch as output for schedule 

*. pat as pattern  

 

2.8.5 Improvements 
 

ET-retrieval algorithms for ET and ETrF mapping are very crucial for the application of 

CropWat at this thesis. Having distributed crop coefficient values with a 30x30 m 

spatial resolution for every crop, and every stage (initial, development, mid-season and 
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Figure 3.2. Mean monthly values of precipitation and potential evapotranspiration for 

Lake Karla basin (Vasiliades et al., 2009). 

 

 

 
Figure 3.3.Mean monthly values of temperature for Lake Karla basin (Vasiliades et al., 

2009). 

 
Various sizes of grains originating from Lake Karla deposits are generally prevailing in 

the area. The basement rocks consist of impermeable marbles and schist. Mavrovouni 

Mountain at the east side consists of impermeable bedrocks as schist and karstic 

limestones, while Halkodonion Mountain is located at the west side with similar 

composition (Constantinidis, 1978 ; Vasiliades et al., 2009). The plain on the other side 
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Figure 3.4. Zoning of areas served by the aquifer. 

 
Figure 3.5. Zoning of areas irrigated by groundwater pumping. 
 

Figure 3.6 finally, illustrates the zones that will be irrigated by the future network of 

Lake Karla reservoir (that is Lake Karla LALR network) (Sidiropoulos, 2007). 
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Figure 3.6. Zoning of future irrigation network. 
 
 

The refilling of the lake started in 2009 and after almost five years of re-filling it is 

obvious that it is expected to improve the quantity and quality of the water table and 

other adverse environmental problems caused by the previous drainage as the 

reservoir will cover the irrigation needs of the nearby agricultures, which today are 

irrigated only by the groundwater resources. 

 

3.6 Agriculture 

 
Grasslands, cotton, wheat, sugar beet and maize are among the predominant crops 

cultivated in the area. There are also olive trees, tomatoes, vineyards, almond trees 

and many other individual cultivated crops. Grasslands, cotton and wheat occupy 77,1 

% of the total available area (Hydromentor, 2014). These results were found according 

to a detailed classification made by processing data from all the municipalities of area. 

Figure 3.7 illustrates the surface area classification among the three prevailing 

categories (%). 

 

Institutional Repository - Library & Information Centre - University of Thessaly
10/03/2026 08:10:59 EET - 18.97.9.173



Water Resources Management in Agricultural Watersheds using Remote Sensing 

 69 

 
Figure 3.7. The prevailing crops in the study area (Hydromentor, 2014). 
 

3.7 Land Use Mapping 

 

Identification of land use/land cover for Lake Karla Watershed using remote sensing is a 

very important part of this thesis being an important input for the next procedures. 

Land use mapping is generally a very useful tool for the management of all man-kind 

activities. Land use also helps with making environmental related policies, being a basic 

priority for every scientist dealing with soil, precision agriculture, cartography, 

hydrology, geology, etc. Generally, any change in land use may be caused by 

anthropogenic factors, wildfires, or climate change, which in turn has an impact on 

biochemical cycles, erosion, or desertification, affecting significantly the local economy. 

Traditionally, the study of all these factors requires special statistics records per 

municipality or district of interest. This fact of course pre-supposes the existence of the 

relevant database which is often quite difficult to find and also very time consuming.  

This is why, modern technologies such as satellite remote sensing and geographic 

information systems are now the prevailing techniques at this area, providing 

reasonably data solutions on monitoring land use and changes detection (Defries and 

Belward, 2000).   
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Figure 3.8. Field observations with a GPS device. 
 

3.7.2 Greek Geodetic Reference System 1987 (GGRS87) 
 
Greek Geodetic Reference System 1987 or GGRS87 is a geodetic system commonly 

used in Greece since 1990. This system specifies a local projection system and a 

specified geodetic datum.  

3.7.3 GGRS87 projection 
 

GGRS87 projection is based on the Transverse Mercator (TM) cartographic projection. 

It covers 6 degrees of longitude east and west of 24 degrees east meridian (18-30 

degrees east). Using this projection all the Greek surface is projected in one zone. The 

reference zone for the latitude is the equator. 
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Although Landsat TM images are georeferenced in the first stage, the process of 

geometric correction is repeated manually in order to increase the accuracy. 

Reflections of objects, building construction and water surfaces lead very often to 

errors in the brightness of images depending on the angle of incidence of the sun. 

"Cross Track Illumination" is applied for this reason which improves the results even 

with a simple visual observation (Giannopoulos, 2010). The derived image is then 

resized using a "shape" file corresponding to Lake Karla basin. 

 

3.7.5 Supervised Classification 
 
The potential range of applications for classified earth observation images is large (e.g. 

land use planning, vegetation, desertification e.t.c.)  Land use classification is valuable 

for local, regional, continental and global monitoring of the biosphere. The most well 

known and widely used classification techniques are the unsupervised classification 

which does not need a prior knowledge of the area, and the supervised classification 

which needs prior knowledge of the area (Lillesand and Kiefer, 2000).  In the supervised 

classification the image processing software is based on training classes created by the 

user, opposed to the unsupervised classification in which an operator recognises the 

present classes in the image. The process of gaining this knowledge is known as 

ground-truthing (Lillesand and Kiefer, 2000).  Using these themes the software 

attempts to assign all pixels to one of the recognised themes resulting in a labelled map 

where each pixel is assigned to a theme. At the supervised classification selected pixels 

represent recognizable structures in the image. These structures are called training 

samples and are usually enclosed by polygons created by the user. The spectral 

characteristics of the identified structures used by the image processing software to 

identify pixels with similar characteristics are then assigned to each class (Cartalis and 

Feidas, 2006). In this dissertation CORINE LAND COVER 2000 methodology known as 

CLC2000 is used as a base. CLC2000 has been developed under the auspices of the 

European Environment Agency and aims to classify land use around the world with the 

aim of Landsat TM sensors. The accuracy of the method is a pixel with a resolution of 

100 meters x 100 meters (Stathakis and Faraslis, 2014). The CLC2000 consists of land 

use categories of 1st, 2nd and 3rd level. CLC2000 categories are given in Annex 4. An 
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example of CLC2000 mapping for Thessaly, Greece is given in Figure 3.9 while Corine 

Land Cover classes are given in Figure 3.10. 

 

Figure 3.9. Corine Land Cover: Thessaly, Greece (Lake Karla watershed in marked with a 

thin red line). 

 
 

3.7.6 Maximum likelihood vs minimum and mahalanobis distance  
 
Maximum likelihood, as used in remote sensing, is a statistical approach assuming 

multivariate normal distributions of pixels within classes. A pixel is then assigned to a 

class on the basis of its probability of belonging to a class whose mean and covariance 

are modelled as forming a normal distribution. In such a way, a discriminant function is 

built which calculates the probability or each pixel to be a member of a specific class. 

Finally, each pixel is assigned to the class having the highest probability of membership 

(Figure 3.11). 
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At minimum distance classification, all pixels in the image are classified according to 

the class mean to which they are closest. All regions of a n-dimensional space can be 

classified, but, having the significant assumption that spectral variability is the same in 

 
Figure 3.10. Corine Land Cover Classes. 
 
all directions, which is not the case. Mahalanobis distance is another classification 

procedure which is similar to minimum distance with the exception that the covariance 
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(a) (b) (c) 
 
Figure 3.12. Supervised classification of the initial a) Landsat TM 15-8-2011. Green is 

water surface and red is land surface: b) Minimum distance classification, c) maximum 

likelihood classification.  

 

3.7.7 Land use classes 
 

Five (5) classes are selected for the first stage of the training process derived from the 

philosophy of the CLC2000 but with a higher accuracy (30x30 m). Additionally, the 

classes are not necessarily the same (Table 3.2). For example, the class "bare soil" is not 

included in the first level of CORINE land use. 

 
Table 3.2. Land use classes. 
 

Class name Description 

1 Water surfaces 

2 Forests 

3 Artificial surfaces 

4 Bare Soil 

5 Agricultural surfaces 

The training of the classifier combines the study of pre-existing maps, previous 

experience and site visiting in the study area. The software then applies the algorithm 
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of maximum likelihood and the resulting map is depicted at Figure 3.13. The results 

seem to be very reasonable. 

 

 

Figure 3.13. Supervised classification: Stage 1. 
 
The next step of this study is the classification of individual crops. This is assigned as 

Stage 2 classification. At this stage supervised classification takes into account the 

classes coming directly from the needs of the user (Table 3.3).  

Table 3.3. Class classification. 
 

Class Description 

1 Grass-Clover 

2 Sugar beet 

3 Maize 

4 Bare 

5 Water 

6 Pasture  

7 Suburban 

8 Cotton 

9 Wheat 

10 Forest Trees 
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Many field visits were carried out for the identification of the training pixels of the 

study area throughout the study period. A portable GPS device together with a camera 

was used for this reason. A spreadsheed was, then, used for each occasion (Figure 

3.14). Special attention was given to areas with mixed land use. A typical example very 

close to the Lake Karla is given in Figure 3.15. 

 

 

 

Figure 3.14. Fields recording using GPS. 
 
After recording hundred of different points, recognition of the thematic classes that are 

present in the multispectral image to be classified is carried out (Figure 3.16). A series 

of training areas or single pixels which characterise each thematic class are used. 

Statistics are applied in order to assign each multispectral pixel to one of the 

recognised themes (classes) present in the scene. Maximum distance rule is applied 

again using specialized software and the resulting map is finally illustrated in Figure 

3.17. 
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Figure 3.15. Mixed land use. 
 
 

 
 
Figure 3.16. Recognition of thematic classes. 
 
 

Figure 3.17 illustrates separate classes which are very reasonably distributed across the 

study area. From the image analysis it seems that the whole Lake Karla Watershed has 

an area of 1208,78 km2. 
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Figure 3.17. Supervised classification: Stage 2. 
 
 

Table 3.4 gives class statisics converted to m2 (from the initial 30 m x 30 m pixels). 

Trees and forests have the majority of pixels at this analysis and this is totally justified, 

based on the large amount of mountainous regions at the area. 

 
Table 3.4. Land use class statistics 

Class Total area (km2) Percentage (%) 

Grass+ Clover 49,663,8 4,1 

Sugar Beet 17,500,5 1,4 

Maize 78,772,5  6,5 

Bare 51,457,5 4,3 

Water Surfaces 5,449,5 0,5 

Pasture  194,835,6 16,1 

Suburban 108,866,7 9,0 

Cotton 175,653,9 14,6 
Wheat 49,345,2 4,1 
Forest Trees 477,237,6 39,4 

Total 1208,783 100 
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is again very satisfactory (88,3%) evaluating 60 random points applying Congalton and 

Green methodology (Congalton and Green, 2009).   

 
 
 
Table 3.5. Classification statistics-Error Matrix. 
 

 

Reference Data  Row Totals 

Cl
as

sif
ic

at
io

n 
Da

ta
 

 1 2 3 4 5 6 7 8 9 10  

1 4   1       5 

2  5         5 

3   3        3 

4    4       4 

5     15   1   16 

6      4     4 

7       5   1 6 

8   1   1  7   9 

9 1   1    1 6  9 

 10          8 8 

Column 

Totals 

 5 5 4 6 15 5 5 9 6 9 69 

 Total classification accuracy (4+5+3+4+15+4+5+7+6+8)/69=    88,4% 

 

 

Table 3.6. Land Use class classification. 
 

Class Description 

1 Wheat 

2 Fruit  Trees 

3 Vines 

4 Shrubs - Bare 

5 Pasture  

6 Cotton  

7 Artificial Surfaces 
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8 Water Surfaces 

9 Maize 

10 Alfalfa  

11 Forest Trees 

12 Sugar beet 

 

 

 

 
Figure 3.18. Supervised classification: Stage 2, 2012.  
 
 
The latest 2012 classification is used in the proposed model described in the next 

Chapter of the dissertation. 
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spatial resolution and the CropWat model and provides daily estimates of crop water 

irrigation requirements with a a spatial analysis of 30 m x 30 m. 

 

More specifically, at this stage, Landsat ETM+ images are combined to produce ETrF 

values with a 30 m x 30 m spatial resolution for the growing season of 2012. ETrF vs 

NDVI relationships are produced using data derived from surface reflectance values 

measured in the field using specialized portable spectroradiometer. These values are 

filtered in order to be equivalent to Landsat ETM+ bands 1, 2, 3 and 4.  Data collection 

was carried out during 2012 growing season, while a Global Positioning System (GPS) 

was used to spatially locate the fields.  

 

MODIS Level 1B and Level 3 data are also utilized and downscaling techniques between 

them and Landsat ETM+ imagery are analyzed. MODIS based NDVI values are finally 

derived and then downscaled combining Landsat ETM+ based NDVI values using 

internal downscaling explained later. These NDVI values are finally inserted to the 

previous ETrF vs NDVI relationship in order to produce a final daily ETrF map with a 30 

m x 30 m spatial resolution for the growing season of 2012. Figure 4.2 illustrates the 

simple version flow chart of the proposed integrated methodology. 

 
Figure 4.2. Flow chart of the proposed integrated methodology for the estimation of 

irrigation requirements. 
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Figure 4.5.  Landsat TM image to image registration for 27/7/2007. 
 

The last application which can be used for the interpretation of the images is the image 

enhancement which has to do with the visual recognition of the objects on the image. 

It is very important to mention that this modification improves the visual quality of the 

image but is not keeping the original pixel values. In other words, a modification of the 

original information is taken place. The most important image enhancement 

techniques are the changing of contrast and the changing of brightness. One very 

common methodology is the linear histogram stretching where the pixel values change 

covering a wider range of values. In the case that the new image has again a poor 

contrast due to the fact that the value ranges are again very close to each other, then 

histogram equalization is the best technique to apply. This is based on a frequency 

distribution of the values. Histogram equalization (Figure 4.6) merges some classes in 

such a way that will have about the same number of pixels. The original information is 

changing, rearranging the classes of the pixels trying to create a uniform histogram, 

which is the final goal of the methodology. 

Institutional Repository - Library & Information Centre - University of Thessaly
10/03/2026 08:10:59 EET - 18.97.9.173



Water Resources Management in Agricultural Watersheds using Remote Sensing 

 93 

 
Figure 4.6 Image Histogram Equalization (Left: Before, Right: After). 
 
 
Other image enhancement methodologies are the image filtering methodologies where 

each pixel value changes depending on the value of the surrounding pixels. Some of the 

most usually used filters are the high and pass filter kernel and the edge detection filter 

kernel. These filters are based on a matrix which is usually a moving window or kernel, 

running the whole image. The window is moving, changing accordingly the value of the 

middle pixel.  

 

4.1.3 Assessing Geometric Accuracy 
 
The coordinates resulting from a transformation are only an estimate and there is a 

need for checking their degree of accuracy.  Accuracy can be expressed as an overall 

Root Mean Square Error (RMSE).  Figure 4.7 shows how control points have been 

evaluated for the degree of error they exhibit in both the X and Y direction. This error, 

then, produces an individual point error which then contributes to the overall RMSE. 

High RMSE values (> 1 pixel) can indicate to the user how inaccurate the 

transformation is and whether the chosen GCPs were adequate; the process can then 

be repeated with additional/different GCPs in order to decrease the point and total 

error.   It should be noted that a high RMSE for a particular point indicates to the user a 

GCP that should be removed or replaced. 
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4.2.12.4 The definition of zero plane displacement height (d) 
 

The term zero plane displacement (d) is the height in meters above the ground at 

which zero wind speed is achieved as a result of flow obstacles such as trees or 

buildings (Figure 4.23). It is generally approximated as 2/3 of the average height of the 

obstacles (Raupach and Thom, 1981). For example, if estimating winds over a forest 

canopy of height h = 30 m, the zero-plane displacement would be d = 20 m. 

 

 
Figure 4.23. Wind speed direction over vegetation canopy, aerodynamic roughness 

length (zom) and zero plane displacement height (d) (Saatchi, n.d.). 

 

4.2.12.5 Computation of aerodynamic resistance to heat transport (r
ah

) 

 

The aerodynamic resistance to heat transport (rah) can be finally computed by 

equation (4.32) assuming the two reference heights like this: 

 z1 is the height just above the zero plane displacement for the surface or crop canopy, 

and 

Institutional Repository - Library & Information Centre - University of Thessaly
10/03/2026 08:10:59 EET - 18.97.9.173



Water Resources Management in Agricultural Watersheds using Remote Sensing 

 127 

z2 is some distance above the zero plane displacement, but below the height of the 

surface boundary layer.  

Simplifying the situation, and based on experimental analysis, z1=0.1 m and z2 =2.0 m 

can be assigned for SEBAL.  Finally, aerodynamic resistance to heat transport (rah) can 

be computed creating Model 13 (Figure 4.24). 

 
Figure 4.24. Computation of aerodynamic resistance to heat transport (rah) (Model 13). 
 

4.2.12.6 Computation of Sensible Heat Flux for neutral conditions (H) 
 

Sensible heat flux (H) can now be computed from Equation (4.31), if the near surface 

temperature difference (dT) for each pixel which is the last remaining parameter could 
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aerodynamic surface temperature and the need for air temperature measurements for 

estimating sensible heat flux at the surface (Allen et al., 2011). METRIC utilizes internal 

calibration of the satellite-based energy balance at two extreme conditions, using 

alfalfa-based reference ET. The use of reference ET for calibration and extrapolating 

from instantaneous to 24-h ET helps to account for regional advection effects on ET 

and improves congruency with the traditional reference ET-Kc approach (Allen et al., 

2011). After all, METRIC methodology is chosen as the processing methodology for the 

present dissertation.  
 

4.2.18 METRIC flow chart 
 
Finally, a flow chart showing the basic steps needed for the application of METRIC 

methodology is illustrated at Figure 4.31. 

 
Figure 4.31. Flow chart of the METRIC model 
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(Figure 4.34) gives the highest diffuse reflectance of any known material or coating 

over the UV-VIS-NIR region of the spectrum and exhibits a highly Lambertian behavior 

(Figure 4.35). The reflectance is generally >99% over a range from 400 to 1500 nm and 

>95% from 250 to 2500 nm (Labsphere). The reflectance of the target is obtained then 

by applying the ratio of reflected radiance from the target to the reflectance radiance 

from the panel. Special account must be taken to the control panel correction. 

GER1500 (Figure 4.33) and spectralon (Figure 4.34) for this study were kindly provided 

by the Technological University of Cyprus. 

 

 
Figure 4.33. GER1500 field spectro-radiometer. 

 

 
Figure 4.34. Spectralon. 
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Figure 4.35. A Lambertian surface where scatter of light is governed by a cosine 

intensity relationship. 

 

 

 
Figure 4.36. Reflectance of crops as a status of vegetation health.  

 

The domain of optical observations extends from 400 nm in the visible region of the 

electromagnetic spectrum to 2500 nm in the shortwave infrared region. The strong 

absorption of light by photosynthetic pigments dominates green leaf properties in the 

visible spectrum (400-700nm), leaf chlorosis causes an increase in visible reflectance 

and transmission while the near-infrared region (NIR, 700-1100 nm) is a region where 

biochemical absorptions are limited to the compounds typically found in dry leaves, 
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points. Obvious changes in each crop cycle can be identified in Figure 4.38 that show 

how a crop grows during its life-cycle. Cotton is selected as an example.  

 

(a) 

 

 

 

 

 

 

(c) 

 

 

 

 

 

(e) 

 

(b) 

 

 

 

 

 

 

(d) 

 

 

 

 

 

(f) 

 

Figure 4.38. Cotton phenological stages (a) heading 15/6, (b) flowering 31/7, (c) 

flowering 1/9, (d) maturing 21/9, (e) before harvesting 12/10, (f) harvesting (19/10) 

 

4.3.2 Procedure 
 
GER1500 spectroradiometer in-situ measurements are taken at Lake Karla watershed 

for this study. The measurements are repetitive over the same fields for consistency 

(Figure 4.39).  
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Figure 4.39. Multiple GER1500 measurements across the fields. 
 
 
Generally, the spectral resolution on broadband spectral measurements such as 

Landsat TM/ETM+ is indicated by the relative spectral response (RSR) of the spectral 

bands. RSR describes the quantum efficiency of a sensor at specific wavelengths over 

the range of a spectral band (Fleming, D.J., 2006). In order to match another spectral 

measurement with a TM/ETM+ band, it is necessary to use the TM/ETM+ relative 

spectral response functions (SRF) (Fleming. D.J., 2006) and take the average within the 

limits of every TM/ETM+ bands to obtain the equivalent in-band reflectance values 

(Agapiou et al., 2012). Figure 4.40 and Figure 4.41 illustrate RSR for Landsat 7 bands 3 

and 4. 
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Figure 4.40. Landsat in - Band Average RSR: band 3 (retrieved from USGS Spectral 

Viewer).  

 
 

 
Figure 4.41.  Landsat in - Band Average RSR: band 4 (retrieved from USGS Spectral 

Viewer). 

 

The goal of this conversion is the calculation of surface reflectance values which are 

equivalent to Landsat ETM+ bands 1, 2, 3 and 4. The filtering of the data through the 

RSR values of Landsat ETM+, is made through the interpolation of the initial GER1500 

reflectance values (Figure 4.42).  
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Figure 4.42.Initial GER1500 reflectance values for selected alfalfa fields. 
 
The result is the generation of reflectance values at the incremental wavelength of the 

RSR (at 450, 451, 452 nm etc.). This procedure (Figure 4.43) is done since the GER1500 

reflectance values are given at a different incremental wavelength scale (e.g. 449.81, 

451.48, 453.15 nm) and this conversion seems to be necessary (Papadavid et al., 2012).  

 

 

 
Figure 4.43. Interpolation of the average initial reflectance values. 
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Figure 4.44, Figure 4.45, Figure 4.46, and Figure 4.47 illustrate some examples of 

spectral measurements for alfalfa, cotton, maize and sugar beet, respectively, for 

specific experimental days of field measurements. The experimental days are eleven 

and are detailed described at the next chapter. For each experimental date, up to 30 

measurements for each crop are taken, and finally, the average values are processed.  

Figure 4.48 illustrates an example of temporal evolution of spectral signatures for 

cotton. 

 
Figure 4.44. Alfalfa spectral measurements for 21/9/2012. 

 
Figure 4.45. Cotton spectral measurements for 13/7/2012. 
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Figure 4.46. Maize spectral measurements for 29/6/2012. 
 
 
 
 

 

 
Figure 4.47. Sugar beet spectral measurements for 13/7/2012. 
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Figure 4.49. Regression based downscaling. 
 

 

Figure 4.50. Subtraction based downscaling. 
 

 

Figure 4.51 presents the four initial METRIC based ETa maps for the two different types 

of sensors and different dates.  

 
Figure 4.52 presents the predicted Landsat based METRIC ETa map as well the 
difference between Landsat predicted and initial ETa map. Figure 4.53 presents 2D 
scatterplots between predicted and original  ETa maps for the regression and 
subtraction methodologies. The mean value of original ETa map for August is greater 
than Landsat original map for July. The same is predicted for the downscaled map as 
well, in both cases (i.e. regression and subtraction methodologies). It is remarkable that 
subtraction method presents much higher values of standard deviation. This may be 
caused from the uncertainty that prevails inside the larger (coarse resolution) pixel in 
comparison with the fine scale-resolution pixel. The reason for this is that a larger pixel 
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incorporates many dynamic sources of different radiance and thermal variability 
affecting the final radiometric value of the pixel. Generally, mean values are very 
satisfactory for the predicted ETa maps but the regression methodology prevailing 
again as it can be seen from  
Figure 4.52. These results are in total accordance with Hong et al. (2012), who applied 

the regression methodology at Middle Rio Grande Valley in New Mexico with a high 

accuracy.  

 

    

(a) 

Mean=2.87 

stdev=3.21 

(b) 

Mean=3.74 

 stdev=1.75 

(c) 

 Mean=2.52 

  stdev=1.22 

(d) 

Mean=3.52  

 stdev=1.66 

 

Figure 4.51.  METRIC ETa maps: (a) 26/7/2007 MODIS, (b) 27/8/2007 MODIS,  

(c) 26/7/2007 Landsat TM, (d) 27/8/2007 Landsat TM 
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   (predicted) Mean=3.26 

            stdev= 0.846 

                         (difference) Mean=-0.26, 

                                  stdev=1.12 
(a) 

 

 

 

 

 (predicted) Mean=3.37   

  stdev=3.65 

                           (difference) Mean=-0.11 

                                    stdev=3.52 
(b) 

 

Figure 4.52.  Predicted ETa maps and difference between predicted and original maps: 

(a) regression, (b) subtraction. 
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    (a)     (b) 

     

Figure 4.53.  2D Scatterplots for predicted-original 27/7/2007 Landsat ETa for (a) 

regression downscaling method and (b) subtraction downscaling method. The red line 

is the 1:1 line of perfect agreement. 

 
This study shows that it is feasible to predict a 30 m x 30 m Landsat based ETa map for 

Thessaly, Greece with satisfactory results applying a simple linear regression derived 

from 500 m x 500 m MODIS images. One very significant hypothesis for the application 

of the downscaling procedure is that the fine-scale variability inside a MODIS pixel (500 

m x 500 m) is assumed fixed between the times of the first and the second Landsat 

image acquisition.  It is obvious that regression methodology provides better results 

than the subtraction method. Prevailing noise, especially in MODIS images, when they 

are used in the METRIC methodology, is a critical problem which produces larger values 

than the expected ones. This is expected as the spatial resolution is much coarser than 

Landsat. Finally, a critical issue is the time interval length between the two images used 

in the proposed downscaling methodology.  Results are expected to improve for 

smaller time intervals in the future according to the satellite data acquiring policies 

(Spiliotopoulos et al., 2013). 

 

Following the above analysis, regression downscaling is chosen to be used at the 

purposed methodology. Landsat based NDVI images, previously computed as METRIC 

sub-products and MODIS based NDVI images are now downscaled. The same 
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