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Abstract: Agriculture is strongly influenced by the availability of water. Crop yields are affected by variations in climatic 
factors, like temperature and precipitation, and the frequency and severity of extreme events, like droughts. The aim 
of this paper is to present the water availability and requirements in vulnerable agriculture. This information 
contributes to precision agriculture for effective crop monitoring and irrigation management. A drought-prone area 
characterized by vulnerable agriculture is selected, namely Thessaly in central Greece. Water availability is assessed 
through rainfall frequency analysis for climate variability impacts. Crop water requirements are considered by 
estimating crop evapotranspiration (ET) through the combined use of WV-2 satellite images with ground-truth data. 
The satellite-based ETcsat is produced by using the reference ETo from FAO method, meteorological data and Kc 
extracted from NDVI utilizing the Red and NIR bands. Based on precipitation frequency analysis, evidence of 
precipitation reductions is shown. The results justify the importance of water availability for vulnerable agriculture 
and the need for drought monitoring in the Mediterranean basin as part of an integrated climate adaptation strategy. 
The results also justify the combined use of WV-2 satellite images with ground-truth data for monitoring crop ET and 
the incorporation into the precision agriculture methodology has proven to be very useful for optimal agricultural 
production. 
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1. INTRODUCTION  

Agriculture significantly depends on climate resources and, specifically, is strongly influenced 
by water availability. Moreover, climate variability has significant impact on agricultural 
production at local, regional, as well as global scales. Climate change is expected to modify rainfall, 
evaporation, runoff and soil moisture storage patterns. Similarly, variability of seasonal 
precipitation pattern is also significant (Dalezios, 2011). Crop yields are affected by variations in 
climatic parameters, such as temperature and precipitation, and the frequency and severity of 
extreme events, like droughts, floods, severe rainstorms and hail (Dalezios, 2017). Several regions, 
such as the entire Mediterranean basin, are characterized by vulnerable agriculture due to the 
combined effect of reduced precipitation and temperature increases in areas already coping with 
water scarcity (Dalezios et al., 2016). Agricultural production risks could become an issue in the 
Mediterranean region as mainly droughts and heatwaves are likely to increase the incidence of crop 
failure (Dalezios et al., 2009). As yield variability increases, the food supply is at increasing risk. 
Specifically, the predicted increase in extreme weather events is expected to increase yield 
variability and to reduce average yield (Alexandrov and Hoogenboom, 2000). In particular, in the 
European Mediterranean region, cereal yields are likely to be reduced due to limited water 
availability, heat stress and the short duration of the grain-filling period.  

Irrigation has always been significant for crop production in most Mediterranean countries 
mainly due to high evapotranspiration rates and restricted rainfall inputs. The demand for irrigation 
water is projected to rise in a warmer climate, increasing the competition between agriculture and 
urban, as well as industrial, water users (Olesen and Bindi, 2002). More water is expected to be 
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required per unit area under drier conditions, and peak irrigation demands are also predicted to rise 
due to more severe heat waves. Precision agriculture is a rather recent approach to address the 
issues of water availability and needs for effective crop water and fertilizer monitoring in vulnerable 
agroecosystems (Dalezios et al., 2012). 

The objective of this paper is to present water availability and water requirements in vulnerable 
agroecosystems in the Mediterranean region by using precision agriculture methods in order to 
achieve optimal crop water monitoring and irrigation management. A drought-prone area 
characterized by vulnerable agriculture is selected, namely Thessaly in central Greece. At first, the 
study area is presented showing the need for vulnerability assessment, which affects agriculture and 
its sustainability. Water availability is considered through drought assessment and rainfall 
frequency analysis. Specifically, mainly agricultural droughts affect sustainability of agriculture and 
may result in environmental degradation of a region, which is one of the factors contributing to the 
vulnerability of agriculture. In this paper, the adjusted Vegetation Health Index (VHI) is used for 
the detection of agricultural drought and its impacts (Dalezios et al., 2014). Crop water 
requirements are also considered within the precision agriculture framework by estimating crop 
evapotranspiration (ET) through the combined use of WV-2 satellite images with ground-truth data 
sets (Psomiadis et al., 2016; Dercas et al., 2017). The satellite-based ETcsat is produced by using 
the reference ETo from FAO-56 Penman-Monteith equation based on meteorological data (Allen et 
al., 1998), and Kc extracted from NDVI utilizing the Red and NIR satellite bands.  

2. STUDY AREA AND DATA SETS 

2.1 Study area 

The study area is the region of Thessaly, located in central Greece, with a total area of 
14,036 km2. Thessaly has a highly variable landscape with high mountains surrounding the plain, 
which is the largest in the country (Figure 1). Thessaly is characterized by vulnerable agriculture, 
due to water deficit for agriculture and the occurrence of extreme hydrometeorological events, such 
as hail and droughts. Mean annual precipitation over Thessaly is about 700 mm, unevenly 
distributed in space and time, varying from about 400 mm at the central plain to more than 
1,850 mm at the western mountain peaks (Dalezios et al., 2014). At the Thessalic plain the mean 
annual precipitation has been reduced over the last decades about 20% (Dalezios, 2011) and ranges 
between 250 to 500 mm.  

 

Figure 1. Geophysical map of Thessaly. 

The Thessalic plain constitutes the main agricultural area of the country, with cotton being the 
major crop, however, wheat, sugar beets, maize, barley, horticulture, fruits, olive trees and recently 
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energy crops are also cultivated. Since rainfall is, in general, rare from June to August, the resulted 
water deficit is replaced by irrigation in order to satisfy crop water needs. The amount of water used 
for irrigation purposes accounts for about 96% of the total water consumption.  

2.2 Data sets 

Data used in this study include daily values of temperature and precipitation covering a period of 
46 years (1955-2000) from the meteorological station of Larissa. The precipitation data were 
divided into nine classes ranging from light to heavy and extreme precipitation events, and the 
number of precipitation events per class was calculated. The temperature trend for the period 1955-
1975 is declining, whereas for the period 1976-2000 is increasing (Bampzelis et al., 2006). Thus, 
the time series is divided in two periods, namely 1955-1975 and 1976-2000. Since the duration of 
the two periods was different, the precipitation frequencies were normalized. 

For the VHI estimation, a time series of 10-day Brightness temperature (BT) images was used 
extracted from Channels 4 and 5 for 20 consecutive hydrological years (October 1981 - September 
2001) with resolution 8x8 km2 provided by NOAA. Similarly, a time series of 10-day Normalized 
Difference Vegetation Index (NDVI) extracted from Channels 1 and 2 for 20 consecutive 
hydrological years (October 1981 - September 2001) with resolution 8x8 km2 provided by NOAA. 

3. WATER AVAILABILITY 

Annual precipitation is expected to decrease, then problems in the agriculture sector may come 
first from extreme events in water scarcity, e.g., long droughts, rather than from the decrease in 
average water availability. In the Mediterranean region, average yields are expected to decrease, but 
most of the concern is about the recurrence of extreme droughts with disastrous consequences. 

  

Figure 2. Precipitation Frequency analysis for Larissa station (from Dalezios, 2011). 

Studies show increase in drought frequency for almost most parts of Europe. The regions most 
prone to drought risk increase are the entire Mediterranean basin and some parts of central and 
eastern Europe, where the projected irrigation water demand has increased (Giorgi et al., 2004). 
Changes in precipitation extremes in Europe agree that the intensity of daily precipitation events 
will predominantly increase also over many areas, whereas means are likely to decrease. The 
number of wet days in Europe is projected to decrease, which leads to longer dry periods except in 
the winters of western and central Europe. 
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For the impacts of climate variability and change to water availability, the trends of precipitation 
and evapotranspiration rates are investigated. Precipitation time series from Larissa station are used 
to delineate changes in the range and frequency of daily precipitation for two separate periods in the 
data set (Bampzelis et al., 2006). The frequency analysis results show that in Thessaly, there were 
indications of a shift towards higher precipitation intensities for the second period (after 1975). In 
particular, precipitation of a slightly greater volume but less frequent was observed in the Larissa 
station for the period 1955-1975 compared to the latest period (1976-2000) (Figure 2). This fact 
indicates a trend for precipitation episodes with less total amounts, but of increased intensity 
causing floods and greater loss of water. Reduction of precipitation inputs and decline of water 
availability could adversely affect future crop production in the region and consequently the local 
economy. 

For the quantification of agricultural drought, one of the most reliable and widely used indices is 
applied, namely VHI. The computation of VHI is based on satellite data of temperature and the 
NDVI. The VHI is a combination of the Vegetation Condition Index (VCI) and the Temperature 
Condition Index (TCI), both derived from NOAA/AVHRR satellite data (Kogan, 1995). VCI and 
TCI, as well as VHI, as properly adjusted, have been successfully applied for the detection of 
agricultural drought and for monitoring agricultural crops (Dalezios et al., 2014). The Vegetation 
Health Index (VHI) represents overall vegetation health and is used for drought mapping and crop 
yield assessment. The five classes of VHI that represent agricultural drought, as well as no drought 
conditions, are illustrated in Table 1. Specifically, from Table 1 it is evident that drought severity is 
decreasing with increasing VHI values, i.e. class 1 refers to extreme drought with VHI values less 
than 10, whereas for VHI values greater than 40 there is no drought. VHI is expressed by the 
equation: 

VHI = 0.5 * (VCI) + 0.5 * (TCI)                                   (1) 

In VHI computation, an equal weight has been assumed for both VCI and TCI, since moisture 
and temperature contributions during the vegetation cycle are not specified. Similarly, VCI and TCI 
vary from zero, for extremely unfavorable conditions, to 100, for optimal conditions.  

Table 1. VHI drought classification scheme (from Kogan, 1995). 

VHI values               Vegetative drought classes                        Drought class numbers 
<10                       Extreme drought                                                     1 
<20                       Severe drought                                                        2 
<30                      Moderate drought                                                     3 
<40                        Mild drought                                                           4 
>40                          No drought 

 
The results consist of VHI estimation on a monthly basis for a period of 20 years (1981-2001) 

using satellite data and are shown in Table 2, which presents the cumulative areal extent of monthly 
VHI values throughout the warm season. Specifically, the initial four VHI severity classes of the 
analysis are merged into two in Table 2, namely extreme (class 1) and severe (class 2) drought into 
one class, and moderate (class 3) and mild (class 4) drought into another class, respectively. The 
reason for merging classes is the small number of pixels in each class in order to develop a sizeable 
data set for fitting models. The results indicate that drought occurs every year during the warm 
season starting in May with increasing severity and areal extent throughout the warm season with 
the maximum occurring in September. The majority of pixels is accumulated between mild to 
moderate drought severity classes indicating a significant decrease in the number of pixels from 
mild to extreme drought classes for all the months. The above findings justify the new scientific 
trend to develop and use composite drought indices for regional drought assessment and monitoring 
(Dalezios et al., 2016). 
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Table 2. Cumulative areal extent (number of pixels) of monthly VHI values (from Dalezios et al., 2014) 

Class 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 
1&2 188 105 66 37 242 107 49 150 205 306 7 20 33 0 77 89 10 40 33 68 52 
3&4 1136 1443 1634 1157 1820 1767 1394 1737 1533 2045 942 1255 1201 773 1005 1428 1407 1312 1450 1604 1059 

4. WATER REQUIREMENTS 

Precision agriculture is a dynamically developing field of agricultural science, which is based on 
geoinformatics. Monitoring water needs for agriculture based on precision agriculture methods 
requires a combination of field observations, such as crop characteristics, crop water requirements, 
as well as micro-meteorological data, such as daily air temperature, wind speed, humidity, and 
precipitation in order to calculate reference evapotranspiration (ETo). High resolution satellite data 
are also used to analyze the spatial distribution and variability of crop coefficient (Kc) and crop 
evapotranspiration (ETc) (Dalezios et al., 2011) and contribute through processing and analysis to 
decision support at field level (Dalezios et al., 2012).  

4.1 Study area and data set 

Two adjacent agricultural fields of cotton (1.8 ha) and corn (1.4 ha), respectively, were used 
during the growing season of 2015 in Thessaly, Central Greece (Figure 3a). Four diachronic 
WorldView-2 (WV-2) scenes were analyzed in bundle format (one 0.5 m panchromatic channel and 
eight 2 m multispectral channels in 16-bit digital format) due to excellent spatial and spectral 
information content. The acquisition dates were May 17, June 13, July 29 and Sep 2, 2015, 
respectively. Valuable ground field data were also acquired approximately the same dates, as above. 

4.2 Image pre-processing 

The methodological approach includes image filtering and pre-processing. Four WV-2 scenes 
were atmospherically, radiometrically and geometrically corrected (Lanzl and Richter, 1991; 
Updike and Comp, 2010). Several algorithms are in general used for removing the atmospheric 
effects on the data and the radiance values are converted to reflectance values. Various levels of 
input data are used to drive atmospheric models, ranging from detailed atmospheric profiles 
acquired by radiosondes to standardised models representative of general latitudinal areas. As 
atmospheric conditions are subject to spatiotemporal variability and no precise data related to them 
at the time of data acquisition are normally available, standardised atmospheric models are used, 
such as those provided by ATCOR3 model developed by DLR, Munich Germany, calibrating the 
data and converting the Digital Number (DN) values of each WV2 image to Top of Atmosphere 
(TOA) and ground reflectance through the Geomatica software (Dercas et al., 2017; Lanzl and 
Richter, 1991). This procedure was fulfilled utilizing the Digital Elevation Model (DEM) of the 
area, geographic longitude/latitude and the weather conditions that were present at the image 
acquisition time. The geometric registration was based on two different approaches: geocoding 
using image-to-GCPs and image-to-image as a master-to-slave approach (Spyropoulos, 1999). The 
first WV-2 acquired on May 17, corrected using 10 GCPs. All the other images orthorectified on the 
first image using image-to-image registration.  

4.3 Image processing 

Ιmage processing involves the computation of the Chlorophyll and NDVI indices using Red, 
RedEdge, Near Infra-Red (NIR(1)) of WV-2 channels (Figure 3b) principal component analysis and 
clustering leading to the production of thematic maps. This is the first attempt with new bands, 
especially with NIR(1) of WV-2. The indices were applied onto 2 m multispectral data and on pan-
sharpened 0.5 m data. Pan-sharpening is a digital synthesis, whereas the 2 m multispectral channels 
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are merged with the 0.5 m panchromatic channel to generate another set of multispectral channels 
that preserve the spectral information, but in higher spatial feature space of 0.5 m, thus enhancing 
the information integrity and clarity. In conjunction with field and meteorological data, as well as 
models, the imagery was used to calculate reflectance, NDVI, fractional cover, crop coefficient (Kc) 
and crop evapotranspiration (ETc) maps over the 100 km2 image coverage.  

4.4 Estimation of ETo 

Reference evapotranspiration (ETo) is estimated by the FAO Penman-Monteith method using 
conventional meteorological data, which is consistent with actual crop water use data (Allen et al., 
1998): 

ET0 =
0.408(Rn −G)Δ+γ (

900
Tmean + 273

)u2 (es − ea )

Δ+γ (1+0.34u2 )
  (2) 

where: Tmean is mean temperature (οC), and u2 is wind speed at 2 m height. 

4.5 Estimation of Kc 

The crop coefficient (Kc) is developed from NDVI indices of WV-2 channels (Red, NIR(1)). The 
Kc integrates the effect of features that distinguish a typical field crop from the grass reference, 
which has a homogenous appearance and covers completely the ground. The values of Kc are 
influenced by crop type, climate, soil evaporation and crop growth stages (Allen et al., 1998). In 
FATIMA, the following relationship was developed (Dercas et al., 2017): 

 Kc =1.33 * (Red NDVI) + 0.21(R2 = 0.92) (3) 

4.6 Estimation of crop evapotranspiration ETc 

Crop Evapotranspiration ETc is the evapotranspiration from disease-free, well-fertilized crops, 
grown in large fields, under optimum soil water condition and achieving full production under the 
given climatic conditions (Allen et al., 1998). In FAO method, ETc is calculated as follows: 

ETc = Kc *ET0  (4) 

where ETo is calculated by ground based observations. The satellite-based ETcsat is produced by 
using the reference ETo from FAO-56 Penman-Monteith equation derived from meteorological data 
(Allen et al., 1998) and Kc extracted from NDVI utilizing the Red and first NIR bands of WV-2, 
respectively. If there is not available a full data set for the use of Penman-Monteith equation, 
several other empirical equations could be employed, such as Hargreaves or Turk models, among 
others. 

4.7 Results and discussion 

The results are summarized in Figures 3 and 4. In particular, Figure 3a shows the crops’ location 
within the selected field and Figure 3b shows the Red Edge NDVI. Figure 4a shows the estimated 
Kcsat (Kc estimated using satellite data) average values for cotton at the field scale, from equation 
(3) and the Kc from FAO for cotton during the growing season of 2015. Figure 4b shows the ETcsat 
average values at the field scale from equation (4) and the ETc produced by FAO for cotton field in 
2015. 
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Figure 3. (a) Τhe shape and area of the two selected crops, (b) The Red Edge NDVI (from Psomiadis et al., 2016). 

 

Figure 4. Temporal comparison (a) Kc and (b) ETcsat from WV-2 and ETc produced by FAO for cotton field in 2015 
(from Dercas et al., 2017). 

The cotton Kcsat values based on Red and NIR spectral bands of WV–2 data, are very close to 
the Kc values from FAO for 2015, (Figure 4a). Indeed, Kc is dependent on the type of satellite data 
and cannot be applied in a generic way. Spatial and spectral resolution are the key components of 
any sensor, which is used for Kc extraction. Sensors with different bandwidth of Red, Red Edge and 
NIR spectral bands create heterogeneous results. Additionally, the type and size of fields, such as 
small size farms or land fragmentation, plays a role on the satellite data and thus on the Kc equation 
to be used. Moreover, ETcsat values are very close to ETc FAO (Figure 4b), which is a promising 
sign for the new WV-2 approach. 

5. SUMMARY AND CONCLUSIONS 

Climatic projections indicate increases in temperature and decreases in precipitation, combined 
with the more frequent occurrence of extreme events, such as drought, in the Mediterranean region. 
Agriculture is expected to be most influenced by the adverse impacts of climate change and 
variability, with high probability of crop production reductions, due to less availability of water for 
irrigation. The results of the frequency analysis show that there was a shift towards higher 
precipitation intensities for the second period (after 1975) indicating a trend for precipitation 
episodes with less amounts, but of increased intensity causing floods and greater loss of water. 
Moreover, in order to reduce the risk of climate change impacts on agriculture, comprehensive 
methodologies need to be developed, integrating the results of studies on drought and 
evapotranspiration assessment and monitoring, for the formulation of cost-effective mitigation 
measures and adaptation strategies. The results indicate that drought occurs every year during the 
warm season with increasing severity and areal extent with the maximum occurring at the end of 
summer. The majority of pixels is accumulated between mild to moderate drought severity classes 
indicating a significant decrease in the number of pixels from mild to extreme drought classes for 
all the months.  

Corn 

Cotton 
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The comparison of WorldView-2 (WV-2) satellite data and field measurements has shown that 
the utilization of WV-2 is definitely a useful tool for precision or operational farming, allowing not 
only the extraction of crop area, but also the derivation of useful parameters, such as ETc from Kc, 
which is derived from satellite data and can be used for the estimation of crop water needs. The 
results of the applied methodology justify the combined use of WV-2 satellite images with ground-
truth data set for monitoring ETc in different crops.  

ACKNOWLEDGEMENTS 

Conventional meteorological data were obtained by the Hellenic National Meteorological 
Service. Satellite data were provided by NASA. Research was funded by the INTERREG Illb 
PRODIM project, EU FP6 PLEIADES project and currently by HORIZON2020 FATIMA project. 

REFERENCES 

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop evapotranspiration: Guidelines for computing crop requirements. 
Irrigation and Drainage Paper No. 56, FAO, Rome, Italy, 300p. 

Alexandrov, V.A. and Hoogenboom, G., 2000. The impact of climate variability and change on crop yield in Bulgaria. Agricultural 
and Forest Meteorology, 104: 315-327. 

Bampzelis, D., Chatzipli, A., Dadali, O. and Dalezios, N.R., 2006. Frequency analysis of precipitation characteristics in different 
climate zones for Greece. In: Proceedings of the 3rd HA1CTA International Conference: Information Systems in Sustainable 
Agriculture, Agroenvironment and Food Technology, Dalezios and Tziortzos (eds.), EC, Luxenbourg, 20-23 September, Volos, 
Greece, 887-895.  

Dalezios, N.R. (ed.) 2017. Environmental Hazards Methodologies for Risk Assessment and Management. IWA, London UK, 534p.  
Dalezios, N.R., N. Dercas and S. Eslamian, 2016. Water Scarcity Management: Part 2: Satellite-based Composite Drought Analysis. 

Int. J. of Global Environmental Issues (IJGENVI) (accepted, in press). 
Dalezios, N.R., A.Blanta, N.V.Spyropoulos and A.M. Tarquis, 2014. Risk Identification of Agricultural Drought in Sustainable 

Agroecosystems. NHESS: 14, 2435-2448. 
Dalezios, N.R., N.V. Spyropoulos, A. Blanta and S. Stamatiades, 2012. Agrometeorological remote sensing of high resolution for 

decision support in precision agriculture. 11th International Conference on Meteorology, Climatology and Atmospheric Physics. 
29 May – 1 June 2012, Athens, 51-56. 

Dalezios, N.R., 2011. Climatic change and Agriculture: Impacts-Mitigation-Adaptation. Scientific Journal of GEOTEE. 27, 13-28. 
Dalezios, N.R., A. Mplanta, C. Domenikiotis, 2011. Remotely Sensed Cotton Evapotranspiration for irrigation Water Management in 

Vulnerable Agriculture of Central Greece. JITAG. J of Information Technology Agriculture. 4(1), 1-14. 
Dalezios N.R., Z. Gkagkas, C. Domenikiotis, E. Kanellou and A. Mplanta, 2009. Climate Change and Water for Agriculture: 

Impacts-Mitigation-Adaptation. Proceedings, EWRA Conference on Water Resources Conservancy and Risk Reduction under 
Climatic Instability, Techn. Univ. of Cyprus (TUC), 25-27 June 2009, Limassol, Cyprus. 

Dercas, N., N.V. Spyropoulos, N.R. Dalezios, E. Psomiadis, A. Stefopoulou, G. Madonanakis and N. Tserlikakis, 2017. Comparing 
cotton crop evapotranspiration using diachronic very high spatial resolution satellite data and ground measurements. WIT 
Transactions on Ecology and the Environment, Volume 220, Water Resources Management 2017, WIT press, 101-107. 

Giorgi, F., Bi, X. and Pal, J., 2004. Mean interannual and trends in a regional climate change experiment over Europe: Climate 
Change scenarios (2071-2100). Climate Dynamics, 23: 839-858.  

Kogan, F.N., 1995. Application of vegetation index and brightness temperature for drought detection, Advances in Space Research, 
15, 91-100. 

Lanzl F, Richter R (1991) A fast atmospheric correction algorithm for small swath angle satellite sensors. ICO topical meeting on 
atmospheric, volume, and surface scattering and propagation, Florence, Italy. 

Olesen, J.E. and Bindi, M., 2002. Consequences of climate change for European agricultural productivity, land use and policy. 
European Journal of Agronomy, 16: 239-262.  

Psomiadis, E., N. Dercas, N.R. Dalezios and N.V. Spyropoulos, 2016. The role of spatial and spectral resolution on the effectiveness 
of satellite-based vegetation indices. Proc. of SPIE, 26-29 Sep 2016, Edinburgh, UK, Vol. 9998 99981L-1-13. 

Spyropoulos VN, 1999. The benefits of high-resolution earth imagery in agriculture – The Ikonos system and its applications to agri-
environment schemes. 1st workshop on the management and monitoring of agri-environment schemes, 23–24 Nov 1999, Joint 
Research Center (JRC) Ispra, Italy.  

Updike T. and Comp C., 2010. Radiometric use of WorldView-2 Imagery. Technical Note, DigitalGlobe, 1601 Dry Creek Drive 
Suite 260 Longmont, Colorado, USA, 80503. 

 
 


