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Abstract 

This thesis deals with the groundwater resources management of Kastoria basin of Western 

Macedonia, Greece though the use of FeFLOW v.7.2 groundwater flow modelling package in con-

junction with ARCGIS v.10.6 and MATLAB, which were used to manage all the data used in this 

thesis and also to prepare the input data in the structure and format required by FeFLOW. Kastoria 

basin houses an extensive alluvial aquifer system, which is of fluvio-torrential origin and consists 

of alternating layers of coarse and fine-grained layers of small spatial and vertical extent. Precipita-

tion is the main recharge element of the aquifer, where a representative annual value for the former 

is 770 mm. The modelled area consisted of the main body of the alluvial aquifer as a 100 m thick 

layer. Such an environment provides an inherit uncertainty regarding to the hydraulic properties, to 

alleviate a part of this uncertainty a stochastic approach used through PEST. The groundwater flow 

model was successfully calibrated first manually and then finally by PEST in all aspects, yielding 

RMSE=0.758 for the entire transient simulation. The water balance elements produced resemble 

those presented by previous studies. To further assess the evolution of the groundwater resources at 

Kastoria basin precipitation and temperature data of regional climate models were extracted from 

the EURO-CORDEX project, which provides the needed high spatial resolution (EUR-11) to spa-

tially represent the future climate condition at the study area, for three 20 year long sub-periods be-

tween 2019-2078. After bias-correction of the 53 extracted EUR-11 region climate models, ten of 

those were selected and used further. Bias-correction was performed with the linear scaling method 

and monthly observed data of the 1986-2005 period. This showed improvements at the bias-

corrected RCM data in comparison to raw data in representing observed patterns. The analysis pre-

sented that, as mean annual values, precipitation will reduce by 6% while temperature will increase 

by 2.5°C throughout the projected period. Based on the selected RCM data, ten groundwater sce-

narios were simulated by feeding the bias-corrected RCM data to the calibrated groundwater flow 

model. In summary of the results of the former, the groundwater level will practically remain the 

same. Kastoria lake water level will drop, if left unchecked, due to higher evaporation, reduced 

precipitation and lower lateral flow from Kastoria alluvial aquifer reduction while surface runoff 

will slightly increase. This will lead to the reduction of the total runoff or discharge through the 

Gkioli stream by a mean annual value of 4.82 x 106 m3 or 9.2%. Finally, options to counter this 

change at the water balance of the basin were also proposed. 

 

Keywords: FeFLOW, PEST, MATLAB, Groundwater Resources Management, EUROCORDEX, 

Regional Climate Models, RCM, ArcMAP, Kastoria basin, Water District GR 09, Alluvial Aquifer, 

Water Balanc, Groundwater Flow Simulation 
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ɄŮɟɑɚɖɣɖ 

ȼ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŬůɢɞɚŮɑŰŬɘ ɛŮ Űɖ ŭɘŬɢŮɑɟɘůɖ Űɤɜ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ ůŰɖ 

ɚŮəɎɜɖ Űɖɠ ȾŬůŰɞɟɘɎɠ Űɖɠ ȹɡŰɘəɐɠ ɀŬəŮŭɞɜɑŬɠ ɛŮ Űɖɜ ɢɟɐůɖ Űɞɡ ˊŬəɏŰɞɡ ˊɟɞůɞɛɞɑɤůɖɠ ɟɞɐɠ 

ɡˊɞɔŮɑɤɜ ɡŭɎŰɤɜ FeFLOW v.7.2 ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɞ ARCGIS v.10.6 əŬɘ Űɞ MATLAB, ŰŬ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖ ŭɘŬɢŮɑɟɘůɖ ɧɚɤɜ Űɤɜ ŭŮŭɞɛɏɜɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŮ ŬɡŰɐ Űɖ 

ŭɘŬŰɟɘɓɐ əŬɘ Ůˊɑůɖɠ ůŰɞ ɜŬ ˊɟɞŮŰɞɘɛŬůŰɞɨɜ ŰŬ ŭŮŭɞɛɏɜŬ Ůɘůɧŭɞɡ ůŰɖ ŭɞɛɐ əŬɘ Űɖ ɛɞɟűɐ ˊɞɡ 

ŬˊŬɘŰŮɑ Űɞ FeFLOW. ȼ ɓɟɞɢɧˊŰɤůɖ ŮɑɜŬɘ Űɞ əɨɟɘɞ ůŰɞɘɢŮɑɞ ŮɛˊɚɞɡŰɘůɛɞɨ Űɖɠ ɚŮəɎɜɖɠ, ɧˊɞɡ ɛɑŬ 

ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐ ŮŰɐůɘŬ Űɘɛɐ ɔɘŬ Űɖɜ ˊɟɩŰɖ ŮɑɜŬɘ ɑůɖ ɛŮ 770 mm. ɆŰɖ ɚŮəɎɜɖ Űɖɠ ȾŬůŰɞɟɘɎɠ 

ɓɟɑůəŮŰŬɘ ɏɜŬ ŮəŰŮŰŬɛɏɜɞ ˊɟɞůɢɤůɘɔŮɜɏɠ ůɨůŰɖɛŬ ɡŭɟɞűɧɟɞɡ, Űɞ ɞˊɞɑɞ ɏɢŮɘ ɢŮɘɛɛŬɟɘəɐ 

ˊɟɞɏɚŮɡůɖ əŬɘ ŰŬ ˊɟɩŰŬ 100 ɛɏŰɟŬ ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŮɜŬɚɚŬůůɧɛŮɜŬ ůŰɟɩɛŬŰŬ Ŭˊɧ 

ɢɞɜŭɟɧəɞəəŬ əŬɘ ɚŮˊŰɧəɞəəŬ ɘɕɐɛŬŰŬ ɛɘəɟɐɠ ɢɤɟɘəɐɠ ɏəŰŬůɖɠ. ȼ ˊŮɟɘɞɢɐ ˊɟɞůɞɛɞɑɤůɖɠ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ əɨɟɘɞ ůɩɛŬ Űɞɡ ˊɟɞůɢɤůɘɔŮɜɐ ɡŭɟɞűɞɟɏŬ ɤɠ ůŰɟɩɛŬ ˊɎɢɞɡɠ 100 ɛɏŰɟɤɜ. 

ȰɜŬ ŰɏŰɞɘɞ ˊŮɟɘɓɎɚɚɞɜ ˊŬɟɏɢŮɘ ɛɘŬ ŬɓŮɓŬɘɧŰɖŰŬ ůɢŮŰɘəɎ ɛŮ Űɘɠ ɡŭɟŬɡɚɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɔɘŬ ɜŬ 

ŬˊŬɚɖűŮɑ ɏɜŬ ɛɏɟɞɠ ŬɡŰɐɠ Űɖɠ ŬɓŮɓŬɘɧŰɖŰŬɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɘŬ ůŰɞɢŬůŰɘəɐ ˊɟɞůɏɔɔɘůɖ ɛŮ 

ɓɎůɖ Űɞ PEST. ɇɞ ɛɞɜŰɏɚɞ ɟɞɐɠ Űɤɜ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ ɟɡɗɛɑůŰɖəŮ ɛŮ ŮˊɘŰɡɢɑŬ ˊɟɩŰŬ ɛŮ 

ŭɞəɘɛŬůɑŬ ˊɟɞůˊɎɗŮɘŬɠ-ɚɎɗɞɡɠ əŬɘ ŰŮɚɘəɎ ɛŮ Űɞ PEST, ŬˊɞŭɑŭɞɜŰŬɠ RMSE = 0,758 ɔɘŬ ɞɚɧəɚɖɟɖ 

Űɖɜ ˊɟɞůɞɛɞɑɤůɖ. ɇŬ ůŰɞɘɢŮɑŬ ɡŭŬŰɘəɞɨ ɘůɞɕɡɔɑɞɡ ˊɞɡ ˊŬɟɎɢŰɖəŬɜ Ŭˊɧ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ŮɑɜŬɘ 

ˊŬɟɧɛɞɘŬ ɛŮ ŮəŮɑɜŬ ˊɞɡ ˊŬɟɞɡůɘɎůŰɖəŬɜ Ŭˊɧ ˊɟɞɖɔɞɨɛŮɜŮɠ ɛŮɚɏŰŮɠ. ũɘŬ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ 

ˊŮɟŬɘŰɏɟɤ ɖ Ůɝɏɚɘɝɖ Űɞɡ ɘůɞɕɡɔɑɞɡ Űɤɜ ɡˊɞɔŮɑɤɜ ɡŭɎŰɤɜ ůŰɖ ɚŮəɎɜɖ Űɖɠ ȾŬůŰɞɟɘɎɠ, 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭŮŭɞɛɏɜŬ, Űɟɘɩɜ ɡˊɞˊŮɟɘɧŭɤɜ 20 ŮŰɩɜ ɔɘŬ Űɖɜ ˊŮɟɑɞŭɞ 2019-2078, Űɤɜ 

ˊŮɟɘűŮɟŮɘŬəɩɜ əɚɘɛŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ Űɞɡ ɏɟɔɞɡ EURO-CORDEX project, Űɞ ɞˊɞɑɞ ˊŬɟɏɢŮɘ Űɖɜ 

ŬˊŬɘŰɞɨɛŮɜɖ ɡɣɖɚɐ ɢɤɟɘəɐ ŬɜɎɚɡůɖ ɔɘŬ Űɖ ɢɤɟɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ ɛŮɚɚɞɜŰɘəɐɠ əɚɘɛŬŰɘəɐɠ 

əŬŰɎůŰŬůɖɠ ůŰɖɜ ˊŮɟɘɞɢɐ ɛŮɚɏŰɖɠ. ɀŮŰɎ Ŭˊɧ Űɖ ŭɘɧɟɗɤůɖ Űɤɜ ŮɝŬɔɧɛŮɜɤɜ 53 əɚɘɛŬŰɘəɩɜ 

ɛɞɜŰɏɚɤɜ, ŭɏəŬ Ŭˊɧ ŬɡŰɎ ŮˊɘɚɏɢɗɖəŬɜ əŬɘ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ˊŮɟŬɘŰɏɟɤ. ȼ ŭɘɧɟɗɤůɖ Űɤɜ bias 

Űɤɜ əɚɘɛŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ ɏɔɘɜŮ ɛŮ Űɖ ɛɏɗɞŭɞ linear scaling əŬɘ ŰŬ ɛɖɜɘŬɑŬ ɘůŰɞɟɘəɎ ŭŮŭɞɛɏɜŬ Űɖɠ 

ˊŮɟɘɧŭɞɡ 1986-2005. ȼ ŭɘɧɟɗɤůɖ ˊŬɟɞɡůɑŬůŮ ɓŮɚŰɘɩůŮɘɠ ůŰŬ ŭŮŭɞɛɏɜŬ Űɤɜ əɚɘɛŬŰɘəɩɜ 

ɛɞɜŰɏɚɤɜ ůŮ ůɨɔəɟɘůɖ ɛŮ ŰŬ ɛɖ ŭɘɞɟɗɤɛɏɜŬ ŭŮŭɞɛɏɜŬ. ɇɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŬɜɎɚɡůɖɠ ŮɑɜŬɘ ɧŰɘ ɖ 

ɓɟɞɢɧˊŰɤůɖ ɗŬ ɛŮɘɤɗŮɑ əŬŰɎ ɛɏůɞ ɧɟɞ 6% Ůɜɩ ɖ ɗŮɟɛɞəɟŬůɑŬ ɗŬ ŬɡɝɖɗŮɑ əŬŰɎ 2,5ÁC, əŬɗ 'ɧɚɖ 

Űɖɜ ˊɟɞɓɚŮˊɧɛŮɜɖ ˊŮɟɑɞŭɞ. ɀŮ ɓɎůɖ ŰŬ ŮˊɘɚŮɔɛɏɜŬ ŭŮŭɞɛɏɜŬ, ́ ɟɞŰɎɗɖəŬɜ ŭɏəŬ ůŮɜɎɟɘŬ Ůɝɏɚɘɝɖɠ 

Űɤɜ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ Űɞɡ ŬɚɚɞɡɓɘŬəɞɨ ɡŭɟɞűɞɟɏŬ Űɖɠ ȾŬůŰɞɟɘɎɠ. ɆɡɜɞˊŰɘəɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ 

ŬɡŰɩɜ ˊŬɟɞɡůɘɎůŬɜ ɧŰɘ Űɞ ŮˊɑˊŮŭɞ Űɤɜ ɡˊɧɔŮɘɤɜ ɡŭɎŰɤɜ ɗŬ ˊŬɟŬɛŮɑɜŮɘ ɤɠ Ůˊɑ Űɞ ˊɚŮɑůŰɞɜ Űɞ 

ɑŭɘɞ. ȼ ůŰɎɗɛɖ Űɞɡ ɜŮɟɞɨ Űɖɠ ɚɑɛɜɖɠ Űɖɠ ȾŬůŰɞɟɘɎɠ ɗŬ ŮɚɚŬŰŰɤɗŮɑ, ŮɎɜ ŬűŮɗŮɑ ŬɜŮɝɏɚŮɔəŰɖ, ɚɧɔɤ 

Űɖɠ ɡɣɖɚɧŰŮɟɖɠ ŮɝɎŰɛɘůɖɠ, Űɖɠ ɛŮɘɤɛɏɜɖɠ ɓɟɞɢɧˊŰɤůɖɠ əŬɘ Űɖɠ ɢŬɛɖɚɧŰŮɟɖɠ ˊɚŮɡɟɘəɐɠ Ůɘůɟɞɐɠ 

Ŭˊɧ Űɞɜ ŬɚɚɞɡɓɘŬəɧ ɡŭɟɞűɞɟɏŬ Űɖɠ ȾŬůŰɞɟɘɎɠ ˊŬɟɧɚɞɡ ˊɞɡ ɖ ŮˊɘűŬɜŮɘŬəɐ Ŭˊɞɟɟɞɐ ɗŬ ŬɡɝɖɗŮɑ 

ŮɚŬűɟɎ. ȷɡŰɧ ɗŬ ɞŭɖɔɐůŮɘ ůŮ ɛŮɑɤůɖ Űɖɠ ůɡɜɞɚɘəɐɠ Ŭˊɞɟɟɞɐɠ ɐ ŮəűɧɟŰɘůɖɠ ɛɏůɤ Űɞɡ ɟɏɛɛŬŰɞɠ 

ũəɘɧɚɘ əŬŰɎ ɛɏůɞ ŮŰɐůɘɞ ɧɟɞ Űɤɜ 4.82 x 106 m3 or 9.2%. ɇɏɚɞɠ, ˊɟɞŰɎɗɖəŬɜ ɚɨůŮɘɠ ɔɘŬ Űɖɜ 

ŬɜŰɘɛŮŰɩˊɘůɖ ŬɡŰɐɠ Űɖɠ ŬɚɚŬɔɐɠ ůŰɞ ɡŭɎŰɘɜɞ ɘůɞɕɨɔɘɞ Űɖɠ ɡˊɧ ɛɏɚŮŰɖɠ ɚŮəɎɜɖɠ Ŭˊɞɟɟɞɐɠ. 

 

ȿɏɝŮɘɠ-əɚŮɘŭɘɎ: FeFLOW, PEST, MATLAB , ȹɘŬɢŮɑɟɘůɖ ɈŭŬŰɘəɩɜ Ʉɧɟɤɜ, EUROCORDEX, Re-

gional Climate Models, RCM, ArcMAP, ȿŮəɎɜɖ Űɖɠ ȾŬůŰɞɟɘɎɠ, Water District GR 09, 

ȷɚɚɞɡɓɘŬəɧɠ ɈŭɟɞűɞɟɏŬɠ, ɈŭŬŰɘəɧ Ƚůɞɕɨɔɘɞ, Ʉɟɞůɞɛɞɑɤůɖ Űɖɠ ɡˊɧɔŮɘŬɠ ɟɞɐɠ 

  



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης
4 
 

CHAPTER 1. Introduction  

Water is of vital importance to continuous development of human society. For many years, 

humanity has been actively interfering in the environment and its resources, including water 

resources. Greek water resources organizations drained several lakes in 1930s, to create agricultural 

land for crop development so the Greece could sustain its ever-growing population. During the 

period 1960-1990 agriculture grew rapidly in combination with systematic irrigation of crops 

mainly through pumping wells, initially of low depth and then of greater depth to meet the irrigation 

demands and along with the construction of collective irrigation networks. This leap in agriculture 

development put huge constrains to water resources. This in combination with climate change, 

resulted in the early 1990s to have significant and irreversible effects on surface and groundwater 

bodies, which if left unattended could create severe water shortages. Due to such concerns about the 

well-being of current and newer generations, EU government bodies began to study and formulate 

new laws about the quantitative and qualitative characteristics of water resources. Thus, to answer 

those concerns the Water Framework Directive (2000/60/E.C) was created to regulate management 

of water resources via rational decision-making made possible through various tools such as 

simulation software. Simulation software that could bear certain mathematical models that can 

represent the underground water flow dynamically. They are an internationally accepted tool that 

provides significant support to studies carried out and especially in the management of water 

resources of one region. These codes can provide remarkable results with the condition that quality 

data are used as input (Wang & Anderson, 1982; Doherty, 2015). The lack of such data in Greece 

results in a more basic characterization of an aquifer system, which make the use of these models 

problematic (personal communication 2018, H.A.O. ñDEMETERò). 

In the context of Greece's compliance with the European Union's requirements and the new 

environmental standards, Directive 2000/60/E.C had to be implemented to assess the quality of the 

country's water and to propose management plans that would improve this situation. These plans 

where proposed and carried out in 2010 by the Special Secretariat for Water, which is part of 

ministry of environment and energy of Greece, and have since be revised in 2017. 

This M.Sc. thesis deals with the quantitative status of the water resources of the basin of 

Kastoria through the use of groundwater simulation software to propose future management 

plans and the use of the programs ARCGIS and MATLAB for the generation and 

management of the input data of FEFLOW  in an automated fashion. 

In the study area, Kastoria basin, agriculture is the largest consumer of water. Droughts that 

our country has experienced over the last few years and the inappropriate use of water, we have 

been confronted with the quantitative (over-exploitation aquifers) and water quality (hydration, 

nitrate pollution, etc.). It is therefore of outmost importance to manage water resources in order to 

avoid more serious problems in the future. This management problem can be solved with the 

application of water resources management software, integrated hydrological modelling system i.e. 

MIKE-SHE and groundwater modelling software i.e. FeFLOW program. All primary data used in 

this thesis (water balance, climatic data, hydraulic parameters, river flows, water table levels, etc.) 

were obtained from various sources such as I.G.M.E, National Meteorological Service, the 

Municipality of Kastoria, which, after appropriate preparation with MATLAB , were used for the 

FeFLOW simulation. Finally, some hypothetical scenarios based on bias-corrected RCM results of 

EUROCORDEX project on the probable evolution of the basin's water potential were developed in 

tandem with a FeFLOW simulation in order to propose plans for the sustainable development and 

management of water in Kastoria basin. 

1.1 The study area 

The basin of Kastoria is situated in Western Macedonia, Water District GR 09 and itôs found 

between the Grammos Mountain in the west and the Vitsi Mountain in the east. The alluvial aquifer 

of Kastoria constitutes the central and eastern part of Kastoria basin, directly across the city of 
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Kastoria, and contains important quantities of groundwater, which cover almost all of the irrigation 

needs of the basin. It is bounded from all sides, except from the southernmost part, by rugged 

mountains consisting of the crystalline bedrock of the basin and the Korissos karst system. The 

average topographic elevation is 750 m a.m.s.l with gentle slopes of 1 ï 3 degrees for Kastoria 

plains, while a considerable slope of 30-35 degrees is calculated for the surrounding mountainous 

region. The region of interest has a spatial extent of about 315 km2. The extensive aquifer system 

developed within the alluvial deposits has a strong hydraulic interaction with the Korrisos karst 

system. The population of the region is about 15,000 inhabitants, most of whom live in the major 

city of Kastoria while the rest live at smaller and villages (Vafeiadis, 1983, Drougka, 2006). 

Agricultural activities are based upon irrigation water drawn predominantly from boreholes. 

Agriculture is the main occupation of the basinôs population. The use of irrigation water is regulated 

by local land reclamation organizations (TOEV) that operate under the supervision of the Stateôs 

Land Reclamation Services. Two such organizations exist in the study area: TOEV Korissos-Lithias 

and TOEV Vasileiadas. TOEV Korissos-Lithias supply most of the irrigation demand by 

groundwater abstractions from boreholes. Groundwater is distributed to the fields via a pressurized 

network at the fields of the former TOEV. In contrast farmers, whose fields belong to the 

jurisdiction of TOEV Vasileiadas, their irrigation demand is covered by private and municipal 

boreholes because this TOEVôs extent is too small and remote to have support its own collective 

irrigation network. Domestic water is supplied by groundwater for villages that exist on a higher 

altitude whilst those settlements that are located near karst systems i.e Korissos, Askepos or near the 

lake receive the water from springs and the lake of Kastoria respectively. Systematic exploitation of 

the groundwater resources of the alluvial aquifer system was initiated in the early 1970ôs (personal 

communication with the Department of Water resources and Environment of Kastoria). 

Greek economy, in the mainland is mainly based upon agriculture, whose water demands 

during the dry months of the year use irrigation water derived from groundwater. Most of 

agricultural activities are taking place in the Quaternary alluvial basins of Greece. Excessive 

groundwater level decline has been of significant impact on the groundwater resources, both due to 

the socio-economic development of the country and with the changes in climatic conditions since 

the late 1980ôs. Consequently, concern has been raised nationally regarding the future sustainability 

of much of the readily groundwater resources. 

1.2 Aim of the Research 

This research study aims at determining the quantitative status of groundwater resources of 

the alluvial basin of Kastoria through the use of groundwater simulation software package FeFLOW 

v. 7.2 and also the proposal of RCM-driven water resources management scenarios. In doing so, the 

objective implies that the organization of typically limited and non-standardized data from the 

alluvial aquifer of Kastoria, that has been operated for irrigation over a long period of time, into a 

viable database, and to use this data base to develop a conceptual understanding of the 

hydrogeology of that system so that the system can be analyzed accurately. Also, the algorithms 

written in this thesis to process the RCM data, prepare maps and FeFLOW input data can be 

developed into a fully-fledged software suite. However, this goes beyond this thesis and will be 

developed at a later date. Conceptualization is a simplified description of the physical components 

and interaction of the surface and groundwater systems. These data and the conceptual model could 

be used in development of a numerical model that dynamically links surface water and 

groundwater. Then, the model could be used by decision makers to manage water resources within 

the basin. The research is focused on the Kastoria alluvial aquifer, which is a relatively small 

aquifer. 

1.3 Structure of the Thesis 

The work presented in this thesis is structured in the following way: 
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In Chapter 1, an introduction of the subject, the purpose and the structure of this thesis are 

presented. 

In Chapter 2, the importance of water resources and their management, the relevant legislative 

framework applicable in Greece and the European Union. Also, brief information is given about 

climate change and future climate projections along with some modern examples 

In Chapter 3, the characteristics of the study region are presented and examined in 

conjunction with previous studies, the results discussed and compared the results of IGMEôs study 

for the entire Water District of Western Macedonia submitted at APPENDIX A, when applicable. 

Specifically: 

¶ The geology and its lithological characteristics are presented along with the geomorphology 

and tectonic setting of the basin. 

¶ The climate of the area is discussed and the main climatological parameters are analyzed and 

their patterns presented. Also, future climate projections are made based on the bias corrected 

results of selected Regional Climate Models of EURO-CORDEX. 

¶ The surface hydrology of Kastoria basin, the characteristics of Kastoria lake and its water 

balance. 

¶ The hydrogeological setup of the study area is examined based on the data from previous 

studies by Vafeiadis, 1983, Gianneli, 2009, IGME, 2010, Hellenic Ministry for the 

environment, Energy and Climate Change ï Special Secretariat for Water, 2014 and Hellenic 

Ministry of Agriculture, 2013. 

¶ The geometry of the alluvial aquifer is described and its hydrogeological characteristics 

defined. The hydraulic properties of the alluvial aquifer system are also defined and their 

spatial distribution is studied. 

¶ The piezometric data are processed and analyzed, with conclusions being drawn regarding the 

hydraulic interaction between the alluvial aquifer and karst aquifer. The extent of the 

hydraulic interaction between the aquifer and torrent Xiropotamos, is also examined using the 

estimated river bed transmission losses. 

¶ Based on the conclusions drawn from the aforementioned study, the main groundwater flow 

mechanisms of the system are identified and the water balance of the studied system is 

calculated. 

In Chapter 4, the mathematical groundwater flow modelling application is discussed. The 

steps followed in the design and the calibration procedure adopted are analyzed and their 

importance in the creation of a comprehensive model is demonstrated. Its ability to accurately 

simulate the main flow mechanisms of the studied system is tested in order to ensure credibility of 

the predictive simulations. A number of alternative future groundwater management scenarios are 

examined in terms of sustainability of the water resources and an optimal option is proposed based 

on these scenarios. The theoretical background of this Chapter will be presented at APPENDIX B. 

In Chapter 5, the conclusions drawn from this research study are presented and discussed in 

terms of their contribution to the hydrogeological knowledge of the examined system and in terms 

of the advantages from their use to the future development of the region. Furthermore, the 

significance of the derived methodology as an effective and viable groundwater management tool. 

Finally, proposals are presented for the continuation of the current study. 
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CHAPTER 2. Water Resources Management 

ñWater is the most important natural resource. It covers about 70% of the Earthôs surface but 

almost 97% of the worldôs water volume is saline and is located at planetôs oceans. The rest 3% is 

ófreshwaterô, as it contains less than 1000 mg/l of dissolved solids, mainly saltò (Chahine, M. T., 

1992). Nowadays, the status of freshwater, meaning both quantity and quality, is under stress, 

because water is in constant interaction with human activities. This interaction must be regulated if 

humans are to secure the harmonious continuation of human-environment coexistence for future 

generations. Water resources management is such a way to achieve this, due to its scientific 

approach. Itôs not one action but a whole set of actions, which include project development, 

regulations, agreements, etc. that all aim to achieve the aforementioned harmonious relationship 

between water resources and human-made environment, both in present and in future while having 

sustainable development in mind. 

Sustainable Development is achieved with the harmonious relationship between availability 

of water resources, demand for water resources and environment and by proposing the necessary 

measures - projects and scenarios. 

Water Management must be set to become: 

¶ a gentle exploitation of water resources 

¶ be guided by projects with minimal environmental and social costs 

¶ enforce protection laws of water resources and the environment 

¶ involve all stakeholders / reaching the maximum possible consensus 

To achieve this rational management of water, stakeholders and governing bodies must avoid 

sectoral solutions and mono-critical approaches; and the starting point of each decision must take 

into account implicitly the environment with its limitations and capabilities (Tsakiris, 2008). 

2.1 EU Legal Framework 

2.1.1 Directive 2000/60/E.C 

The management of water resources has been used by the International Community for quite 

some time. The dangers of pollution and contamination of the environment was recognized by the 

United Nations (UN). who in 1975, at within the framework of its UNEP (United nations 

Environment) Program, established the Global Logistics System (GEMS). National actions in its 

field environment were strengthened and united under its GEMS supervision. Many international 

organizations i.e. UNEP, the World Health Organization (WHO), the World Meteorological 

Organization (WMO), the Food and Agriculture Organization (FAO), the United Nations Nations 

Educational, Scientific and Cultural Organiztion (UNESCO) and other international and 

intergovernmental organizations have implemented such control programs. Since the problems in 

quality and quantity of water resources were detected both by the competent bodies in state level as 

well as the international community. The latter began to establish one a series of laws and directives 

which propose measures for the management of water resources to avoid further degradation of 

ecosystems or even improve wherever it is feasible. Taking all the above into account the European 

Community on 23 of October, 2000 adopted Directive 2000/60 of the European Parliament, to 

create a basic framework for water policy within and between communities. 

The Water Framework Directive (2000/60/EC) created a new status for water management 

resources. Its predominant characteristics are, but not limited to, the management of water resources 

at watershed level, the achievement of specific qualitative objectives associated with the ecological 

status of surface waters, as well as maintaining or achieving "good status" of groundwater bodies. It 

introduces in a clear way the concept of "ecological importance" of water by defining series of 

necessary actions, such as the provision of environmental cost of use and the introduction of quality 
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objectives, with fixed deadlines for their implementation. The main objective of the Water 

Framework Directive (WFD) is to prevent further deterioration of all water types i.e. surface, 

transitional, underground and coastal waters and the ecosystems that exists within them. 

The basic principles of this Directive are: 

¶ Water is a non-commercial product but a heritage and must be protected 

¶ Its primary objective is to improve the quality of water resources and, secondly, the quantity 

¶ Renewable natural resources, after being estimated, are imposed to long-term design of their 

protection projects 

¶ Sustainable water resource management is done within a single river basin 

¶ Other sectors of community, i.e. energy, transport, agriculture, are incorporated in the 

protection and conservation of water resources 

¶ The reduction of each observable upward trend of pollutants 

¶ The situation is monitored on a comparable basis 

¶ The ópolluter paysô principle is established along with the principles of 'Proportionality' and 

'prevention' 

¶ Systematic information and public participation shall be ensured in the decisions 

¶ Emphasis is being placed on tackling floods and drought 

Summarizing, the goal of the WFD is to expand and enforce the protection of all water and 

thus; ensuring that there shall be no further degradation of freshwater ecosystem resources. 

2.1.2 Adoption of Directive 2000/60/E.C by Greece 

Before the adoption of the Water Framework Directive, the national legislation was based on 

Law No 1739/87 on the management of water resources. Law No 1739/87 is now replaced by Law 

3199/2003 that introduced a modern concept for dealing with water related matters like research, 

administration and everyday practice by establishing the procedures and governing bodies that 

allow water resources management both at national and regional level. Some of the most important 

procedures provided by this law are: 

¶ Development of water resource development programs 

¶ Determination of surface and groundwater resources 

¶ Determination of the required quantities of water to maintain an aquatic ecosystem 

¶ Establishment of a central governing body for water resources 

These procedures are described by legislation at national level. In addition to the protection 

and the restoration of the nationalôs water resources, Directive 2006/118/EC further contributes 

groundwater status classification. This is an addition for Directive 2000/60/EC on groundwater 

resources. This Directive defines and enforces the adoption of several measures to prevent or 

restrict the introduction of pollutants therein (Directive 2000/60/E.C). 

National Law of Greece complied with Directive 2000/60/EC, when the Parliament of Greece 

drafted Law 3199/2003, which provides for the establishment of the following governing bodies, 

each one with its own duties: 

¶ The National Water Committee 

¶ The National Water Council 

¶ The Central Water Authority 

¶ The Regional Water Council 

¶ The Advisory Committee on Water at regional level 

¶ The Water District Directorate 
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Some of their duties are: 

 

¶ Preparation of management plans 

¶ Establishment of programs of measures and monitoring of water status 

¶ Establishment of anti-pollution programs 

¶ Establishment of general rules for the use of water 

¶ Recovery of costs for water services 

¶ Establishing and enforcing administrative and criminal penalties on polluters of water 

resources 

According to Law 1739/87, Greece is divided into 14 main water districts based on 

hydrological and hydrogeological characteristics, which is one of the necessary steps for the 

implementation of the Directive, such as these have been determined by the Decision of the National 

Water Committee of 16.07.2010. Some of those districts are further divided into smaller parts as 

shown in Fig. This division corresponds to administrative areas, based on drainage basins. The 

water districts of Greece are: 1) Western Peloponnese, 2) North Peloponnese, 3) Eastern 

Peloponnese, 4) Western & Central Greece, 5) Epirus, 6) Attica, 7) Eastern Central Greece & 

Evvoia, 8) Thessaly, 9) Western Macedonia, 10) Central Macedonia, 11) Eastern Macedonia, 12) 

Thrace, 13) Crete, 14) Aegean Islands. Every water district is defined by its own unique code i.e. 

GR 09 for the Water District of Western Macedonia. 

Following the first implementation of the Directive, at 2015, the Management Plans will be 

revised and will be updated every six years (2021, 2027 etc.) taking into account the results of the 

previous program, as imposed by the National Water Monitoring Network. Any activity directly or 

indirectly related to the use of water resources is considered to be compatible with the objectives of 

the Directive and more specifically it is approved for each Water Management Plan. 

2.2 Water Resources Management in Greece 

Law 1739/87 was issued as an elaboration of management plans for water resources 

management. This has been a major concern for those involved and many studies have been carried 

out, since then, at different levels. The most important of such studies are: 

¶ Management of water resources Louros and Arachthos (Ministry of Rural Development and 

Food/1991) 

¶ Water resources management of the Aegean Water Department (Y.AN/1993) 

¶ Draft plan for the management of the country's water resources (Ministry of Defense/1996 

update 2003) 

¶ Management of water resources of Kifissos, Voiteia (YPEXODE 2000) 

¶ Water resources management of the Cyclades islands (N.A. KYKLAD/2001) 

¶ Integrated Water Resources Management of Crete (Region Crete/2002) 

The project titled "Management plans of water resourcesò is one of the most comprehensive 

study on the subject, and with specifications that meet national and international requirements. It 

was conducted with the framework of the Operational Competitiveness Program of the Ministry of 

Development. This project includes 29 subprojects, of which 4 are the main, took place 

simultaneously and covered the whole country, except for Crete, whose corresponding 

specifications study was completed in 2002. 

The 4 main subprojects are: 

¶ Development of water resource management systems and tools for the water districts of 

Attica, Eastern Sterea Greece, Western Sterea Greece and Thessaly 
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¶ Development of water resource management systems and tools for the water districts of the 

West, North and East Peloponnese 

¶ Development of water resource management systems and tools for the water districts of 

Western Macedonia, Central Macedonia, East Macedonia and Thrace 

¶ Development of water resource management systems and tools for the water districts of the 

Aegean Island 

The beginning of the four main sub-projects took place in September 2003, and their 

completion in 2007. These studies-activities had as their main objective the production of a flexible, 

dynamic and efficient management tool. This integrated Decision Support System will allow 

authorities, responsible for the management of water resources, to evaluate and to compare 

alternative strategies and possible interventions scenarios for rational exploitation and sustainable 

management of aquatic water resources of their responsibility. The Decision Support System 

consists of databases and specialized simulation software with support of Geographical Information 

System, that will pipe data to management proposals dedicated in future scenarios that will include 

the possible conditions of supplying and demanding water. It therefore becomes clear that there is a 

need for integrated management water resources, which is not a simple process. A lot of data needs 

to be collected, then sorted and categorized, along with defining of large number of parameters so 

they can be fed all together into the specialized software, that will assist in any decision-making 

process. In this case, that software is the mathematical models of groundwater flow. 

Mathematical models are mostly easy to use nowadays. Their step by step setup inside an 

integrated environment can be ferreted out and they can also analyze any possible relationships 

between any number of variables and problems, thus enabling full insight into the system that is 

being studied. However, a modelôs reliability is heavily dependent on the quality of the data fed. 

The GIGO (Garbage In Garbage Out) principle, describes the aforementioned analysis as reliable 

only if the data entered are reliable (Anderson & Woessner, 1992). If the assumptions for the model 

are fair in terms of representing reality as astutely as possible and the data entered are reliable, then 

the model should produce fair results that are close at representing the possible mechanics of reality 

in any particular case. 

2.3 Brief Information about Climate change and future climate projections 

Changes in the properties of the climate system, which persist for an extended period of time, 

typically decade or more, are characterized as Climate change. Climate change may occur due to 

natural phenomena or by human activities. Natural phenomena can be internal processes such as 

changes in solar radiation and volcanism that occur naturally and alter the composition of the at-

mosphere. In contrast, external influences are caused by human activities, that also contribute to the 

natural variability of the climate in a similar way. For the past three decades, it is widely recognized 

that the production of greenhouse emissions is responsible for such climatic changes in the natural 

environment. The most investigated properties of the climate system are the potential increase of 

global and local temperatures and the induced modification of rainfall distribution in space and time 

that follows. These effects could heavily affect the environment and the society, both directly and 

indirectly. The Special Reports of the Intergovernmental Panel summarized such effects, e.g. 

changes in water resources, increased desertification, loss of biodiversity, sea-level rise, and chang-

es in agricultural productivity (IPCC, 1995aïc, 1997, 2007). Such alterations, natural or man-made, 

require studies to assess the impact they have on the climate system, and consequently on the hu-

man society, its growth and the feasible development of management plans (Piao et al., 2010). 

Climate impact studies aim to improve environmental and economic benefits. These im-

provements must be feasibly in certain future period of time, thus; they require future climate esti-

mations. These future climate projections are the projected changes in atmospheric variables under 

the climate change scenarios defined by the Intergovernmental Panel for Climate Change (IPCC, 

2007). One way of tackling the impact that climate change has in hydrological processes is through 
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the use of methods and tools, such as the analysis of paleo-climate analogues, and that of proxy and 

historical data and support decision support systems (DSSs) and decision support tools (DSTs), re-

spectively (Al -jawad et al., 2019). An alternative approach is the development of basin scale hydro-

logical simulations using meteorological data as inputs derived from global climate models 

(GCMs), which are based on climate change scenarios (Burlando & Rosso, 2002). However, GSMs 

provide data of a coarse spatial scale, which have resolutions in the ranges of hundreds of kilome-

ters. This can be a problem in representing future climate of a specific region, e.g. a medium-small 

basin, because they fail to adequately describe the local climate variability (Kim et al., 1984; Gates, 

1985; Robinson & Finkelstein, 1989; Smith & Tirpak, 1989; Cohen, 1990). Moreover, most of such 

models use rough representations to describe hydrologic processes (Koster & Suarez, 1994; Blyth et 

al., 1999). These reasons impose a serious restriction in the use of GCM-based scenarios for inves-

tigating the possible impacts of climate change in large scale. 

Regional climate models (RCMs) could be as fine as some tens of kilometers as opposed to 

GCMs. Local climate scenarios require data of larger scale for impact analysis; therefore, this im-

poses the use of RCMs. Many impact assessments require climate observations due to the fact that 

they are highly sensitive to fine-scale climate variations. This is especially true for regions of com-

plex topography, coastal or island locations, and in regions of highly heterogeneous land-cover. 

RCMs are the better choice of such regions, which is the relevant scale for water resource manage-

ment and mitigation strategies. 

RCMs are derived from GCMs, which are downscaled GCMs results in order to produce the 

required spatial resolution. These derivations can be done with two possible approaches, which are 

the most common, statistical or dynamical, the latter is the simulations of RCMs for small regions, 

e.g. runoff basins, with initial and lateral boundary conditions based on results of GCM simulations 

while the former is based on the statistical relationships between large-scale climate information 

and regional variables (Hewitson & Crane, 1996; Wilby et al., 2004). Also, RCMs can be produced 

with a myriad of different techniques in terms of discretizing equations and representing sub-grid 

effects (Deque et al., 2007). Thus, every different RCMs is expected to give a variety of different, 

so-called ensemble predictions. The pros and cons of these two fundamental downscaling ap-

proaches have been widely discussed (Murphy, 1998, 2000; Wilby & Wigley, 1997) as well as their 

impacts on the resulting simulations (Hellstrom et al., 2001; Haylock et al., 2006; Schmidli et al., 

2006). Xu et al. (2005) and Fowler et al. (2007), reviewed climate data downscaling methods and 

techniques, including combination of them, for hydrological modeling, concluding that there is gen-

erally no clear evidence to propose a specific downscaling technique or method (dynamic or statis-

tical) as better for use in hydrological and water resources management studies but the combination 

of both downscaling methodologies is suggested for climate change impact studies (Turco et al., 

2011) while Teutschbein & Seibert, 2010 suggest that ensembles approach should perform better 

than using the single RCM approach. 

Several ensembles of RCMs outputs, such as ENSEMBLES (Van der Linden, & Mitchell, 

2009), EURO-CORDEX (Gobiet & Jacob, 2011) and MEDCORDEX (Ruti et al., 2016), have been 

developed to provide model outputs for basin-scale studies. However, their outputs are often affect-

ed by a strong systematic bias. Bias correction is usually needed as climate models often provide 

biased representations of observed times series due to systematic model errors caused by imperfect 

conceptualization, discretization, regional averaging within grid cells and those inherited from 

GCMs. Typical examples of biases are the occurrence of too many wet days to those observed with 

low-intensity rain or incorrect estimation of extreme temperature in RCM simulations (Ines & Han-

sen, 2006). Such biases in RCM-simulated variables can result to, for example, unrealistic hydro-

logical simulations of river runoff, which is highly sensitive parameter (Bergstrom et al. 2001). 

Thus, necessitating bias-correction of their outputs to remove the systematic bias (Wilby et al. 

2000). This can be done via several methods, i.e Precipitation threshold, Scaling approach, Power 

transformation, Distribution transfer, Precipitation model, Empirical correction, Linear transfor-

mation, each one with their own advantages and drawbacks (Teutschbein & Seibert, 2010). In the 
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next Section, several examples of water resources management are given that use two common ap-

proaches: Single-RCM investigations and RCM-Ensembles approach. 

2.4 Modern examples of RCM-driven Water Resources Management 

2.4.1 Single-RCM investigations 

The simple approach of using data derived from RCMs is the application of one RCM to sim-

ulate local hydrology. The modeling chain in these cases is usually very simple: (i) small number of 

greenhouse gas (GHG) emission scenarios, (ii) one to two GCMs, (iii) only one RCM and (iv) a 

small number of hydrological models (Teutschbein & Seibert, 2010). This approach is often used in 

very large watersheds, e.g. the Yangtze River basin, in which the severe flood case over East Asia 

during the 1998 summer was simulated using SNURCM RCM with 60 km horizontal resolution 

(Lee et al., 2004), the Upper Mississippi River basin, in which the impact of climate change on 

streamflow in the Upper Mississippi River Basin was evaluated by use of RegCM2 (Giorgi et al., 

1993) coupled with a hydrologic model, Soil and Water Assessment Tool, SWAT (Jha et al., 2004), 

the Columbia River basin, in which the potential effects of climate change on the hydrology and 

water resources of the Columbia River Basin were evaluated using simulations from the U.S. De-

partment of Energy and National Center for Atmospheric Research Parallel Climate Mode (Payne et 

al., 2004) and the Rhine River basin, in which a model chain was described and evaluated for study-

ing streamflow responses to climate variations and anthropogenic climate change using CHRM 

(Kleinn et al. 2005). 

2.4.2 RCM-Ensembles approach 

This approach, ensemble, uses bias-corrected data and includes the parameter variability pre-

sented by each model used. This can be achieved by using more than one RCM and often also a 

range of emission scenarios, GCMs and/or hydrological models. Booij (2005), used one emission 

scenario and combined three GCMs (CGCM1, HadCM3, CSIR09) with two RCMs (HadRM2, 

HIRHAM4) to simulate future precipitation in the Meuse River basin. Leander et al. (2007, 2008) 

analyzed flood quantiles of the river Meuse by making RCMïGCM combinations. Those were set-

up by combining two global models (HadAM3H and ECHAM4ùOPYC3) with two regional models 

(RACMO and RCAO) based on the A2 emission scenario. Block et al. (2009), created ten runs with 

the NCEP RSMïECHAM4.5 AGCM system using observed sea-surface temperatures before simu-

lating stream flow with two hydrological models. Pisinaras, 2016 used an ensembles SWAT-

MODFLOW coupled approach to assess the potential impact of climate change in an aquifer in 

Northeastern Greece for the period 2041-2070. This study used three RCMs (HI-AR, Huagen & 

Haakensatd, 2005), RA-EC (Van Meijgaard et al., 2008) and RE-EC (Jacob, 2001) under the SRES 

A1B socio-economic scenario. These RCMs were bias corrected with the Cumulative Distribution 

Function. Arampatzis et al., 2018 assessed the future impact of climate change has on the quantita-

tive status of the Pinios river basin, Thessaly, Greece water resources for the period 2021-2100. Da-

ta from four RCMs were extracted and bias-corrected with the linear scaling method. Panagopoulos 

et al., 2016 assessed the potential impacts of climate change in the water balance of Pinios river ba-

sin by applying an area-differentiated model for total run-off estimation bases on the GROWA 

model. This was applied with monthly bias-corrected precipitation and temperature data, via the 

linear scaling approach, using four RCMs for period 2020-2080. Foughali et al., 2015, used four 

regional climate models (DMI, ARP, SMH and ICT) from the European program ENSEMBLES, 

forced by two global climate models (GCM): ECHAM and ARPEGE to evaluate the performance 

of a hydrological balance model in a watershed located in northern Tunisia. The water balance 

components were simulated with a modified version (MBBH) of the lumped and single layer sur-

face model BBH (Bucket with Bottom Hole model). 
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CHAPTER 3. Kastoria Basin, Western Macedonia 

3.1 Geomorphology 

Lake Orestiada is surrounded by a rocky mountainous and hilly areas. It is divided by the 

"Koritsa" peninsula in two parts, as follows: the northern or upper part with an area of 15.13 km2 

and the southern or lower part with an area of 11.47 km2. The lakeside flat section is of relatively 

small extend: it appears only in the north, east and south part of the basin. The lake area shows a 

progressive shrinkage for over 50 years in terms of spatial extent, average depth and water volume 

of the lake (Tolikas & Mylopoulos, 2000; Pavlopoulos et al., 2010). 

Table 1 presents the area of elevation classes and the percentage of a certain class to the total 

area of the basin. Also, 51.6% of its surface has altitude above 800 m. Consequently, the catchment 

area of Lake Kastoria is of mountainous type with a relatively high altitude. Also, as next two fig-

ures i.e the higher inclination at banks along the second part of Gkioli stream and the knick-point 

that separates the two parts of Gkioli stream, show that Kastoria basin has a different base level, 

that is defined by the Kastoria lake, than the rest of Aliakmonas catchment (Fig. 2). 

Table 1 - Area and Percentage Share of Area of Elevation Classes 

Elevation (m) Area (km2) Percentage Share (%) 

600-700 113.96 36.18 

700-800 38.48 12.22 

800-900 32.02 10.17 

900-1000 30.89 9.81 

1000-1100 29.98 9.52 

1100-1200 25.11 7.97 

1200-1300 21.17 6.72 

1300-1400 12.34 3.92 

1400-1500 4.10 1.30 

1500-1600 2.91 0.92 

1600-1700 2.87 0.91 

1700-1800 0.88 0.28 

1800-1900 0.23 0.07 

1900-2000 0.02 0.01 

Summary 314.94 100.00 

The morphology of the study area is affected by the combination of the geological structure, 

recent tectonic development and erosion processes, with the latter causing a progressive smoothing 

of the relief. The eroded materials are transported and deposited in the lowest regions of the basin, 

which is the Lake Kastoria. Based on the geological structure and the composition of the rocks, 

there are three distinguished zones of the basinôs relief (Vafeiadis, 1983; Drougka, 2006; Kastoria 

Lake Management Plan, 2015): 

¶ Relief of crystalline and pluton rocks zone (granite-gneiss rocks): This zone consisted of the 

rocky, crystalline rocks and a part of the plutonic mass of Mount Verno, which stretches down to 

lake Kastoria. Also, this area has a profound effect in depth corrosion. 

¶ Relief of karst zone (carbonate rocks): The carbonate rocks of the Mesozoic nappe that extends 

from the Korissos and Pyrgos to Askyos Mountains to Mount Triklarios at the northwest consist 

the second zone. These rocks are generally embossed advanced karstification and more specifi-

cally cracks, micro caves, dolines and leveling surfaces as mentioned in a previous chapter. 

¶ Relief of generally flat zone: The third zone coincides with the lakeside plain, the south of the 

lake semi-enclosed area that ends before the valley of the River Aliakmonas and the eastern-
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northeastern low inclination topographic area as shown at Fig. 1. It includes sediments of the 

Mid-Hellenic Trench, the Pleistocene deposits and finally from Holocene deposits. 

3.1.1 Relief of crystalline and plutonic rocks 

The relief of these rocks shows a large vertical displacement. Also, at this figure an altitude 

difference of 1,5 Km at a horizontal distance of 12 Km can be observed at this rocky relief zone. 

This area is dominated gneiss granite, which have a relatively intense topography with rocky out-

crops while the relief of the soil part of the area is way gentler, due to the easier erosion of the shale 

rocks that can be found there. 

3.1.2 Relief of carbonate rocks 

The carbonate rocks of Korrisos, Pyrgos, Sarakinas present structures of advance karstifica-

tion e.g. dolines. Also, there are some flat surfaces on the carbonate rocks of Korrisos. One of those 

can be found at the altitude 1,000 to 1,120 m, this is limited to the east by the hills of Mikris and 

Megalis Sarakinas, while in the west the limestones present a steep relief where the elevation of the 

surfaceôs slope plummets at the altitude of 700 m and below the Quaternary and Tertiary sediments 

of the Ampelokoipi area. The surface drainage system of this limestone mass is very sparse and pre-

sents no flow. 

The limestone ridge "Koritsa" (height 890 m), which has the form of a peninsula exists in lake 

of Kastoria, there are many and developed karst structures. This limestone mass, which is in hy-

draulic communication with lake Orestiada houses caves, both above the water level of the lake and 

below it. 

3.1.3 Relief of Generally Flat Relief 

The fan-like deposits of the torrents, the scree deposits, the old river terraces and the alluvial 

plain area belong to this category. Alluvial cones and fans are formed at the outlets of the torrents 

toward the plains area. When the relatively large slope of the torrentôs bed decreases downstream to 

some extent that the carrying capacity is reduced capacity of flowing water; thus, deposition of the 

suspended materials occurs place and therefore the formation of alluvial cones and fans. 

The surface of the alluvial cones and fans has large inclination, up to 15°. Such cones and 

fans can be observed at Aposkepos settlement, at the outlets of torrents Lakkos, Tichio, Metamor-

phosis, Melissotopos, Vassiliadas, etc. Those formations are characterized by the fan shape, their 

cross-section, the relative greater slope compared to that of the plains and the radial layout of the 

drainage network that can be found on them. In the area of Fotini-Stavropotamos, the alluvial fans 

of neighboring torrents are joined sideways and created composite fans. That zone extents a bit be-

low the main plain area of Xiropotamos. Similar fans exist, about 5 Km in length, along of the 

western slopes of Korissos karst system. However, these have been formed partly from fans and 

scree deposits of limestone composition. The old river deposits that develop south of Dispilio, be-

tween the Aliakmon River and the Gkioli  stream, give the area a hilly topographic relief. Also, the 

dense drainage network reflects their impermeability. 

Finally, the lakeside plain area is characterized by almost flat relief, horizontal sediment hori-

zons and the existence of deltaic deposits. Such deltaic deposits exist between Polykarpi and 

Mavrochori. 
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Figure 1 - Elevation along Gkioli stream 
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Figure 2 - Slope map of Kastoria Basin 
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3.2 Geology of Kastoria Basin 

3.2.1 Geologic succession of the broader research area 

The largest part of the Kastoria basin belongs to the Pelagonian zone while its western side 

represents part of the Sub-Pelagonian zone and the Mid-Hellenic trench. In general terms, the area 

consists of karst formations, alpine orogenesis metamorphosed plutonic rocks, molassic sediments 

of the Mid-Hellenic trench and in the uppermost strata loose quaternary formations with underlying 

Pleiocene sediments are found, which constitutes most of the formation types that are found in W.D 

GR 09. The metamorphic and plutonic rocks of the Pelagonian Zone exist in the north-eastern part 

of the area while the molassic sediments exist in the southwestern part. These geological formations 

have an orientation of NW-SE, as shown by the general tectonic movement of Greek formations 

(Brunn, 1956, 1959, 1961; IGME: Savoyat et al., 1971; Mountrakis, 1979, 1982b; Kilias, 1980; 

Mountrakis, 2010). 

The main formations present in the study area are illustrated in Figures 2 and 3 are described 

below in chronological order of deposition, from older to younger. 

Metamorphic bedrock. The crystalline bedrock of the Pelagonian zone is not homogeneous but 

consists of several rock strata that form an imbricate zone. Those rocks are considered to be parallel 

crystalline sequences of a common and uniform paleo-bedrock with similar lithological origin of 

Paleozoic or Pre-Cambrian age (Brunn, 1956, Maratos, 1972, Mountrakis, 1983). The 

metamorphosis of the crystalline bedrock is of greenschistolithic to amphibolitic phase and its 

metamorphosis took place in the Paleozoic before the Late Carboniferous (Mountrakis, 2010). The 

rocks that form the bedrock are mainly metamorphic and semi-metamorphic rocks (gneiss, 

amphibolites, amphibolitic and mica shale), with some appearances of plutonic rocks, i.e. gneiss 

granites. The gneiss of the crystalline bedrock is presented in segments with very good splitting, 

while in several positions they are deformed. Crystalline rock formations are all folded, due to the 

number of tectonic phases that have influenced the area. The general inclination of the foliation of 

gneisses and shales is NE to NW and almost always have small slopes i.e 15 ï 25 degrees, while 

southwest slopes are also present at their body. In the broader area of this research, two series of the 

crystalline bedrock of the Pelagonian zone are found (Gianneli, 2009): 

a) The Vitsio-Nympheo lower series, characterized by whitish or ashy colored gneisses, 

amphibolites and slates. This series is dominated by the presence of white colored gneisses, which 

are folded along with the other metamorphic rocks. The dense zones of mylonization, are an 

important feature of this series, which in some places are very characteristic of the intense tectonism 

that have occurred in the past as mentioned earlier. 

b) The Kleisoura upper series, which consists mainly of amphibolites, epidote-amphibolite 

shale, two-mica shale, garnet-mica rich schists and gneisses. There are also several felsic magmatic 

intrusions in the rocks of this series. In some places serpentinites appearances are observed folded 

along with the rest of the series. The two series of Vitsi-Nymphaion and Kleisoura include shale 

appearances, that are found in both series, but differ in that the former is the lowest horizons with a 

usually normal transition to the upper horizons of the second series. Both series, however, form the 

undivided crystalline background of the Pelagonian zone. 

The gneissed pluton of Kastoria. It is located in the lake of Kastoria, occupies the central mass 

of the Vitsi mountain range and extends to the northwest, where it merges with the granite of 

Florina and continues up in Yugoslavia (Mountrakis, 2010). These are magmatic penetrations of 

Upper Carboniferous age within the crystalline bedrock. This pluton basically is gneiss granite. Its 

feature is the light green color. It is folded along with the surrounding rocks during the alpine 

deformations during which alternations of rocks were position along several reverse faulting events. 
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Figure 3 - Geological Map of Kastoria Basin (based on IGME sheets Kastoria, Argos Orestiko, Koristsa-Mesopotamia with modifications) 
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Figure 4 - Synthetic Stratigraphic Column of the main formations of Kastoria basin (adapted from IGME, 1981) 

Permo-Triassic meta-clastic sequences. They exist on the western margin of Pelagonian zone and 

represent the old sedimentation of a continental slope developed during the continental fracturing, 

which led to the development of the ocean area west of the Pelagonian zone. The clastic sediments 

deposited there were metamorphosed during the Late Jurassic - Early Cretaceous in conditions of 
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the lower greenschist phase. The rocks that make up the meta-clastic sequences are phyllites, meta-

arkoses, shales, quartzites, etc. (Vafeiadis, 1983). 

Carbonate rocks. They consist of crystalline limestones, limestones and dolomite limestones. The 

limestone occurrences, based on paleontological findings found both in the broader research area 

and in adjacent areas, is of Triadic-Jurassic age (Brunn, 1956; IGME: Savoyat et al., 1971; 

Mountrakis, 1979, 2010). These rocks are highly fractured. Their most significant appearance is at 

the southeast of Lake Kastoria and south of Korissos. The occurrences of carbonate rocks are of 

particular hydrogeological interest to the wider region because they are associated with the 

appearance of significant karst springs, some of their occurrences greatly regulate the water balance 

of Lake Kastoria and finally discharge laterally into the granular aquifers of the lakeside plain 

(Vafeiadis, 1983). 

Ophiolites. The Pelagonian ophiolithic mass is allochthonous. It originates from the two oceanic 

regions of the Axios and Sub-Pelagonian zones and were placed on the Triassic-Jurassic carbonate 

nappes on the two margins of each corresponding zones (Mountrakis, 2010). Those ophiolithic 

appearances that exist in Kastoria region, which is also the wider area of this research, are of small 

extent and isolated. The appearance of the most significant size is that at the south-west of the city 

of Kastoria, between the lake and the settlement Maniakoi (Vafeiadis, 1983). 

Tertiary deposits. Tertiary formations are found mainly in the south-western part of the wider area, 

outside the boundaries of Kastoria basin. They are mostly composed of molassic sediments of the 

Mid-Hellenic trench (conglomerate, marls, sandstones) and, to a lesser extent, Pleio-Pleistocene 

fluvial deposits (conglomerate, cyan-green marls, loose sandstones, red clay). The Pleiocene 

sediments, found at the south part of the basin, were deposited after the emergence from below the 

sea of the molassic sediments and the formation of small lakes in the late Miocene - Pleiocene with 

the tectonic uplifting phase that followed (Vafeiadis, 1983). 

Loose quaternary deposits. In the wider region, the quaternary formations exist around the 

homonymous lake of Kastoria. These quaternary deposits include: modern land deposits in the form 

of loose alluvia at valleys, river terraces, fluvio-torrential cones, alluvial fans and screes. The screes 

exist on the base of steep slopes at the edges of sub-hilly lands. The alluvial fans, which are 

deposited where the streams discharge on lower land and consist of moderately rounded pebbles 

and edgy pebbles. Among those deposits there is sand, sandy silt or brown-reddish clay. The 

thickness of those varies. Generally, those are less thick on the edges, while the fans themselves 

become thicker further downstream. Finally, the alluvial deposits of the main plain area consist of 

alternating layers of coarse and fine-grained deposits (gravel, sand pebbles, sandy clay, clay etc.). 

Their thickness is quite large i.e. up to 120m at the north and east, more than 300 m at the southern 

part of the basin (Vafeiadis, 1983). 

3.3 Tectonic Setting of Kastoria Basin 

As mentioned in a previous chapter the study area, belongs mainly to the Pelagonian Zone 

and at its southern part formations of the Mid-Hellenic Trench are found. 

The Paleozoic basement of the Pelagonian zone, as shown by its age and tectonic processes 

deduced from its current structure, was influenced both by the Calidonian and Erkinian tectonic 

events as well as the Alpine orogenesis. These two former events (P1, P2) are also found in Kastoria 

basin, as in the rest of W.D GR 09 as mentioned in a previous chapter, where the crystalline rock 

formations are folded. The foliation of these folded rocks inclines generally towards the northeast, 

except from those found at the area of Lithia-Korissos where they incline towards the southwest. 

The carbonate rocks of Triassic ï Jurassic age found at the Kastoria basin were brittly deformed by 

the P2 tectonic phase but they are also linked the upward movements that have occurred in the 

wider northern Hellenic and Balkan region during Neocene - Pleistocene (Mountrakis, 2010). Also, 
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the Miocene marine sediments currently located at altitudes of 600-700 meters a.m.s.l, give a 

measure of the uplifting tectonic process that followed after Middle Miocene, which was caused by 

the Neo-Alpine tectonics. Also, the flattened limestone surfaces on the Korissos and Kazani heights, 

which probably are part of a paleo coast, suggests that the upwards movement of the rock mass due 

to tectonic events (Vafeiadis, 1983). 

During the Alpine folding event, a slip proportional to the gravity were created and can now 

be found on the schistokeratolithic with ophiolite rock complex. Considered as a phenomenon of 

this slip are the limestone and shale fragments encased in the Paleozoic diabasic schist at Kastoria-

Dispilio area, the tectonic wedges of the shales and limestones in the ophiolites, the small 

ophiolithic appearances in the shale of the area of Kefalari, the presence of the gneissed granite of 

Kastoria on top of the area's ophiolites and finally the observed faults with clastite in their fracture 

zone at Kastoria basin, which are found at the limestones of Triassic-Jurassic age and the thrusted 

ophiolites on top of the limestones (Vafeiadis, 1983). 

After the Alpine Orogenesis, the basement reacted as a brittle mass that gave faults at the 

general direction of the pre-existing folds and allowed the meta-alpine sediments to be deposited 

uncomfomibly on it during the meta-Alpine relaxation. Also, there were plutonic intrusion and 

volcanic activity, whose products are the basic rocks involved in the petrographic composition of 

PermioCarboniferous phyllites (Diabasic Shale of Kastoria-Dispilio). 

Finally, the meta-Alpine tectonic relaxation is associated with vertical fractures of the 

Quaternary, which created the present geomorphology of the area. 
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3.4 Climate of Kastoria Basin 

In the present thesis, data from twelve meteorological stations were used, which are found in 

the broader study area (Fig. 5), Those stations operate under the supervision of different organiza-

tions. Info data for these stations is summarized in Table 2. All the stations are equipped with rain 

and snow gauges and thermometers, while one is also equipped with evaporation pan. Snowfall has 

been converted to equivalent rainfall height automatically by the meteorological instruments of each 

station. Temperature data were available from seven stations; four within the study region and one 

outside of it. Evaporation was available only from the meteorological station of Dispilio so are not 

of an adequate spatial resolution to give any more insight for the wider study area. However, these 

data can give a reliable estimation about the plains of Kastoria basin, where the aforementioned sta-

tion resides. 

Table 2 - Meteorological Station Info used in this thesis 

ID Name Latitude Longitude Elevation (m) Owner/Operator Rain Temperature Evaporation 

1 Kleisoura 40.537144° 21.468548° 1180 DEH/meteo.gr 2000-2018 2010-2018 N/A 

2 Argos Orestiko 40.452946° 21.280223° 661 NMS 2000-2018 2000-2018 N/A 

3 Kastoria 40.519904° 21.257043° 630 M.E.D.C.C/meteo.gr 2000-2018 2010-2018 N/A 

4 Dispilio 40.483109° 21.283854° 630 DEH 2008-2018 2000-2012 1999-2010 

5 Tichio 40.581426° 21.302127° 663 RWM 2009-2018 2009-2018 N/A 

6 Polykarpi 40.523023° 21.325206° 630 RWM 2009-2018 2009-2018 N/A 

7 Vissinia 40.610178° 21.305468° 885 DEH 2000-2018 N/A N/A 

8 Lithia 40.523911° 21.412274° 940 RWM 2008-2018 2009-2018 N/A 

9 BP1 40.5542° 21.4257° 760 Gianelli, 2009 2004-2007 N/A N/A 

10 BP2 40.5252° 21.4186° 940 Gianelli, 2009 2004-2007 N/A N/A 

11 BP3 40.5763° 21.4425° 1170 Gianelli, 2009 2004-2007 N/A N/A 

12 BP4 40.5923° 21.3675° 1250 Gianelli, 2009 2004-2007 N/A N/A 

POE (DEH = Dhmosia Epicheirish Hlektrikou Reumatos ñȹɖɛɧůɘŬ ȺˊɘɢŮɑɟɖůɖ ȼɚŮəŰɟɘəɞɨ ɅŮɨɛŬŰɞɠò) = Public Organization of Electricity, RWM = Region of Western 

Macedonia, NMS = National Meteorological Service. Altitude is in m above mean sea level. N/A = Not available 
 

Use of data from stations widely spread over the area offers the means to develop an under-

standing of the rainfall, temperature and evaporation pattern in the study area. 
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Figure 5 - Elevation map and positions of meteorological stations used in this thesis 

3.4.1 Temperature and Evaporation patterns 

Temperature measurements were available from the meteorological station of the National 

Meteorological Service of Greece, at Kastoria Airport, Argos Orestiko, the meteorological stations 

of Municipality of Kastoria located at Tichio, Polykarpi, Lithia and those of meteo.gr at Kastoria 

and Kleisoura. The stations are located within the study area, excluding the Argos Orestiko and 

Kleisoura station, the topography of which is gentle for its largest part, and within which the mete-

orological parameters do not vary significantly. Temperature data were available for the periods 

shown at Table 2. 

3.4.1.1 Temperature 

The mean annual temperature for Kastoria basin, for the period 2000-2018, was calculated to 

be 12.13°C. As expected in such a climate, maximum temperatures occur during the dry summer 

months, whereas the lowest are in the cold winter months. During the winter season, the mean 

monthly temperature can reach values of 3.45°C, whilst in the summer season it was 21.3°C. This 

displays a rather cold air temperature regime. A considerable annual variability in temperature ex-

ists in the region. Sometimes the temperature drops below 0°C while rarely exceeds 35°C. Such 

variabilities commonly have serious implications for agriculture. However, due to the low tempera-

tures during the winter crops cannot be cultivated; thus, crops are cultivated only during spring, 

summer and the earliest part of autumn. Figure 6 displays the monthly temporal variations of mean, 

max and min temperatures while Fig. 7 displays the monthly means. Also, Table 3 summarizes an-

nual statistics of all three type of temperatures while Table 4 presents monthly means for average 

temperature only. Finally, mean monthly, max mean monthly and min mean monthly temperature 

figures for the entire Kastoria basin along with a mean temperature figure for the W.D GR 09 are 

passed at APPENDIX C. 
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Figure 6 ï Mean, Max and Min Monthly Temperature for period 2000-2018 at Kastoria Basin 

 
Figure 7 - Monthly Mean Temperature for period 2000-2018 at Kastoria Basin 
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Table 3 ï Annual Temperature Statistics for period 2000-2018 at Kastoria Basin 

Years 
Temperature (°C) 

Maximum Minimum Average 

2000 22.31 -2.00 12.08 

2001 23.97 0.90 12.91 

2002 22.65 2.67 12.26 

2003 22.84 -0.12 12.14 

2004 22.12 1.24 11.99 

2005 22.64 0.79 11.77 

2006 22.07 -0.08 11.56 

2007 23.56 3.44 13.06 

2008 23.02 3.10 12.61 

2009 22.76 3.07 12.76 

2010 22.10 3.28 12.22 

2011 23.13 1.15 11.85 

2012 25.17 0.06 12.82 

2013 15.14 3.01 9.80 

2014 23.13 1.77 12.48 

2015 23.34 0.25 12.72 

2016 22.47 0.75 12.32 

2017 23.17 3.48 12.54 

2018 22.03 2.80 12.73 

Mean 22.51 1.56 12.24 

Table 4 - Monthly Means for 2000-2018 at Kastoria Basin 

Month 
Monthly Mean Temperature (°C) 

2000-2009 2010-2012 2013-2018 Average 

Jan 2.35 1.74 3.37 2.49 

Feb 3.53 3.28 5.49 4.10 

Mar  7.70 7.74 8.75 8.06 

Apr  11.40 11.76 13.06 12.07 

May 16.59 16.03 16.96 16.53 

Jun 20.31 20.40 20.40 20.37 

Jul 22.37 22.94 22.45 22.59 

Aug 21.98 21.94 20.84 21.59 

Sep 17.00 17.03 15.96 16.66 

Oct 13.04 10.76 11.29 11.69 

Nov 7.97 6.13 6.51 6.87 

Dec 3.60 2.74 2.68 3.01 

Average 12.32 11.87 12.31 12.17 

For the spatial distribution of the mean, maximum and minimum temperature five stations 

were used. They are located at Argos Orestiko, Kleisoura, Toichio, Lithia and Polykarpi. As ob-

served at Fig. 8, 9 & 10 the higher values are found at the west side of the basin while the minimum 

values are found at the east side, which is of higher elevation. 
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Figure 8 - Mean Monthly Maximum Temperature for period 2010-2018 at Kastoria basin 

 
Figure 9 - Mean Monthly Minimum Temperature for period 2010-2018 at Kastoria basin 
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Figure 10 - Mean Monthly Temperature for period 2010-2018 at Kastoria Basin 

3.4.1.2 Evaporation 

Evaporation is one of the parts of the hydrological cycle, being so vital to assess the hydro-

logic regime of any region, and is affected by a number of factors. Seven in total and listed as such: 

1. Latent heat required for changing the phase from liquid to gaseous. 2. Temperature of the liquid 

and the surrounding air. 3. Vapor capacity of the air. 4. Wind speed. 5. Weather pattern (pressure). 

6. Nature of evaporating surface. 7. Soil moisture content (Ven Te Chow, 1964). 

Measurements obtained from a pan evaporimeter at the Dispilio station were used for the as-

sessment of the evaporation over the study region. Data for the rest of EL 09 were not available and 

given its size the data from Dispilio station cannot produce a meaningful conclusion for the rest of 

Kastoria basin. Analysis of the available data (1999-2010), in the form of total monthly evaporation 

values, shows that actual evaporation varies considerably over the year, reaching its highest values 

in the late Spring-dry summer months-early autumn and its lowest by mid-Autumn and Winter (Fig. 

13). During the 12 years of available records the minimum monthly evaporation recorded was 6 mm 

in Jan 2001 while the highest recorded in August 1999 was 221.1 mm. Annual values vary from 

759.89 mm to 1267.40 mm with an average of 972.33 mm. Annual statistical data are summarized 

to Table 5 while mean monthly statistical data are summarized to Table 6. 
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Figure 11 - Mean Monthly Evaporation for period 1999-2010 at Dispilio station 

Table 5 - Monthly Evaporation Statistics for period 1999-2010 at Dispilio station 

Month  
Evaporation (mm/month) 

Mean Max Min 

Jan 30.33 61.70 6.00 

Feb 38.66 71.50 16.40 

Mar  66.15 88.60 26.00 

Apr  94.87 205.30 50.00 

May 117.88 173.00 43.50 

Jun 140.74 169.90 79.50 

Jul 167.15 202.90 117.00 

Aug 161.33 221.10 123.40 

Sep 91.41 120.00 57.00 

Oct 51.63 102.90 21.10 

Nov 23.07 46.10 9.69 

Dec 28.86 65.00 9.60 

Sum 1012.08 - - 

Table 6 - Annual Evaporation Statistics for period 1999-2010 at Dispilio station 

Years 
Evaporation (mm) 

Mean Max Min Sum 

1999 63.32 221.10 9.69 759.89 

2000 99.36 186.60 9.60 1192.32 

2001 87.29 168.50 6.00 1047.47 

2002 92.11 146.80 22.20 1105.32 

2003 84.78 156.50 12.60 1017.36 

2004 85.82 158.90 14.20 1029.84 

2005 83.61 149.60 16.76 1003.26 

2006 93.97 165.00 21.86 1127.59 

2007 87.98 197.10 21.90 1055.70 

2008 92.71 185.70 17.89 1112.50 

2009 105.62 205.30 16.40 1267.40 

2010 91.76 212.50 19.40 1101.10 

Mean 83.03 170.66 16.52 996.62 
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3.4.2 Rainfall  

Rainfall has a significant role in a hydrogeological study and as such, serious consideration 

has been given to ensure the consistency and reliability of the available data. The alluvial basin of 

Kastoria is covered by several of rainfall stations, which are of more than adequate number. How-

ever, to achieve better reliability in terms of the method used to spatially distribute the rainfall two 

more station were taken also into account that are outside the wider study area, providing a broader 

hydrological network and thus a better understating of the distribution and pattern of precipitation. 

The latter, as discussed in the next Chapter of the present thesis, is in close hydrogeological interac-

tion with the aquifer system of the alluvial basin. Rainfall records are available as monthly totals for 

the periods defined in Table 7. Figure 12 and Table 8 summarize rainfall data as mean monthly val-

ues. Some of the records were incomplete, so the period of time covered by them is not consistent. 

Those missing values were filled using the mean value of all corresponding months. Fig. 13 pre-

sents the mean annual precipitation relationship with elevation. This was done with linear trendline 

and the use of four rainfall stations of Vissinia, Kastoria, Kleisoura and Argos Orestiko. The linear 

analysis yielded Y=0.533X+291.58 with R2~=0.9 (Fig. 13), a result which is similar to the one pro-

duced by Vafeiadis (1983) and IGME (2010) for the eastern region of W.D GR 09. 

 
Figure 12 - Mean Monthly Rainfall for period 2000-2018 at Kastoria Basin 
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Table 7 - Monthly Rainfall Statistics for period 2000-2018 at Kastoria Basin 

Month  
Rainfall (mm/month) 

2000-2003 2004-2007 2008 2009-2018 Mean 

Jan 63.70 78.46 66.32 58.39 63.70 

Feb 68.20 65.85 79.08 79.37 68.20 

Mar  67.05 87.77 76.08 71.47 67.05 

Apr  56.47 73.13 55.87 49.75 56.47 

May 66.06 73.44 70.22 69.32 66.06 

Jun 50.07 68.83 48.64 45.46 50.07 

Jul 39.17 50.15 31.76 30.64 39.17 

Aug 38.04 57.80 27.96 27.93 38.04 

Sep 66.63 57.39 74.09 71.58 66.63 

Oct 77.11 61.42 85.83 79.03 77.11 

Nov 74.15 56.76 88.88 86.06 74.15 

Dec 80.40 74.36 88.26 82.32 80.40 

Sum 747.07 805.37 792.98 751.32 747.07 

Table 8 - Annual Rainfall Statistics in mm for period 2000-2018 at Kastoria basin 

Year Mean Max Min  

2000 57.94 91.21 24.06 

2001 48.74 94.44 22.47 

2002 74.71 201.13 26.93 

2003 78.10 182.21 21.98 

2004 71.66 140.53 19.67 

2005 62.43 112.03 18.89 

2006 59.25 103.01 20.16 

2007 58.22 107.06 13.13 

2008 48.50 106.90 4.92 

2009 83.36 168.19 23.25 

2010 79.68 168.09 14.22 

2011 41.13 112.64 11.81 

2012 58.85 109.92 15.49 

2013 55.97 143.58 6.17 

2014 61.90 150.54 16.66 

2015 62.87 128.44 11.25 

2016 65.54 213.23 5.55 

2017 52.72 140.14 9.75 

2018 68.01 137.38 5.12 

Mean 62.61 137.41 15.34 
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Figure 13 - Mean Annual Precipitation - Elevation Relationship 

3.4.2.1 Rainfall pattern 

Spatial distribution of precipitation is of significant importance in hydrology. According to 

Luo et al. (2010), Radial Basis Function Network, Kriging, Inverse Distance Weighting are widely 

used methods for such calculations. However, there are several more methods to determine the 

characteristics of precipitation over a catchment described in the literature, including the Arithmetic 

Mean, the Thiessen Polygons, the Isohyetal Method, the Hypsometric and the Multiquadratic Meth-

ods (Shaw, 1994; Panagopoulos, 1996). In this thesis, Radial Basis Function Network (Multiquad-

ric), coded by Chirokov 2006, was used as a free mesh approach to spatially calculate the rainfall in 

the study area. This is done in an automated fashion via a MATLAB algorithm, developed in the 

framework of this thesis, that incorporates the aforementioned R. B function. 

As mentioned earlier, R. B function was used to interpolate the spatial pattern of precipitation. 

The average annual rainfall for 19 years is 730 mm, between 2000 and 2018, which interpolated 

values is close to the one (~747 mm) calculated by simple statistics shown at Table 7 & 8. Fig. 14 

and 15 depict the pattern of rainfall. Both figures depict the same pattern. They also present higher 

values of precipitation (>900 m of altitude) to places with a higher altitude at the eastern side of the 

basin while presenting low values at the western side. The plains of Kastoria basin receives relative-

ly high amounts of rainfall while most of the rocky part of the basin receives a high amount of rain-

fall ranging from 750 mm to 1000 mm (Fig. 16). Also, mean monthly precipitation figures for the 

entire Kastoria basin along with a mean annula precipitation figure for the entire W.D GR 09 are 

passed at APPENDIX C. 
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Figure 14 ï Mean Monthly Rainfall for years 2000-2018 

 
Figure 15 - Mean Annual Rainfall 2000-2018 
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During this period 52.6% of the years deviated below the average, indicating that dry spells 

prevail over wet ones (Table 8 & Fig. 16). 

 
Figure 16 - Annual Rainfall at Kastoria Basin for period 2000-2018 

The bulk of the rainfall mainly occurs during the winter and autumn months and to a lesser 

extent during early spring (Table 9). During at the dry period (June-September), only individual 

events are experienced. Rainfall intensity is inversely proportional to the ñwetnessò of the month. 

Towards the dry months the rainfall intensity increases and the duration decreases while during 

winter time rainfall events are of low intensity and of long duration. This fraction of the rainfall 

eventually contributes to aquifer recharge. Since year 2000 rainfall events have been concentrated 

in fewer months, and are characterized by very high intensity and low duration. Such a pattern leads 

to water clogged-soil, which impedes percolation and recharge. This in turn causes considerably 

increased runoff, commonly resulting in extensive flooding of land (Panagopoulos, 1996). Severe 

floods were reported in several months during period 2005-2007, i.e Mar-2005, Jan-2006 and Apr-

2007 (Gianneli, 2009). 

3.4.3 Evapotranspiration 

Evapotranspiration is an important component of the hydrologic cycle as it can significantly 

affect the water budget of the natural. This necessitates its accurate estimation. Several empirical 

methods have been developed to derive evapotranspiration estimates. The Food and Agriculture 

Organization of the U.N. (F.A.O) recommends the PenmanïMonteith method as the sole method to 

calculate reference evapotranspiration, wherever the required input data (i.e. temperature, relative 

humidity, solar radiation, wind speed) are available (e.g., Allen et al, 1998; Ampas et al, 2007). 

Other widely used methods are the FAO 24 Penman method, the FAO 24 Blaney and Criddle meth-

od (Doorenbos & Pruitt, 1977), the FAO 24 Makkink method, and the Hargreaves method (Har-

greaves & Samani, 1982; 1985). Choosing one of those depend mainly upon the availability of the 

measured meteorological data. These may be categorized into one of the following classes of ener-

gy budget, aerodynamic transfer (or mass transfer), a combination of those and empirical methods. 

The suitability of various evapotranspiration methods has been subject of research for many 

hydrologists and agriculturists, due to the different results they provide under different climatic 

conditions. Evapotranspiration research also includes comparison of numerous equations describing 

evaporation or evapotranspiration. Among the articles on comparison between different approaches 

is the work of Xu & Singh, 2002, which evaluated five empirical equation of ET0 estimation with 

480.00

580.00

680.00

780.00

880.00

980.00

1080.00

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Annual Precipitation (mm) at Kastoria Basin

Annual Rainfall Mean Annual Rainfall



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης
34 
 

daily datasets from Switzerland and of Antonopoulos & Antonopoulos, 2018, which compared the 

results of thirteen methods of evapotranspiration estimation using seven years of monthly meteoro-

logical data from Amynteo meteorological station of the National Meteorological Service. 

In this thesis, the available data for the estimation of the reference evapotranspiration (ET0) 

were only temperature. A comparison was made between temperature methods: the Blaney-Criddle 

method (Blaney-Criddle, 1950) and the Hargreaves method (Hargreaves-Samani, 1985). These 

methods were then compared to the mean monthly Penman-Monteith values of ET0 produced by 

Georgiou et al, 2000, who used meteorological data from meteorological station of Edessa, Kateri-

ni, Kozani, Ptolaimaida and Florina, which are found at basins adjacent to the one studied. Nineteen 

years of monthly temperature data of Argos Orestiko meteorological station of N.M.S, Kastoria, 

Toichio, Polikarpi and Kleisoura stations of meteo.gr were used for this comparison. These data 

were applied in the following Equations: 

Blaney-Criddle 

╔╣╫ ▬ Ȣ ╣□▄╪▪ Ȣ Σ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΦΦΧ [3.1] 

where, 

ETb is the reference evapotranspiration (mm dī1) 

Tmean is the mean daily temperature (°C) given as Tmean = (Tmax+ Tmin)/2 

p is the mean daily percentage of annual daytime hours 

Hargreaves-Samani 

╔╣▐ Ȣ Ȣ ╡╪╣□▄╪▪ Ȣ ╣□╪● ╣□░▪Σ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΦΦ [3.2] 

where the 0.408 =1/ɚ factor converts from MJ m
-2

d
-1 

to mm d
-1 

ETh is the reference evapotranspiration (mm dī1) 

Tmean is the mean daily temperature (°C) given as Tmean = (Tmax+ Tmin)/2
 

R
a
= extraterrestrial radiation (MJ m

-2 

d
-1

) 

The following Tables depict the results from the comparison between the mean monthly 

Penman-Monteith values of evapotranspiration received from Georgiou et al., 2000 and those pro-

duced by the above equations yielded, by using monthly temperature data for 9 years, the following 

tables, which summarize the mean monthly percent change for the aforementioned meteorological 

station at the study basin for each of the two evapotranspiration estimation equations. 

Table 9 - Monthly Means of Percent Change of Hargreaves method of Estimation of Evapotranspiration for five meteorological 

station at Kastoria basin 

Hargreaves Jan Feb Mar  Apr  May Jun Jul Aug Sep Oct Nov Dec 

Argos Orestiko 39.21 31.78 39.23 34.70 31.32 28.38 23.85 25.42 30.43 41.02 53.96 64.68 

Kastoria 30.40 24.19 33.45 31.43 27.36 23.18 17.53 17.77 22.93 31.22 42.30 51.20 

Kleisoura -17.03 -12.99 -1.84 -0.42 -1.13 -3.19 -3.66 -3.95 -4.03 2.32 9.01 8.59 

Lithia  32.57 23.88 19.56 9.66 5.23 -2.05 -9.41 -10.36 -2.74 26.96 54.37 48.34 

Polykarpi  35.56 26.86 22.19 15.87 6.52 -0.67 -8.43 -9.56 -0.43 19.48 47.60 64.22 

Toichio 35.03 25.07 22.06 7.11 3.44 -2.40 -10.48 -11.05 -1.89 18.19 35.21 48.90 

Table 10 - Monthly Means of Percent Change of Blaney-Criddle method of Estimation of Evapotranspiration for five 

meteorological station at Kastoria basin 

Blaney-Criddle Jan Feb Mar  Apr  May Jun Jul Aug Sep Oct Nov Dec 

Argos Orestiko 243.44 150.05 103.92 56.74 41.03 33.12 23.64 29.32 60.21 129.75 221.25 300.05 

Kastoria 257.74 160.09 111.00 62.87 45.06 35.66 25.21 30.82 62.93 135.26 237.28 322.77 

Kleisoura 229.09 124.42 83.96 45.90 33.93 25.89 18.33 24.26 50.97 115.42 213.31 292.53 

Lithia  65.87 36.92 19.54 5.14 -1.81 -4.15 -9.65 -6.42 7.68 63.87 131.63 105.59 

Polykarpi  73.35 42.82 23.88 13.99 -0.10 -2.32 -8.36 -5.31 11.25 49.97 116.14 147.50 

Toichio 72.02 39.28 23.66 1.51 -4.16 -4.62 -11.07 -7.37 9.00 47.56 87.80 107.09 
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In summary, the Hargreaves method generally overestimates ET0 at Argos Orestiko and Kas-

toria stations while underestimates at the station of Kleisoura thought out the year. At the stations of 

Lithia, Polykarpi and Toichio, ET0 is slightly underestimated for months June, July, August and 

September while the other months of the year its overestimated with similar percentages observed at 

the rest of the stations. The Blaney-Criddle method shows similar percentages for most of the 

months of the year for stations Lithia, Polykarpi and Toichio, apart from the winter months where it 

significantly overestimates ET0 by 1-3 times the ones yielded by the Hargreaves method. The refer-

ence evapotranspiration is overestimated by 5-10 times at the stations of Argos Orestiko, Kastoria 

and Kleisoura apart from the summer months where the results are similar with the ones form Har-

greaves methods. The significant overestimation of the Blaney-Criddle forbids its use for the esti-

mation of the reference evapotranspiration at the study area. Thus, in this study ET0 will be calcu-

lated with the Hargreaves method. 

Tables 11 & 12 summarize ET0 data as monthly means and annual values, respectively, calcu-

lated with the Hargreaves method for the reason stated above. Some of the records were incomplete, 

so the period of time covered by them is not consistent. Those missing values were filled using the 

mean value of all corresponding months of the adjacent years. 

Table 11 - Mean Monthly Reference Evapotranspiration Statistics for period 2000-2018 at Kastoria Basin 

Hargreaves ET0 (mm/month) 

Month 2000-2009 2010-2010 Mean 

Jan 0.77 0.66 0.71 

Feb 1.24 1.09 1.16 

Mar  2.15 1.85 2.00 

Apr  3.18 3.12 3.15 

May 4.63 4.03 4.33 

Jun 5.75 5.00 5.37 

Jul 6.08 5.42 5.75 

Aug 5.46 4.85 5.15 

Sep 3.58 3.23 3.41 

Oct 2.22 1.85 2.03 

Nov 1.20 1.06 1.13 

Dec 0.68 0.68 0.68 

Sum 36.95 32.82 34.89 
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Table 12 - Annual Reference Evapotranspiration Statistics in mm for period 2000-2018 at Kastoria basin 
Hargreaves ET0 (mm) 

Year Mean Max Min  Sum 

2000 3.16 6.42 0.62 37.97 

2001 3.20 6.18 0.49 38.41 

2002 2.94 5.78 0.54 35.30 

2003 3.03 6.17 0.66 36.38 

2004 2.97 5.95 0.71 35.65 

2005 3.01 5.93 0.68 36.15 

2006 3.03 5.75 0.63 36.37 

2007 3.23 6.68 0.59 38.79 

2008 3.17 6.17 0.70 38.01 

2009 3.04 6.07 0.73 36.48 

2010 2.71 5.80 0.53 32.47 

2011 2.69 6.37 0.37 32.27 

2012 2.85 6.88 0.45 34.25 

2013 2.77 5.81 0.57 33.23 

2014 2.68 5.97 0.53 32.18 

2015 2.68 6.48 0.49 32.10 

2016 2.70 5.98 0.50 32.42 

2017 2.80 6.42 0.17 33.65 

2018 2.74 5.90 0.48 32.84 

Mean 2.92 6.14 0.55 35.00 

3.4.3.1 Evapotranspiration Pattern 

In order to also achieve better reliability in terms of the method used to spatially represent the 

reference evapotranspiration, like implemented with the rainfall, more than three station were taken 

into account, two outside of them located the wider study area, providing a broader hydrological 

network and thus a better understanding of the distribution and the pattern of ET0 for the periods 

defined in Table 9. The R.B function were also used in this case. 

The average annual reference evapotranspiration for 19 years is 35 mm, between 2000 and 

2018, whereas the interpolated values are close to the one (~12.7 mm) calculated by simple statis-

tics shown at Table 11 &  12. Figures 17, 18 and 19 depict the pattern of ET0 at monthly means val-

ues, mean annual and mean annual values for the growing period only, respectively. All three fig-

ures depict the same pattern. They also present lower values of ET0 (>900 m of altitude) to places 

with a higher altitude as at the eastern side of the basin while presenting higher values at the middle 

and southwestern side. 
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Figure 17 - Mean Monthly ET0 for the period 2010-2018 estimated with the Hargreaves method 

 
Figure 18 - Mean Annual ET0 for period 2010-2018 estimated with the Hargreaves method 
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Figure 19 - Mean Annual ET0 for Grow Period of 2010-2018 estimated with the Hargreaves method 

3.4.4 Climate Classification Assessment 

The climate of the Mediterranean region can be characterized by the Emberger formula, 

which gives a strong emphasis to annual changes in temperature. The rainfall quotient, Q, value for 

the studied region and the value of m are compiled climatic charts of Emberger modified by 

Sauvage (1930). 

╠
╟

╜▓ □▓
 

P: Annual Rainfall in mm 

Mk: Mean temperature of maximum measured temperature of the hottest month in Kelvin 

mk: Mean temperature of minimum measured temperature of the coldest month in Kelvin 

At the Climate Diagram for Greece three bioclimatic categories can be distinguished "semi-

dry", "wet" and "semi-humid" and four sub-categories based on the value of m (in °C degrees) in 

"hot winter", "mild winter", "winter cold" and "severe winter" (Mavromattis, 1980) 

Thus, the following bioclimatic combinations are distinguished: 

¶ Mediterranean very dry climate 

¶ Mediterranean dry climate 

¶ Mediterranean semi-dry climate 

¶ Mediterranean sub-humid climate 

¶ Mediterranean humid climate 

¶ Mediterranean hyperhumid-climate 

¶ Mediterranean climate of high mountains 
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The distinction of the sub-categories of each bioclimatic category is in five variants "warm", 

"temperate", "cool", "cold" and "very cold" is based on the average of the coldest month tempera-

tures (m °C) as follows: 

¶ m> 7 °C = warm underfloor, winter warm without frost 

¶ 3 °C <m <7 °C = temperate, winter mild, frost rare 

¶ 0 °C <m <3 °C = cool, winter chilly, frequent frost 

¶ -10 °C <m <0 °C = chilly, severe winter, cold shade, long-term frosts 

¶ m <-10 °C = very cold, winter very severe, frosts prolonged 

By using the data generated by R.B function (P=800 mm) as well as the temperature data 

from the sources listed at Table 9 (M=30.5°C and m=-6.6°C) and the following modified equation 

of Emberger, that calculates Q equal to 75.63. This characterizes the climate of Kastoria basin, by 

these recent climatic data, as semi-humid with severe winters per Mavromattis, 1980. 

3.4.5 Future Climate Projections 

The Mediterranean region has been characterized as the planetôs hot spot in terms of climate 

change effects (Giorgi et al., 2006). Itôs also the most vulnerable European region in terms of cli-

mate change impacts (Schroter et al., 2005; Navarra & Tubiana, 2013; Giorgi & Lionello, 2008) 

and is expected to witness a decrement in water resources due to climate change. This is attributed 

to the significant predicted increase in above average precipitation and decrease in annual precipita-

tion with fewer wet days and drier summers (IPCC, 2007). This has been presented in several stud-

ies. Alpert et al., 2008 support this and further suggest greater decrease in rainfall, increase in tem-

peratures and a greater tendency towards the aforementioned extreme. Moreover, Dubrovsky et al., 

2014 based on future trends of 16 GCM runs suggested that a significant increase in temperature for 

the period 2070-2099, close to the end of the current century, relative to the control period 1961-

1990. Seasonally, rainfall is expected to decrease 5-30% on an annual basis for the Mediterranean 

area, from north to south. In regard to temperature, the increase is expected to be higher in the 

summer and lower during the winter and spring, with average increase of 3-5 °C. Jacobcit et al. 

2014, reviewed a wide number of studies about projected climate change that altogether cover the 

Mediterranean region. Precipitation for the entire Mediterranean points a downward trend for 

spring, summer and autumn while in winter global climate models indicate a general rainfall de-

crease in contrast to several statistical downscaling results that show increases in rainfall. Greece, 

found at the eastern part of the Mediterranean, shows an increasing trend in future temperature vari-

ation while precipitation is expected to decrease in amount and wet day occurrence (Tolika et al., 

2012). The results of transient high-resolution RCM simulation by Zanis et al., 2015 indicate small 

changes, as increasing annual temperature by 1.8 °C and decreasing/increasing precipitation for the 

early-future period 2021-2050 while towards the end of the century more severe changes are ex-

pected i.e 3.4 to 4.2 °C of temperature increase and up to 40% decrease in precipitation. Summer 

presents the largest future increase in average temperature while winter and spring show the largest 

decreases in precipitation. In addition, extreme precipitation events are expected to be increased in 

Greece (Tolika et al., 2008). 

The above described climate changes during the twenty-first century are expected to signifi-

cantly affect water resources availability in the Mediterranean region. Studies that indicate water 

reduction attributed to climate change as a consequence have already been conducted (Garcia-Ruiz 

et al., 2011; Ludwig et al., 2011). According to the European Environment Agency (2009), several 

studies that aim to assess the potential effects of climate change at the water resources in the Medi-

terranean region have been conducted. They have concluded, in common, that the water resources 

availability is going to decrease. More specifically, fresh water availability at the Mediterranean 

region is expected to decrease between 30% to 50% by 2050 (Milano et al., 2013). Local studies of 

climate change impacts in water resources have also been conducted as reported at a previous Chap-
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ter. In addition to their findings, Koutroulis et al. (2016) presented a significant reduction in 

groundwater level, as result of decreased groundwater recharge and increased groundwater abstrac-

tion of irrigations for Crete island while Kalogeropoulos & Chalkias (2013) suggested significant 

decrease in surface runoff for the next 50 years at a catchment of Andros island. Similar results are 

also suggested by Abdo et al. (2009) for the Gilgel Abay catchment in Lake Tana basin, Ethiopia, 

where rainfall will decrease by 20% while runoff will increase by 33% towards the end of the cen-

tury. 

Taking into account all the above, Chapter 2 and the necessity to develop climate change im-

pact assessment studies on the local scale, to construct sustainable development plans, the careful 

evaluation of climate change data sets seems to be indispensable to comprehend climate change im-

pact on water resources availability and spatio-temporal distribution. Given the fact that agricultural 

activities are the dominant water consumer in Kastoria basin accounting for almost the entire water 

use (Hellenic Ministry for the Environment, Energy and Climate Change-Special Secretariat of Wa-

ter, 2014), precipitation and temperature evolution area expected to significantly affect water re-

sources availability in the form of reduced effective precipitation and increase of crop water de-

mand and indirect availability in the form of groundwater recharge and surface runoff, all of which 

processes are vital factors of the water balance of the basin and of the water balance of Kastoria 

Lake. 

3.4.5.1 Climate data & bias correction 

Monthly precipitation data were collected form 4 meteorological station located in the wider 

Kastoria basin area (Fig. 20). Those data cover a period of twenty years between 1986 to 2005 (con-

trol period). For 2 of those stations, average monthly temperature was also available. Information 

regarding the four meteorological stations can be found at Table 2. GCMs has been widely applied 

in climate change impact research, as mentioned in Chapter 2. However, Greece is a country that 

presents complexity at its climate characteristics. Thus, the controlling factors cannot be adequately 

represented by GCMs (Tolika et al., 2012) and, therefore, the application of RCMs, which have a 

finer resolution is necessary (Tolika et al., 2016). Consequently, precipitation and temperature data 

were extracted from the EURO-CORDEX project, in which RCMs were used to produce simulation 

of reginal climate at fine grids, e.g. 12.5 or 50 km resolution (Gobiet & Jacob, 2011). These simula-

tions are driven by reanalysis data for the control period and by several GCMs under three emis-

sions scenarios, e.g RCP 2.6, RCP 4.5 and RCP 8.5. Fifty-three RCMs were received from the EU-

ROCORDEX experiment and were considered for use. However, such a number of models is cum-

bersome to handle and also, itôs not certain that better results will be produced than using less mod-

els. Having in mind that RCMs present very different results meaning increase and/or decrease in 

precipitation and temperature and also that bias-correction might not always improve RCM results 

in terms of representing observed pattern for a given bias-correction method and a certain type of 

data e.g monthly data, only ten RCMs were chosen out of fifty-three all of which displayed mainly 

decrease in precipitation, increase in temperature and improvement in representing observed pat-

terns after being bias-corrected. Two of those models are under the RCP 2.6 emission scenario 

while the rest of the models are equally divided into two groups under RCP 4.5 and RCP 8.5. The 

names and the hereafter names of the selected models are illustrated to the table found below. 
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Figure 20 - Stations used to perform bias-correction and the corresponding grid-points extracted from the RCMs 

Table 13 - Original Names and Hereafter Names of the selected RCMs 

RCP RCP 2.6 RCP 4.5 RCP 8.5 
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O
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0

0
9 

R
C

A
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C
C

L
M

4-8
-1

7 

C
C
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M

4-8
-1

7 

R
E
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O

2
0

0
9 

R
C

A
4 

In
s
ti
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ti
o
n

 - 
G

C
M

 

IPSL-IPSL-

CM5A-MR 
X          1 

MPI-M-MPI-

ESM-LR 
 X         1 

IPSL-IPSL-

CM5A-MR 
  X        1 

MOHC-

HadGEM2-ES 
   X       1 

MPI-M-MPI-

ESM-LR 
    X      1 

MPI-M-MPI-

ESM-LR 
     X     1 

CNRM-

CERFACS-

CNRM-CM5 

      X    1 

MPI-M-MPI-

ESM-LR 
       X   1 

MPI-M-MPI-

ESM-LR 
        X  1 

MPI-M-MPI-

ESM-LR 
         X 1 

Total Number 1 1 1 1 1 1 1 1 1 1 

1

0 
Hereafter Name 

RCP 

2.6 A 

RCP 

2.6 B 

RCP 

4.5 A 

RCP 

4.5 B 

RCP 

4.5 C 

RCP 

4.5 D 

RCP 

8.5 A 

RCP 

8.5 B 

RCP 

8.5 C 

RCP 

8.5 D 

Reference Jacob et 
al. (2012) 

Jacob et 
al. (2012) 

Skamarock 
et al. (2008) 

Kupiainen et 
al. (2011) 

Jacob et 
al. (2012) 

Kupiainen et 
al. (2011) 

Rockel et 
al. (2008) 

Rockel et 
al. (2008) 

Jacob et 
al. (2012) 

Kupiainen et 
al. (2011) 

To improve local climate variability representation on regional and local assessment of cli-

mate change effects, bias-correction was applied in RCMs output via a custom MATLAB code. A 

wide range of bias-correction methods are proposed and used in the scientific community. The sim-
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ple methods have the advantage of altering the RCMsô results as little as possible (Graham et al., 

2007). The advantages and disadvantages of the most widely applied simple bias-correction meth-

ods, namely the delta change and linear scaling, are presented by Teutschbein & Seibert, 2013. 

Linear scaling was applied for the purposes of this study, which has been previously used in 

several studies for the assessment of climate change impacts at river basin scale (Bosshard et al., 

2013; Fiseha et al., 2014). A scaling factor was calculated for each calendar month for both precipi-

tation and temperature. This factor is the ratio between the average observed and average simulated 

monthly precipitation for the historical period 1986-2005. Those scaling factors were subsequently 

multiplied by monthly precipitation data and added to the monthly temperature data for the each of 

the three sub-periods for the projected period, as shown at the equations found below. For each sta-

tion of observed data used the nearest grid point were chosen. 

╟ᶻ ╟
Ⱨ□ ╟▫╫▼

Ⱨ□ ╟╬▫▪◄►
Σ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ.ΧΧΧΦΦΦ [3.3] 

╣ᶻ ╣ Ⱨ□ ♆▫╫▼ Ⱨ□ ╣╬▫▪◄►Σ ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦ [3.4] 

where: 

P*=bias-corrected Precipitation 

T* = bias-corrected Temperature 

Pobs=observed Precipitation 

Tobs= observed Temperature 

Pcontr= control period Precipitation 

Tcontr= control period Temperature 

P= RCM Precipitation 

T= RCM Temperature 

ɛm= mean within monthly interval 

The projected period 2019-2078 was divided into three equal sub-periods of 20 years each to 

assess future trends in precipitation temporal variations, e.g 2019-2038, 2039-2058, 2059-2078. The 

results were later analyzed on monthly, seasonal and annual basis for all sub-periods and compared 

to the corresponding precipitation and temperature data of the period 1986-2005. 

The performance of each model to represent observed precipitation and temperature variation 

patterns was assessed, along with the performance of the chosen bias-correction method, with the 

construction of Taylor diagrams (Taylor, 2001), since they provide an efficient graphical method to 

present how well simulated patterns match the observed ones. Taylor diagrams are incorporating 

correlation coefficient (Pearsonôs for precipitation and Spearmanôs for temperature), centered root 

mean square difference (cRMSD) and standard deviation into a single diagram and, therefore, they 

provide a clear overview of similarity between simulated and observed data. 

3.4.5.1.1 Future trends in precipitation variation 

The Taylor diagram compiled by raw and bias-corrected RCM precipitation data for the peri-

od 1986ï2005, is presented in Figure 21 ,while a summarizing table with the Taylor diagram data is 

passed to APPENDIX D. Points that are found closer to the ñobservedò quadrant of standard devia-

tion and demonstrate higher correlation indicate better representation of observed patterns. With 

regard to raw RCM precipitation data, correlation coefficient ranged approximately between -0.12 

and 0.2 for all RCMs while standard deviation 1.1-1.6, 0.9-1.55, 0.8-1.55, for the RCMs for each 

RCP. The corresponding cRMSD ranged between 2.5 and 1.75 for all RCMs. All RCMs were found 

to underestimate standard deviation compared to that of the observed data and, therefore, they indi-

cate lower precipitation variation compared to the observed. The bias-correction improved correla-

tion coefficient for the chosen RCMs as it was increased by more than 0.01 units, which is evidence 

of improvement, while improvement was also observed for the standard deviation. These improve-

ments indicate better performance after the bias-correction application. 
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Figure 21 - Taylor diagram of Raw and bias-corrected (BC) EUR-11 RCM precipitation data for the control period 1986-2005 
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Annual temporal variation of precipitation was assessed for the three sub-periods and com-

pared to the median total annual precipitation of the control period (1986ï2005), which is 778.54 

mm and the results are illustrated in Fig. 22. A wide range of annual precipitation change is indicat-

ed for all RCMïGCM combinations and all sub-periods. The general point of the results illustrated 

in Fig. 21 is that precipitation is expected to be significantly decreased, especially during the period 

2059-2078. Climate change signal for the period 2019ï2038 is not very clear as highly controver-

sial estimates are generated; RCP 2.6 A, B, RCP 4.5 A, B, C and RCP 8.5 A indicate a small de-

crease or increase of precipitation by 10.33, 19.37, 6.7, -8.29, 12.31, -3.75 mm, respectively on the 

median, while RCP 4.5 D and RCP 8.5 B, C, D indicates annual precipitation decrement by 86.35, 

51.89, 54.88 and 102.66, respectively. For the next sub-period of 2039-2058, all RCMs present de-

crease in precipitation between 17.73 and 115.99 mm, except RCP 8.5 A, whose median is almost 

equal to the median of the observed data of the control period while for the final sub-period all 

RCMs present decrease in precipitation between 9.08 and 122.39 mm, except from RCP 4.5 A, D 

and RCP 8.5 A, whose median present a slight increment in respect to the median of the observed 

data of the control period. 

When comparing the temporal change of annual precipitation for each chosen model, different 

trends are indicated. RCP 2.6 A, RCP 4.5 A, C and RCP 8.5 B during the second and third sub-

periods present even greater reduction in precipitation compared to the first sub-period. The second 

sub-period RCP 4.5 D and RCP 8.5 C, D present increase but are still reduced compared to the me-

dian of the control period. Also, RCP 2.6 B and RCP 4.5 B present a slight decrease while RCP 8.5 

A present a slight increase, where it also shows increase compared to the control period. Finally, 

during the third sub-period all models present decrease except from models RCP 4.5 A, D and RCP 

8.5 A, which present a slight increment. 

To identify temporal trends in precipitation variation on a seasonal basis, box-plots of season-

al total precipitation were created for all sub-periods and RCMs., which are presented in Fig. In 

general, there are some clear variation trends identified when the precipitation for the two sub-

periods are compared to the control period. All RCMs present increase or decrease during the first 

sub-period and decrease or increase during the second while decrease with a few exceptions as 

mentioned earlier. 

Concerning the autumn season (Fig. 23), there is a general trend observed which indicates 

wider seasonal precipitation variation range and increment in precipitation extremes, either by little 

or by more. The high autumn precipitation extremes are increasing the potential negative impact on 

agricultural production of crops such as cotton. Its cultivation period is usually between end of Oc-

tober and middle November. RCP 2.6 B, RCP 4.5 A and RCP 8.5 B, D present decrease by 5.6 mm, 

5 mm, 5.58 mm and 25 mm, respectively, during the first sub-period while during the second sub-

period present increase by 23mm, 30 mm, respectively for the first two models. RCP 8.5 B presents 

a decrease by 25 mm and RCP 8.5 D presents a slight decrease of 1.9 mm. During the third sub-

period, models RCP 2.6 A, RCP 4.5 C, RCP 8.5 B and C present 9.61, 6.66, 14.71, 12.81 mm de-

crease respectively while models RCP 2.6 B, RCP 4.5 A, B, D, RCP 8.5 A and D present 24.71, 

27.89, 46.52, 38.85, 20.72 and 6.47 mm increase respectively. From all the chosen RCMs, only 

RCP 8.5 B presents decrease for all sub-periods, the highest autumn precipitation decrement is pre-

sented by RCP 8.5 D for the period 2019-2038 and it is equal to 25 mm. 

Concerning the winter season (Fig. 24), only RCP 4.5 A and RCP 8.5 C present a decreasing 

trend for the first two sub-periods only. All other models present increments or decrements in each 

sub-period, either low or moderate. Similarly, to autumn season, there is a general trend according 

to which winter precipitation variation range is wider compared to the corresponding variation 

range of the control period, thus indicating increment in precipitation extremes, either low or high, 

for most of the examined model combinations and sub-periods. The highest decrement is presented 

by RCP 2.6 B model at the third sub-period and it is equal to 47.15 mm. 
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Figure 22 - Box-plots of total annual precipitation variation according to the results from the ten selected RCMs for the periods 

2019-2038, 2039-2058 and 2059-2078 
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Concerning spring precipitation variation (Fig. 25), RCP 2.6 A, RCP 4.5 A, B, D, RCP 8.5 B, 

C and D present decrement for both sub-periods, ranging from -5.5 to -49 mm for the first period 

and -8 to -95 mm for the second period while 7 to 67 mm for the third period. RCP 2.6 B and RCP 

4.5 C present increment for the first period, 1.2 mm, 10 mm, respectively, and decrement for the 

second sub-period, -15.3 mm and -9.6, respectively. RCP 8.5 A presents as slight increment on both 

sub-periods. As in autumn and winter, there is a general trend according to which spring precipita-

tion variation range is wider compared to the corresponding variation range of the control period, 

thus indicating increment in precipitation extremes, either low or high, for most of the examined 

model combinations and sub-periods. 

Finally, summer precipitation variation (Fig. 26) follows the general trends observed at the 

rest of the seasons for only for models under RCP 8.5. Models under RCP 2.6 and RCP 4.5 present 

narrower seasonal variation range while models under RCP 8.5 present wider range than the ob-

served variation range. RCP 2.6 A, B, RCP 4.5 B, C, D, RCP 8.5 A, B, C, and D present constant 

decrement at both sub-periods, ranging from -2 to -54 mm for the first period, -15 to -61 mm for the 

second and from -19 to -58 for the third. RCP 2.6 A and RCP 8.5 A present decrement for the all 

sub-periods, by 18 and 54 mm for the first, and by 14 and 21 mm for the second sub-period, respec-

tively while RCP 4.5 A present increment for the first sub-period by 15 mm, 4 mm for the second 

and 13 mm for the third. Moreover, summer precipitation variation indicates total dry summer peri-

ods for RCP 2.6 A, B, RCP 4.5 B, C, D, RCP 8.5 B, C, and D models. 

In complement to annual and seasonal precipitation variation, monthly precipitation variation 

was also assessed. The cumulative frequency diagrams for the three sub-periods and for each RCMs 

chosen are presented in Fig. 27. A significant correction of precipitation CDFs for all RCMs has 

been achieved. These diagrams indicate that at the RCMs indicate maximum monthly precipitation 

greater than the corresponding maximum of the control period and, therefore, increment in monthly 

precipitation extremes is presented by most of the RCMs, either raw or bias-corrected. This is also 

proved from the fact that for cumulative frequency values > 70-75%, higher precipitation values are 

indicated for most RCMs and sub-periods. For cumulative frequency values < 70-75%, RCP 2.6 

and RCP 8.5 RCMs are presenting lower monthly precipitation for both sub-periods. RCP 4.5 A 

and B indicate significantly different variation patterns for the rest of the RCMs, as for cumulative 

frequency values < 70% it presents monthly precipitation values which are close to the correspond-

ing values of the historical period. 
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Figure 23 - Box-plots of autumn total precipitation variation according to results from the selected models for the periods 2019-

2038, 2039-2058 and 2059-2078 
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Figure 24 - Box-plots of winter total precipitation variation according to results from the selected models for the periods 2019-

2038, 2039-2058 and 2059-2078 
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Figure 25 - Box-plots of spring total precipitation variation according to results from the selected models for the periods 2019-

2038, 2039-2058 and 2059-2078 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης
50 
 

 
Figure 26 - Box-plots of summer total precipitation variation according to results from the selected models for the periods 2019-

2038, 2039-2058 and 2059-2078 
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Figure 27 - Cumulative frequency diagram of monthly precipitation for the control period (1986-2005) and the selected RCMs for 

the three sub-periods 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης
52 
 

3.4.5.1.2 Future trends in temperature variations 

The Taylor diagram compiled by the raw and bias-corrected RCMs temperature data for the 

period 1986ï2005 is presented in Fig. 28. Points that are found closer to the ñobservedò quadrant of 

standard deviation and demonstrate higher correlation indicate better representation of observed 

patterns. With regard to raw RCM temperature data, correlation coefficient ranged between 0.91 

and 0.95, while standard deviation ranged between 6 ï 8.6 °C for the RCMs of RCP 2.6, 6.7 ï 9 °C 

for the RCMs of RCP 4.5 and 6.3 ï 9 °C for the RCMs of RCP 8.5. The corresponding range for 

cRMSD was 2.43 °C to 3.16 °C, 2.39 °C to 3.16 °C and 2.36 °C to 3.15 °C. Since correlation coef-

ficient values of all RCMs raw temperature data are similar, the best performance is presented by 

those whose standard deviation is closer to the observed one. All RCMs were found to either under-

estimate or overestimate standard deviation and, therefore, they indicate higher temperature varia-

tion compared to the observed. The bias-correction procedure improved correlation coefficient since 

it was found to be increased by more than 0.01 units of temperature for all RCMs, while significant 

improvement was observed for standard deviation for all RCMs since it matches the observed one. 

After bias-correction, all RCM performance was found to be similar. 

Average annual temperature variation for the three sub-periods is presented in Fig. 29. De-

spite the fact that all RCMïGCM combinations are indicating temperature increase during the peri-

od 2019ï2078, with the exception of RCMs RCP 8.5 A and B, which present a slight decrease for 

the first sub-period only, the variation range of temperature increase produced by most RCMs is 

large. RCP 2.6 A and RCP 8.5 D present smaller variation range in comparison to the one observed, 

only for the first sub-period while RCP 4.5 A for the second sub-period only. RCP 4.5 A, RCP 8.5 

A and RCP 8.5 B present variation range similar to the one observed for the first sub-period. Still, 

clearer trends are depicted for all selected models, compared to the afore-discussed precipitation 

trends. Depending on the period, the highest temperature increment is indicated by a different mod-

el. For the first two sub-periods the highest increase of temperature is indicated by RCP 2.6 A. For 

the third and final sub-period the highest increase is present by RCP 8.5 C. The lowest temperature 

increase is demonstrated for the RCP 4.5 C for first two sub-periods. For the third sub-period lowest 

increase is presented by RCP 2.6 B. For the first sub-period, the temperature increase ranges be-

tween 0.16 °C to 1.41 °C, while the corresponding range for the second sub-period is 0.43 °C to 2.6 

°C while for the third 0.32 to 2.8 °C. The highest temperature increase is presented for all models 

during the third sub-period except those under RCP 2.6. The comparison of temporal change of 

temperature for each RCM indicates almost non-linear temperature increase for all RCMs model 

except from RCP 8.5 A and B, which present a slight decrease of the first sub-period only. 

Moreover, similarly to temperature variation for most seasons, it is worth mentioning that for 

RCMs RCP 2.6 A, RCP 4.5 A and B the minimum average annual temperature is higher than the 

maximum average annual temperature observed during the control period, thus indicating signifi-

cant difference in annual temperature variation pattern. RCP 2.6 B, RCP 4.5 C, D, RCP 8.5 A, B, C 

and D models do not indicate climate change for the first period, unlike at the second and third one, 

because their inter-quartile range overlap with the corresponding inter-quartile range of the control 

period. RCP 8.5 A and B RCMs results indicate the weakest climate change signal, for the first pe-

riod, because the inter-quartile ranges of annual temperature variation they present almost overlaps 

with the corresponding inter-quartile range of the control period. 

With regards to autumn average temperature variation, box-plots for the results of all selected 

RCMs and the three sub-periods were created and compared to the results of historical period (Fig. 

30). The results of RCP 4.5 B autumn temperature, for all three sub-periods, is estimated to be de-

creased compared to the historical period. RCP 2.6 A, B, RCP 4.5 A, C and D demonstrate in-

creased seasonal temperature for all sub-periods. Concerning autumn, the overall strongest climate 

change signal is on the median presented by RCP 2.6 A with temperature increment ranging be-

tween 1.75 (sub-period 2019ï2038), 2.16 °C (sub-period 2039ï2058) and 2.58 °C (sub-period 

2059-2078). Moreover, it is interesting to mention that according to RCP 2.6 A, minimum median 

autumn temperature is higher than the maximum median autumn temperature observed during the 
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historical period, for all sub-periods, thus indicating significant difference in autumn temperature 

variation pattern. Other models e.g. RCP 2.6 B, RCP 4.5 A, C, D, according to which their inter-

quartile range partially overlap with the corresponding inter-quartile range of the historical period 

but still present a higher median than the one at the control period. Significantly different variation 

pattern is presented by RCP 8.5 C and D, for which autumn temperature illustrates milder increment 

of 0.15 and 0.28 °C for the first sub-period, while at the rest of the sub-periods higher increment. 

RCP 8.5 A and B present a mild decrement and a moderate one respectively, only for the first sub-

period. 

In terms of winter temperature variation (Fig. 31), the overall strongest climate change signal 

is indicated by RCP 2.6 A, which illustrates, on the median, temperature increment of 1.81 for the 

first sub-period, 2.51°C for the second sub-period and 3 °C for the third sub-period. Significant 

winter temperature increase is also presented by RCP 2.6 B and for the models under RCP 4.5 for 

all sub-periods. The lowest winter temperature increase is illustrated by RCP 2.6 B, RCP 4.5 C, D 

and RCP 8.5 A of 0.15, 0.4, 0.16 and 0.08 °C during the first period, by RCP 2.6 B, RCP 8.5 B and 

D of 0.16, 0.41, 0.58 °C during the second period and by RCP 2.6 B and RCP 4.5 C of 0.59 and 

0.42 °C, respectively. The inter-quartile variation ranges for most models and periods does not 

overlap with the corresponding range of the historical period, thus indicating significant difference 

in winter temperature patterns while wider temperature variation ranges are demonstrated for all 

periods by most models. 

Compared to autumn and winter, spring average temperature (Fig. 30-32) indicates lower but 

significant increase compared to the historical period. Spring temperature is constantly increasing 

during the period 2019ï2078 from mild values of 0.34 °C (RCP 4.5 D) to more significant of 5.26 

°C (RCP 4.5 B). RCP 4.5 C, RCP 8.5 C and D during the first sub-period do not present any incre-

ment compared to the control period. Also, RCP 8.5 A and B present a slight decrease for the first 

sub-period only. 

Considering that the study area is dominated by summer crops, any changes in summer tem-

perature variation can potentially affect agricultural production. Among the four seasons, summer 

presents the strongest climate change signal with temperature increment on the median by up to 

2.44 °C right from the first sub-period for all models. More specifically, the overall higher tempera-

ture increment is presented by RCP 8.5 D (1.06-4.05 °C) followed by RCP 8.5 C (1.44ï3.62 °C), 

RCP 4.5 B (1.01ï2.53 °C), RCP 4.5 D (1.21ï2.28 °C), and then by RCP 8.5 A (0.49-2 °C), while 

the lowest temperature increment is presented by then by RCP 2.6 B, RCP 4.5 B, RCP 8.5 B, which 

have the same increment of 1 ï 2 °C. Similarly to spring, summer temperature presents increase 

during the period 2019ï2078 for all selected models, while the significant differences in variation 

range and inter-quartile ranges indicate the important differences in temperature variation patterns. 

Similarly to precipitation, cumulative frequency diagrams of average monthly temperature for 

the four sub-periods and for each RCM are presented in Fig. 34. Concerning the sub-period 2019ï

2038, the widest monthly temperature variation range is presented by RCP 2.6 B, according to 

which minimum monthly temperature that is expected to be observed during the period 2019ï2038 

is a bit lower than the corresponding temperature observed during the historical period. All the other 

models demonstrate higher minimum monthly temperatures that are exceeding or are close to the 

one observed. The strongest climate change signal is presented by all models for all sub-periods, 

due to the fact that observed monthly temperature is mostly higher than similar for the whole range 

of cumulative frequency curve. The lowest climate change signal is demonstrated by the models 

under RCP 8.5 for the first period only, as the cumulative frequency curve for RCP 8.5 models of 

the first period is very close to the corresponding curve of the historical period, except from cumu-

lative frequency values > 0.7 for which significantly higher monthly temperature values are indicat-

ed by the RCP 8.5 models of the first period compared to the control period. The cumulative fre-

quency curves for the rest of the models, including the model results for the sub-periods presented 

in Fig. 34 are shifting steadily to the right, thus indicating further increment in average monthly 

temperature compared to the historical period and a tendency to overestimate average monthly tem-

perature. 
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Figure 28  - Taylor diagram of Raw and bias-corrected (BC) RCM temperature data of the selected EUR-11 RCMs for the control period 1986-2005 
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Figure 29 - Box-plots of average annual temperature variation according to results from the selected RCMs for the periods 2019-

2038, 2039-2058 and 2059-2078 
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Figure 30 - Box-plots of autumn average temperature variation according to the results of the selected models for the periods 

2019-2038, 2039-2058 and 2059-2078 
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Figure 31 - Box-plots of winter average temperature variation according to the results of the selected models for the periods 2019-

2038, 2039-2058 and 2059-2078 
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Figure 32 - Box-plots of spring average temperature variation according to the results of the selected models for the periods 2019-

2038, 2039-2058 and 2059-2078 
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Figure 33 - Box-plots of summer average temperature variation according to the results of the selected models for the periods 

2019-2038, 2039-2058 and 2059-2078 
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Figure 34 - Cumulative frequency diagram of monthly temperature for the control period (1986-2005) and the selected RCMs for 

the two sub-periods 
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