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Abstract

The Mediterranean climate has been the focus of intense research on climate related issues.
Climate change is expected to increase the risk of high drought frequency and duration. The
Mediterranean region has been characterized as one of the main climate change “Hot-Spots”
while it is quite vulnerable to its effects. The increasing frequency of extreme drought events
in comparison to the past conditions constitutes one of the biggest concerns. The present PhD
thesis focuses on the study of drought phenomena on the island of Crete. At first, combined
methodology helped investigating the influence of elevation and longitude on precipitation
distribution, offering valuable information about the linkage between these geographical
factors and droughts. This connection provides an important clue for the respective spatial
drought pattern, which is produced with the aid of the Spatially Normalized Standardized
Precipitation Index (SN-SPI) for the period 1974-2005. Further analysis with the use of three
Global Climate Models (GCMs) output (precipitation and temperature) and results from
hydrological model IHMS-HBYV for drought assessment at a basin scale was carried out. The
produced hydrological variables (flow, soil moisture and lower groundwater reservoir
volume) were used for the hydrological regime assessment, drought identification and
projection till 2100 from two emission scenarios aspects. In addition, drought assessment and
projection for the island of Crete was performed with the aid of thirteen GCMs output
(precipitation), using the new scenarios based on the Representative Concentration Pathways
(RCPs) 2.6, 4.5 and 8.5. The above findings aim to an improved understanding of drought

mechanisms as well as to the future strategic planning for drought management.



Iepiinyn

Ta tehevtaio ypdvia T0 HECOYEOKO KAIHO OmOTEAEL TO EMIKEVIPO EVIOTIKNG EPELVOC OE
Oéuato mov oyetilovrar pe to kAipo. H xhpotiky oddayn ovopévetor vo owénoet tov
kivouvo g vyning ovyvotrog kot ddpkelog Enpacidv. H meproyn g Mecoyeiov €xet
YOPOKTNPIOTEL O amd TIC KOPLEG «EOTIECH TNG KAMUOTIKNG OAAOYNG, €VO €ivol opKeTd
ELAAMTY OTIG eMMTM®OELS TS, H avEnomn g cuyvotntag Tov akpoiov eatvopéveav Enpaciog
o€ oLYKpLoN Ue TIS TopeABovTikég cuvinKes amotelel pio and T peyarvtepeg avnovyiec. H
Topovco SOAKTOPIKY STPIPn EMKEVIPOVETAL GTN UEAETN Qavopévev Enpaciag 6to vnot
m¢ Kpnme. Apyikd, cvvovacuévn pebodoroyior 00 ynce oty €pevva Tng €MiOPUCNS TOL
VYOUETPOV KOl TOV YEMYPOUPIKOV UNKOVE GTNV KOTAVOUY] TNG PPOYOTT®ONG, TPOGPEPOVTOS
TOADTIUEG TANPOPOPIEG CYETIKA HE TN CLOYETION UETOED OWTMOV TOV TOPUYOVIOV Kol TNG
Enpociag. Avti 1 GLOYETION TOPEYEL LWL CNUAVTIKY €VOEIEN Y10 TO OVTIGTOO YWOPIKO
npdTLTo NG Enpacioc, To omoio mapdyetar pe 1 Pondeia Tov Xwpikd Koavovikomrompévov -
Tvromomuévov Agiktn Bpoydéntwong (SN-SPI) yia v mepiodo 1974-2005. IMepartépw
avéivon SeEnydn pe 1t YPNoN TOV OTOTEAECUATOV TPIOV TOYKOGHIOV KAUOTIKOV
novtédwv (GCMSs) (Bpoyomtmon kot Oeppoxpacio) Kot tTov VOPoAOYKoD poviélov THMS-
HBV yia v a&oldynon mg Enpaciog o€ eminmedo Aekdvng amoppons. Ot mopayOueveg
VOPOAOYIKEG TAPAUETPOL (OmOPPON, €OQPIKT] VLYpOoio Kol OYKOG VTOYElMV VOATWV)
YPNOOTOWON KOV Yoo TNV EKTIUNGN TOV VOPOAOYIKOV KOHEGTMTOG, TOL EVIOMIGUOV TNG
Enpociog kot peddovtikav mpoPréyemv péxpt to 2100 Pdaoer dvo KMpoTIKOV cevapiov.
EmnAéov, n extiunon g Enpaciag ko g mpoPreyng g vy to vnoi g Kpnng
npoypatonomdnke pe tn Pondeia twv amotelecpdtov dekotpidv GCMs (Bpoyodmtmon),
YPNOUOTOIDVTOS Tpia VEQ KAtk oevapio (RCPS) 2.6, 4.5 ko 8.5. Ta anotedéouata g
LEAETNG OTOXEVOVV GTNV KAADTEPT KOTAVONOT TOV UNYOVICUAV TOV SETOVV TIG ENPOGIES Kot

OTOV LEAAOVTIKO GYEOAGUO GTPATNYIKNG Yo TN drayeipion g Enpoaciog.
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1. Introduction

1.1 Climate and climate change

Human activity and life on Earth are strongly connected with climate and weather; hence the
knowledge of these factors has always been an issue of great concern to society. In the last
century it was recognized that human activity is changing the composition of the atmosphere
and subsequently that the climate (both global and regional) is also changing. Global climate
change is traced in meteorological variables, such as precipitation and temperature. Analysis
of historical meteorological observations revealed that the 100-year linear trend (1906-2005)
of 0.74 [0.56 to 0.92]°C (IPCC, 2007) is larger than the corresponding trend of 0.6 [0.4 to
0.8]°C (1901-2000) as presented in the Third Assessment Report (IPCC, 2001). Within the
last decade the causal link between increasing concentrations of anthropogenic greenhouse
gases in the atmosphere and the observed changes in temperature has been scientifically
established (Van der Linden and Mitchell, 2009). Figure 1-1 illustrates the projected changes
in annual mean surface air temperature under the A1B scenario, multi-model ensemble mean
of RCM simulations for the time period 2071-2100 relative to the 1961-1990 mean (Van der
Linden and Mitchell, 2009).
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Figure 1-1: Projected changes in annual mean surface air temperature (K) under the A1B
scenario, multi-model ensemble mean of RCM simulations for the time period 2071-2100
relative to the 1961-1990 mean (Van der Linden and Mitchell, 2009).

As the climate changes, extreme weather events like heat waves, droughts, heavy rain and
snow, storms and floods are becoming more frequent or more intense. However, vulnerability
to climate change varies widely across regions, due in part to complexities arising from
interactions between atmospheric processes, oceans, land surfaces and polar ice masses.
Rainfall patterns are also changing; in Europe the Mediterranean area is becoming drier,
making it even more vulnerable to drought and wildfires. Northern Europe, meanwhile, is
getting significantly wetter, and winter floods could become common. Studies in the
Mediterranean region satisfy the evidence of a positive temperature trend in western
Mediterranean and a negative trend in the eastern Mediterranean over the 20wt century
(National Observatory of Athens, 2001). Since 1900, precipitation decreased by over 5%
concerning the area bordering the Mediterranean Sea, with the exception of central North
African coast (Tunisia and Libya), while a precipitation decrease has been well documented
in the central-west Mediterranean over the last 50 years (National Observatory of Athens,
2001; Loukas et al., 2007). Figure 1-2 displays the projected changes in annual and summer
precipitation between 1961-1990 and 2071-2100 as simulated by ENSEMBLES Regional
Climate Models for the IPCC SRES A1B emission scenario (European Environment Agency,
2012).

12
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Figure 1-2: Projected changes in annual (left) and summer (right) precipitation (%) between
1961-1990 and 2071-2100 as simulated by ENSEMBLES Regional Climate Models for the
IPCC SRES A1B emission scenario (European Environment Agency, 2012).

Over the last decade, numerous studies have been published about climate change and
drought-related issues, despite the difficulty to distinguish between effects of climate change
and multi - decadal climate variability (Berdowski et al., 2001). Especially the Mediterranean
region is of particular interest insofar as being characterized as one of the most remarkable
“Hot-Spots” in future climate change projections (Vrochidou et al., 2012; Giorgi, 2006).
Giorgi and Lionello (2008) describe a picture of climate change over the Mediterranean,
involving a decrease in precipitation, especially in the warm season, using global model
simulations. Although climate change scenarios of precipitation extremes have been
examined in the Mediterranean region via regional climate model simulations (Kysely et al.,
2012), there is still need for further investigation of the drought element connected to
hydrological characteristics (Vrochidou et al., 2012).

Climate change is expected to have a range of crucial consequences, some of which will have
long-term impacts such as droughts, sea level rise, wind patterns, species distribution and
phenology while some will have directly obvious impacts on regional and local levels, such
as intense rain and flooding, food production, ecosystem and human health (Wardekker,
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2011). However, these impacts are associated with large uncertainties as they add up along
the way, resulting to an “uncertainty explosion” or “cascade of uncertainty” (Dessai and Van
der Sluijs, 2007).

1.2 Droughts

One of the least understood phenomena connected to the weather which affects environment,
society and economy in large areas all over the world is drought (Rossi et al., 1992). In the
literature, many definitions of drought are given but the concept of a water deficit is the
keynote in every definition of a drought: “Drought is a random condition of severe reduction
of water supply availability (compared to normal value) extending along a significant period
of time over a large region” (Rossi, 2000). However, all points of view seem to agree that
drought is characterized by a significant decrease of water availability caused by a deficit in
precipitation during a significant period over a large area. The effects and impacts of drought
often accumulate slowly over a considerable period of time and may linger for years after the
termination of the event so there are always lags in perceiving these effects and impacts.
Drought is an objective phenomenon, so is its onset and end. The main issue is how to
describe and how to quantify them. Because of this, drought is often referred to as a

“creeping phenomenon” (Tannehill, 1947).

The hydrology of a region is affected by changes in the timing and amount of precipitation,
evaporation, transpiration rates, and soil moisture, parameters which in turn affect also the
drought characteristics in a region. A typical classification of droughts has been proposed by
Dracup et al. (1980) and it has been widely accepted (Wilhite and Glantz, 1985; American
Meteorological Society, 2004). According to this classification, meteorological, hydrological,
and agricultural droughts, are considered environmental droughts (Wilhite, 2000; Loukas et
al., 2007), and they are defined as periods with insufficient amounts of precipitation, river
flow or groundwater, and soil moisture, respectively. The social-economic drought comprises
the fourth drought type, which is associated to the ineffectiveness of water resources systems

to meet the water demands.

Droughts are recognized as an environmental disaster and have raised the concern of various
discipline scientists. Climate change and contamination of water supplies have further
contributed to the water scarcity (Mishra and Singh, 2010). Lettenmaier et al. (1996) and

14



Aswathanarayana (2001) have made references to this change in the occurrence of extreme
hydrologic events. All points of view seem to merge into the common belief of drought being
characterized by a considerable decrease in water availability caused by a deficit in
precipitation during a significant period over a large area (Koutroulis et al., 2011; Rossl,
2000; Wilhite, 2000).

1.3 Drought indices

Drought indices are indispensible tools to detect, monitor and evaluate drought events in both
time and space. The success of the above depends on the effective definition and
quantification of drought characteristics, through which the beginning, end, spatial extent and

severity of a drought are identified (Smakhtin and Hughes, 2007).

As a matter of fact, drought indices contain a large amount of data on rainfall, streamflow,
snow and other hydrometeorological indicators that transform these huge datasets into a
comprehensible picture. Hence, a drought index value is typically tantamount to a single
number, more useful than raw data-set for decision making. A large number of drought
indices have been suggested, among which including Standardized Precipitation Index (SPI -
McKee et al., 1993), Palmer Drought Severity Index (PDSI - Palmer, 1965), Reconnaissance
Drought Index (RDI — Tsakiris et al., 2007), deciles (Gibbs and Maher, 1967), Reclamation
Drought Index (RDI — Weghorst, 1996), Crop Moisture Index (CMI — Palmer, 1968), Surface
Water Supply Index (SWSI - Shafer and Dezman, 1982), and Aggregate Drought Index
(ADI - Keyantash and Dracup, 2004).

Various studies are included in the international literature on testing the efficiency and the
effectiveness of various drought indices regarding detection and monitoring drought events
and regional drought analysis (Palmer, 1965; McKee et al., 1993; Meyer et al., 1993). SPI
(Standardized Precipitation Index, McKee et al., 1993) and PDSI (Palmer Drought Severity
Index, Palmer, 1965) are the most commonly used amongst the drought indices. This thesis
focuses on the SPI application and moreover in the analysis of an SPI variant.
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1.4 Climate models

General Circulation Models (GCMs) have been used to study the effects of the increasing
concentration of carbon dioxide and the other greenhouse gases on the Earth’s climate. These
models link atmospheric processes with ocean and land surface processes and can be used to
provide projections of the changes in temperature, precipitation and other climate variables in
response to changes in greenhouse gas emissions. Climate models are systems of differential
equations based on the basic laws of physics, fluid motion, and chemistry. To "run" a model,
scientists divide the planet into a 3-dimensional grid, apply the basic equations, and evaluate
the results (Figure 1-3). Atmospheric models calculate winds, heat transfer, radiation,
relative humidity, and surface hydrology within each grid and evaluate interactions with
neighboring points. Their typical grid size ranges from about 100 to 200 km (Meehl et al.,
2007).

Horizontal Grid
(Latitude-Longitude)

Vertical Grid i
{Height or Pressure) |~

Figure 1-3: Schematic representation of a General Circulation Model. The planet is divided
into a 3-dimensional grid (horizontal and vertical grid) on which the basic equations are
applied (www.noaa.gov).
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In recent years a regional climate modeling technique has been developed at the National
Center for Atmospheric Research (NCAR) to produce high resolution regional climate
simulations. This consists of increasing the model resolution locally by nesting a high
resolution Regional Climate Model (RCM) in a Global Climate Model (GCM) over given
areas of interest. In the (one way) nesting technique the meteorological boundary conditions

needed to run the RCM are provided by the output of a GCM global climate run.

The climate scenarios extraction includes a three-step process basically consisting of: (1) the
development and use of general circulation models (GCMs) to provide future global climate
scenarios under the effect of increasing greenhouse gases, (2) the development and use of
downscaling techniques (RCMs and statistical methods) for “downscaling” the GCM output
to the scales compatible with hydrological models, and (3) the development and use of
hydrological, ecological and socioeconomic models to simulate the effects of climate change
on hydrological regimes at various scales. The innovative GCM application efforts for
climate study have been made by Dickinson et al. (1989) and Giorgi and Mearns (1991); in
the following years general reviews of the methodology and progress in simulating
hydrometeorological variables from GCM-derived climate change scenarios have been
carried out (McGregor, 1997; Giorgi and Mearns; 1999; Varis et al., 2004; Wang et al., 2004,
Christensen et al., 2007; Fowler et al., 2007).

1.5 Objectives

With the ultimate aim of improving the understanding of drought mechanisms, the objectives
of the present study are focused on the assessment of drought events in the island of Crete

and are allocated as follows:

e Combination of methods for drought events analysis in spatial and temporal scale as well
as their connection to precipitation variation.

e Hydrological parameters contribution to different drought types.

e Better understanding of drought events appearance.

e Application of a modified drought index for improved relative spatial information
between basins.

e Utilization of multiple datasets for climate conditions projection.

e Future scenarios production for drought.
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1.6 Thesis outline

Up to this point general information about climate change and droughts has been presented.
Furthermore, climate models contribution was developed and the objectives of the thesis
were mentioned. The innovative points as well as a brief description of the case study follow
the present outline. In Chapter 2 precipitation distribution impacts on droughts are assessed:;
the connection between spatial precipitation distribution and geographical parameters in the
island of Crete is provided with the use of simple and multiple linear regression. Multiple
precipitation models are generated for north, south-central and eastern Crete and the
respective spatial drought patterns are produced with the application of the SN-SPI drought
index. Chapter 3 presents the impact of hydrological and meteorological variables on
droughts and moreover, a drought projection using the threshold level method for Platis basin
is carried out with the use of three GCMs of CMIP3. In Chapter 4 a drought assessment based
on multi-model precipitation projections in Crete is carried out with the use of thirteen GCMs
of CMIP5 under the new climatic scenarios RCPs and the application of the SN-SPI leads to
an updated drought projection. Finally, Chapter 5 includes the final conclusions and the

recommendations for future research.

1.7 Innovative points

The present thesis includes innovative analyses based on drought issue. The innovative points
of the present thesis are already presented and published in both greek and international level.
These points are focused on the basic and applied research as follows:

Basic research:

e Combination of methods for spatial and temporal drought analysis in the island of
Crete.

Applied research:

e Processing of fundamental hydrological and meteorological parameters
e Extraction of climatic trends and drought projection with the aid of Global Climate
Models simulation

e Multiple drought type assessment
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1.8 Case study

The island of Crete is located in the southeastern part of the Mediterranean region and it is
well known that comprises an area which has been characterized as one of the most drought
prone areas of Greece. The island covers an area of 8336 km?, the mean elevation is 460 m
and the average slope is 22.8%. Crete is divided into four prefectures, namely from west to
east: Chania, Rethymnon, Heraklio and Lassithi. The mean annual precipitation is estimated
to be 750 mm, varies from east - 440 mm (southeast - elevation: 10 m) to west - 2118 mm
(northwest - elevation: 740 m), decreases in west-east direction by as much as 400mm on
average (Vrochidou and Tsanis, 2012) and the potential renewable water resources reach
2650 Mm?® (Chartzoulakis and Psarras, 2005).

The actual water use is about 485 Mm?®/year. The main water use in Crete covers irrigation,
with a high percentage of 83.3% of the total consumption. The domestic use, including
tourism, covers 15.6% and the industrial use 1% of the total consumption (Region of Crete,
2002). The eastern and southern parts are more arid than the west and northern parts, as there
is higher precipitation in the Northwestern coastal areas and lower in the Southeastern part of
the island, a fact that confirms regional variations in water availability (Chartzoulakis et al.,
2005). There are significant effects when the uneven spatial and temporal precipitation
distributions of Crete, although common in many Mediterranean areas, are related to
intensive agricultural activities and the tourism industry (Tsanis and Naoum, 2003).

Crete has been classified as one of the most drought-prone areas of Greece. The public belief
that water resources are inadequate and that some kind of drought is imminent originates
from political interests and disputes among the four prefectures and the more than 100
municipalities of the island, as well as poor water management (Manios and Tsanis, 2006).
According to evaluations of Region of Crete (2011) the future water demand is expected to
reach 550 Mm®, taking into account 3% annual tourism growth and 8% increase of irrigated

areas.
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2. Precipitation distribution impacts on
droughts

The geographical distribution of precipitation depends on various parameters that include
topography, orientation of topography and aspect, direction of wind and continentality
(Naoum and Tsanis, 2003). Several studies deal with the variability of precipitation analyzing
the relationship between mean annual precipitation and geographical factors (Basist et al.,
1994; Guan et al., 2005; Harris et al., 1996; Naoum and Tsanis, 2004), finding significant
increasing relations between these characteristics. A common belief that precipitation
amounts increase with elevation has then adopted, thereby proving that the mountainous
environment is prone to extreme and frequent precipitation events (Allamano et al., 2009).
Naoum and Tsanis (2003) studied the spatio-temporal rainfall characteristics in the island of
Crete for a range of 12-50 years and found that the rainfall-elevation correlation was
significant. In addition, the effect of elevation, longitude and latitude on precipitation
distribution was investigated by Naoum and Tsanis (2004) with the generation of second-
order models with interaction effects between the variables; however, the island of Crete has
no significant latitude range and for the present study it was not considered as an influencing
parameter. Drogue et al. (2002) used an operational software called PLUVIA, which
distributes point measurements of monthly, annual and climatological rainfall to regularly
spaced grid cells through a multiple regression analysis of rainfall versus morpho-
topographic parameters derived from a digital elevation model. According to Wotling et al.
(2000), a Gumbel rainfall distribution was performed by using a stepwise regression adjusted

on rainfall records across Tahiti and an approximation of the pluviometric risk was provided.
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The study of weather patterns associated with precipitation events can serve as a reliable
early warning system and a non-structural approach for drought mitigation. It is known that
storm events are often associated with the development of low-pressure systems (Koutroulis
et al., 2010). Over the Mediterranean these systems originate from three main directions
which can be roughly distinguished as West (W), Southwest (SW) and Northwest (NW).
According to Barry and Chorley (2003), depressions that enter the Mediterranean from the
Atlantic Ocean (W source) and baroclinic waves from the Atlas mountain range (SW source)
influence by 9% and 17% of the low-pressure systems respectively. The remaining 74% form
at the lee of the Alps and Pyrenees (NW source). Each class effects of this weather
classification are mentioned in literature (Barry and Chorley, 2003) and being well

documented.

The objective of this study is to assess drought events over Crete at both the spatial and
temporal scale and connect them with precipitation variability. More specifically, the
comprehension of the evolution of this climatic phenomenon and identification of important
drought episodes are provided, offering extra reliability to the results via the innovative use
of multiple methods. Moreover, the connection between spatial precipitation and weather
systems orientation will be of great interest as they comprise a significant clue for the
characterization of droughts according to the respective spatial pattern. Determining
precipitation variability and its spatial extent and therefore drought risk periods and areas for
the island of Crete, can be used as basic but effective drought mitigation and risk
management planning. At the same time, this kind of information may be used to support a

simplified drought alert system.

2.1 Methodology

2.1.1 Multiple linear regression

Statistical methods can be used to describe the behavior of a set of observations by focusing
attention on the observations themselves rather than on the physical processes that produced
them. One of those statistical methods is regression. Regression analysis is a technique for
analyzing raw data and searching for the messages they contain, hence providing certain

insights into how to plan the collection of data when the opportunity arises. In any system in
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which variable quantities change, it is of interest to examine the effects that some variables
exert or appear to exert on others. There may, in fact, be a simple functional relationship
between variables. In most physical processes, however, this is the exception rather than the
rule. Often a functional relationship exists that is too complicated to describe in simple terms.
In this case we may wish to approximate to this functional relationship by some simple
mathematical function, such as a polynomial, which contains the appropriate variables and
which graduates or approximates to the true function over some limited ranges of the
variables involved. By examining such a graduating function we may be able to learn more
about the underlying true relationship and appreciate the separate and joint effects produced
by changes in certain important variables. Even where no sensible physical relationship exists
between variables, we may wish to relate them by some sort of mathematical equation. While
the equation might be physically meaningless, it may, nevertheless, be extremely valuable for
predicting the values of some variables from knowledge of other variables, perhaps under

certain stated restrictions (Draper and Smith, 1998).

The method of analysis used is the method of least squares (LS), which is simply a
minimization of the sum of squares of the deviations of the observed response from the fitted
response (Naoum and Tsanis, 2003). This involves the initial assumption that a certain type
of relationship, linear in unknown parameters, holds. With precipitation being the dependent
(response) variable, the model function is of a specified form that involves both the predictor
variables (elevation and longitude) and the parameters. Interaction effects between the
variables also can be considered. The unknown parameters are then estimated under certain
other assumptions with the help of available data so that a fitted equation is obtained. While
the equation might be physically meaningless, it may, nevertheless, be extremely valuable for
predicting the values of some variables from knowledge of other variables, perhaps under
certain stated restrictions (Draper and Smith, 1998). The general form of the final model is

P = b, + bixq + byx, 2-1)

where P is precipitation (mm/year), X; is elevation (m) and x; is longitude (km).

2.1.2 Clustering method

The definition of relationships between factors can be assessed through -clustering

methodology, which is the process of grouping the data into classes or clusters so that objects
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within a cluster have high similarity in comparison to one another, but are very dissimilar to
objects in other clusters. Clustering of time series has received considerable attention in
recent years as it is a fundamental task in data mining. In the literature, various clustering
methods have been used in time series; hierarchical clustering (Oates et al., 1999), K-medoids
clustering (Kalpakis et al., 2001), nearest neighbour clustering (Zhang et al., 2004), self-
organizing maps (Fu et al., 2001). Amongst all clustering algorithms, K-means clustering has
become the most well-known and commonly used partitioning clustering method because it
works well for finding spherical-based clusters in small- to medium-sized databases in hydro-
meteorological studies (Chavoshi and Soleiman, 2009; Soltani and Modarres, 2006; Ouyang
et al., 2010). Hayward and Clarke (1996) made a statistical analysis of mean monthly rainfall
in the Freetown Peninsula, performing division of the gauges with clustering, regarding their
orientation. Additionally, multiple regression with the parameters of latitude and the distance

from the sea was applied providing various results for both groups of rain gauges.

Cluster analysis is a multivariate method which aims to classify a sample of subjects (or
objects) on the basis of a set of measured variables into a number of different groups such
that similar subjects are placed in the same group. K-means clustering (McQueen, 1967)
comprises a prototype-based, partitional clustering technique that attempts to find a user-
specified number of clusters (K), which are represented by their centroids. The algorithm first
selects initial cluster centers (essentially this is a set of observations that are far apart - each
subject forms a cluster of one and its centre is the value of the variables for that subject).
Each object is assigned to its “nearest” cluster, defined in terms of the distance to the centroid
and after the formation of the centroids of the clusters, the distance from each object to each
centroid is re-calculated moving observations to the “nearest” cluster once again. (Tan et al.,
2006). This process is repeated until the criterion function converges and the centroids remain
relatively stable forming permanent clusters (Struyf et al., 1997). The algorithm aims at
minimizing the sum of squared Euclidean distances, for n data points and k centroids,

implicitly assuming that each cluster has a spherical normal distribution:
2
S Xl = 2-2)
where |x - | (squared Euclidean distance) is a chosen distance measure between a data

point xl.’ and the cluster centre c;, and represents an indicator of the distance of the n data

points from their respective cluster centres.
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The algorithm was applied with the use of MATLAB R2011b package, which also provides a
graphical display of the silhouette plot; the silhouette width [s(i)] was recommended by
Kaufman and Rousseeuw (1990) as a quality index allowing to select the number of clusters
and validate the effectiveness of the analysis. The silhouette width of the i object is defined
by

bi—ai

s(i) = (2-3)

where a(i) is the average distance to other elements in the cluster and b(i) the smallest
average distance to other clusters. a(i) is interpreted as how well matched i is to the cluster it
is assigned (the smaller the value, the better the matching). An s(i) close to one means that
the data is appropriately clustered. If s(i) is close to negative one, then the corresponding data
is probably in the wrong cluster. An s(i) near zero means that the elements are on the border

of two natural clusters.

2.1.3 The SPI

The SPI is used for assessing drought occurrence and offers the advantage of assessing
drought conditions over a wide spectrum of time scales, while comparison between dry and
wet periods on different locations is possible. Moreover, it is based on precipitation alone, so
that a drought could be assessed even if other meteo-hydrological data are not available

(Bonaccorso et al., 2003).

The SPI index was developed by McKee et al. (1993). Among others, the Colorado Climate
Center, the Western Regional Climate Center and the National Drought Mitigation Center use
the SPI to monitor the drought status in the United States. In its original version, precipitation
for a long period at a station is fitted to a gamma probability distribution (Thom, 1966). The
gamma distribution is defined by its frequency or probability density function:

1 -1,-x
g(x)=ﬁar(a)x e B forx>0 2-4)

where « is a shape parameter («>0), S is a scale parameter (5>0), x is the precipitation amount
(x>0) and I'(a) is the gamma function [I'(a) = fooo y¢le™ dyl].

Computation of the SPI involves fitting a gamma probability density function to a given
frequency distribution of precipitation totals for a station. The alpha and beta parameters of
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the gamma probability density function are estimated for each station, for each time scale of
interest (3 months, 6 months, 12 months, 24 months, 48 months), and for each month of the
year. From Thom (1966), the maximum likelihood solutions are used to optimally estimate o
and  for n number of precipitation observations:

N (N PR I 25
Y 3 | mdB =7 (2 =5)

X In(x)

n

where A =In(x)— (2-06)
The resulting parameters are then used to find the cumulative probability of an observed
precipitation event for the given month and time scale for the station under study. The

cumulative probability is given by:

X

G(x) = f 9()dx =

o] R @=7)
0

Gamma function is not defined at x=0 (but there is large number of no rainfall occurences as
we move to shorter time scales); for m zeros in a precipitation time series, cumulative

distribution is therefore modified to include these events:

H(x) = (m/n) + [1 = (m/n)G(x)] (2-8)

The cumulative probability, H(x), is then transformed to the standard normal random variable
Z with mean zero and variance of one, which is the value of the SPI (Figure 2-1). This is an
equiprobability transformation which is based on the following rational approach of
Abramowitz and Stegun (1965) and has the essential feature of transforming a variate from
one distribution (ie. gamma) to a variate with a distribution of prescribed form (ie. standard
normal) such that the probability of being less than a given value of the variate shall be the
same as the probability of being less than the corresponding value of the transformed variate:

Z=SPI=—|(t Gttt 6t hen 0 < H(x) < 0.5 2-9
B B T+ dyt +dgt? +dgt3) =0 ( )
Z=SPl=+|t Gttt 6t hen 0.5 < (H(x) <1 (2—10
B B T+ dot +dyt2 +dgt3) e (H(x ( )

where
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t= \/(ln (H%Q))) when 0 < H(x) < 0.5 2 —11)

t = \/(ln (#Z(x))) when 0.5 < H(x) <1 (2-12)
co = 2.515517 (2 —13)
¢, = 0.802853
c, =0.010328
d, = 1.432788
d, = 0.189269
d; = 0.001308
1 1
09 + 09+
08 + 08 4
07+ 07+

0.6 -

05 +

04 +

Cumulative probability

03 +

02+

01 +

0 2 4 6 8
3-month precipitation (in) SP1

Figure 2-1: Example of equiprobability transformation from fitted gamma distribution to the
standard normal distribution.

Positive SPI values denote greater than median precipitation whereas negative values denote

less than median precipitation. Periods with drought conditions are represented by relatively
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high negative deviations. Specifically, the ‘*drought’” part of the SPI range is arbitrary
divided in four categories; mildly dry (0 > SPI > -0.99), moderately dry (-1.0 > SPI > -1.49),
severely dry (-1.5 > SPI > -1.99) and extremely dry conditions (SPI < -2.0). A drought event
is considered to start when SPI value reaches -1.0 and ends when SPI becomes positive again
(McKee et al., 1993). Thresholds of the SPI for drought characterization are presented in
Table 2-1.

There is a general agreement about the fact that the SPI computed on shorter time scales (3 or
6 months) describes drought events that affect agricultural activities (soil moisture), whereas
on the longer ones (12, 24 or 48 months) describes the effects of precipitation deficit on
different water resources components such as streamflow, groundwater and reservoir storage
(Bonaccorso et al., 2003; Tsakiris and Vangelis, 2004; S6nmez et al., 2005; Livada and
Assimakopoulos, 2007; Bacanli et al., 2008). In this thesis, the longest time scale (48 months)

is set in the calculation of the SPI.

Table 2-1: Thresholds of SPI for drought characterization

SPI value Category Probability (%)
2 or more Extremely wet 2.3
1.5t01.99 Severely wet 4.4
1to 1.49 Moderately wet 9.2
01t00.99 Mildly wet 34.1
0to-0.99 Mildly dry 34.1
-1t0-1.49 Moderately dry 9.2
-1.5t0-1.99 Severely dry 4.4
-2 or less Extremely dry 2.3

Kolmogorov-Smirnov test (Chakravarti et al., 1967) has proved that the used datasets follow
gamma distribution; Figure 2-2 illustrates the fitting of a representative dataset to the

expected values of gamma distribution.
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Figure 2-2: Fitting of a representative dataset (observed values) to the expected values of
gamma distribution.

Several studies have been performed for the application of the SPI. Especially in the area of
Crete, Tsakiris and Vangelis (2004) concluded that the eastern part of the island suffers more
frequently from droughts, according to a method based on the estimation of the SPI and its
use for characterizing drought. A digital terrain model, based on spatial distribution utilizing
a grid analysis and a simple computer calculating process, was used and it was deduced that
the proposed procedure could be easily applied to an area of mesoscale dimensions. It was
concluded that a significantly persistent drought occurrence was noted during the period 1987
to 1994, while distinct drought events were observed in the years 1973-1974, 1976-1977,
1985-1986 and 1999-2000. Additionally, Tsakiris et al. (2007) estimated drought areal
extent for eastern Crete using the SPI1 and RDI, and deduced that the driest year during the
examined period from 1962-1963 to 1991-1992 is 1989-1990.

The selection of the most appropriate drought index was carried out, according to previous
studies. Tsakiris et al. (2007) concluded that SPI and RDI give comparable results. However,
discrepancies occur due to the fact that RDI uses an additional meteorological determinant
(PET) apart from precipitation. The PDSI, on the other hand, is very complex, spatially
variant, difficult to interpret, and temporally fixed. The application of the SPI index covers a
significant part of many studies that have been carried out over the last decades (Bonaccorso
et al., 2003; Loukas and Vasiliades, 2004; Wu et al., 2007). Nevertheless, Vicente-Serrano
and Begueria (2003) point out that drought indices are not as useful in identifying spatial

28



patterns of drought risk since they are based on standardized or normalized shortages in

relation to “average conditions”, which relate to a given station and a given period.

2.14 The SN-SPI

Although SPI is widely used for assessing drought occurrence, there are some limitations in
providing relative information when applied for different regions (at the river basin scale). In
its original form it provides a local measure of drought, which as such is not necessarily
suitable for comparisons across space and time. As a result, the frequency of drought spells is
about the same for all stations no matter if they lie in extremely arid or extremely rainy
regions, even though the rainy sites may receive several times more rain than the arid sites. In
this context, Dubrovsky et al. (2009) applied the relative drought indices (rSPI and rPDSI),
which are calibrated using a reference weather series as a first step, which is then applied to

the tested series.

A similar approach for the creation of a modified index based on the SPI was realized by
Koutroulis et al. (2011). The Spatially Normalized-SPI (SN-SPI) is a variant of the SPI and
allows the comparison between watersheds with different mean annual precipitations. After
the normalization, the index smooths the extreme conditions and makes it possible to
compare stations by taking into account the spatial character of precipitation. In this thesis,
the SN-SPI was recommended as a drought index for the calculation of drought climatology
for the island of Crete in Greece, because it is spatially normalized for improved assessment
of drought severity (Koutroulis et al., 2011). The fundamental virtue of this index consists of
its capacity for compacting and unifying spatial information, reducing it to a common

language.

More specifically, the procedure includes the normalization of SPI values through the
incorporation of the precipitation values. The calculation of the SN-SPI is based on a two-
step procedure. The first step is the normalization of the SPI index according to the relative

average precipitation, based on a set of coefficients (a;, b;) that satisfy:

P (2 — 14)
— = Qa; —
Pall l

pall

— =D 2—15
5 =h (2-15)
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where P; is the mean monthly precipitation for each watershed i, P,; the mean monthly
precipitation for all watersheds, SPI,,,, the maximum SPI value of all watersheds. Given q;
and b; SPI' is calculated through:
SPI' = SPI - a; if SPI > 0 (2 -16)
SPI' = SPI - b; if SPI < 0 (2-17)
The second step is the rescaling of SPI" in order to meet the scale of SPI, based on the

coefficients c and d estimated through:

SPlmax _ 2—18)
SPI' 11
SPlnin _ (2—19)
SPI' i

where SPI,,;,, the minimum SPI value of all watersheds, SPI',,,,, the maximum corrected
SPI value of all watersheds and SPI',,,;,, the minimum corrected SPI value of all watersheds.
Given c and d the SN — SPI calculation is defined by
SNSPI = SPI'-¢, if SPI'>0 (2 - 20)
SNSPI = SPI'-d, if SPI' <0 (2-21)

For example, two watersheds are considered, Tavronitis and Petras, with 1347 mm and 723
mm average annual rainfall respectively. Tavronitis watershed can be relatively characterized
as wet and Petras watershed as dry. SPI series for both watersheds are almost the same and
here lies the limitation of the SPI when used to compare areas of different average
precipitation. Figure 2-3 displays that the severity of the 1990-1995 period is identical for
both watersheds, although Tavronitis receives more precipitation than Petras. This period is
severely dry for both watersheds when calculating the SPI1, whereas it comprises a mildly dry
period just for Tavronitis with SN-SPI calculation. In similar manner, the SPI indicates
severely wet conditions for Petras during 1981-1984, while after the normalization with SN-

SPI it is characterized by mildly wet conditions.
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Figure 2-3: Monthly SPI and SN-SPI (48-month time scale) time series for 2 representative
watersheds.

2.2 Data

Monthly precipitation data was compiled by the WRDPC service (Water Resources
Department of the Prefecture of Crete) for 56 precipitation stations (Figure 2-4). The stations
mainly cover the eastern part of the island which has a higher level of agricultural activity
than the western part. The gauges were located at elevations that ranged from sea level, in the
prefecture of Iraklion (central Crete), to 905m a.s.l, in the prefecture of Lassithi (eastern
Crete) (Region of Crete, 2009). These data cover a thirty (30) years’ time period for each
month of the hydrological year (September to August), from 1974 to 2005.

In order to simplify calculations, a relative coordinate system was defined by locating an
origin (0,0) at the lower left corner of the island at latitude 3800000 m and longitude 461000
m. GGRS87-Greek Geodetic Reference System 1987 was the coordinate system used. All Y
coordinates employed in the regression were hence the result of subtracting 3800000 from the
original latitudes of the different stations and dividing by 1000 to obtain latitudes in km.
Similarly, all X coordinates were derived by subtracting 461000 from the original longitudes
of the different stations and dividing by 1000 to obtain longitude values in km. This
manipulation of coordinates is important when performing the regression analysis. Large
numbers for latitude and longitude could result in small values for model parameters (bi) and
any small error could result in significant changes in the model output. It is then more
practical to put all variables into approximately the same order of magnitude to ensure that

they receive appropriate weighting in the multiple regression analysis.
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Geographic Information System (GIS) technology represented by the commercial package
ArcView GIS 10, was used to provide the tools for spatial data management and generate
maps including the Digital Elevation Model (DEM). DEM comprises the source of spatially
gridded data developed by the Greek Army Geographical Service, with a cell size of 30 m,
resulting in a grid of 33.386 cells.
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Figure 2-4: Area of study, 56 stations used in MLR and 18 representative stations for SPI Crete, Greece
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2.3 Results

2.3.1 Influence of elevation and longitude on precipitation

Two parameters (elevation and longitude) were adopted to perform simple linear regression
individually for 55 stations. The station of Askifou was excluded from this method in order to
obtain more reasonable results, as Askifou (with elevation 740 m) exemplifies a special case
of a region with orographic precipitation. The island was divided into three parts (northern,
south-central and eastern), so as orientation of topography factors is taken into account. Upon
examining the correlation between precipitation and elevation taking into consideration the
three parts, it was found that the regression plot for all stations justifies the positive
correlation (Figure 2-5a). The plot based on elevation provided a more physically
meaningful interpretation of the effect of this variable on precipitation; the presence of the
orographic effect at high elevations. On the other hand, further analysis covering the
parameter of longitude showed that there is a negative trend between the afore-mentioned
parameter and precipitation (Figure 2-5b). The noticeable downward gradient of
precipitation from one part to another denotes a statistical evidence of the geographical
factor. In other words, the decrease of precipitation is responsive to longitude increasing. It is
then verified that topographic and geographic factors determine the spatial association in
precipitation variations. More specifically, the precipitation magnitude decreases in West-
East direction and increases in elevation by as much as 400 mm. Previous studies that tested
statistical models relating annual precipitation to elevation or longitude (Naoum and Tsanis,

2004) showed that the best results were obtained were both elevation and longitude.
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Figure 2-5: a) Elevation versus mean annual precipitation plot and b) Longitude versus
mean annual precipitation plot for Crete

Therefore, simple and multiple linear regression was used to study the level of association
between the two variables for a thirty years’ period, from 1974 to 2005 (Table 2-2). The
database of precipitation was used to generate and apply the regression models. The
regression equations were produced for the 55 stations, representing the whole island. Simple
linear regression was carried out considering just elevation as explanatory variable and the
additional independent variable of longitude was introduced in order to construct a more
efficient model. The coefficient of determination (R?) is used to determine the adequacy of
the regression equation. The regression analysis shows that 1989-1990 represents the year
with the minimum precipitation amount (499 mm) and 2002-2003 is the year with the
maximum precipitation amount (1423 mm); moreover, an average year is taken into account
(1978-1979, 902 mm). The R? varies between 9% and 42% for the one-variable model
(maximum in 2004-2005) while a range of R* 23% to 53% is obtained for the two-variable
model (maximum in 1974-1975). The R? values were significantly increased, when longitude

was added to the model, a fact that comprises a possible sign of model improvement.

35



Table 2-2: Simple and two-variable linear regression for 55 stations, regarding each year of
1974-2005.

Years by b, b, R? Extracted precipitation (mm)

1974-75  555.39  0.58 38% 834
79589 057 -170 53% 832
1975-76 72852  0.56 23% 996
1045.06 054 -2.23 39% 995
1976-77 42299 0.52 21% 672
65221 051 -1.62 31% 671
1977-78  807.58 0.99 38% 1283
1196.40 0.97 -2.74 51% 1281
1978-79  572.08 0.68 40% 902
70494 0.68 -0.94 43% 901
1979-80  633.64 0.67 27% 958
79729 067 -115 31% 957
1980-81 703.19 0.64 29% 1014
1073.96 0.63 -2.61 49% 1012
1981-82  680.11  0.58 23% 958
1091.89 0.56 -2.90 48% 956
1982-83 45291 0.55 28% 719
67212 054 -155 37% 718
1983-84 627.88 0.59 35% 911
854.07 058 -159 46% 910
1984-85 69533 0.62 34% 993
901.37 0.61 -1.45 42% 992
1985-86 43243 0.39 23% 619
620.85 0.38 -1.33 34% 618
1986-87  778.09 0.48 12% 1012
91845 048 -0.99 14% 1011
1987-88 525,55 0.73 31% 875
689.26 0.72 -1.15 35% 875
1988-89 515.68 0.46 21% 736
75035 045 -1.65 33% 735
1989-90  354.84 0.30 23% 499
503.14 029 -1.05 36% 498
1990-91 521.82 0.36 21% 697
64224 036 -0.85 25% 696
1991-92  590.59 0.49 16% 828
847.79 048 -1.81 25% 827
1992-93  421.71 0.36 16% 597
69386 035 -1.92 34% 596
1993-94  504.21 0.58 31% 785
768.15 057 -1.86 44% 784
1994-95  566.77  0.70 31% 903
601.28 0.70 -0.24 32% 903
1995-96  688.61 0.61 29% 980
92534 0.60 -1.67 39% 979
1996-97 635.13 0.64 17% 943
1077.78 0.62 -3.12 34% 941
1997-98 54322 0.73 29% 897
82198 072 -196 39% 896
1998-99  648.11 0.43 9% 856
1099.23 042 -3.18 29% 854
1999-00 42411 0.37 16% 605
690.94 037 -1.88 33% 604
2000-01 57834 0.62 24% 876
97852 0.60 -2.82 46% 875
2001-02 63234 0.63 17% 934
84334 0.62 -149 21% 933
2002-03  1050.17 0.77 18% 1423
1552.64 0.76 -3.54 35% 1421
2003-04  656.62  0.57 23% 933
71485 057 -041 23% 933
2004-05 499.13 0.65 42% 811
61534 0.64 -0.82 45% 810

Followingly, the regression analysis was carried out for the three subareas (northern, south

central and eastern parts) for the three representative years (Table 2-3). The relationship
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between precipitation and elevation is not as strong for the whole island (55 stations) as it is
for individual parts, especially the eastern part for all years assessed, except 2002-2003. This
is attributable to the relatively high elevations of stations in this part, which is likely to result
in a higher association than the other parts (R* up to 79% for 1989-1990). Developing
separate regression equations and still using elevation and longitude as the predictor variables

for the three divisions of Crete, the analysis provided even more descriptive models.

Table 2-3: Simple and two-variable linear regression for Crete and its parts for different

years.
Spatial extent Number of stations by b, b, R?
Min precipitation year
1989-90 Crete 55 354.84 0.30 _ 23%
55 503.14 0.29 -1.05 36%
north 17 609.29 0.26 -1.36 26%
south-central 20 555.68 0.26 -2.03 35%
eastern 18 231.35 0.49 0.23 79%
Max precipitation year
2002-03 Crete 55 1050.17 0.77 _ 18%
55 1552.64 0.76 -3.54 35%
north 17 1656.06 0.72 -3.98 17%
south-central 20 2034.33 0.85 -8.20 51%
eastern 18 1012.87 0.96 -0.86 39%
Average precipitation
year 1978-79 Crete 55 572.08 0.68 _ 40%
55 704.94 0.68 -0.93 43%
north 17 982.88 0.81 -3.23 64%
south-central 20 733.76 0.50 -1.78 49%
eastern 18 323.59 1.00 0.94 70%
Long-term 1974-2005 Crete 55 609.33 0.55 _ 29%
55 850.16 0.54 -1.70 41%
north 17 1040.35 0.68 -3.30 49%
south-central 20 1030.50 0.48 -3.90 42%
eastern 18 599.00 0.72 -0.35 67%

Results reported by Naoum and Tsanis (2003) demonstrated that, for a typical dry year, the
island of Crete would receive up to 800 mm of precipitation, for an average year,
precipitation has a range between 800 and 1100 mm and finally for a wet year, the island
would receive precipitation greater than 1100 mm. Based on these values, the range of
elevation—precipitation gradient (b;) is 0.26-0.49, 0.72-0.96 and 0.5-1 mm/m for minimum,

maximum and average precipitation years, respectively. The range of longitude-precipitation
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gradient (b,) for a minimum precipitation year is -2.03 to 0.23 mm/ km, -8.20 to -0.86
mm/km for a maximum precipitation year and -3.23-0.93 mm/km for an average year. In
brief, the results show that there is a general increase in the coefficient of determination from
the one-variable equation to the two-variable equation for all years under study.

Following the multiple linear regression method, Table 2-4 summarizes the precipitation
characteristics of 55 stations. There is clear indication that in terms of average values, the
south-central part experiences 5% less mean annual precipitation than the eastern part and
23% less than the northern part. During the year 1989-1990, the south-central part is
characterized by 7% and 29% less precipitation than the eastern and northern part
respectively. It is also confirmed that during 2002-2003 the eastern part received 13% and
24% less precipitation than the south-central part and northern part. After merging both
south-central and eastern parts considering the low difference percentages, there is obvious
statistical evidence of the decreasing longitude-precipitation gradient. However, differences
between stations with different elevations lie on the orographic effect, so stations with high

elevation represent higher precipitation values.
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Table 2-4: Characteristics of the stations used.

Min prec. year

Max prec. year

Average year 78-79

. Mean annual Elevation | Longitude
Part of Crete Stations I 89-90 Mean 02-03 Mean Mean
precipitation (mm) (m) (km) Precipitation Precipitation Precipitation
Palea Rumata 1267 316 18.7 640 1738 1282
Suda 614 152 52 356 930 608
Kalives 742 24 53.9 519 1411 720
Mouri 1108 24 64.7 695 1985 969
Rethimno 670 5 82.2 493 1058 786
North Kavousi 1000 580 93.2 498 2189 1062
\Voleones 1238 260 91.9 716 1869 1149
Spili 1182 390 87 807 1811 1087
Vizari 778 310 102.3 519 841 773
Gerakari 1336 580 95.3 602 2330 1235
Anogia 1035 740 118.8 629 955 1220
Krussonas 990 500 128.3 688 1448 965
Iraklio 480 39 139.9 289 728 455
Finikia 775 40 139.5 475 1555 655
Metaksochori 749 430 142.1 486 1392 1130
\Voni 775 330 152.6 439 1256 920
Profitis Ilias 816 380 139.3 518 1579 717
Average 915 300 100 551 1475 902
Agios Kirillos 545 450 122 251 1224 602
Kapetaniana 711 800 133.1 352 1442 785
Lefkogia 863 90 79.8 458 1524 654
Melabes 782 560 97.4 541 1359 783
Agia Galini 623 20 101.7 365 1210 554
\Vorizia 1183 520 116.2 588 2162 1058
South-central Lagolia 573 140 110.7 345 1210 565
Zaros 844 500 120.8 417 1603 795
Agia Varvara 975 570 129.9 552 1500 937
Gergeri 907 450 123.5 465 1700 772
Partira 677 400 150.5 391 1156 633
Asimi 607 200 139 350 972 718
Vagionia 546 190 130 311 874 647
Tefeli 737 360 144.9 487 1333 744
Achentrias 715 680 1514 459 1234 712
Kalivia 601 200 151.3 357 1055 603
Demati 480 210 156 196 987 537
Moroni 709 400 121.1 363 1340 710
Pompia 516 150 117.5 255 1135 414
Pretoria 547 225 143.7 325 919 511
Average 707 356 127 391 1297 687
Kasteli 743 350 160.2 421 1200 873
Armacha 824 450 161.7 514 1290 898
Eastern Avdu 872 230 169.2 491 1739 1030
Kassanoi 582 320 159.1 380 893 576
Agios Georgios 1016 850 173.9 700 1137 1058
Kalo Chorio 540 20 196.5 389 911 482
Malles 780 590 183.9 430 1234 920
Kapsaloi 743 10 165.7 208 780 574
Neapolis 810 240 184.8 477 933 890
Exo Potamoi 1425 800 178.6 731 2406 1592
Mithoi 584 200 184.2 311 945 594
lerapetra 439 10 197 235 705 445
Pachia Ammos 592 50 203.8 301 1161 597
Stavrochori 803 325 215.9 435 907 936
Sitia 464 114 229.4 283 657 440
Maronia 670 150 228.8 425 1075 713
Katsidoni 914 480 233.1 510 1319 1173
Paleokastro 540 25 244.5 290 940 556
Average 741 290 193 418 1124 795
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2.3.2 Precipitation shortage and excess

Multiple linear regression results are graphically demonstrated with the generation of maps in
GIS. Each cell of the grid represents a precipitation value according to the produced
regression models and the DEM. Figure 2-6a indicates the spatial distribution of
precipitation for a long-term 30-year average, obtained by multiple linear regression method.
Taking into account the minimum precipitation year 1989-90, the precipitation shortage is
derived from the difference between the precipitation of a 30-year average at each cell and
the precipitation of the year 1992-1993 at each cell as well (Figure 2-6b). Considering the
maximum precipitation year 2002-03, the precipitation excess is the result of the difference
between the precipitation of a 30-year average at each cell and the precipitation of the year
2002-03 (Figure 2-6¢). Both spatial distribution of precipitation shortage and excess follow
the spatial distribution of precipitation via a long-term average. This is in line with our
expectations, since at high elevations as well as at the western part of Crete high-amount
precipitation events occur. The eastern part has the lowest mean elevation and low average
precipitation, so the precipitation excess in this part is found to be the less than the western

part.

More specifically, during 1989-90, the mean annual precipitation is affected by elevation less
than the mean annual precipitation of 30-year average, as shown in Table 2-3 (b,™"<b,""¢
M) This explains the fact that the precipitation shortage for the “dry” year is greater at high
elevations. Contrarily, for the “wet” year, elevation affects more the mean annual

long-term

precipitation (b;"*>b; ). The downward gradient of precipitation from west to east is
weaker for the “dry” year when compared to the 30-year average (|b,™"|<|b,'"¢*™|). On the
other hand, during the “wet” year precipitation decreases in a higher rate from west to east
(Ib2™*|>|b,"*"¢ ™ |>|b,™") and as a result the precipitation excess is higher in the western part.
This denotes that the orographic effect is stronger during the wet year in the western part of

Crete.

Regarding the spatial distribution of flood events over Crete (1990-2007), 66% of them were
reported for western Crete region, while the rest 34% were reported for eastern Crete
(Koutroulis et al., 2010). The East to West precipitation gradient can be attributed to the
regional NW to SE dominant meteorological atmospheric patterns and the higher elevation
and steepest slope morphology of the western Crete in comparison to the eastern region of the

island.
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Figure 2-6: Spatial distribution of a) precipitation for a long-term average of the period
1974-2005, b) precipitation shortage concerning the year 1989-1990 and c) precipitation
excess concerning the year 2002-2003.
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2.3.3 Spatiotemporal drought analysis

Long period characteristics represented by 48-month time scale values of SN-SPI, were
calculated for six (6) representative stations, in order to provide an overview of prolonged
drought occurrences in relation to the factor of elevation and longitude during the period
1974-2005. The results of drought analysis in the island of Crete during this period show a
definite tendency towards prolongation and greater severity of drought episodes. Figure 2-7
illustrates the drought conditions of two representative stations in the north-western part of
Crete. The period 1988-1997 was recorded to be a period of drought for both stations, with a
greater intensity in Kalives. It is rather obvious that the sensitivity of precipitation variability
is depicted in the index results. The SN-SPI behaves in a similar way to the SPI; however, a
significant difference lies on the fact that the SPI is temporally comparable, but the SN-SPI is
spatio-temporally comparable among different areas with different mean total annual
precipitation.

Obviously, the difference between the indices appears mainly at the peaks of the time series.
The SN-SPI presents Palea Rumata as less dry during 1988-97, Kalives as less wet during
1980-85 and 1999-04. In the case of Palea Rumata (1267 mm) normalization takes place
during dry conditions (1988-97) whereas in Kalives (742 mm) normalization is obvious
during wet conditions (1980-85, 1999-04). SN-SPI values present Palea Rumata with mildly
dry conditions and Petras with mildly wet conditions during the aforementioned periods.
Stated in the simplest terms, the same SPI value occurs for different precipitation levels and,
therefore, these stations cannot be compared via SPI1. On the other hand, different SN-SPI
values occur for different precipitation levels. The spatial pattern of precipitation of Kalives
indicates the correlation between the low precipitation values of 1987-1989 and the SN-SPI
negative peaks during 1991-1993 (as the 48-month index utilizes the precipitation total for 48
months).
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Figure 2-7: a) Monthly precipitation time series for drought events b) 48-month time scale
SN-SPI and c) SPI for two representative stations of north-western Crete based on the period

1974-2005

The south-central stations experience a drought period during 1988-95, while Pompia is

characterized by a mildly dry period during 1999-02 (Figure 2-8). Normalization took place
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for Gergeri during dry conditions and for Pompia during wet conditions. The severe drought

spell of Pompia is a result of the low recorded precipitation during 1989-90.
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Figure 2-8: a) Monthly precipitation time series for drought events b) 48-month time scale

SN-SPI and c) SPI for two representative stations of south-central Crete based on the period
1974-2005

Finally, as Figure 2-9 shows, the eastern part of Crete experiences the most long-term
drought period (Sitia, 464 mm), that signs its beginning in 1990 and ends in 2003 with no

intervals. It is important to stress that Agios Georgios (1016 mm) has three drought periods
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and appears the afore-mentioned drought period 8 years earlier (1982). There is also a
significant normalization for the wet periods for both stations. The precipitation variability
reveals very low values for Sitia during the referring periods and a correspondence between
the lowest peak of the index and the precipitation amount 48 months before. As a result, the
additional drought period at the southern and eastern part is justified by the combination of
the regional atmospheric patterns and the morphological variability among different parts of
the island as stated by Koutroulis et al. (2010). Graphical examination of spatial evolution of
drought confirms that the eastern part suffers more than the rest of the island from dry
conditions. Generally speaking, for the 30-year period, there are 26 stations with downward

precipitation trend, 24 follow upward precipitation trend while 6 remain stable.
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Figure 2-9: a) Monthly precipitation time series for drought events b) 48-month time scale
SN-SPI and c) SPI for two representative stations of eastern Crete based on the period 1974-

2005
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Similarities in time series of the SN-SPI across stations have been identified through SN-SPI
drought months (SN-SP1<0); this calculation comprised the main component for k-means cluster
analysis with the use of MATLAB R2011b. The multiple correlation carried out including the
parameters of elevation and longitude for 55 stations resulted to the generation of 2 optimum
clusters (Figure 2-10a). The definition of the number of the clusters a priori is a process that
follows the minimization of the average silhouette width after several hypotheses (Figure
2-10b). Then, the performance of multiple runs, each with a different set of randomly chosen
initial centroids, led to the selection of the optimum set of clusters. The cluster (1) which
includes low elevations (31 stations) corresponds to a higher value of drought months (162) in
comparison with stations of high elevations (24 stations, 157 months, cluster 2) a fact that
confirms the downward gradient of drought appearance as the elevation increases. The average
silnouette width (0.72) indicates that a reasonable structure has been found. There is clear
indication that cluster analysis results are connected to MLR results and justify the negative
correlation between drought events and the most important factor in the bi-variate model of the

precipitation distribution, elevation.
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Figure 2-10: Spatial separation of 55 stations using cluster analysis. a) Stations plot illustrating
drought months as the dependent variable and b) silhouette plot of the clusters.
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3. The Impact of hydrometeorological
parameters on droughts

There can be significant variations of drought impacts between regions due to the different
characteristics of the economy, society and the environment. Hence, different types of droughts
are identified (AMS, 2004). Meteorological drought is defined usually by the departure of
precipitation from the “normal” or average amount and the duration of the dry period while
agricultural drought refers to situations in which the soil moisture is no longer sufficient to meet
the needs of the crops growing in the area, focusing on properties such as precipitation shortage,
differences between potential and actual evapotranspiration and soil moisture deficits. Finally,
hydrological drought associates the effect of periods of precipitation shortfalls on surface or
subsurface water supply (Wilhite, 2000). In spite of the fact that precipitation is the primary
factor that controls drought, other factors such as high temperature or dry winds contribute to the
amplification of its intensity. The severity of drought depends on the moisture deficit degree, the
duration of the phenomenon and its spatial extent. Drought impacts first appear on agriculture
which is prone to be affected by soil moisture decrease and high evapotranspiration. During
extended dry periods, soil water depletes fairly rapidly. On the other hand, the last to be affected
from an extended dry period are usually surface water and subsurface water resources (Sénmez
et al., 2005).

A drought variable can be defined as a prime variable responsible for assessing drought effects,
and is considered a key element in defining drought and deciding on the techniques for its

analysis. Therefore, droughts are commonly classified into four categories, which are mostly
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based on different parts of the hydrological cycle (Peters, 2003). At first, a meteorological
drought is caused by lack of precipitation possibly in combination with high evapotranspiration.
The meteorological drought causes a lack of soil moisture, which is called a soil moisture or
agricultural drought and which affects agricultural crops and/or the natural vegetation.
Precipitation deficit may also cause the streamflow drought which is defined by low streamflow
values. The soil moisture drought results to a recharge decrease, which in turn causes lower
groundwater levels and decreasing groundwater discharge to the surface water system, which is a
groundwater drought. It is noted that the impact of drought on agriculture is slower than on
streamflows or reservoir levels (Panu and Sharma, 2002). Vrochidou and Tsanis (2012)
identified meteorological drought events over the island of Crete at spatial and temporal scale by
assessing precipitation variability and using Spatially-Normalized Standardized Precipitation
Index (SN-SPI).

In order to simulate the afore-mentioned parameters and study the potential impacts of future
climate change and urban development on basin water quantity and quality, many researchers are
increasingly using hydrological models. Although modelling is a probabilistic process with the
risk of uncertainty, it is a useful methodology for experimenting with the dynamics that govern
complex environmental systems and for projecting possible ranges of impacts. Hydrological
models are often divided into three categories; lumped, distributed and stochastic models.
Distributed models require a detailed hydrologic description of the area, while stochastic models
are used for dimensioning purposes and have little forecasting use (Silberstein, 2006). In the
present study, HBV model is suggested to be used as it comprises a modern, well-tested and
operational tool. Despite its simplicity, its simulation performance is commendable, and the
original use for hydrological forecasting has expanded to applications such as filling gaps in
measured time-series, simulation of stream-flow in ungauged rivers, design flood calculations
and water quality studies input data. The flexible structure of the HBV system allows the model
to make necessary sub-divisions with respect to different climate zones, land-use, density of the
hydrometeorological network etc. (SMHI, 2006). Grillakis et al. (2011) deduced that the HBV
model simulates the streamflow more efficiently and several papers have been carried out with
its application (Booij et al., 2011; Love et al., 2011; Normand et al., 2010).
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Various climate change impact studies dealing with Global Climate Models (GCMs) data have
been conducted (Koutroulis et al., 2011); Kerkhoven and Gan (2011) examined the uncertainty
of observed streamflows and simulated past and future streamflows from a hydrologic model,
driven by GCM data, concerning two watersheds in Western Canada, using multifractal analysis.
Dibike and Coulibaly (2005) studied the hydrologic impact of climate change in the Saguenay
watershed in northern Quebec, Canada by comparing two downscaling methods and two

hydrologic models.

Under the World Climate Research Programme (WCRP), the Working Group on Coupled
Modeling (WGCM) established the Coupled Model Intercomparison Project (CMIP) as a
standard experimental protocol for studying the output of coupled atmosphere-ocean general
circulation models (AOGCMs). The GCMs CNCM, ECHAMS5 and IPSL used in this study
comprise part of the phase 3 of the CMIP. A set of emission scenarios, called the Special Report
on Emissions Scenarios (SRES) was published by the Intergovernmental Panel on Climate
Change (IPCC). The analysis of different possible future development directions of the principal
economic, demographic and technological drivers of future greenhouse gas and sulphur
emissions, resulted to four scenario storylines, labeled Al, A2, B1 and B2, two of which are
chosen for the present study (Parry et al., 2004; Nakicenovi¢ et al., 2000). In brief, A2 scenario is
characterized by a heterogeneous world of slow technological development with emphasis in
self-reliance and preservation of local identities and continuous population increase. In general,
the A2 is at the higher end of the gas emission scenarios and it was selected to reflect the impact
of a large potential climate change even though it is not the upper limit in terms of projected
temperature increase. The Bl scenario describes a convergent world with the same global
population that declines after midcentury, as in the Al, but with rapid changes in economic
structures, reductions in material intensity and the introduction of resource-efficient technologies
(Parry et al., 2004). This scenario was selected as the lower limit scenario. Nevertheless, there
will be a new generation of scenarios for climate change research (Moss et al., 2008, 2010) that

may better represent future conditions and produce new results.

The aim of this study is to examine the ability of large scale forcing datasets (WATCH Forcing
Data-WFD) to reproduce drought characteristics and to study drought events taking into account
hydrometeorological variables using the threshold level method in Platis basin, in the island of
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Crete. The main objective is to clarify the contribution of decreasing hydrological resources as a
driver of drought appearance within the context of climate change. The study also elaborates on
the future projection analysis of these variables for identifying potentially induced severe

drought phenomena from two gas emission scenarios aspects.

3.1 Methodology

3.1.1 Blaney-Criddle method

Evapotranspiration (ET) comprises an important parameter needed by water managers for the
design and management of irrigation systems as well as hydrological modeling (Mohan and
Arumugam, 1995). In the literature (Xu and Singh, 2002; McMahon et al., 2012) there is a great
number of methods used for calculating potential evapotranspiration (PET). Xystrakis and
Matzarakis (2011), who compared 13 reference PET models to find the best model for cropland
ET in the island of Crete, found that the FAO equation was complicated enough because of data
unavailability, and thus more empirical methods were appropriate. Although the Penman-
Monteith equation has been tested efficiently in different climates, the need for full
meteorological data such as minimum and maximum air temperature, minimum and maximum
relative humidity, solar radiation and wind speed limits the widespread use of this equation
(Monteith, 1965; Pereira and Pruitt, 2004).

The annual potential evapotranspiration in Crete is about 1400mm-1550mm (Region of Crete,
2002). The Blaney-Criddle equation is a relatively simplistic method for calculating
evapotranspiration and ideal when only air temperature data is available for a site. Measured
evapotranspiration for Platis test area is available only in monthly time-step. WFD provided
daily potential evapotranspiration (PET) calculated with the Blaney-Criddle equation (Blaney
and Criddle, 1950):
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3.1.2 The hydrological model HBV

The HBV model (Bergstrom, 1995; Lindstrom et al., 1997; Bergstrém et al., 1997) is a
conceptual model of catchment hydrology which simulates discharge using rainfall, temperature
and estimates of potential evaporation. In the present thesis, the model is used as lumped,
representing the basin as a single entity, considering that the input data are evenly distributed.
The model consists of four subroutines, a subroutine for snow accumulation and snowmelt based
on the degree-day approach, a soil moisture accounting procedure to update the soil water, the
runoff generation routine and a flow-routing procedure consisting of a simple filter with
triangular distribution of weights (SMHI, 2006). The soil moisture accounting routine, which is
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controlled by three parameters, computes an index of the wetness and soil moisture storage in a
catchment. Parameter FC is the maximum soil storage capacity in the basin and parameter f
determines the relative contribution to runoff from a millimeter of rain or snowmelt at a given
soil moisture deficit while parameter LP controls the shape of the reduction curve for potential
evapotranspiration. The runoff generation routine transforms excess water from the soil moisture
routine to discharge to each sub-basin and it consists of one upper, non-linear and one lower,
linear reservoirs connected in series by constant percolation rate (PERC). These are the origin of
the quick and slow runoff components of the hydrograph. Flow of water from these reservoirs
into runoff is governed by the linear storage coefficient (Ko, Ki, K2) and overflow from the upper
storage (Qo) based upon exceedance of the threshold storage volume UZ. Computed outflow
from a catchment is transformed using a triangular weighting function, the base width of which
is the calibration parameter MAXBAS. The version of HBV used in this study is an Integrated
Hydrological Modelling System (IHMS 5.10.1) HBV 7.1 developed by Swedish Meteorological
and Hydrological Institute (SMHI) (SMHI, 2006).

Input data are observations of precipitation, air temperature, vapour pressure, wind speed and
estimates of potential evaporation. The efficiency of the model simulations as expressed by the
closeness between observed and simulated flows was evaluated using the Nash—Sutcliffe (NS)
coefficient (Nash and Sutcliffe, 1970) equation:

_,  2(QCc-QRry
NS=1- (3-2)
> (QR-QR,..)

where QR is the observed flow and QC the computed flow, QRmean is the average observed flow
over the calibration period. The range of NS lies between -co and1.0 (perfect fit). A result lower
than zero indicates that the mean value of the observed time series would have been a better
predictor than the model. This model will provide the necessary results of the hydrological
parameters (simulated flow, soil moisture and groundwater reservoir level) for further use in
drought assessment. In order to reduce the problem of the squared differences and the resulting
sensitivity to extreme values the NS is often calculated with logarithmic values of QC and QR.
The logarithmic transformation of the flow values leads to the flattening of peaks and the low
flows are kept more or less at the same level. As a result the influence of the low flow values is
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increased in comparison to the flood peaks resulting in an increase in sensitivity of INNS (Krause
et al., 2005).

The model was calibrated manually, for the period 1974-1988, based on the efficiency criteria of
NS, InNS and coefficient of determination R?. More weight was given to InNS, to focus on a
better performance of low flows (SMHI, 2006). Moreover, the model was validated against
observed flow for the period 1989-1999 in order to establish calibration reliability. A schematic

sketch of the HBV model -with the following characteristics- is shown in Figure 3-.

RF =rainfall = pcorr - rfcf - P if T>tt
SF = snowfall = pcorr - sfcf - P if T<tt
SM = soil moisture

P = observed precipitation (mm)

T = observed temperature (°C)

tt = threshold temperature (°C)

rfcf = rainfall correction factor

sfcf = snowfall correction factor

pcorr = general precipitation correction factor
EA = actual evapotranspiration

CF = capillary transport

EL = evapotranspiration from interception
AQ = contribution to the response function
Qo = reservoir outflow upper reservoir

Q: = reservoir outflow lower reservoir

UZ = reservoir content upper reservoir

LZ = reservoir content lower reservoir

FC = maximum soil moisture storage

LP = limit for potential evapotranspiration

PERC = percolation rate
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Figure 3-2: Schematic presentation of the HBV model for one subbasin (SMHI, 2006).

3.1.3 Threshold level method

The threshold level approach originates from the runs of crossing theory, which was first
developed by Rice (1954) and further developed by Cramer and Leadbetter (1967) according to
Bras and Rodriguez-Iturbe (1985). The method was first applied to droughts by Yevjevich
(1967). The drought severity can usually be defined by the drought deficit, the drought duration
or drought intensity (Peters, 2003). In this study, the threshold level approach will be applied to
flow (observed and simulated), soil moisture and groundwater reservoir. Drought duration,
deficit as well as the number of drought events will be used as the main identifiers for drought

severity.
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Yevjevich (1967) originally defined droughts as periods during which the current water demand
exceeds the water supply. Both the water supply, S(t), as well as the water demand, D(t), are
expressed as time series, and a drought event is defined as an uninterrupted sequence of negative
values in the supply-minus-demand series, Y (t)=S(t)—D(t). Later, Yevjevich (1983) simplified
the concept by representing the demand as a threshold level in view of droughts being defined as

periods during which the discharge is below the threshold level (Yahiaoui et al., 2009).

A stepwise illustration of the flow duration curve calculation is seen in Figure 3-3. Derivation of
daily, monthly and seasonal period of record flow duration curves are illustrated in Figure 3-3a
and the exceedance percentiles for each day of the year are calculated from a L-day moving

window as demonstrated in Figure 3-3b.

a) day of the year b) day of the year
year 1Jan... .31 Dec year 1Jan... | De’c
1961 . S g 1961 | (i Hm
1962 ! —1-— N ) 1962
1963 | —t=| =i > m 1963
' 1 foc table of

iejof | 1 dailv
dailv| 1 1] discharge
discharge 1] data
data
[ 1]
T ' ﬁ iy
19%'“-_' I, ; - 1990'J£' j
\“ \\| H ot N ecord @
13 monthly s BASON; foc = daily
) Toc fac fac —

foc for all 365 days of the year

Figure 3-3: Determination of different flow curves for the threshold level definitions a) calendar
units (day, month, season) and b) moving window (daily)(Hisdal and Tallaksen, 2000)

Unusual low flows during high flow seasons might be important for later drought development.
However, periods with relatively low flow either during the high flow season or for instance due
to a delayed onset of a snowmelt flood, are commonly not considered a drought. Therefore, the
events defined with the varying threshold should be called streamflow deficiency or streamflow
anomaly rather than streamflow drought. For example applying a 31- day window, the flow
exceedance on 1 June would be calculated from all discharges recorded between 17 May and 16
June in each year of the period of record.
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The afore-mentioned threshold represents physical parameters which occur or are exceeded on a
specific percent of the period (Hisdal and Tallaksen, 2000). A sequence of drought events is
obtained from the hydrograph by considering situations where hydrometeorological parameters
are below a certain threshold level. Each drought event is characterized by its duration, deficit
volume and time of occurrence. The time of drought occurrence is defined as the date of
minimum flow in the drought. An event is counted when it starts during a specific hydrological
year, even if it continues to the next hydrological year. Drought events of duration less than three
days are ignored. During a prolonged dry period it is often observed that the flow exceeds the
threshold level in a short period of time and thereby dividing a large drought into a number of
minor droughts that are mutually dependent. The parameters values exceeded 80% of the time
(Q80: 20™ percentile) were used as the threshold (Oosterwijk et al., 2009).

3.2 Study area and data

The Platis catchment is located in the south-central part of the island of Crete in Greece and
covers an area of 210 km? (Figure 3-4). The mean annual precipitation is estimated to be 923
mm with 87 wet days on average (a wet day is defined by precipitation over 0.1 mm) over the
period 1974-1999 (Table 3-1) and its mean elevation is 698 m a.m.s.l. with a maximum of
2453.5 m. Figure 3-5 illustrates the monthly and annual plot of precipitation time series. The
climate ranges between sub-humid Mediterranean and semi-arid with long hot and dry summer
and relatively humid and cold winter with a mean annual temperature 15 °C (Pavlakis, 2004).
The mean annual flow reaches 272 Mm® and it is estimated that about 46% (126 Mm?®)
evapotranspirates, 19% (51 Mm?) flows to the sea and 35% (95 Mm?®) recharges the groundwater
(Pavlakis, 2004). The land cover consists predominantly of agricultural areas (46.5%), artificial
surfaces (0.1%) and forest and semi-natural areas (53.5%). The hydrogeological base of the area
consists of impermeable quartzites and phyllites, as well as permeable carboniferous, limestone
for mations, neogene and quaternary deposits (Pavlakis, 2004).
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Figure 3-4: Platis basin location and relief.
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Figure 3-5: a) Monthly and b) annual precipitation time series for Platis basin for the period
1974-1999.

The local meteorological data used for the HBV model were obtained from four meteorological
stations located in the Platis catchment (Table 3-2). Average daily temperature data of the
nearby meteorological stations were provided by the Hellenic National Meteorological Service.
Time-series of measured evapotranspiration for Platis test basin were available from one nearby
meteorological station, at monthly time-step. Mean daily precipitation was derived from four
stations using Thiessen method and daily average temperature was calculated from multiple
linear regression for the period 1974-1999. Daily potential evaporation (PET) values were
estimated through a combination of a locally calibrated Blaney-Criddle equation (Allen and
Pruitt, 1986) and adjustment indices from generic daily WFD PET data, as described in the part
of methodology. Daily discharge time-series were used for model calibration.
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The methodology is tested using the available global dataset of observed forcing data (WATCH
Forcing Data - WFD) of the period 1974-1999 from the EU project WATCH (WATer and global
Change) in combination with local observational data (precipitation and temperature) (Weedon
et al., 2011). The WFD have been derived from the ERA-40 reanalysis product of the European
Centre for Medium Range Weather Forecasting (ECMWF) as described by Uppala et al. (2005).
However, the one-degree ERA-40 data require adjustment based on half-degree monthly
observational data in the form of the August 2008 version of CRU-TS2.1 from the Climatic
Research Unit, in order to remove model biases (Hagemann et al., 2005).

Furthermore, WATCH Driving Data (WDD), which are used for projection purposes, are
constructed from three GCMs output (precipitation and temperature), CNCM (Royer et al.,
2002), ECHAMS (Roeckner et al., 2003) and IPSL (Hourdin et al., 2006), interpolated at half-
degree resolution concerning the period 1974-2100 and corrected for biases based on the WFD
with the statistical bias correction method described in Piani et al. (2010). According to this
method, statistical relationships between cumulative density functions (CDFs) of a common
period between observed and simulated precipitation are established and applied to the projected
precipitation. The transfer function derives from mapping a theoretical distribution (such as the
gamma distribution) on GCM and observed precipitation CDFs. Two climate scenarios, A2 and
B1 comprise the runs from the three GCMs used in this study. The half-degree GCM outputs are
then interpolated in order to get the GCM precipitation at Platis basin level by using the Nearest
Neighbor Interpolation (NN) (Gutin et al., 2002).

61



Table 3-1: Hydrological characteristics of Platis basin.

Annual
Year Dry days/year Wet days/year precipitation
(mm)
1974-1975 271 94 897.5
1975-1976 269 97 1004.8
1976-1977 289 76 771.8
1977-1978 270 95 1484.7
1978-1979 277 88 882.7
1979-1980 266 100 1038.8
1980-1981 277 88 1230.4
1981-1982 263 102 11745
1982-1983 287 78 820.2
1983-1984 259 107 927.8
1984-1985 283 82 1017.5
1985-1986 280 85 601.1
1986-1987 256 109 1060.1
1987-1988 278 88 1045.6
1988-1989 297 68 759.5
1989-1990 305 60 592.3
1990-1991 270 95 718.0
1991-1992 270 96 916.5
1992-1993 290 75 662.4
1993-1994 291 74 841.8
1994-1995 274 91 868.2
1995-1996 255 111 1054.9
1996-1997 293 72 902.3
1997-1998 273 92 914.9
1998-1999 310 55 889.4
AVERAGE 278 87 923.1
STDEV 14.4 14.6 199.0

Table 3-2: Characteristics of the stations used for Platis basin precipitation extraction.

Annual Precipitation (mm) | Area percentage

Gerakari 1336 24%
Vizari 778 52%
Melabes 782 14%
Agia Galini 623 9%




3.3 Results

3.3.1 Hydrological model calibration and validation results and regime

The hydrological model was successfully calibrated using a 15-year period of daily observed
data (precipitation, temperature and flow). The first year of calibration 1/9/1973-31/8/1974, was
used to initialize the model. According to Nash-Sutcliffe (NS) criterion over the flow calibration,
the performance of the IHMS-HBV model delivered satisfactory calibration results for the
simulated flow; the NS for the calibration period was 0.81 (the same for R?), while the InNS for
low flow periods was 0.78 (Table 3-3). The HBV model was also calibrated using WFD
precipitation and temperature as well as observed flow as input data, thereby producing WFD
simulated parameters (simulated flow, soil moisture and lower groundwater reservoir). The
simulation with observed data better reproduces observed flow than the calibration using WFD
(NS = 0.53, InNS = 0.68 and R? = 0.47).

In order to establish calibration reliability, the model was validated for a 10-year period (1989-
1999) for both datasets. Model performance was further evaluated through the identification of
flow droughts for Platis basin using the threshold method over the calibration and validation
periods (Table 3-3). For drought calculation, flow deficit more than 1 mm was taken into
account. It is noted that Nash values for WFD are lower than the observed dataset.
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Table 3-3: Nash-Sutcliffe estimators for calibration and validation periods and drought characteristics concerning observed, HBV-
observed and WFD datasets.

Calibration (1974-1988)

Validation (1989-1999

Total historical period (1974-1999)

HBV-
Observed observed WFD | Observed | HBV-observed | WFD | Observed | HBV-observed | WFD
NS - 0.81 0.53 - 0.59 0.42 - 0.77 0.51
INNS - 0.78 0.68 - 0.7 0.67 - 0.76 0.68
R? - 0.81 0.47 - 0.61 0.39 - 0.77 0.45
Number of droughts 9 7 8 14 13 15 23 20 23
Drought duration
(days) 13 20 21 15 18 23 14 20 23
Deficit amount (mm) 0.2 0.27 0.26 0.24 0.28 0.3 0.22 0.27 0.29
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The hydrological regime of Platis basin is presented via long-term daily averages concerning five
parameters for the period 1974-1999 in Figure 3-6. Analyzing the results of the hydrological
model on an average daily basis for both local and WFD datasets, it was found that the
hydrograph (observed and simulated) shows a clear seasonal pattern: high flows occur during
January and February, while there is no flow during summer and autumn period (end of May to
end of October). HBV simulates this pattern quite well, while some underestimation in winter is

visible. The coefficient of determination for local simulated and WFD time series is R?=0.89.

The negative relation between soil moisture and temperature indicates the effect of
evapotranspiration on the soil moisture content. It is also obvious from Figure 3-6 that soil
moisture is at its maximum during winter months. Local and WFD simulated soil moisture
datasets conclude to R?=0.99. When temperature starts to reach about 20 °C (June) soil moisture
falls under 50 mm. At that moment also groundwater storage reaches zero (R*=0.98 concerning
local and WFD simulated groundwater time series). Soil moisture rises following the increase of
precipitation (November to April). In general, besides precipitation (R?=0.7), temperature is an

important factor for the hydrological regime in Platis.
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Figure 3-6: Long-term daily averages derived from local and WFD datasets for Platis basin for
the period 1974-1999. Top panel: temperature and precipitation; second panel: observed and
simulated flow; third panel: soil moisture; lower panel: lower groundwater storage.

Moreover, the hydrological status for the past period (observed and model ensemble) is
illustrated with long-term monthly averages in Figure 3-7. The forcing of the WFD calibrated
HBYV model with the bias corrected GCM output from 2001 to 2100 (WDD) offered an overall
projected representation of the parameters. The three (3) GCMs past data were standardized to a
single model average, with -10% error in precipitation and +2.2°C in temperature comparing to
the observed dataset. The GCMs future results concerning both scenarios can be compared via
four 25-year future period curves from 2001 to 2100. It is worth mentioning that both scenarios

exhibit a decrease in precipitation and an increase in temperature averages compared to the past
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climate data. In A2 scenario, the GCM ensemble change (compared to past WFD) was -30% for
precipitation and +4.5°C for temperature for the last 25-year period; B1 scenario represents

“milder” results, giving -8% change in precipitation and +2.5°C change in temperature from

2001 onwards.
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Figure 3-7: Seasonal variability between the past (observed and 3-model average) and future
periods for precipitation and temperature climatic variables concerning A2 and B1 scenarios.

The seasonal variability of the hydrological parameters (flow, soil moisture, lower groundwater)
from the three model simulations are demonstrated for the past and future periods in Figure 3-8.
It was found that in past time series the simulated flow corresponds well to the observed (+3%
difference), while soil moisture and lower groundwater are underestimated by 17% and 31%
respectively. The GCMs projections of both scenarios indicate a significant decrease in flow, soil
moisture and groundwater reservoir. Comparing to the WFD averages, A2 scenario provides -

56% decrease for flow, -34% for soil moisture and -65% for groundwater over 2076-2100,
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whereas B1 scenario exemplifies more conservative predictions with a -18% change for flow, -

15% for soil moisture and -22% for groundwater.
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Figure 3-8: Seasonal variability between the past (observed and three-model average) and
future periods for flow, soil moisture and lower groundwater climatic variables concerning A2

and B1 scenarios.

3.3.2 Drought in different hydrometeorological variables

Droughts for Platis basin were identified using the threshold level method over the period 1974-

1999. The 20™ percentile of each parameter and each dataset was calculated thereby extracting

the corresponding “threshold” time series. For drought calculation, at least three consecutive

days that do not reach the “threshold” values, are considered as a drought event and the
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difference between the threshold values and the original time series is defined as deficit amount;
soil moisture deficit more than 1 mm, flow and lower groundwater deficit exceeded by 0.1 mm
were taken into account. From the observed, simulated flow, soil moisture and lower
groundwater time series, several drought characteristics were determined with the threshold level

method, i.e. number, mean duration, and mean deficit amount of droughts (Table 3-4).

Table 3-4: Drought characteristics in different hydrometeorological variables and different
datasets for Platis basin for the period 1974-1999.

Drought duration Deficit amount

Dataset Variable N dumber of (days) (mm)
roughts

Mean Mean

Observed flow 23 14 0.22

Observed Simulated flow 20 20 0.27
Soil moisture 45 17 16

Lower groundwater 32 21 3.08

Simulated flow 23 23 0.29

WFD Soil moisture 43 18 13.9

Lower groundwater 38 19 2.53

Simulated flow 20 20 0.24

CNCM  Soil moisture 42 20 14.57

Lower groundwater 31 24 2.47

Simulated flow 22 21 0.23

ECHAMS  Soil moisture 37 21 18.25

Lower groundwater 31 27 2.25

Simulated flow 17 22 0.36

IPSL Soil moisture 40 23 19.79
Lower groundwater 29 35 3

The relative difference between results from simulated and observed flow for each characteristic
was also examined. Notwithstanding the Nash-Sutcliffe values for both forcing datasets (NS for
WED is lower than NS for HBV-observed), the simulation with WFD seems to produce better fit
for threshold level method results regarding the number of droughts. According to Table 3-4, the
number of droughts in the simulated time series (20) correspond well to the droughts of the
observed dataset (23), mean drought duration is overestimated by the simulation (20 drought

days), and the simulation of mean deficit is again quite close to observations (0.27 mm).
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Generally, soil moisture and lower groundwater droughts are the most frequent; the number of
droughts in the soil moisture is higher than in lower groundwater. The models results
underestimate the number of flow, soil moisture and groundwater drought events (up to 20, 42,
31 for CNCM, 22, 37, 31 for ECHAMS and 17, 40, 29 for IPSL respectively) while mean
drought duration is overestimated (up to 20, 20, 24 days for CNCM, 21, 21, 27 days for
ECHAMDS and 22, 23, 35 days for IPSL respectively) as shown in Table 3-4.

In order to investigate drought events and perform a correlation analysis between the events and
precipitation data, a focus on a specific year with the minimum precipitation amount which
represents dry conditions would serve for such examination. 1989-1990 represents the year with
the minimum precipitation amount (592 mm) with 99 rainy days; drought propagation through
soil moisture, observed, simulated flow and lower groundwater reservoir for the dry hydrological
year 1989-1990 is shown in Figure 3-9. Lower groundwater was selected for graphical
examination as it represents the groundwater storage of the basin contributing to the base flow
and the origin of slow runoff. Flow (observed and simulated) drought begins to develop together
with lower groundwater (December 1989). Two flow and groundwater drought periods are
followed until the high precipitation of February 1990 recharged soil moisture and groundwater
to the maximum of the year. The following low precipitation values lead to another drought
event for all parameters. It is obvious that soil moisture and groundwater droughts develop
together. It is therefore reasonable to assume that precipitation causes equal temporal evolution
of deficits to all parameters. Furthermore, there is lack of precipitation, flow and groundwater
during summer months, whereas winter months comprise the period during which recharge takes
place. Meteorological drought through precipitation was not analyzed, since the threshold level
method gave zero values for the threshold Q80 and close to zero values concerning the threshold
of Q60.
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Figure 3-9: Example of drought propagation in Platis catchment for the hydrological year 1989-
1990. Top panel: Mean annual precipitation; second panel: observed flow, dashed line = daily
observed flow threshold d; third panel: simulated flow, dashed line = daily simulated flow
threshold; fourth panel: soil moisture storage, dashed line = daily soil moisture threshold; lower
panel: lower groundwater storage, dashed line = daily lower groundwater threshold.
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3.3.3 Frequency distributions

Taking into account the projected decreases in all parameters, a frequency distribution analysis
was performed to obtain insight into how the afore-mentioned changes are connected to drought

appearance.

Cumulative frequency distributions of drought duration for observed dataset and WFD regarding
simulated flow, soil moisture and lower groundwater during the past period 1974-1999, are
displayed in Figure 3-10. For all parameters, the results provided high correlation for both
datasets. Many short duration droughts are evident in the plots; nearly 50% of the flow (both
observed and simulated) drought events last over 5 days. Soil moisture and groundwater
discharge both show a similar distribution in duration as was expected. Simulated flow and

groundwater plots display some marked gaps at 80% of probability.
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Figure 3-10: Cumulative frequency distribution of drought duration (in days) for observed
dataset and WFD regarding simulated flow (top), soil moisture (middle) and lower groundwater
(bottom) during the past period 1974-1999.

Frequency distributions for drought duration regarding the past period 1974-2001 and the future
period 2001-2100 (scenario A2) of three models (Figure 3-11) show a clear tendency towards
severe drought conditions. From 2001 onwards, drought duration is significantly increased; soil
moisture droughts are characterized by a longer duration in comparison with the other
parameters. The probabilities for greater drought duration are increased from one period to
another; this shift on the curves indicates a robust signal in terms of the drought propagation.
Regarding the simulated flow, the soil moisture and the lower groundwater, 50% of the events
lasted over 10, 30 and 20 days in the past period and 50, 200 and 110 days on average in the last
future period respectively. The parameters with a less continuous distribution may be related to

the rather low number of events or the given model structure.
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Figure 3-11: Cumulative frequency distribution of drought duration (in days) for three models
(CNCM, ECHAMS and IPSL) regarding simulated flow (top), soil moisture (middle) and lower
groundwater (bottom) during the past period 1974-2001 and future period 2001-2100 (Scenario
A2), divided into four 25-year sub-periods.

Visual comparison of Figures 3-11 and 3-12 indicate that B1 scenario results demonstrate more
uniform distributions which are close to linear structures and milder climate conditions for all
parameters with similar results among the sub-periods. Increased drought duration probabilities
in the future periods for both scenarios are illustrated; soil moisture droughts last longer than the
other parameters. According to expectations, B1 scenario offers a more optimistic view of
drought status. Regarding the simulated flow, the soil moisture and the lower groundwater, 50%
of the events lasted 20, 100 and 50 days on average in the last future period respectively.
Uniformity in the curves indicates the corresponding structure of dataset. For example, soil

moisture drought days of ECHAMS5 model in Figure 3-11 appear a noticeable gap in the range
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160-200 implying that there are no such values derived by this dataset. The modeling chain
encompasses three different processes, beginning from the GCMs output data, the HBV model
simulation and the threshold level method and thus, the origination of these discontinuities is
indefinite. It is obvious that soil moisture resembles closely the properties of groundwater
discharge (duration and deficit volume). This further supports the use of either parameter when

information on the spatial aspects of drought is required.
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Figure 3-12: Cumulative frequency distribution of drought duration (in days) for three models
(CNCM, ECHAMS and IPSL) regarding simulated flow (top), soil moisture (middle) and lower
groundwater (bottom) during the past period 1974-2001 and future period 2001-2100 (Scenario
B1), divided into four 25-year sub-periods.

The percentage change of drought characteristics for the future periods in terms of the three-
model ensemble past status provides a meaningful interpretation of the parameters decrease

effect on drought propagation (Table 3-5). For A2 scenario, it was found that drought events
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number increases up to 98%, 109% and 81% for flow, soil moisture and groundwater
respectively. B1 scenario provided more conservative estimates, with a drought events number
increase of 56%, 92% and 34% for flow, soil moisture and groundwater respectively. The
drought duration difference between scenarios reaches up to 33%, 89% and 34% for simulated
flow, soil moisture and groundwater respectively till 2100. Moderate changes can be noticed in
drought deficit volume with an estimated maximum increase of 19%, 33% and 22% in flow, soil
moisture and groundwater involving A2 scenario, whereas B1 scenario predicted 10%, 2% and
26% maximum increase for the former parameters. The projected precipitation (30% and 7%
decrease for A2 and B1 respectively) and temperature (5.3°C and 3.4°C increase for A2 and B1

respectively) follows in accordance with the evolution of the hydrological parameters.
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Table 3-5: Change percentage of drought characteristics for 4 future periods (scenarios A2 and B1) concerning the three-model

ensemble.
. ] Precipitation (mm) Temperature (°C) Number of drought events Drought duration (days) Deficit amount (mm)
Period Variable
A2 Bl A2 Bl A2 Bl A2 Bl A2 Bl
Simulated flow +17% (+3) 0% +24% (+5) +10% (+2) +5% +1%
2001-2026 Soil moisture +1% +4% +1.1 +1.2 +33% (+13) +37% (+15) +33% (+7) +20% (+4) -6% -16%
Lower groundwater +13% (+4) +25% (+8) +9% (+3) 0% +11% +13%
Simulated flow +14% (+3) +42% (+8) +35% (+7) +27% (+6) +5% +1%
2026-2051 Soil moisture -1% -6% +1.9 +1.9 +68% (+27) +70% (+28) +52% (+11) +52% (+11) -16% -6%
Lower groundwater +46% (+14) +34% (+10) +9% (+3) +26% (+7) -1% +20%
Simulated flow +88% (+17) +27% (+5) +51% (+11) +48% (+10) +13% +6%
2051-2076 Soil moisture -20% -6% +3.6 +2.7 +125% (+50) +84% (+33)  +116% (+25) +78% (+17) +11% -1%
Lower groundwater +75% (+23) +23% (+7) +47% (+13) +19% (+5) +16% +18%
Simulated flow +98% (+19) +56% (+11) +81% (+17) +48% (+10) +19% +10%
2076-2100 Soil moisture -30% -1% +5.3 +3.4 +109% (+43) +92% (+36)  +194% (+41) +105% (+22) +33% +2%
Lower groundwater +81% (+25) +14% (+4) +77% (+22) +43% (+12) +22% +26%
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4. Drought assessment based on multi-model
precipitation projections

The potential impacts of climate change and global warming must be considered by water
resource managers and the corresponding scientific communities, as water availability is
increasingly being stressed (Qi et al., 2009). Many studies have adopted various climate change
scenarios to evaluate effects on meteorological parameters. The scenarios presented in the
Special Report on Emission Scenarios (SRES) in the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4) (IPCC, 2007) have been widely applied both
for the investigation of hydrological responses to climate change and its projection globally and
regionally (Boyer et al., 2010; Crossman et al., 2013; Ficklin et al., 2009; Matondo et al., 2004).
The WCRP's (World Climate Research Programme) Working Group on Coupled Modelling
(WGCM) has initiated a new set of coordinated climate model experiments that comprise the
fifth phase of the Coupled Model Intercomparison Project (CMIP5). Following CMIP3 datasets
that were used in the previous Chapter, CMIP5 datasets will notably provide a multi-model
context for assessing the mechanisms responsible for model differences in poorly understood
feedbacks associated with the carbon cycle and with clouds, examining climate predictability and
exploring the ability of models to predict climate on decadal time scales (Taylor et al., 2012).
Higher resolution of the new models will offer more complete and reliable results concerning the
translation of both climate and drought status.

General Circulation Models (GCMs), which describe the atmospheric process by mathematical

equations, are the most adapted tools for studying the impact of climate change at regional scale.
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The scenarios emerging from the new set of GCM experiments, are called Representative
Concentration Pathways (RCPs) (Table 4-1) and constitute a set of greenhouse gas concentration
and emissions pathways served to support research on the impacts climate change (Riahi et al.,
2011; Kim et al., 2013). The Representative Concentration Pathway (RCP) 8.5 corresponds to a
high greenhouse gas emissions pathway compared to the scenario literature (Jevrejeva et al.,
2012; Kim et al., 2013; IPCC, 2007), and hence also to the upper bound of the RCPs. The
greenhouse gas emissions and concentrations in this scenario increase considerably over time,
leading to a radiative forcing of 8.5 W/m? at the end of the century (Riahi et al., 2007). The rest

pathways represent milder conditions and can be considered as moderate mitigation scenarios.

Table 4-1: Types of representative concentration pathways

Name Radiative Forcing Concentration
RCP8.5 > 8.5 W/m? in 2100 > 1370 CO*-eq
RCP6 6 W/m? at stabilization after 2100 850 CO?-eq at stabilization after 2100

RCP45 | 4.5W/m? at stabilization after 2100 | 650 CO?-eq at stabilization after 2100

RCP3-PD | peak at 3 W/m*® before 2100 and then | peak at 490 CO” -eq before 2100 and
(RCP2.6) decline to 2.6 W/m? then decline

A large number of studies dealing with changes in precipitation and temperature are included in
the international literature (Ramirez-Villegas and Challinor, 2012; Jiang et al., 2007; Goodess,
2013). Kim et al. (2013) examined the combined impacts of future changes in climate and land
cover on streamflow using the RCPs 4.5 and 8.5. Additionally, Vidal and Wade (2008) used two
emissions scenarios, six global climate models and four downscaling methods in order to build

climate change scenarios for three catchment case studies in the UK.

Climate change is expected to affect precipitation, temperature and potential evapotranspiration,
and, thus, is likely to affect the occurrence and severity of meteorological droughts. Drought is
defined as a sustained and regionally extensive occurrence of below average natural water
availability (van Lanen et al., 2007). It is a phenomenon that can be characterized as a deviation
from normal conditions in the physical system (climate and hydrology), which is reflected in
variables such as precipitation, soil water, groundwater and streamflow. Drought is a recurring
and worldwide phenomenon having spatial and temporal characteristics that vary significantly

from one region to another (Tallaksen and van Lanen, 2007).
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The Mediterranean region lying in a transition zone between the arid climate of northern Africa
and the temperate and wet climate of central Europe, is one of the most responsive regions to
global warming. A number of studies have reported regional climate change simulations with
different generations of global model projections over Europe, including the Mediterranean
region (Giorgi and Lionello, 2008; Giorgi et al., 2004; Deque et al., 1998; Christensen and
Christensen, 2003; Semmler and Jacob, 2004). More specifically, the projection of precipitation
changes and drought evolution in the island of Crete has received considerable attention from the
scientific community (Koutroulis et al., 2011; Vrochidou et al., 2012; Deng et al., 2013). Kirono
et al. (2011) presented characteristics of droughts simulated by global climate models under
enhanced greenhouse conditions with the aid of the Reconnaissance Drought Index (RDI).
Drought detection and monitoring is feasible with the use of drought indices. The selection of the
most appropriate index has been discussed by Vrochidou and Tsanis (2012) concluding that the
Standardized Precipitation Index (SPI) is the most widely used; nevertheless, due to some
limitations in providing relative information when applied for different areas, the Spatially-
Normalized SPI (SN-SPI), a variant of SPI introduced by Koutroulis et al. (2011), will be applied
S0 as to take advantage of an improved spatial comparison in terms of drought conditions.

The simulation of climate from a single GCM is insufficient to provide the appropriate
information for a comprehensive assessment of potential climate change and its impacts (Jacob
et al., 2007). Ideally, by using the average of an ensemble of GCMs, the individual model errors
are cancelled out and the ensemble uncertainty decreases as increasingly more models are used,
even though some realism is sacrificed (Sperna et al., 2012). When compared with each other,
different climate models agree qualitatively or semi-quantitatively on several aspects of climate
change. In reality, the use of similar parameterization, numerical methods and coarse grid
resolutions cause some biases depriving part of independency to the models. Therefore, biases
will remain in the multi-model ensemble and the ensemble might not cover the full uncertainty
range (Ré&isénen et al., 2007). Notwithstanding this fact, various studies concluded that a multi-
model mean tends to give more robust predictions for future change than single model
simulations (Sperna et al., 2012; Giorgi and Mearns, 2002; Murphy et al., 2004; Boorman and
Sefton, 1997). It is also stated that deriving model weights from performance for precipitation
and or temperature may not be the best solution in hydrological impact studies (Sperna et al.,
2012).
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In this study, 13 GCM simulations are used in order to produce precipitation patterns and clarify
their “character” both spatially and temporally. This multimodel approach hence enhances the
reliability of the results. The projections of future precipitation changes will be examined over
the island of Crete; moreover, the assessment of drought evolution under the RCP 2.6, 4.5 and
8.5 scenarios both spatially and temporally will serve for addressing alert systems and risk

management planning.

4.1  Methodology

4.1.1 Bias correction

It is well known that the modeled processes that offer precipitation simulations need some form
of preprocessing in order to remove the existing biases. Imperfections due to the coarse spatial
resolution of GCMs compose the main cause of these biases and are often found in the mean
precipitation, the number of drizzle days, and the underestimation of high precipitation values
(Grillakis et al., 2013). Often, statistical bias correction methodologies are applied in order to
correct the statistical properties on model outputs in order to match those of the observations
(Sharma et al., 2007; Christensen et al., 2008; Haerter et al., 2011; Grillakis et al., 2013).

To varying extent, all numerical models suffer from systematic error, i.e. the difference between
the simulated value and the observed. Bias is defined as the time independent component of the
error. To construct a mapping between the observed and the modeled data, a transfer function is

cor

derived (Haerter et al., 2011). The corrected mean usor; and variance g, are:

Oobs
ﬂrcr?gd,sc = Uops T+ (.umod,sc - ﬂmod,con) (4—-1)
mod,con
Oobs
Grgl%rd,sc = Omod,sc (4 - 2)
mod,con
where
Umod.sc - corrected mean of modeled data of scenario period

Uops - Mean value of observed data

81



O,ps - Variance of observed data
Hmod,sc - mean value of modeled data of scenario period
Hmod,con - Mean value of modeled data of control period

Omod,con - Variance of modeled data of control period

cor
0.

‘mod.sc - corrected variance of modeled data of scenario period

Omod,sc - variance of modeled data of scenario period

4.1.2 The SN-SPI

The drought index used in this study was described in Chapter 2.

4.2 Study area and data

Monthly precipitation data was compiled by the WRDPC service (Water Resources Department

of the Prefecture of Crete) for 50 precipitation stations (Figure 4-1) which mainly cover the

central part of the island of Crete, characterized by a higher level of agricultural activity than the

western part. These data cover a thirty (30) years’ time period for each month of the hydrological

year (September to August), from 1973 to 2005, which is set as the control period. Figure 4-2

illustrates three representative stations evenly distributed over Crete with the corresponding

observed mean annual precipitation for the period 1973-2005.
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Figure 4-1: The models grids and 50 stations over Crete a) 2.8 x2 8 BCC- CSMl CanEsmz,
MIROC-ESM, MIROC ESM CHEM, FGOALS- gZ BNU- ESM b) 3.75 xl 89474 IPSL-CM5A-
LR c) 140625 x1 40625 MIROC5 d) 1 875 xl 875 MPI-ESM-LR, MPI-ESM-MR, e)
1.125 x1.125 : MRI-CGCM3, ) 2.5 x1.89474 : NorESM1-M, q) 2.50x1.26o: IPSL-CM5A-MR.
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Figure 4-2: Observed mean annual precipitation of three representative stations over Crete for
the period 1973-2005.

Simulated precipitation and temperature data were provided from 13 GCMs for the period 1973-
2099, including 7 different grids and the number of vertical layers concerning both the

atmospheric and oceanic component (Table 4-2).
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Table 4-2: Origin and grid size of GCMs used (Zunz et al., 2012).

Vertical layers

Model Name Modeling Center/Institute Grid size Atmospheric Oceanic
component component
Beijing Climate Center, China o o
BCC-CSM1 Meteorological Administration 2.8 x2.8 26 40
MPI-ESM-LR Max Planck Institute for Meteorology 1.8750x1.8750 47 40
MPI-ESM-MR Max Planck Institute for Meteorology 1.8750x1.8750 95 40
IPSL-CM5A-LR Institut Pierre-Simon Laplace 3.75 x1.89474 39 31
IPSL-CM5A-MR Institut Pierre-Simon Laplace 2.50x1.260 39 31
Japan Agency for Marine-Earth Science and
Technology, Atmosphere and Ocean o o
MIROC-ESM Research Institute (The University of 28 x%2.8 80 44
Tokyo), and National Institute for
Environmental Studies
Japan Agency for Marine-Earth Science and
Technology, Atmosphere and Ocean o o
MIROC-ESM-CHEM Research Institute (The University of 28 x%2.8 80 44
Tokyo), and National Institute for
Environmental Studies
Atmosphere and Ocean Research Institute
(The University of Tokyo), National . .
MIROC5 Institute for Environmental Studies, and 1.40625 x1.40625 40 49
Japan Agency for Marine-Earth Science and
Technology
MRI-CGCM3 Meteorological Research Institute, Japan 1_1250)(1_1250 48 51
NorESM1-M Norwegian Climate Center 2.50x1.894740 26 53
LASG, Institute of Atmospheric Physics, o o
FGOALS-g2 Chinese Academy of Sciences and CESS, 28 x%2.8 26 30
Tsinghua University
College of Global Change and Earth System o o
BNU-ESM Science, Beijing Normal University 2.8 x2.8 26 50
CanESM2 Canadian Centre for Climate Modeling and 2.80x2.80 35 40

Analysis
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Given the coordinates of the stations and the different grids, the GCM outputs were interpolated
in order to get the GCM precipitation at each station location by using the Nearest Neighbor
Interpolation (NN) (Gutin et al., 2002). The NN method was selected among the various
interpolation methods that are offered in the literature for a number of reasons (Sluiter, 2009).
The major reason is that we intended to preserve the original climate signal of the GCMs even
though the large grid spacing. By involving more GCM grid cell data on the interpolation
procedure (as in Inverse Distance Weighting — IDW) may result to significant information
dilution, or signal cancellation between two or more grid cell data from GCM outputs. The
GCMs data were corrected for biases using the observed precipitation data of Prefecture of Crete
(Figure 4-3). A representative station (Kalives, RCP4.5) was used to show the level of
association between raw and bias corrected data. It is reasonable to assume that GCMs

overestimate precipitation data.
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Figure 4-3: a) Raw precipitation data versus bias corrected time series for a representative

station (Kalives) for RCP4.5.
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4.3 Results and discussion

The monthly global precipitation and temperature output of 13 GCMs, between 1973 and 2099
for all scenarios is presented as an ensemble of annual averages in Figure 4-4. It is obvious that
annual precipitation over Crete follows a negative trend, especially when applying RCP8.5; the
last 34-year period (2065-2099) the average precipitation will decrease by 6%, 17% and 26%
concerning RCP2.6, 4.5 and 8.5 respectively. Temperature analysis revealed that it will increase
by 1, 2 and 3°C up to 2099 for RCP2.6, 4.5 and 8.5 respectively.
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Figure 4-4: Ensemble of annual precipitation and temperature of all GCMs and scenarios for
Crete.

A presentation of precipitation and temperature trends of RCP4.5 with maximum and minimum

time series, including 95% upper and lower confidence limits, is shown in Figure 4-5. In order
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to get a better insight on the spatial distribution and evolution of precipitation, three

representative stations were chosen across the island.
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Figure 4-5: Red lines represent the ensemble of average annual precipitation and temperature
of all GCMs for Crete concerning RCP4.5, including 95% confidence limits. The dashed lines
represent the annual ensemble precipitation and temperature trends. The green area represents
the amplitude of the annual precipitation and temperature (min and max) in terms of the GCMs.

As for RCP2.6, during the upcoming 2005-2035 period, less mean precipitation is expected (2%,
3% and 3% for Kalives, Lagolia and Sitia respectively), while during the next two time periods
of 2035-2065 and 2065-2099, the average precipitation will decrease by 6% and 7% respectively
(Figure 4-6). RCP4.5 indicated a more significant precipitation decrease (2% and 3% and 3% for
Kalives, Lagolia and Sitia respectively) reaching 20% for Sitia station concerning the last future
period. The projections denoted the most critical precipitation decrease when analyzing RCP8.5;

there is a 5% of decrease during the 2005-2035 period, whereas a continuous decrease takes
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place during the next period reaching 15%, 15% and 18%. The last period is characterized as the

driest with a precipitation decrease of 29%, 26% and 30% respectively (Figure 4-6).
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Figure 4-6: Ensemble of annual precipitation for 3 representative stations for all scenarios.
were calculated for 50 stations, in order to provide an overview of prolonged drought

Following the precipitation analysis, drought scenarios were formulated by adopting the
corresponding precipitation data of the thirteen GCMs. 48-month time scale values of SN-SPI
occurrences for the periods 1973-2005, 2005-2035, 2035-2065 and 2065-2099, taking into
account the scenarios RCP2.6, RCP4.5 and RCP8.5. According to the SN-SPI classification
scale, the stations were then classified in terms of severely and extremely dry conditions (SN-



SPI<-1.5) as an average time percentage, which was defined as the temporal part of extreme

dryness out of each 30-year period under study.

The model ensemble of the time percentages of the models of severe and extreme droughts for
each station was adopted in order to present an overall picture of drought duration both spatially
and temporally. The time percentage of severe and extreme droughts for the period 2065-2099
for all scenarios is illustrated in Figure 4-7. According to our expectations, RCP2.6 scenario
represents milder conditions in comparison with RCP4.5 and the RCP8.5 indicates the most
intense drought conditions in terms of duration; 28% of the stations suffer from severe and
extreme drought conditions for up to 32% of time, while the same duration was a result for
RCP2.6 and 4.5 for 2 % and 16% of the stations respectively.
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Figure 4-7: Time percentage of severe and extreme droughts for all RCPs during 2065-2099
period.

Upon examining the temporal evolution of drought duration just for RCP4.5, it was found that
the past period is mostly characterized by a 3% of time extreme drought duration (Figure 4-8).

Passing to the next period, just a station is under drought conditions for up to 10% of time.
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Figure 4-8: Time percentage of severe and extreme droughts for RCP4.5 during1973-2005 and
2005-2035 periods.

Visual comparison of stations under RCP4.5 displayed in Figure 4-9 shows a clear tendency
towards greater drought conditions in the southern and eastern part from one period to the next.
As a matter of fact, during the period 2035-2065, 18% of stations undergo extreme droughts for
6% of time against the last period during which drought phenomena are getting intensified as

mentioned before.
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Figure 4-9: Time percentage of severe and extreme droughts for RCP4.5 during 2035-2065 and
2065-2099 periods.

The SN-SPI for Kalives, Lagolia and Sitia is presented for all scenarios regarding the period
1973-2099 (Figure 4-10). It is important to note that the SN-SPI plots followed the
corresponding precipitation patterns as presented in Figure 4-6. As for the first plot, moderate
dryness with various fluctuations is observed till 2035; a fluctuated pattern including five periods
of extreme drought conditions characterize the period 2035-2099 with a greater intensity in Sitia.
In SN-SPI plots for RCP4.5, a moderate drought is observed in 2047-2055 and is followed by a
30-year drought occurrence interrupted in 2083. As expected, RCP8.5 offers a picture of a
continuous drought development after 2060; extreme drought spells will be recorded in Lagolia
and Sitia after 2090.
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Figure 4-10: SN-SPI for three representative stations concerning all RCPs during the period
1973-2099.

Passing from a RCP to another, it is worth mentioning that there is a 10-year shift on the
beginning of extreme drought events and the wet conditions become even milder. Furthermore,
the period 1973-2035 as mildly wet is apparently juxtaposed with the extreme drought
occurrence of the period 2035-2099. Regarding the last future period, one can deduce that
drought phenomena become more intense, as mean precipitation is projected to decrease,
whereas wet conditions are completely absent. There is clear indication of a spatial drought

variation from the west to the east, thereby characterized the eastern part as the most vulnerable
area in drought events.
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5. Conclusions and recommendations for future
research

5.1 Conclusions

Precipitation distribution impacts on droughts

Results of spatio-temporal precipitation analysis for the period 1974-2005 for the island of Crete
revealed valuable information within the context of drought occurrence. A positive rate between
precipitation and elevation comprises a fact, whereas a negative correlation lies between
precipitation and longitude. It is then deduced that amongst many topographic and geographic
factors, elevation and longitude strongly determine the spatial association in precipitation
variations. The multiple linear regression method has been used to develop correlations to
estimate the spatial distribution of orographic precipitation for complex territory such as that of
the island of Crete in Greece using the parameters of elevation and longitude. The two-variable
model is more reliable and realistic, especially when dealing with a relatively small number of
rain gauges. The coefficient of determination R? is lower when the one-variable model is used,
whereas R? is higher for precipitation when both dependent variables, e.g. elevation and
longitude are used. Spatially, it was obvious that precipitation is of orographic type (precipitation

is strongly correlated with elevation).

The SN-SPI was selected for the drought assessment as a variant of the common tool of drought
assessment SPI, but represents a more suitable means of comparing drought conditions between
neighboring areas of differing precipitation heights because the SN-SPI expands the meaning of

the temporal character of drought to its spatial relativity. It appears that these new drought index
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values are reasonably comparable in their local significance both in space and time, in contrast
with SPI. The proposed methodology can evaluate the precipitation deficit and thus can become
a practical tool for the assessment of regional drought events. Accordingly, the SN-SPI was
successfully evaluated in 6 representative stations in the island of Crete the period 1974 — 2005.
The SN-SPI analysis revealed that Crete has faced a main drought period across the whole island
and an additional drought period at the southern and eastern parts. The additional drought period
at the southern and eastern part is then justified by the combination of the regional atmospheric
patterns and the morphological variability among different parts of the island. Cluster analysis
confirmed the negative correlation between drought events and elevation, a fact that unifies the
precipitation impact assessment on droughts. The selected clustering method proved to be
effective, giving the opportunity to perform multiple runs until the optimum cluster set is
achieved.

The statistical tools that were used proved to be very effective in the evaluation of the spatio-
temporal variability of precipitation and accordingly of drought in the island of Crete. The
combination of multiple methods, such as multiple linear regression, cluster and SN-SPI analysis
offers a complete study that could be used in the context of climate change impact assessments.

Finally, the results signal an urgent need for the development of strategic water management and
preparedness plans in all drought-prone areas in order to help mitigate most of the effects. Water
resources could be seriously affected by shorter rainy periods, with wide-ranging consequences
for local human societies and ecosystems. The impact of these precipitation changes at station
level is required in order to develop strategies in long-term water supply and demand, and thus to
attain sustainable water resources management. A specific policy framework on droughts is
provided by the EU Water Framework Directive, which in combination with the presented
methodology, could be used for assessing the impact of climate change on water resources and,

hence, developing strategies dealing with the predictability of the phenomenon.

The impact of hydrometeorological parameters on droughts

The results obtained from this study show that significant changes in hydrological parameters are
expected in Platis basin. The production of simulated flow, soil moisture and lower groundwater

reservoir volume for the period 1974-2100 through the input of temperature and precipitation of
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the observed and WFD datasets to the HBV model, revealed valuable information within the
context of drought occurrence. It was concluded that the simulation with WFD better reproduces
the observed flow than the simulated local forcing data. The forcing of the WFD calibrated HBV
model with the bias corrected GCM output from 1974 to 2100 for the SRES A2 and B1 future
climate-change scenarios, offered significant information for both quantitative and qualitative
variable status. Both scenarios exhibit a decrease in precipitation and an increase in temperature
average compared to past climate data; comparing to WFD, A2 scenario provides -56% decrease
for flow, -34% for soil moisture and -65% for groundwater over 2076-2100, whereas B1 scenario

demonstrates a -18% change for flow, -15% for soil moisture and -22% for groundwater.

Apart from the hydrological regime estimation, projections from the three climate models were
used for the drought identification with the aid of the threshold level method. It was found that
the GCMs results underestimate the number of drought events in comparison with observed
dataset results (up to -7% for CNCM, -18% for ECHAMS5 and -15% for IPSL) while mean
drought duration is overestimated (up to 18% for CNCM, 29% for ECHAMS5 and 67% for IPSL).

For A2 scenario, it was found that drought events number increases up to 98%, 109% and 81%
for flow, soil moisture and groundwater respectively. B1 scenario provided “milder” conditions,
with a drought events number increase of 56%, 92% and 34% in flow, soil moisture and
groundwater respectively. The drought duration difference between scenarios reaches up to 33%,
89% and 34% for simulated flow, soil moisture and groundwater respectively till 2100. Changes
in drought deficit volume were defined with an estimated maximum increase of 19%, 33% and
22% in flow, soil moisture and groundwater involving A2 scenario, whereas Bl scenario
predicted 10%, 2% and 26% maximum increase in the former parameters. The predicted
precipitation (30% and 7% decrease for A2 and B1 respectively) and temperature (5.3°C and
3.4°C increase for A2 and B1 respectively) is consistent with the evolution of the hydrological

parameters.

The proposed methodology proved to be effective in the evaluation of the parameters variability
at basin scale and accordingly of droughts. As shown in this study, the impact of hydrological
variable changes in drought propagation can be substantial at a basin scale. The assessment of

potential impacts of climate change on water resources and droughts can be carried out via a
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framework of resources management national policies. The ensemble results from models forced
under multi- climate models results offer a complete picture of probable hydrological trends
thereby reviewing and enabling the development of drought management plans. It seems
reasonable to assume that large scale forcing data (WFD) can effectively be used for drought
analysis at small scale basins. The WATCH Sixth Framework Programme includes the applied
data as results that are provided online. Most data of this study (test basin data) was used to
enrich the WATCH database. Generally, the study comprises a wide range of predicted changes
in important hydrologic parameters, and therefore in drought forecasting, featuring the advantage

of modeling approach in assessing climate-change impacts at basin scale.

Drought assessment based on multi-model projections

Results of precipitation and temperature output of 13 GCMs analysis for the island of Crete
between 1973 and 2099 provide a complete picture of climate prediction. The examination of
three RCPs showed that the bias corrected annual precipitation follows a negative trend
(decrease of 6%, 17% and 26% up to 2099 for RCP2.6, 4.5 and 8.5 respectively) , while
temperature will increase (8%, 12% and 21% for RCP2.6, 4.5 and 8.5 respectively). Taking into
consideration three representative stations, less mean precipitation (decrease of 7%, 18% and
30%) is expected for Sitia (eastern part) regarding RCP2.6, 4.5 and 8.5.

Apart from the precipitation status estimation, projections were carried out for drought
identification through an ensemble of the percentages of the models for each station. The SN-SPI
methodology has been used for the drought assessment and successfully evaluated the spatial and
temporal character of drought. It was found that the period 2065-2099 will display severe and
extreme droughts for 32% of time concerning RCP8.5. The analysis on 3 representative stations
revealed that the eastern part suffers significantly from drought events; all scenarios provide the
mildest conditions for Kalives, despite the fact that extreme drought events are present in a
fluctuated pattern. A continuous drought development with a total absence of wet conditions
after 2060 is defined using RCP8.5 for all stations. The SN-SPI proved to be effective in
evaluating drought conditions offering a reliable scheme as based on a multimodel dataset; this

index enables the spatial comparison between neighboring areas of differing precipitation heights
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in terms of drought status and offers an appropriate picture of drought conditions according to

the corresponding precipitation patterns of each station.

The models used were shown to skillfully capture past trends, suggesting that they can provide
valuable information about the future trends. As shown in this study, the impact of precipitation
changes in drought propagation can be meaningful at a spatial and temporal scale. As global
climate change is depicted on meteorological variables, it is fundamental to pay attention to their
evolution analysis. Therefore, probable precipitation trends from GCM outputs can enable the
development of drought management plans and provide an additional clue in climate change

investigation.

5.2 Recommendations for future research

The thesis provides a clear overview of the effect of hydrological and meteorological parameters
on drought. A useful extension would be to examine the time series of other drought indices and
correlate them with the SN-SPI. Furthermore, an analysis of further model results could be
assessed with the application of other climatic scenarios. The use of an alternative hydrological
model — as the HBV used in this study — might lead to notable findings through comparison.

Future research might be directed at investigating the effects of drought occurrence on crop
production and agricultural activities. In agricultural drought, the establishment of a functional
relationship between the crop vyield, soil moisture deficit and drought, is of paramount
importance; a correlation between Crop Moisture Index (Palmer, 1968) and SN-SPI could be

developed and might prove to be interesting.

To improve our knowledge about the spatial behavior of droughts, a possible approach would be
to use regionalization tools in order to refine climatic information produced by Atmosphere
General Circulation Models (AGCMs — Cubasch et al., 1995) as well as to apply other statistical
downscaling methods. Moreover, a noteworthy extension of the present thesis could comprise
the linkage between drought and desertification with the aid of Desertification Risk Index (DRI —
Feoli et al., 2000) and Normalized Difference Vegetation Index (NDVI — Rouse et al., 1973).
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It is important to stress the deficiency of rain gauges network on the western part of the island of
Crete. Therefore, the densification of rain gauges network will result to a more detailed and
complete study in terms of spatial variability providing uniformity in results. It would be also
useful to attempt a performance of socio-economical analysis of water availability and demand

as well as an evaluation of water balance under specific climatic scenarios and adaption

strategies.
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