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Abstract
In deltaic areas, riverine and coastal waters interact; hence, these highly dynamic environments are particularly sensitive to 
climate change. This adds to existing anthropogenic pressures from irrigated agriculture, industrial infrastructure, urbaniza-
tion, and touristic activities. The paper investigates the estimated future variations in the dynamics of surface and coastal 
water resources at a Mediterranean deltaic environment for the twenty-first century. Therefore, an Integrated Deltaic Risk 
Index (IDRI) is proposed as a vulnerability assessment tool to identify climate change impact (CCI) on the study area. For 
this purpose, three regional climate models (RCM) are used with representative concentration pathways (RCPs) 4.5 and 8.5 
for short-term (2021–2050) and long-term (2071–2100) future periods. Extensive numerical modeling of river hydrology, 
storm surges, coastal inundation, water scarcity, and heat stress on irrigated agriculture is combined with available atmos-
pheric data to estimate CCI on the Nestos river delta (Greece). The IDRI integrates modeling results about (i) freshwater 
availability covering agricultural demands for three water consumption scenarios, i.e., a reference (REF), a climate change 
(CC), and an extended irrigation (EXT) scenario, combining river discharges and hydropower dam operation; (ii) inundated 
coastal areas due to storm surges; and (iii) heat stress on cultivated crops. Sustainable practices on irrigated agriculture and 
established river basin management plans are also considered for the water demands under combinatory scenarios. The dif-
ferentiations of model outputs driven by various RCM/RCP combinations are investigated. Increased deltaic vulnerability is 
found under the RCP8.5 scenario especially for the long-term future period. The projected IDRI demonstrates the need for 
integrated water resources management when compared with risk indexing of individual water processes in the study area.

Keywords Vulnerability assessment · Climate change impact · River delta · Coastal zone · Integrated modeling · Risk index

Abbreviations
AR5  5th Assessment Report
CC  Water consumption scenario for cli-

mate change
CCI  Climate change impact
CFR  Coastal Flood Risk Index
CMCC  Climate Model CMCC-CCLM4-8-19 

v.1
CNRM  Climate Model CNRM-ALADIN52 v.1

CVI  Coastal Vulnerability Index
EXT  Water consumption scenario for 

EXTended irrigation
GUF  Climate Model GUF-CCLM-

NEMO4-8-18 v.1
HiReSS  High-Resolution Storm Surge model
HPP  Hydropower plant
HRP  Hit-rate-of-percentiles
HSRI  Heat Stress Risk Index
HT  High temperature
HTP  High temperature probability
IDRI  Integrated Deltaic Risk Index
IPCC  Intergovernmental Panel on Climate 

Change
LTF  Long-term future
MeCSS  Mediterranean Climatic Storm Surge 

model

 * Charalampos Skoulikaris 
 hskoulik@civil.auth.gr

1 UNESCO,  Chair INWEB, Aristotle University 
of Thessaloniki, 54124 Thessaloniki, Greece

2 Division of Hydraulics and Environmental Engineering, 
School of Civil Engineering, Aristotle University 
of Thessaloniki, 54124 Thessaloniki, Greece

http://orcid.org/0000-0002-1319-2449
http://crossmark.crossref.org/dialog/?doi=10.1007/s10666-020-09746-2&domain=pdf


 C. Skoulikaris et al.

1 3

MED-CORDEX  MEDiterranean COordinated Regional 
climate Downscaling EXperiment
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SLP  Sea level pressure
SSH  Sea surface height
SSI  Storm Surge Index
STF   Short-term future
WCS  Water consumption scenario
WEAP   Water evaluation and planning model
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1 Introduction

Facts and figures demonstrate the socioeconomic and 
ecologic importance of the river deltas. Although deltaic 
regions cover approximately 1% of land area globally, they 
host more than half a billion people, i.e., 7% of the world 
population [1]. Thus, they stand out as very important areas 
of human activities, such as intensified agriculture and 
industrial production [2]. For example, the Pearl River Delta 
occupies almost 0.5% of the Chinese mainland; however, it 
accounts for 10% of the country’s gross domestic product 
[3]. In terms of their ecological value, the environmental 
services of deltaic areas are extensively demonstrated in rel-
evant literature [4, 5]. Based on the Convention of Wetlands 
database1 (Ramsar), more than 66% of environmentally pro-
tected areas are located below 500 m altitude, indicating 
that a large part of protected wetlands is located in deltaic 
areas and coastal zones. Similarly, the European Union (EU) 
network of nature protection areas, namely Natura 2000,2 
includes the deltaic areas of almost all EU rivers. Greece is 
a characteristic example, where all the main rivers’ deltas 
are Natura 2000 environmentally protected areas, i.e., desig-
nated for conservation of the most seriously threatened habi-
tats, species, and birds. The complex interactions between 
land-based fluvial flows and coastal water processes render 
deltas as particularly interesting areas of research [6].

The Mediterranean basin is considered a hotspot in terms 
of climate change projections [7, 8]. Models and scenarios 
of the latest Intergovernmental Panel on Climate Change 
(IPCC) 5th Assessment Report (AR5) [9] demonstrate 
that the basin’s future climate will be characterized by 
monthly net rainfall decrease during winter and potential 

evapotranspiration increase during summer due to global 
warming. Consequently, climate change is expected to 
affect surface fresh waters’ availability, especially in con-
junction with manmade pressures, such as the overexploita-
tion of aquatic resources for the coverage of increased water 
demands for irrigation and water supply purposes [10]. The 
latter is anticipated to directly impact the environmental 
services of areas where different interests on water uses are 
met [11]. Drought phenomena will also exert pressure on 
the deltaic environment, especially on littoral agricultural 
land [12–14]. Focusing on deltaic agriculture, the raising 
frequency, duration, and intensity of droughts will seriously 
affect the crop development and yield [15]. High tempera-
ture (HT) over predefined thermal thresholds is a significant 
environmental stress that affects plant growth, metabolism, 
agricultural productivity, and crop yield [16–18], with HT 
impacts to be exacerbated due to the projected temperature 
increase [19]. Thus, proper management of water availability 
and irrigation demands as well as efficient irrigation prac-
tices are becoming essential for sustaining crop production 
[20–25] under climate change.

In regions where terrestrial waters meet coastal seawaters, 
the impact of climate change is expected to be more severe. 
The storm-induced sea level impacts on deltaic areas are 
thoroughly investigated in the literature [26–28], as well as 
the effects of climate change on extremes and mean condi-
tions of storm surges on the Mediterranean coastal areas 
[29–37]. Kaniewski et al. [38], nevertheless, indicate that 
for the Mediterranean Sea in particular, research about cli-
mate-related storm impacts on flooding of deltaic areas is 
rather limited. Only recently, Paprotny et al. [39] presented 
an investigation of compound flood, i.e., storm surges and 
inland runoffs interactions, identification in pan-European 
level (yet not in the framework of future projections under 
climate change).

Vulnerability assessment, i.e., the process of identifying 
the problem (hazard), quantifying the problem (exposure) 
and assessing the impact rate, is a way to interpret the anthro-
pogenic and natural pressures on the environment [40], a 
process that is also used in deltaic systems. The vulnerabil-
ity index–based methods [41] combine several indicators 
into a single index, allowing an easy comparison between 
parameters and sectors. In the early 1990s, one of the first 
attempts to define a Coastal Vulnerability Index (CVI) was 
developed to investigate the sea level rise impact in terms of 
coastal inundation and erosion [42]. Since then, a significant 
number of vulnerability indices were formulated for specific 
case studies using various sources of data and integrating 
uncertainty [43–46]. Focusing on drought, various drought 
indexes have also been developed assessing the frequency, 
severity, duration, and spatial extent of droughts [47–49], 
with drought vulnerability being assessed in numerous case 
studies [50, 51] including irrigated agriculture [52, 53].

1 https ://rsis.ramsa r.org/
2 https ://natur a2000 .eea.europ a.eu/

https://rsis.ramsar.org/
https://natura2000.eea.europa.eu/
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This paper proposes the use of an Integrated Deltaic 
Risk Index (IDRI), combining high temperature stress on 
agriculture, lack of irrigation water through river runoff 
simulations, and inundated coastal areas, in order to iden-
tify the vulnerability of deltaic areas due to climate change 
impact (CCI). The input data fed to the IDRI are produced 
by advanced numerical models for catchment hydrology 
and river runoff, hydropower dam operation, agricultural 
irrigation, storm surges, and consequent coastal flooding 
simulations. The latter are implemented in long-term mode 
(covering the 1971–2100 period), under different climate 
change projection scenarios. In the proposed methodology, 
a reference water consumption scenario (termed REF, here-
after) based on the current irrigation patterns, but for climate 
change conditions, is indexed for the assessment of the vul-
nerability in the case study area. The same index is estimated 
for the case of escalating demands on irrigating water as 
derived from future climatic variables (climate change water 
consumption scenario; designated as CC, hereafter). The 
excess water volumes that are identified when sustainable 
agricultural patterns are adopted, i.e., in water consump-
tion scenario CC, trigger the assessment of the same index 
when development plans, such as the extension of irriga-
tion networks, are proposed (water consumption scenario for 
extended irrigation; abbreviated as EXT, hereafter). The pro-
posed methodology is demonstrated to the Nestos river delta 
in Greece (see Sect. 2.1), where all the water uses are met 
with irrigated agriculture to be the larger water consumer.

All methodological approaches, implemented models, and 
integration of results via risk index assessment specifically for 
the case study’s deltaic characteristics are presented in Sect. 2. 
Section 3 contains the storm surge, river hydrology, and water 
management models’ validation. Section 4 presents all modeling 
and index estimation results related to climate change impact on 
vulnerable deltaic areas of the study region. A discussion of pro-
duced output comparing new findings with previous literature is 
attempted in Sect. 5, followed by the concluding remarks of the 
presented study in Sect. 6.

2  Methodology

The development of a conceptual modeling framework is 
proposed as the principal methodological approach; sche-
matics of input data and modeling results’ flow is presented 
in Fig. 1. Within it, locally important processes were simu-
lated in the coastal zone and river delta, thereafter, to be 
indexed in an integrated risk assessment framework (see 
IDRI description in Sect. 2.6). Thus, the integration of 
four large-scale modeling components is carried out for the 
selected case study covering the following levels of imple-
mentation for:

a) The atmosphere over the deltaic area by climatic forcing 
input (e.g., winds, atmospheric pressure, precipitation, 
temperature) from available databases (MED-CORDEX) 
for historical and future climate change scenarios (see 
Sect. 2.2)

b) The coastal zone in the vicinity of the delta by the sim-
ulation of storm surges in the maritime area (MeCSS 
model) and the estimation of consequent overland inun-
dation extends (CoastFLOOD module) for extreme 
events (see Sect. 2.3.1)

c) The land of the upper delta by hydrologic simulations 
(MODSUR model; see Sect. 2.3.2) of a transboundary 
river catchment, including the simulation of the basin’s 
hydropower plants (WEAP hydropower simulation mod-
ule, see also Sect. 2.3.2) to estimate the water demand 
and supply balance (WEAP model; see Sect. 2.4) in 
different management periods of climate projections 
and under three different water consumption scenarios 
(WCS)

d) The agricultural areas in the delta by simulating the irri-
gation demands on water and heat stress assessment (by 
climatic forcing of level a) per crop (see Sect. 2.5)

All the above and their outputs are conceptually inte-
grated into the development of an index about climate 
change impact on deltaic areas (see Sect. 2.6).

2.1  Case Study Area

The proposed methodology is applied in the deltaic area of the 
transboundary Mesta/Nestos river basin. The basin is almost 
equally shared both in terms of river’s length (234 km in total) 
and basin’s extent (5613  km2) between Bulgaria and Greece, 
which are the upstream and downstream countries, respectively 
[54]. The river’s water is used for hydropower production, irri-
gated agriculture and maintenance of the environmental flow. 
The delta covers about 55,000 ha, while the coastline is about 
50 km long (Fig. 2). The regional economy is based on the pri-
mary sector (agriculture and fishery), while the tertiary sector 
(tourism and services) is developed but rather limited. Regard-
ing the irrigated agriculture of the delta, the river’s water is 
distributed through eight collective irrigation networks for the 
irrigation of 20,000 ha. Maize (37.1%), forage plants (13.5%), 
energy crops (13.5%), tree crops (10.1%), rice (8.8%), asparagus 
(4.8%), and wheat together with other types of cereals (4.0%) 
are the main cultivations. The river’s delta is a very important 
EU wetland, with a large portion of the delta to be under the 
Ramsar Convention (10,593 ha), as well as more than 25% of 
the area to be nominated as an important region of the Natura 
2000 network.
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2.2  Climate Change Models and Scenarios

The climatic parameters, used as forcing to the maritime 
hydrodynamic and hydrological models, consist of wind 
(velocity and direction) and sea level pressure (SLP) 
fields, together with temperature and precipitation, respec-
tively. They are derived by three high-resolution Regional 

Climate Models (RCMs) with a spatial resolution of 0.44° 
in a rotated pole projected geographic system. The RCMs 
have been developed and implemented in the framework 
of the MEDiterranean COordinated Regional climate 
Downscaling EXperiment (MED-CORDEX) initiative [55] 
(Table 1). For the evaluation of climate change impact on 
the case study area, atmospheric parameters from RCMs 

Fig. 1  Schematic representation of data flow within the proposed 
modeling approach for the estimation of an Integrated Deltaic Risk 
Index as a vulnerability assessment tool concerning the climate 
change impact on water resources management of the Nestos river 
delta site. SLP, atmospheric pressure at sea level; Wx, Wy, horizontal 

wind velocity components; T, atmospheric temperature; Pr, precipita-
tion; WCS, water consumption scenario; Number of implementations 
for every model realization are given, e.g., as × 3, × 15, for each sce-
nario/period
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driven by two representative concentration pathways 
(RCPs) by the IPCC-AR5 for the twenty-first century, 
namely RCP4.5 and RCP8.5, were used for the future peri-
ods 2021–2050 and 2071–2100. RCP4.5 describes a pos-
sible future climate that depends on “modest” estimations 

about greenhouse gas concentrations in coming years, 
while RCP8.5 poses a “worst case scenario” [55]. The 
RCM hindcasts for the period 1971–2000 were also used 
for interpreting the future climatic variability.

Fig. 2  Illustration of the Nestos river deltaic area including the exist-
ing irrigation network (grey lines), the future water reclamation pro-
ject (green crosshatch polygon), the inhabitant areas (pink patches), 

the Natura 2000 protected areas (red hatched extent) and the coastal 
lagoons (cyan patches)

Table 1  Regional climate model synoptic description

Regional climate model Abbrevia-
tion in the 
paper

Regional climate model short description

CMCC-CCLM4-8-19 v.1 CMCC CCLM is the COSMO-Climate Limited-area Modeling RCM tool, where COSMO is the sub-
abbreviation for COnsortium for Small scale Modeling CCLM. That non-hydrostatic model 
delivers almost 100 consistent climate parameters [58]. It has been thoroughly validated and 
inter-compared with other RCMs [59].

CNRM-ALADIN52 v.1 CNRM ALADIN is the limited area version of the ARPEGE model; hence, it is a limited area bi-spectral 
numerical climate model [60]. The model also uses ERA40 re-analysis to study regional 
climate processes, air-sea flux over the Mediterranean at regional scales, test of physical param-
eterizations, and produce regional climate change scenarios.

GUF-CCLM-NEMO4-8-18 v.1 GUF CCLM-NEMO is an atmospheric-ocean circulation ensemble model collaboration of CCLM 
with NEMO (Nucleus for European Modeling of the Ocean), which is a pan-European com-
munity ocean-modeling framework. It is in use in a wide variety of applications whose prime 
objectives are oceanographic and climate research, operational ocean forecasts and seasonal 
weather forecasts [61].
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In order to correct the biases of precipitation, one of the param-
eters with the highest degree of biases [56], a linear correction 
method was implemented. In particular, when using the linear 
correction method, RCM daily precipitation amounts, P, are trans-
formed into P* such that P* = aP, using a scaling factor, a = O/P, 
where O and P are the monthly mean observed and RCM precipi-
tation of the same grid point, respectively. Hence, the method was 
implemented on the hindcast datasets and the derived monthly 
scaling factors were applied to the RCMs daily observation of 
that month, generating the unbiased daily time series. The linear 
correction method belongs to the same family as the “factor of 
change” or “delta change” method [57]. The hindcast temperature 
datasets were not bias corrected because of the high degree of 
correlation with the observed temperatures.

2.3  Modeling of Storm‑Induced Sea Level and River 
Hydrology

2.3.1  Modeling of Sea Level Elevation and Coastal 
Inundation

The numerical models for the simulation of maritime and 
coastal hydrodynamics comprise two nested computational 
fields:

• Field A: the regional scale of the entire Mediterranean 
basin in terms of storm-induced sea surface height (SSH) 
and barotropic currents with a special focus on the 
coastal zone of the northern Aegean Sea. The required 
simulations were conducted with the use of the Mediter-
ranean Climatic Storm Surge (MeCSS) model.

• Field B: the local scale of the coastal zone in the study 
area (Nestos river delta), pertaining the estuary and adja-
cent lagoons. The process was simulated with the Coast-
FLOOD module.

Regarding the coupling of the two models, the Coast-
FLOOD module is fed with MeCSS model output of sea 
level data as boundary conditions on the study area’s coast-
line, lagoons’ shoreline, and urban waterfront. Hence, it pro-
vides estimative results for possible extended inundation of 
low-land areas in the coastal zone, the rural plain, and the 
downstream river estuary due to extreme events of storm 
surge-induced flooding for each of the 30-year study period.

Field A refers to the implementation of the MeCSS model 
[33–35], i.e., the “climatic” version of the HiReSS (High 
Resolution Storm Surge) model, which is a 2-D horizon-
tal, barotropic, hydrodynamic circulation model for high-
resolution simulations of storm surges and related flows in 
large-scale, enclosed, or semi-enclosed water bodies [62, 
63]. MeCSS simulates the meteorologically induced sea sur-
face variations and depth-averaged currents by taking into 
account the following processes: (a) the inverse barometer 

effect, i.e., the response of sea level to atmospheric pres-
sure gradient of large barometric systems; (b) the shear 
stresses of wind applied on the air–water interface; (c) the 
geostrophic effects of the Coriolis force; (d) the bottom fric-
tion on the ocean bed; (e) the internal shear forces due to 
horizontal eddies based on the eddy viscosity concept and 
the Smagorinsky model approach [64]. Herein, results are 
based on climatic model runs of the model for long term 
periods (e.g., 30-year periods between 1971 and 2100), and 
its spatial resolution is set at 1/20°. The atmospheric forcing, 
namely the winds at 10 m elevation from Mean Seal Level 
(MSL) and the SLP fields, are provided by the RCMs of the 
MED-CORDEX database. Both HiReSS and MeCSS model 
versions have been thoroughly validated in the recent past 
under different configurations of storm surge simulations by 
comparisons against field data of sea level by in situ tide-
gauge measurements for long-term SSH maxima [33–35], 
sea level extremes [36], and storm-induced episodic SSH 
due to severe weather conditions [65].

Field B refers to the implementation of an extremely 
high-resolution, 2-D coastal inundation module (Coast-
FLOOD), coupled to MeCSS model, which resembles the 
established LISFLOOD-FP model for coastal plain flooding 
[66–68]. CoastFLOOD is a simplistic 2-D finite difference 
hydrodynamic module for coastal inundation induced by 
storm surges. The concept of the LISFLOOD-FP model has 
been thoroughly evaluated in the past and vastly applied in 
flood plains [69, 70]. The approach was combined with a 
classic wet/dry cell assignment technique for flood fronts 
over steep slopes [71, 72]. Hereby, only steady-state inun-
dation situations were taken into consideration referring 
to constant sea level states of storm surge maxima events 
(with SSHmax > 0.32 m). These would occur once in each 
of the 30-year periods of study and would last for at least 
21 h and up to 3 days. The module makes use of very fine 
spatial resolution (dx = 5 m) computational domain, namely 
derived by post-processing geospatial data from the digital 
surface model (DSM) and digital elevation model (DEM) 
of the Hellenic Cadastre.3 Indicatively, the computational 
domain (Field B) consists of nearly 28·106 cells.

The 1-D flow equations for expanded inundation are 
solved for each front of a typical 2-D grid cell in order to 
provide a 2-D solution in each horizontal direction (on the 
zonal and meridional, x- and y-direction, respectively) of the 
flow [68]. Based on Bates et al. [66], the continuity equa-
tion corresponds to the mass conservation principle for the 
calculation of local water depth (free-surface height) in each 
gridded cell. The module is led to flow route estimation by 
a simplistic quad-tree search algorithm for upstream cells 
and a dry/wet cell storage code, based on the difference of 

3 https ://www.ktima tolog io.gr/en

https://www.ktimatologio.gr/en
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hydraulic head between neighboring cells. The flow rate is 
derived by a Manning’s law approach using the water surface 
elevation above land level incorporating bottom friction. The 
continuity and momentum equations for the calculation of 
the change in volume of flow are given in discretized form 
as follows [68]:

where Qt is the volumetric flow rate on time step t between 
adjacent cells, e.g., (i,j) and (i − 1,j) in x-direction, explic-
itly derived at the cell fronts using a forward-time centered-
space (FTCS) finite difference scheme decoupled in x- and 
y-directions (Qx, Qy); hi,j is the free-surface height of water at 
the center of cell (i,j); hflow is the effective water flow depth 
between two neighboring cells, defined by the difference 
between the highest possible water level in the two cells 
and the largest bed elevation in these particular cells (e.g., 
SSHmax − zi,j); z is the cell bed elevation; n is the Manning 
friction coefficient (ranging between e.g., 0.018 or 0.022 for 
clean or gravelly earth pathways, to 0.035 for stony cobble 
lands and pasture, farmland floodplains, and up to 0.075 for 
heavy brush floodplains); t’ is the next time frame of simula-
tion t’ = t + dt (dt is the maximum stable time step calculated 
after Hunter et al. [67]); and dx and dy are the cell widths in 
zonal and meridional directions, typically having values of 
a few meters for shallow coastal areas [66].

2.3.2  Modeling of River Hydrology

The freshwater volumes that are discharged in the delta’s 
neck were simulated with the use of the spatially dis-
tributed hydrological model MODelisation du SURface 
(MODSUR) [73]. The model consists of a densely spaced 
grid and the budget is computed in each grid cell using 
a system of four reservoirs responsible for the reparti-
tion of rainfall into runoff, infiltration evapotraspiration 
and soil water storage. The MODSUR’s description is 
explicitly given in Skoulikaris et al. [74] and the hydro-
logical model setup used herein, i.e., the model’s cali-
bration and validation based on observations from 1987 
to 1995 is included in Lazoglou et al. [75]. Thereafter, 
the calibrated model was forced by the bias corrected 
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climate change datasets of rainfall and temperature that 
originated from the CMCC, CNRM and GUF models and 
based on the respective RCPs. The input data were spa-
tially allocated in the hydrological model’s grid, in order 
to simulate the river’s discharges for the future periods 
of 2021–2050 and 2071–2100. The RCMs’ output for 
the past period 1971–2000 also triggered the hydrologi-
cal model’s reference implementations, with its outputs 
used as baseline levels for the evaluation of the future 
modelled river discharge trends.

Since 1996, the river’s main course is hedged by two large 
hydropower plants (HPPs); thus, the future discharges were 
simulated both for the subbasins that are drained in the dams’ 
reservoirs and the subbasins that are located downstream of 
the dams. Particularly, the simulated water discharges of the 
upstream of the dams’ watersheds fed a dam operation simula-
tion model, with the output of the latter to be accumulated with 
the simulated water discharges coming from the downstream of 
the dams’ subbasins in order to assess the runoff reaching the 
delta (Fig. 3). The simulation of the two en cascade hydropower 
dams was realized with the Water Evaluation And Planning 
(WEAP) model [76]. Having specified the technical characteris-
tics of the dams [77] and the inflows to their reservoirs from the 
MODSUR model, WEAP uses a linear programming solver to 
maximize satisfaction of demands, subject to demand priorities, 
mass balances, and other constraints [78]. The demand priorities 
of environmental flow, irrigation, and hydropower production, 
i.e., the water uses in the case study area, were set to 1, 2, and 3, 
respectively, as the priority operational rules of the dams. Since 
the construction of the two HPPs, no river flooding has been 
observed in the downstream part of the river.

2.4  Water Balance Simulation and Scenarios

The water supply and demand balance operation in the deltaic 
area were also simulated with the WEAP model. The latter oper-
ates on the basic principle of water balance on a monthly and 
annual basis and illustrates an integrated aspect of a water sys-
tem, both in its current state and in estimated future scenarios 
[76, 79]. The simulations were performed at a monthly time 
step to investigate the intense seasonal fluctuation of both water 
supply and demand within the deltaic area. The study timeframe 
includes the 1971–2000 reference period (RP), the 2021–2050 
short-term future (STF), and the 2071–2100 long-term future 
(LTF) periods of climate projections.

Three different water consumption scenarios (WCS) are 
investigated regarding the management of the available 
water quantity and the estimation of the irrigation demands:

• WCS-REF reflects the river’s discharges (water avail-
ability) under climate change, but it is assumed that the 
annual irrigation water demand remains stable and similar 
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to the current one. The demand is defined by the local 
Land Reclamation and Improvement organizations4 and 
is equal to 1935  m3/year/ha, including losses [77].
• WCS-CC proposes the assessment of irrigation demands 
under climate change as well as the implementation of sus-
tainable irrigation practices. The calculation of the future 
crop’s net water needs, depending on the cropping pattern 
and the climate, is based on the following equations:

(4)In = ETc − (Pe + Gw + SM),

(5)ETc = Kc × ETo,

where In is the net irrigation water requirement;  ETc is the crop 
evapotranspiration under standard conditions [23]; Gw is the 
contribution of capillary elevation of groundwater; SM is the 
stored water amount in the crop root zone at the beginning of the 
growing season; Kc is the coefficient determining crop character-
istics;  ETo is the reference crop evapotranspiration [80]; T, Tmax, 
and Tmin are the mean, maximum and minimum daily air tem-
perature (h = 2 m); and Ra is the daily total extraterrestrial solar 
radiation. The specific method offers a satisfying degree of result 
reliability and has been applied in various cases [81–83]. Pe is 
the effective rainfall based on monthly crop evapotranspiration 

(6)ETo = 0.0023 × Ra × (T + 17.8) × (Tmax − Tmin)
0.5
,

(7)Pe = f (D) ×
(

1.25 × P0.824

t
− 2.93

)

× 10
0.000955⋅ETc ,

Fig. 3  Illustration of the Nestos River runoff simulation process: (i) 
application of the hydrological model to the watersheds draining into 
the HPPs’ reservoirs (upper-left part of the figure), (ii) hydropower 
simulation with the use of operational priority rules (coloured part of 
the illustration), and (iii) accumulation of the dams’ outlets with the 

simulated runoff derived from the downstream of the dams’ water-
sheds to estimate the water reaching the water intake structure that 
is located in the beginning of the delta area (right part of the illustra-
tion)

4 https ://lri.swri.gr/index .php/en/

https://lri.swri.gr/index.php/en/
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and mean monthly rainfall, while Pt is the total precipitation, 
and f(D) is a factor dependent on the maximum root moisture 
deficit (D is the yielded value of soil moisture content decline, 
up to the consequent irrigation water dosage). The third term 
of Eq. 7 ranges between 1 and nearly 1.1 (depending on, e.g., 
 ETc ≈ 0–45 mm/day).

• WCS-EXT is primarily based on the WCS-CC and fur-
therly proposes the investigation of development policies 
in the delta’s agricultural sector through the extension of 
the current irrigated area by 50%, in an attempt to exploit 
the excess water volumes that are identified when sus-
tainable agricultural patterns are adopted. The specific 
measure is proposed as a development measure within 
the corresponding River Basin Management Plan [84] of 
the WFD implementation process.

2.5  High Temperature Stress Assessment

Daily temperature data from all RCMs, RCPs, and time 
periods (RP, STF, LTF) have been analyzed and assessed 
to identify HT occurrence and investigate the effects of 
thermal stress on specific crop species of the study area, 
namely maize, wheat, forage plants (soybean), and rice, 
which occupy 64.2% of the total cultivated area. Concern-
ing maize, the investigation is related to cases that the 
predicted maximum daily temperature: (a) ranges from 
33 to 40 °C for 15 days during the pre-anthesis and silk-
ing onwards growth stage [85], and (b) exceeds 35 °C for 
14 consecutive days during the reproductive stage [86]. 
Wheat crop faces major effects of heat stress (e.g., short-
ened duration of grain filling and maturity, reduced leaf 
size) if temperature exceeds 38 °C (for 24–48 h) dur-
ing the seedling stage and 37 °C for 20 days throughout 
grain filling and maturity stage [87]. Soybean is heat 
stressed if temperature exceeds 38 °C for 14 days during 
the flowering stage [88]. For rice cultivation, decreased 
yield is expected if temperature reaches 42.5 °C during 
the vegetative growth stage [89]. Particularly, with regard 
to maize cultivation in the study area, it has already been 
observed that temperature increase above 35 °C for a pro-
longed period (e.g. ≥ 2 weeks) during the reproductive 
stage has a severe negative effect on the crop yield and 
causes significant production decline, according to esti-
mates by the Directorate for Regional Agricultural Eco-
nomics and Veterinary, under the authority of the Region 
of Eastern Macedonia and Thrace.5 The results of the 
analysis concern the agricultural area that is affected by 
thermal stress per year and the probability of HT occur-
rence per crop and study period, for every possible com-
bination among all RCMs, RCPs, and WCSs.

2.6  Integrated Deltaic Risk Index

Within the proposed conceptual framework, an approach of 
relating the investigated hazards with each corresponding 
study area’s exposure probability is adopted [41, 42, 90]. 
To this end, the assessment of a risk index for each of the 
investigated hazards took place, which is determined by the 
product of the modelled hazard’s magnitude (ei) and the cor-
responding estimated probability of occurrence (pi) in vul-
nerable parts of the Nestos river deltaic area (Fig. 2). Hence, 
the calculation of an Integrated Deltaic Risk Index (IDRI) 
was opted for, defined by the geometric mean of individual 
risk variables as follows:

Altogether, three separate risk indexes based on the three 
identified types of hazards are incorporated in the present 
analysis as:

1. The Coastal Flood Risk Index (CFRI) refers to large-
scale coastal inundation by extreme storm surge 
events. CFRI is defined by the seawater flooded area 
and the corresponding flood probability, derived with 
the coupled MeCSS-CoastFLOOD model.

2. The Water Scarcity Risk Index (WSRI) refers to the 
deficit in irrigation demand coverage in agricultural 
lands of the delta. WSRI is defined by the agricultural 
area that is not irrigated and the related water deficit 
probability. The relevant outputs were produced by 
the coupled hydrological and water balance models 
(MODSUR and WEAP).

3. Heat Stress Risk Index (HSRI) refers to the thermal 
stress effect on farming land, expressed by the heat 
stressed agricultural area and the related HT occur-
rence probability. HT magnitudes and heat stress 
assessment were derived from the statistical post-
processing (by Peak-Over-Threshold method) of the 
MED-CORDEX atmospheric climate data.

All identified risk indexes are classified by the equidistant 
interval method, thus dividing the hazard magnitude datasets 
into a specified number of groups, distributing the amount 
of information between minima and maxima magnitudes of 
extreme events, in each 30-year period, over those groups 
evenly. Hence, the index values follow a classification rang-
ing from very low to very high risk (corresponding to 1–5 
ranks). Furthermore, the IDRI = 3√(CFRI·WSRI·HSRI) and 
its three aforementioned sub-risk component indexes were 
calculated for each combination of RCM, RCP, WCS, and 
time period leading to 39 implementation cases in total (3 
for historical data and 36 for the future scenarios).

(8)IDRI =
(

∏

n
i=1

eipi

)
1

n

5 https ://www.pamth .gov.gr/index .php/en/

https://www.pamth.gov.gr/index.php/en/
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3  Model Validation

3.1  MeCSS Model Verification

Available in situ measurements of sea level variations from 
tide-gauge stations in the vicinity of the study area (northern 
Aegean Sea) by the Hellenic Navy Hydrographic Service6 
were used to evaluate the MeCSS model’s performance. Sta-
tistical indexes and measures of inter-annual extreme values 
and intra-annual maxima of SSH, from both historical field 
data and storm surge modeling output, are compared herein. 
The recording periods correspond to an 11-year period, 
namely from 1995 to 2005. Daily averaged SSH values, used 
in the study, were derived from the measured data after sub-
traction of the MSL, which was determined using a moving 
average technique and a high-pass filter operator with a cut-
off frequency of 1/30 days. This was done in order to exclude 
noise in the SSH signal from slow processes of long-term 
MSL oscillations due to steric effects in the Mediterranean 
basin [32, 91]. Field data series are also detided (removed 
astronomical tide signals) with the use of the T-Tide software 
[92] as MeCSS was run in non-tidal mode for the 1971–2100 
study period.

3.1.1  Intra‑annual Maxima

Comparisons of model against field data are based on intra-
annual storm surge maxima, e.g., Storm Surge Index (SSI), 
which is defined as the average of the three highest inde-
pendent events (separated by at least 120 h) of storm surge 
maxima per year [32] for all modelled and observed 11-year 
time series. Percentage error factors and error indexes (E, 
EI, and RMSE) of SSI time series were also calculated as 
follows:

where over-barred SSImod and SSIobs are the time-averaged 
SSI as derived from modelled and observed data, respec-
tively; σ is the mean standard deviation of SSI; and E is 

(9)

E(%) = 100 ⋅

(

SSI mod − SSIobs

)

/(

SSI mod + SSIobs

2

)

,

(10)EI =
(

SSImod − SSIobs

)

/

√

(

�
2

SSImod

+ �
2

SSIobs

)/

2,

(11)RMSE =

√

√

√

√

N
∑

i=1

(

SSImod,i − SSIobs,i
)2

/

N,

obviously positive when MeCSS overestimates the ampli-
tude of the sea level elevation against observed data. Com-
parisons refer to the closest station to the Nestos river delta 
with available in situ monitoring by a tide-gauge device, 
namely Alexandroupoli port in the northeastern Aegean Sea 
coastal region. MeCSS model forced by MED-44 resolution 
MED-CORDEX climatic data for the RP slightly underes-
timates the magnitudes of intra-annual SSH maxima and 
SSI. The percent errors (> 15%) are quite high in the study 
region, but acceptable for climatic mode hindcasts during 
the 11-year part of the reference period (Table 2).

The absolute yearly maxima of sea level variations were 
investigated using the 11-year average of annual SSHmax 
of both simulated and observed time series. Same com-
parisons as for the SSI were performed providing similar 
results. Overall, the cumulative comparison of measured 
and simulated 11-year mean SSHmax for the three MeCSS 
implementations reveals that CMCC-forced MeCSS runs 

Table 2  Evaluation of MeCSS model implementations by different 
climatic forcing input based on error percentage and index (E and EI) 
of parameters: (a)  SSHmax and (b) SSI in the Alexandroupoli station

Parameters a b

Input Mean Ei (%) Mean  EIi Mean Ei (%) Mean  EIi

CMCC-MeCSS − 18.71 − 0.651 − 16.92 − 0.519
CNRM-MeCSS − 27.47 − 1.020 − 21.57 − 0.699
GUF-MeCSS − 23.03 − 0.860 − 17.20 − 0.561

Fig. 4  Evaluation of MeCSS model implementations by different cli-
matic forcing input based on comparisons of 11-year maximum SSH 
(m) (upper graph) and average SSI (m) (lower graph) in the Alexan-
droupoli station for modelled (mod) and field (obs) storm surge data6 http://www.hnhs.gr/porta l/page/porta l/HNHS

http://www.hnhs.gr/portal/page/portal/HNHS
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perform slightly better than the rest climatic implementa-
tions (Fig. 4).

3.1.2  Probabilities of Occurrence of Storm Surges

For the assessment of the probabilistic properties of the 
modelled SSH time series, a heuristic approach is used in 
the present study; a statistically coherent event is defined 
as having threshold values of SSHcoh ≥ (μSSH + σSSH), where 
μ is the mean of the SSH time series over the entire study 
period, and σ is the corresponding standard deviation [35, 
36]. The exceedance probability (Pcoh) of the critical value 
for coherent events together with the respective thresholds 
are presented in Fig. 5, as derived from both simulated and 
observed time series. In addition, the exceedance probabil-
ity of intense and extreme events (Pint and Pext), which are 
defined as SSHint ≥ (μSSH + 2σSSH) and SSHext ≥ (μSSH + 3σSSH), 
are also presented.

Simulated values are correlated well with the measured 
ones, indicating the acceptable performance of the MeCSS 
model. Specifically, the performance of all model setups is 

good with the GUF-forced MeCSS providing the best results 
for extreme values of SSH. Both CMCC- and CNRM-forced 
MeCSS perform better for coherent and intense events. 
Overall, it can be deduced that the MeCSS model can 
adequately reproduce the storm surge patterns for all the 
classes of statistical thresholds. Therefore, the reproduced 
probabilistic parametric features of the modelled SSH data 
can be considered to be reliable for further use in coastal 
vulnerability analysis presented in the following.

3.1.3  Inter‑annual Maxima

For the quantitative assessment of the MeCSS model ability 
to reproduce SSH values and thus decide on the need of bias 
correction for modelled storm surge results, the calculation 
of the Hit-Rate-of-Percentiles index (HRP-index) [24] took 
place. Namely, the HRP-index computes the absolute dif-
ferences between sorted (1st–99th) percentiles of simulated 
and observed values of SSH, and it is defined as the sum 
of all categorical fractions, i.e., differences compared with 
an allowed deviation. The latter was taken as the average 

Fig. 5  Evaluation of MeCSS model implementations by different cli-
matic forcing input based on comparisons of exceedance probabilities 
of coherent, intense, and extreme events of storm surges (left graphs) 

and respective SSH thresholds of μSSH and σSSH summations (m) 
(right graphs) in the Alexandroupoli station for modelled (mod) and 
field (obs) storm surge data
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of standard deviations of all modelled and observed SSH 
time series (σSSH). If HRP-index (ranging between 0 and 
1) scores greater than 0.95, then the model efficiently is 
considered to efficiently represent the regarded observation 
time series (simulated datasets do not need bias correc-
tions). The derived HRP-index for the Alexandroupoli sta-
tion takes values from 0.95 for the CNRM-forced MeCSS 
model run to 0.98 and 1 for the GUF- and CMCC-MeCSS 
implementation, respectively. Therefore, it can be deduced 
that MeCSS model can adequately simulate the statistical 

properties of the ranked percentiles of SSH in a charac-
teristic location of the interest area (northern Aegean Sea 
coastal zone).

To enhance the validation analysis and comparisons 
of storm surge maxima, the inter-annual extremes of the 
available time series were used. Thus, the performance 
of the MeCSS model was also evaluated using high-order 
percentiles (95th, 97.5th, 99th, 99.5th) of SSH for both 
modelled and observed time-series; comparisons are pre-
sented in Fig. 6. In general, all model implementations 

Fig. 6  Evaluation of MeCSS model implementations by different climatic forcing input based on comparisons of high-order percentiles of SSH 
(m) in the Alexandroupoli station for modelled (mod) and field (obs) storm surge data
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Fig. 7  Simulated MODSUR river discharges forced by the CMCC (red dotted curve), CNRM (green dotted curve), and GUF (blue dotted curve) 
climate models’ hindcasts in comparison with the observed discharges (black solid curve) at the BG-GR borders for the period 1975–1995
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perform well (especially for the 95th to 99th percentiles 
of SSH), with a tendency to overestimate the lower per-
centiles only marginally (by almost 2–8%) and slightly 
underestimate (by almost 6–15%) the higher ones closer 
to the SSH maxima. Therefore, it can be deduced that 
the agreement of the MeCSS model runs for all model 
implementations is high in terms of unfiltered SSH 
extremes reproduced in the 11-year simulation period 
of 1995–2005. The GUF-MeCSS model setup outper-
forms the other two in terms of maxima, but CMCC- and 
CNRM-MeCSS implementations behave more plausibly 
for lower values of storm surge levels.

4  Hydrosystem Model Verification

4.1  MODSUR Model Verification

The comparison of the observed and the simulated 
discharges was conducted for a station located at the 
Greek–Bulgarian borders for the period 1975–1995, 
where monthly flow measurements were available [75] 
(Fig. 7). For that period, the mean monthly observed dis-
charge equals 20.39 m2/s, while in the cases of CMCC, 

CNRM, and GUF data, the 21-year mean discharges were 
computed as 34.11  m2/s, 30.45  m2/s, and 24.87  m2/s 
respectively, i.e., an overestimation of 40.2%, 33.1%, 
and 18.1% per climate model, respectively. The GUF-
triggered simulated discharges, nevertheless, have a rela-
tively high correlation with the observed discharges in 
terms of minimum values.

The statistical measures of Pearson correlation coef-
ficient, i.e., the covariance of the observed and simu-
lated datasets divided by the product of their standard 
deviations, and of RMSE (see Eq. 11; here correspond-
ing to river discharges), are introduced within Table 3. 
The simulations with the use of the CNRM-forced output 
data present the best correlation with the observational 
datasets, while the smallest one is presented in the case of 
the GUF-driven MODSUR results. On the other hand, the 
GUF-driven outputs present the best correlation in terms 
of annual minimum flows (Pearson’s r = 0.54), while for 
the maximum values the best fit is demonstrated with 
the CNRM-forcing (Pearson’s r = 0.44). The quotient 
RMSE/MAX for all the selected RCM-driven cases is less 
than 20.0%, a figure that is considered relatively low and 
supports the utilization of the specific hydrologic output 
for further IDRI evaluations.

Table 3  Statistical analysis of the simulated river discharges forced by the CMCC, CNRM, and GUF models and the observed discharges (OBS) 
at the political borders of the Nestos river basin, for the period 1975–1995

Statistical measures CMCC to OBS CNRM to OBS GUF to OBS

Pearson correlation r 0.393 0.518 0.27
RMSE (mm) 28.527 22.686 20.135
Maximum discharges (mm) 154.49 123.81 102.0
RMSE/maximum 18.47% 18.32% 19.73%

Fig. 8  Validation of the WEAP model for the upstream (left bar diagram) and the downstream (right bar diagram) hydropower plants of the Nes-
tos River based on energy production data
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4.2  WEAP Model Validation

The validation of the WEAP model, used for the sim-
ulation of the hydropower plants’ operation, was con-
ducted based on produced energy data, expressed in 
GWh, coming from the Independent Power Transmission 
Operator of Greece.7 In particular, the upstream plant, 
namely Thysavros (Fig. 3), was validated against avail-
able data of the period 2004–2008, while the validation 
of the downstream plant, namely Platanovrisi (Fig. 3), 
which regulates the final outflows in the Nestos river 
main course, was based on data covering the period 
2004–2012. The outputs, as depicted in Fig. 8, present 
high correlation between the real produced energy and 
the simulated one. For the upstream dam, the coefficient 
of determination (R2) and the RMSE normalized with the 
highest annually produced energy were equal to 0.617 
and 5.3%, respectively. For the Platanovrisi dam, i.e., 
the downstream one, R2 and RMSE, normalized to the 
highest annually produced energy, were equal to 0.785 
and 17%, respectively. The latter values are considered 
to range from good to acceptable rendering the simulated 
WEAP output as adequate for the following water supply 
analysis in the results section.

5  Results

5.1  Sea Level Elevation and Inundated Areas Under 
Climate Change

5.1.1  Episodic Storm Surge Maxima on the Shoreline

The storm surge levels used in our analysis of CCI, with the 
implementation of the IDRI, refer to 30-year SSH maxima 

on the shoreline derived from hydrodynamic modeling in 
the entire Mediterranean basin. Table 4 presents relevant 
MeCSS model results of SSHmax and calculated percentage 
differences between two future climatic scenario approaches 
(for both STF and LTF periods) and RP values; e.g., Diff 
(%) = (SSHmax

STF—SSHmax
RP)/(SSHmax

RP), given in col-
umn B of Table 4. The differentiations due to various forc-
ing input are also examined in couples between CMCC-, 
CNRM-, and GUF-forced storm surge implementations for 
each scenario/period case separately, e.g., Diff (%) = (SSH-
max

CMCC—SSHmax
CNRM)/AverageCMCC−CNRM, given in col-

umn C of Table 4. Results refer to the coastal zone of the 
Nestos river delta.

There is a rather consistent pattern that GUF-forced 
MeCSS overestimates SSHmax compared with the CMCC- 
and CNRM-MeCSS setups for almost all study periods. 
CMCC- and GUF-forced MeCSS produce results that con-
firm a tendency towards storminess attenuation (expected 
lower SSHmax from nearly − 2% down to − 14%) in the 
study region for the future under any RCP scenario. How-
ever, based on CNRM-forced MeCSS results, the storm 
surge maxima are estimated to increase (from inappre-
ciable amounts up to 9%) for both scenarios in the two 
twenty-first century’s study periods compared with the 
RP at the coastal zone of Nestos river delta. In general, 
for most of the combinations of RCP-scenario to MeCSS-
implementation the predicted storm surge maxima of 
the LTF are estimated to be lower than those of the STF 
period, i.e., indicating a clear decrease of storm surge 
extreme levels towards the end of the twenty-first century 
compared with the first half of it. The derived 30-year 
SSHmax values of Table 4 are used as input in all the fol-
lowing analysis of coastal inundation modeling, flooded 
area maxima calculations, and deltaic vulnerability 
indexing.

Table 4  MeCSS model results of (A)  SSHmax (m), (B) differences 
Diff (%) between climatic scenario runs and RP levels (LTF-RP, 
STF-RP for each RCP), and (C) Diff (%) by various MeCSS input as 

CMCC-, CNRM-, and GUF-forced storm surge implementations on 
the coastal zone of the Nestos river delta

Study case A B C

Scenario Period CMCC 
MeCSS
SSHmax (m)

CNRM 
MeCSS
SSHmax (m)

GUF 
MeCSS
SSHmax (m)

CMCC 
MeCSS
Diff (%)

CNRM 
MeCSS
Diff (%)

GUF 
MeCSS
Diff (%)

CMCC-CNRM 
MeCSS
Diff (%)

CNRM-GUF 
MeCSS
Diff (%)

GUF-CMCC 
MeCSS
Diff (%)

Historical RP 0.367 0.331 0.397 0 0 0 10.37 − 17.98 7.65
RCP4.5 STF 0.368 0.339 0.390 0.20 2.36 − 1.77 8.24 − 13.88 5.66
RCP4.5 LTF 0.326 0.334 0.371 − 11.39 0.71 − 6.55 − 2.42 − 10.54 12.95
RCP8.5 STF 0.346 0.361 0.341 − 5.78 8.99 − 14.10 − 4.18 5.77 − 1.60
RCP8.5 LTF 0.341 0.345 0.371 − 7.27 4.25 − 6.39 − 1.33 -7.27 8.59

7 http://www.admie .gr/nc/en/home/

http://www.admie.gr/nc/en/home/
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5.1.2  Coastal Inundation Areas and Maps

The sum of the potentially flooded low-land areas, cor-
responding to values of land elevation z ≤ 0.5 m, in the 
study region of Nestos river delta was calculated to be 
1803.758 ha. The potentially affected areas cover the entire 
coastal region adjacent and around the lagoons (see Fig. 2) 
and the airport of Kavala on the western part of the map. The 
easternmost low-land (touristic) coastal areas of Nestos delta 
also seem to be potentially susceptible to coastal inunda-
tion by storm surges but to a lower extent. All the possibly 
affected stretches are parts of the environmentally protected 
Natura 2000 areas of the study region (see Fig. 2).

The values of flooded areas (FA), pertained in the analy-
sis of climate change impact and vulnerability indexing, 
refer to probably inundated areas due to 30-year maxima 
of SSH on the seafront. Initially, the maximum reference 
level of possibly inundated coastal areas was determined as 
FA = 541.69 ha, which is equal to a 30.03% of the aforemen-
tioned determined low-land areas. The latter value endowed 
by CoastFLOOD simulationσ driven by maximum storm 
surge level, corresponding to a very high return value of an 
extreme storm surge event with SSHmax = 0.5 m, respective 
of a very low probability of occurrence, e.g., 58 × 10–4% 
[35, 36].

Subsequently, Table 5 presents the MeCSS-driven Coast-
FLOOD model results for FA (ha), and their respective cal-
culated percentage differences between two future climatic 
scenario approaches (for both STF and LTF periods) and RP 
values. The differentiations, due to various forcing input, is 
also examined in couples between CMCC-, CNRM-, and 
GUF-forced coastal inundation implementations. There is a 
similar pattern for flooded areas as in the analysis of storm 
surges. It is rather obvious that GUF-forced CoastFLOOD 
overestimates the flood extents compared with the CMCC- 
and CNRM-forced setups for almost all study periods. The 
CMCC- and GUF-forced CoastFLOOD results again show 
a tendency towards attenuation of coastal floods, i.e., with 

rather low values < − 8% for the first one and down to higher 
negative scores of − 20% for the latter (under any future 
RCP scenario).

However, based on the CNRM-forced CoastFLOOD 
results, the inundation patterns in the study area are expected 
to remain close to the RF levels with a slight increase up 
to 6.5% under RCP8.5 for the first half of the twenty-first 
century. In general, for most of the combinations of RCP-
scenario to inundation model implementation the predicted 
FA maxima of the LTF period are estimated to be lower than 
those of the STF period, i.e., indicating a clear decrease of 
extreme flood levels towards the end of the twenty-first cen-
tury compared with the first half of it.

Figure 9 presents the estimated inundation areas due to 
storm surge based only on CMCC-forced MeCSS-driven 
CoastFLOOD simulations (others not shown for the sake 
of brevity) in the region of interest at the Nestos river delta. 
All the combinations of scenarios and periods of study are 
used, and the inundated areas of Fig. 6 correspond to the 
driving force of coastal storm surge maxima (SSHmax) values 
of Table 4. A stable pattern of potential flooding in the study 
region is obvious from the past to the twenty-first century. 
Climate change-driven variations are not easily distinguish-
able visually, yet the most pronounced reductive changes 
concern the GUF-forced CoastFLOOD approach as revealed 
by the abovementioned quantitative analysis.

5.2  Coastal Inundation Probabilities at Vulnerable 
Areas Under Climate Change

For the identification of CCI (and the respective CFRI and 
IDRI calculations in Sect. 4.6), the established hazard (i.e., 
coastal inundation) was considered to occur as a steady-state 
saturated flood condition, thus only for storm surges driv-
ing effectively lasting flood events, i.e., with duration > 21 h 
and a threshold of SSHmax ≥ zm. The latter (zm) is defined 
as the median earth elevation z only for low-land (poten-
tially flooded) areas from a very fine resolution DEM dataset 

Table 5  MeCSS-driven CoastFLOOD (M-CF) model results of A) 
Flooded Area, FA (ha), B) respective differences Diff (%) between 
climatic scenario runs, and C) Diff (%) by different forcing input as 

CMCC-, CNRM-, and GUF-forced storm surge implementations. 
Explanation of Diff in description of Table 4

Study case A B C

Scenario Period CMCC 
M-CF
FA (ha)

CNRM 
M-CF
FA (ha)

GUF 
M-CF
FA (ha)

CMCC 
M-CF
Diff (%)

CNRM 
M-CF
Diff (%)

GUF 
M-CF
Diff (%)

CMCC-CNRM 
M-CF
Diff (%)

CNRM-GUF 
M-CF
Diff (%)

GUF-CMCC 
M-CF
Diff (%)

Historical RP 380.897 354.832 452.257 0 0 0 7.09 − 24.14 17.13
RCP4.5 STF 381.420 358.847 447.705 0.14 1.13 − 1.01 6.10 − 22.03 15.99
RCP4.5 LTF 352.045 356.615 382.425 − 7.57 0.50 − 15.44 − 1.29 − 6.98 8.27
RCP8.5 STF 365.465 377.780 359.442 − 4.05 6.47 − 20.52 − 3.31 4.97 − 1.66
RCP8.5 LTF 359.477 365.055 383.352 − 5.62 2.88 − 15.24 − 1.54 − 4.89 6.43
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(dx = 5 m) in the study region. Inundated areas were sim-
ulated, and respective flood probabilities were calculated 
for the modelled cases of storm surge levels exceeding this 
threshold.

Table 6 presents the calculated flood probability, FP 
(%), from MeCSS-driven CoastFLOOD results (marked 
as M-CF), and their respective calculated percentage 
differences between future climatic scenario implemen-
tations (for both STF and LTF periods) and RP values. 

The differentiations, due to three different RCM forcing 
datasets, are also examined in couples between CMCC-, 
CNRM-, and GUF-forced coastal inundation implementa-
tions. The pattern of flood probabilities remains akin to the 
previous findings for SSHmax and FA, yet with a more pro-
nounced percentage of change. It is very clear that GUF-
forced CoastFLOOD again overestimates by 80–200% the 
flood probability compared with the CMCC- and CNRM-
forced setups for all study periods. The tendency towards 

Fig. 9  Estimated inundation 
areas due to storm surge based 
on CMCC-forced MeCSS-
driven CoastFLOOD simula-
tions in the region of interest 
at the Nestos river delta; 
scenarios/periods: a historical 
(1971–2000), b RCP4.5 (2021–
2050), c RCP4.5 (2071–2100), 
d RCP8.5 (2021–2050), 
e RCP8.5 (2071–2100)
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attenuation of coastal flood probability of occurrence 
throughout the entire twenty-first century is prevalent in 
all modelled cases for all climatic forcing and scenario/
period combinations. The decrease of coastal storm flood 
frequency of occurrence reaches down to nearly − 92% 
(e.g., for the STF period under RCP4.5). In general, the 
RCP8.5 scenario approach (unlike the RCP4.5) leads to 
very decreased estimated coastal flooding probabilities 
towards the end of the twenty-first century compared with 
the first half of it.

5.3  River Discharges Under Climate Change

The hydrologic simulation process for the future climate 
demonstrated different outputs for the two RCPs. As 
expected, in the RCP4.5 case, the overall decrease of the 
river discharges was smaller than in the RCP8.5 case. In 
particular, for the RCP4.5 scenario, shown in Fig. 10, the 
average river discharges by CMCC forcing at the borders 
of the two countries for the 30-year period of 1971–2000 
(RP) were 33.2 m3/s, with the discharges in the STF and 
LTF periods to be 4.1% and 19.9% lower than in the 
RP, respectively. Similar behavior is observed when the 
hydrological model is triggered by the GUF model’s data. 
The average discharges for the RP were 24.4 m3/s, while 
the discharges in the STF and LTF periods presented a 
decrease of 6.9% and 13.8%, respectively. On the other 
hand, the outputs for the CNRM-driven MODSUR out-
puts present an opposite trend, i.e., the discharges of 
the STF and LTF were 7.47% and 3.78% larger than the 
30.1 m3/s of the RP period.

In the RCP8.5 case (Fig. 11), and the CMCC forcing 
data, the average river discharges for the STF and LTF peri-
ods were 35.1 m3/s and 18.5 m3/s, i.e., 5.7% greater and 
44.3% lower than 33.2 m3/s of the RP respectively. When 
the hydrological model is triggered by GUF’s RCM output, 
the river discharges in the STF and LTF periods presented 
a decrease of 20.5% and 40.7%, respectively in comparison 
to the RP discharges. Finally, the 29.7 m3/s and 26.2  m3/s of 
the STF and LTF periods for the CNRM driven simulations 
demonstrated a small decrease of 1.4% and 12.9%, respec-
tively, in relation to the discharges of the RP period.

A further analysis of the simulated river discharges 
at the delta’s neck, i.e., by accumulating the discharges 
of the downstream of the dams’ watersheds is presented 
in Table 7. It is demonstrated that for both RCPs cor-
responding to the STF period, the CMCC-forced and 
CNRM-forced simulated discharges are close to the 
ones of the reference period (RP). For the CMCC-forced 
simulations, the fluctuation is from − 1.80 to + 6.55%, 
while these figures are turning to + 3.25 to − 6.03% for 
the CNRM-forced simulations. On the other hand, the 
GUF-forced simulations for the same period demonstrate Ta
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Fig. 10  Simulation results of annual river discharges at the Nes-
tos River national borders based on hindcasts (RP time period) and 
RCP4.5 climate projections (STF and LTD time periods) for RCM-
driven hydrologic implementations; CMCC-, CNRM-, and GUF-

forced MODSUR model runs (upper, mid, and lower graphs, respec-
tively). Linear trends are also presented (red color lines) together with 
their respective equations per simulation period
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Fig. 11  Simulation results of annual river discharges at the Nes-
tos River national borders based on hindcasts (RP time period) and 
RCP8.5 climate projections (STF and LTD time periods) for all 
RCM-driven hydrologic implementations; CMCC-, CNRM-, and 

GUF-forced MODSUR model runs (upper, mid, and lower graphs, 
respectively). Linear trends are also presented (red color lines) 
together with their respective equations per simulation period
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a decrease that varies between − 54.38 and − 62.36%. 
The simulations based on the latter climate model also 
show a very large decrease of − 72.44% of the river dis-
charges for 2071–2100 (LTF period) under the RCP8.5 
approach. For the specific climatic scenario both simu-
lations based on the CMCC and CNRM datasets exhibit 
a future decrease of the river runoff of − 48.5% and 
− 14.9% respectively. Table 7 also highlights the per-
centage differences between the simulated discharges 
per driving climatic model, RCP and period of simula-
tion. More importantly, the outputs triggered by the GUF 
model present the higher deferrization in comparison to 
the simulated discharges forced by the other two RCMs. 
For example, in the case of RCP8.5 and STF period, the 
GUF-forced simulations vary by 117.2% and 94.08% 
in comparison with the discharges simulated when the 
CMCC and CNRM models are used as forcing inputs of 
MODSUR.

5.4  Water Demand Coverage

The WEAP model, forced by MODSUR for river dis-
charge data, using GUF, CMCC, and CNRM precipi-
tation and temperature data to calculate water demand 
(Eqs. 4–7), is applied for each RCM, RCP, WCS, and 
simulation period. The outputs of the WEAP model refer 
to the unmet demand of agricultural water needs within 
the delta as well as the probability of water deficit occur-
rence. Based on the model results, irrigation water deficit 
is observed for the RCP8.5 scenario of the GUF model 
for the LTF period and only by WCS-REF and WCS-EXT 
implementations. In these two cases, irrigation water 
demands are not fully covered for 6 and 5 years (out 
of 30 simulated), respectively. The related deficit corre-
sponds on average to 8797 ha and 14,450 ha, namely 44% 
and 72% of total agricultural land, with a corresponding 
deficit probability of 20% and 17%, respectively. The 
operation of the two hydropower plants and their reser-
voirs’ storage capacity play a significant role in control-
ling potential water deficit situations. It was observed 
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Table 8  Thermal stress assessment results of HT probability, HTP 
(%), for each climatic scenario/period by different climatic data series 
from CMCC, CNRM, and GUF

Scenario Period CMCC HTP 
(%)

CNRM HTP 
(%)

GUF HTP (%)

Historical RP 6.70 0.00 0.00
RCP4.5 STF 26.67 3.33 26.67
RCP4.5 LTF 53.33 16.67 40.00
RCP8.5 STF 43.33 10.00 33.33
RCP8.5 LTF 80.00 30.00 70.00
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that even in dry years, the stocked water in the reservoirs 
fulfilled that year’s water demands and only in sequenced 
dry years, e.g., for the GUF/RCP8.5 future climate, the 
downstream demands were not met.

5.5  High‑Temperature Stress Assessment

According to the analysis of daily temperature data from all 
RCMs, RCPs, and time periods, only maize cultivation is 
predicted to be affected due to HT stress. The thermal stress 
affected area is expected to be 7424 ha in the cases of WCS-
REF and WCS-CC and 11,137.2 ha if the current irrigation 
network is expanded (WCS-EXT). The relevant probability 
of HT occurrence, HTP (%), namely the number of years 
of thermal stress per tricennial, has been calculated and is 
presented in Table 8.

Based on CNRM temperature estimations, the HTP is 
lower (compared with CMCC and GUF) in all RCPs and 

time periods. The highest probabilities are observed in the 
second half of the twenty-first century (LTF), under RCP8.5 
based on GUF and CMCC temperature data. Specifically, 
heat stress is expected for 21 and 24 years of the tricennial, 
for the GUF and CMCC data cases, respectively.

Integrated Deltaic Risk Index
The IDRI consists of the coupling of three individual 

indexes, namely CFRI, WSRI, and HSRI, for coastal flood-
ing, water scarcity and heat stress, respectively. Figure 12 
presents the produced risk matrices for each individual 
index as well as the integrated one. The five-classes rank-
ing defines the severity of probable hazards related to storm 
surge-driven coastal inundation, water scarcity, high tem-
perature, and their coupled impacts (IDRI) within the deltaic 
area. Overall, 36 cases are shown for the two 30-year periods 
of the twenty-first century.

Regarding the individual indexes, coastal inundation 
risk (CFRI) is expected to peak in the first half of the 

Fig. 12  Risk matrices for a  CFRI, b  WSRI, c  HSRI, and d  IDRI. 
Climate change impact identification is helped by graphing the dif-
ferences in color scaling for each risk index, per: water consumption 
scenario (WCS: REF, CC, EXT), climate modeling input (RCM) for 

all hydrologic, hydraulic, and hydrodynamic models, Climate change 
scenario (RCP), and study period (STF, LTF). Thirty-six cases are 
given in total for the two 30-year periods of the twenty-first century
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twenty-first century, especially pronounced for the GUF-
driven datasets (very high to moderate for RCP4.5 and 
8.5, respectively), while it seems to decrease towards 
2100 (Fig. 12a). Regarding WSRI, water scarcity phe-
nomena, in terms of surface water availability for irriga-
tion, are estimated to have a high to very high risk of 
occurrence, again for GUF-driven data of 2071–2100, 
under two WCS, namely REF and EXT, where the irriga-
tion demands on water are not expected to be fully cov-
ered for 6 and 5 years (out of 30), respectively (Fig. 12b). 
Regarding HSRI, a more diverse pattern of future risk 
assessment can be observed. High temperatures are more 
likely to occur towards the end of the twenty-first century 
for the CMCC and GUF RCMs, and more pronounced 
under the RCP8.5 scenario, reaching from high up to 
very high risks especially in the WCS-EXT framework 
(Fig. 12c). The integrated index, IDRI, ranges between 
very low to low, in the cases of the CNRM and CMCC 
climatic data regardless of the selected WCS (Fig. 12d). 
This is attributed to the higher mean annual precipita-
tion and the lower temperature during the summer period 
compared with the corresponding GUF model variables, 
where moderate impact is expected both in STF and LTF 
under the RCP4.5 scenario. High risk is estimated to be 
exerted on the natural environment and related human 
activities at the Nestos river delta in the last thirty years 
of the twenty-first century, only for the case of the 
GUF model and the RCP8.5 scenario under the WCS-
EXT (Fig. 12d). In most examined cases, this pressure 
is exclusively attributed to high temperature stress and 
water deficit occurrence (Fig. 12b, c) rather than coastal 
inundation. The risk of the latter is expected to be very 
high under GUF-driven RCP4.5 scenario realization 
(Fig. 12a).

6  Discussion

The vulnerability of the Nestos river’s delta due to 
climate change was investigated within the present 
research. To do so, the implementation of an Integrated 
Drought Risk Index was proposed that couples the 
estimated future river discharges and relevant hydropower 
dam operation, the potential storm-induced coastal 
floods, and the projected high temperature stress to the 
cultivations. The irrigation water demands estimation 
inside the delta was based on the current situation, i.e., a 
horizontal water demand regardless the cultivation type, 
and on an adaptive escalator methodology, for which the 
demands on water are estimated based on sustainable 
irrigation practices under the future climatic conditions. 
The literature demonstrates studies proposing coupled 
or de-coupled applications of maritime hydrodynamic 

circulation and river hydrology simulations for current 
and future climate change conditions. Nevertheless, 
these studies put emphasis mainly on the sea water 
intrusion within the river’s main course and the coastal 
aquifers [93–97]. However, to the authors’ knowledge, 
the presently proposed indexing of concomitant 
hydrodynamic (coastal waters), hydrologic (r iver 
waters), and hydraulic (dam operation) outputs for the 
study of deltaic areas’ vulnerability in terms of irrigated 
agriculture under climate change is rather limited.

6.1  Deltaic Vulnerability and Risk Indexing Issues

The presented outputs let us infer that the proposed sustain-
able irrigation practices in deltas are appropriate measures 
for adaptation to climate change and are in line with the lit-
erature [98]. Practically, it is concluded that if rational water 
use measures are applied locally in agriculture, the water 
reserves of the study area are sufficient to meet irrigation 
needs both in the short- and long-term future. Investment 
actions in the Greek farming sector (e.g., irrigation network 
expansion) could partially be implemented in the Nestos 
river delta, depending on the climate change scenario. Thus, 
agriculture adaptation strategies are mandatory managerial 
actions to ensure environmental sustainability and socio-
economic development for the study area. These refer to the 
evaluation of agricultural patterns, the restructuring of crops 
in the context of climate change, and the transition to crops 
highly resistant to temperature stress. Vermeulen et al. [99] 
demonstrate various case studies around the world where 
agricultural shifts due to climate change are conducted. 
Nevertheless, Iglesias and Garrote [100] reviewed 168 pub-
lications on adaptation strategies and concluded that the 
transition to sustainable agriculture is not a straightforward 
procedure. Its implementation requires the enhancement of 
the current water policy, adequate training to farmers and 
strong financial instruments. We have studied the risks of 
three regionally important processes (namely CFRI, WSRI, 
HSRI) as the crucial manifestations of local natural and 
anthropogenic hazards in the study region. The estimation 
of the related risk indices helps us to compose the integrated 
risk in deltaic areas according to Eq. 8, for each WCS (REF, 
CC, EXT), RCP scenario (4.5 and 8.5), available climatic 
input (CNRM, GUF, CMCC) forcing all implemented mod-
els (MeCSS, CoastFLOOD, MODSUR, and WEAP), and 
study period (RP, STF, LTF). Thus, 39 implementations in 
total have been conducted (see Fig. 1). In terms of coastal 
inundation, the flood impact is expected to be low in the 
cases of CNRM- and CMCC-driven climate conditions 
and moderate to very high in the case of the GUF model 
projected climate. However, only a few coastal-related eco-
nomic activities seem to be affected in all 39 cases (Figs. 2 
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and 9). Despite the projected decrease of the river runoff, 
the water scarcity also poses limited significant threat for 
the river’s delta only for specific scenarios. This is mainly 
due to the two large reservoirs of the hydropower dams that 
are located upstream of the delta. Vano et al. [101] demon-
strate that by changing reservoir operation rules and allow-
ing larger flows to water users, the climate change impacts 
may be reduced. On the other hand, based on stakeholders’ 
responses for a Spanish basin, Varela-Ortega et al. [98] dem-
onstrated that public-funded hard adaptation measures, such 
as the increase of reservoirs’ storage capacity, has the lower 
public acceptance in comparison to the measure of sustain-
able agriculture that was the first priority of the stakeholders. 
However, as proposed by Hallegate [102], the coupling of 
structural and nonstructural measures is often required to 
efficiently reduce the impacts of climate change.

The diversity of IDRI hinges on heat stress assessment, as 
the main cultivation (maize) within the delta is expected to 
be significantly affected by the estimated dramatic tempera-
ture increase, especially during the period 2071–2100. HT 
impact on maize crop yield is a major concern among the 
scientific community. Taoyuan et al. [103] statistically esti-
mated the impact of heat waves (and other extreme events) 
on maize yield, based on household survey data from 1993 
to 2011 in ten villages of Shanxi province, China, demon-
strating marginal yield declines for the study period. How-
ever, in climate change conditions as derived by six climate 
models and two future climate forcing scenarios, Hong [104] 
presented a decrease in maize yield ranging from 15 to 50%. 
Our findings show that the HT probability (HTP in Table 8) 
for the RCP8.5 was estimated up to 80% and 70% for the 
CMCC and GUF climate models, respectively.

6.2  RCM Forcing and Modelling Issues of Projected 
Climate Change Impact

We consider the use of a plethora of climatic parameters’ 
input by three different RCMs and two RCPs, as an impor-
tant asset in assessing the vulnerability of the case study 
deltaic area. The specific approach coincides with the lat-
est research concerning climate change effects on water 
resources, irrigated agriculture, and coastal hydrodynam-
ics [15, 105]. In particular, the single RCM approach is not 
advised, due to known climate model bias, in addition to 
other sources of uncertainties in the modeling chain. Instead, 
ensembles of RCM simulation results, i.e., combinations of 
various models and scenarios, should be used [106].

The utilized RCMs play an important role to the research 
outputs [105]. In our case, it was shown that the future 
river discharges could vary up to 117.20% and 97.78% for 
the RCP8.5 and RCP4.5, respectively, among the different 
hydrologic simulations triggered by three RCM data series 

(Table 7). The main reason behind these variations is related 
to the accuracy of hindcast precipitation and temperature 
data provided by the RCMs feeding hydrologic modeling. 
Pavlidis et al. [56] correlated the summer temperature and 
precipitation variables from six climate models covering the 
EURO-CORDEX domain, amongst them the CNRM and 
CMCC, with E-OBS datasets for the period 1990–2008. 
They concluded that the temperature bias is negligible, while 
the modelled precipitation is overestimated, compared with 
the E-OBS data. Lazoglou et al. [75] compared daily pre-
cipitation data from 1980 to 2000 derived from three stations 
at the boundaries of the Mesta/Nestos river basin, i.e., the 
same case study area with the current research, with spati-
otemporal relevant hindcast precipitation data coming from 
the regional climate model of the Max Plank Institute (MPI). 
In all stations, the MPI model’s precipitation was highly 
overestimated, with the correlation index to vary between 
0.2 and 0.39, thus the necessity of bias correction techniques 
on precipitation to be proposed. In this research, the CNRM 
and CMCC bias corrected precipitation remained overes-
timated in comparison to the in situ data. The GUF bias 
corrected precipitation was well correlated with the in situ 
precipitation, apart from the 1988–1994 period, which was a 
designated dry period for the area. The observed differentia-
tions of the hindcast and observed precipitation are passed 
on the simulated RP discharges, as depicted in Fig. 7. In 
general, the RP simulated outputs are used as incipient data 
for scenario simulations in the twenty-first century; thus, 
the produced future climatic variable fluctuations will be 
less severe, if they are based on overvalued initial condi-
tions [107].

The presented results clearly demonstrate variabilities 
following the differentiations of the three RCMs used to 
trigger the hydrologic and hydrodynamic model simula-
tions. Particularly, in RCP4.5-forced future projections, 
the standard deviation among the averaged simulated river 
discharges at the delta’s neck is 25.02 m2/s and 19.98 m2/s 
for the STF and LTF periods, respectively. For the RCP8.5-
forced future hydrologic projections, the deviation among 
the averaged simulated river discharges is 29.25 m2/s and 
18.4 m2/s for the STF and LTF periods, respectively. A sig-
nificant decrease of 24.8% of the Nestos river runoff entering 
Greece, in comparison with the control data period, is also 
mentioned by Skoulikaris and Ganoulis [77] for the SRES-
B1 climatic scenario in the same basin.

In terms of maritime and coastal hydrodynamics, we 
note that previous works [33–35] using the 20C3M histori-
cal dataset and SRES-A1B future scenario, are corroborated 
by the RCP-forced storm surge simulations. The highest SSI 
values in the Mediterranean region occur over the north-
ern Aegean coastal region (Alexandroupoli), where both 
modelled and observed SSI are higher than 23 cm for all 
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implementations. Even though the model underestimates the 
SSI at the chosen check-point station (negative EI values), 
the error is generally acceptable and differences between 
SSImod and SSIobs values are plausible. However, both 
model results and observations show rather low SSI values 
(< 40 cm), supporting the low presence of SSH extremes 
in the study area due to meteorological forcing. Conte and 
Lionello [32] have also shown results of climate storm surge 
simulations with significantly high errors E (> 40%) and 
similar underestimations of the simulated SSH over various 
coastal regions of the Mediterranean. The integrated RMSE 
for the entire SSH time series in all simulations is equal to 
0.04 m, which gives a RMSE/SSHmax ratio of 13.5% (accept-
able in climatic studies).

Even though the MeCSS model slightly underestimates 
the magnitude of extreme surges, it performs well in terms 
of predicting the frequency of occurrence of local maxima 
in its timeseries (not shown herein for the sake of brevity) 
and other probabilistic features of SSH maxima. In general, 
the differences in probabilistic features of storm surge lev-
els produced by MeCSS simulations are marginal and not 
able to offer a definite reason for discarding the one or the 
other model setup (either RCM/RCP used as forcing input). 
Generally, it can be concluded that MeCSS model can 
adequately reproduce the probabilities of occurrence and 
the maximum values of storm surge levels, as well as their 
flood-inducing patterns. Thus, the statistical distributions of 
the modelled SSH data were reliable for further use in inun-
dation modeling and flood risk assessment in terms of the 
deltaic vulnerability analysis presented herein. Conclusively, 
model to field data comparisons show acceptable agreement, 
thus we can confirm the ability of MeCSS model to estimate 
the response of the sea surface elevation to historical and 
future climatic conditions.

The CoastFLOOD module is a rather simplistic approach 
for coastal flood modeling but seems to adequately reproduce 
long-lasting steady-state inundation events. It is considered 
able to provide rather conservative, yet plausible, estimates 
of inundated areas under saturated flood conditions for storm 
surges. This way the necessary numerical modeling was com-
pleted in a time-affordable manner with the available com-
putational processing resources. Various model runs of 15 
discrete climatic mode implementations were conducted on 
a very high spatial resolution domain. The simulated inun-
dated areas cover a 19.4 to 25.1% of the potentially flooded 
low-land area under extreme conditions [69]. CMCC- and 
GUF-forced simulations in the study region for the twenty-
first century, under any RCP scenario, have produced results 
that confirm a tendency towards storminess attenuation. The 
latter is indicated by a decrease factor of − 2 to − 14% for 
storm surge levels and − 8 to − 20% for coastal inundation 
extends, respectively. However, based on CNRM-forced 
MeCSS-CoastFLOOD results, the storm surge and flooded 

coastal areas maxima in the Nestos river delta are estimated 
to increase up to 9% and 6.5%, respectively, for both scenarios 
in the twenty-first century compared with the past. In general, 
storminess and related coastal flooding by surges is expected 
to further decrease towards the end of the twenty-first century 
compared with the 2021–2050 period. This is the case for 
most of the combinations of RCP-scenario to hydrodynamic 
model implementation. Additional impacts of wave-induced 
run-up or MSL rise, due to steric effects, on coastal flooding, 
under climate change conditions, were not considered in the 
present study. This is set as a future goal of research.

6.3  Bias Corrections of Future Climate Projections 
and Water Management Proposals

Issues that could further be enhanced are related with the 
proposed bias correction method and the operation rules of 
the hydropower dams’ simulation model. Regarding bias 
correction of RCM reference data, the lack of daily precipi-
tation records, mainly in the upstream Bulgarian part of the 
basin, was a deteriorative factor. The implemented method 
has the advantage of simplicity and modest data require-
ments, i.e., monthly climatological information, while its 
efficiency is well documented [108]. However, correcting 
only the monthly mean precipitation could distort the rela-
tive variability of the inter-monthly precipitation distribution 
and may adversely affect other moments of the probability 
distribution of daily precipitations [109].

The second issue has to do with the operational rules 
of the WEAP model when the simulation of the dams is 
conducted. In this paper, the ultimate priority was the main-
tenance of the environmental flow of 6.0 m3/s, followed by 
the coverage of the irrigation demands and the electrical 
power production, designated as the last priority. The res-
ervoirs were thus not calibrated to consider potential wet 
seasons, i.e., to attenuate the outflows that are oriented to 
environmental flows and agriculture in favor of hydropower 
production. More sophisticated approaches implementing 
optimization techniques for the reservoirs’ operation could 
be further used for the overall management of the hydrosys-
tem [110].

To sum up, with the proposed research, the authors’ aspi-
ration was to promote a practical combination of various 
models representing different domains, i.e., coastal zone, 
inland waters, hydropower infrastructure, and agricultural 
plains, focusing on deltaic environments under the scope of 
vulnerability assessment. The proposed index, namely IDRI, 
demonstrates the importance of integrated approaches, since 
by considering the risks via stand-alone processes, e.g., 
solely the risk of coastal flooding and the relevant CFRI, 
the deltaic vulnerability is importantly underestimated than 
in the case of the integrated risk index. Moreover, the proce-
dure of intercorrelating disparate processes, such as coastal 
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flooding with agricultural heat stress and river hydrology, 
is considered an asset of the proposed IDRI approach, as 
it induces novel management application locally in deltaic 
areas allowing for relatively effortless implementation in 
other similar case study areas. The pursuit of further research 
enhancement lies in the socioeconomic assessment of the 
identified impacts and the integration of a multicriteria 
approach in the framework of an easy-to-use decision sup-
port model. This could assist in identifying optimal solutions 
in a complex multi-parametric environment, under a variety 
of natural and anthropogenic pressures. Apart from quantify-
ing the impact, a holistic assessment of the hydrosystem, in 
the context of the water-energy-food-environment nexus, is 
also planned to be applied soon.

7  Conclusions

Combining data from various coastal and land water related 
models to an Integrated Deltaic Risk Index was proposed as a 
conceptual approach to monitor the impact of climate change 
to the coastal zone, surface waters, and irrigated agriculture at 
a Mediterranean deltaic environment. The principal aim was 
to focus on coastal inundation, river hydrology, dam operation, 
water scarcity, and high temperature stress on irrigated agricul-
ture. A wide range of parameters, i.e., sea surface height, coastal 
flooded areas, river discharges, water budget, precipitation, and 
summer temperature parameters, was assessed to investigate 
the Nestos river delta’s vulnerability and its response to climate 
change. The results show that climate impact will remain in rela-
tively low levels in most of the cases under study. However, the 
major threat is expected in the last 30 years of the twenty-first 
century, where cases of severe temperature increase, and precipi-
tation decrease is projected. Due to the two large reservoirs in 
the hydrosystem, water scarcity phenomena will not be observed 
if rational and sustainable water use in agriculture is applied. 
On the other hand, temperature stress and coastal inundation 
are estimated to have more radical impacts on the deltaic area 
under certain probable future climate projections. Furthermore, 
in terms of socioeconomic impact, touristic economic activities 
on the coastal zone are not expected to be affected by flood 
events, whereas the environmental impacts on the protected 
areas and the nearby agriculture could be important.

We consider the presented CCI identification method based 
on coupled risk assessment for deltaic areas to be significant, as 
our approach follows an integrated vision dealing with issues 
that have important social, economic, and environmental reper-
cussions, i.e., impacts on the water-energy-food-environment 
nexus under several possible realizations of projected future 
climate change. In particular, the presented research effort will 
hopefully allow to (a) achieve sustainable development region-
ally, (b) meet the actual needs of local inhabitants of coastal 
zones especially those suffering from scarcity of water and 

climate change related hazards, (c) improve the environmental 
context by the added value of water resources management and 
control, and (d) render the local authorities and water resources 
professionals (managers, planners, and engineers) in the study 
area as immediate beneficiaries.
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