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Abstract
The Mediterranean basin is particularly prone to climate change and vulnerable to its 
impacts. One of the most relevant consequences of climate change, especially for the 
southern Mediterranean regions, is certainly water scarcity as result of a reduction of sur-
face runoff and groundwater levels. Despite the progress achieved in recent years in the 
field of climate change and its impact on water resources, results and outcomes should 
be treated with due caution since any future climate projection and derived implications 
are inevitably affected by a certain degree of uncertainty arising from each different stage 
of the entire modeling chain. This work offers a comprehensive overview of recent works 
on climate change in the Mediterranean basin, mainly focusing on the last ten years of 
research. Past and future trends on different components of the hydrological balance are 
discussed in a companion paper (Noto et al. 2022), while the present paper focuses on the 
problem of water availability and water scarcity. In addition, the work aims to discuss the 
most relevant sources of uncertainty related to climate change with the aim to gain aware-
ness of climate change impact studies interpretation and reliability.

Keywords  Climate change · Mediterranean basin · Hydrological processes · Uncertainty · 
Water resources

 *	 L. V. Noto 
	 leonardo.noto@unipa.it

	 G. Cipolla 
	 giuseppe.cipolla04@unipa.it

	 D. Pumo 
	 dario.pumo@unipa.it

	 A. Francipane 
	 antonio.francipane@unipa.it

1	 Dipartimento di Ingegneria, Università degli Studi di Palermo, Viale delle Scienze, Edificio 8, 
90128 Palermo, Italy

Water Resources Management (2023) 37:2307–2323

/ Published online: 2 February 2023 

http://orcid.org/0000-0002-3280-2898
http://orcid.org/0000-0002-5306-4935
http://orcid.org/0000-0002-4274-6316
http://orcid.org/0000-0001-7811-8023
http://crossmark.crossref.org/dialog/?doi=10.1007/s11269-023-03444-w&domain=pdf


L. V. Noto et al.

1 3

1  Introduction

As discussed in Noto et al. (2022), the Mediterranean Basin (MB) has experienced, and 
will likely experience, a reduction in annual rainfall, over most of its areas, and widespread 
warming, especially during the summer season. The combined effect of the reduction in 
total annual precipitation and the air warming, which has a direct effect on all the pro-
cesses involved in the soil water balance, might lead to critical water shortages in several 
areas of the MB. The most affected countries might be those where water resources are 
already at a critical level (Tramblay et al. 2020) and their management is still today a criti-
cal issue (Zribi et al. 2020). In southern Europe and North Africa, groundwater recharge 
and soil water content are expected to decline (Braca et al. 2019; Calvache et al. 2020), 
especially during summer, while river runoff, water levels in lakes, and availability of res-
ervoirs are expected to decrease in many locations of the MB (Braca et  al. 2019; Marx 
et  al. 2018; Yeste et  al. 2021). The decline in water resources may cause several impli-
cations in terms of food and energy security, affecting agriculture sector, with significant 
losses in crop production (D’Odorico et al. 2013; El-Nashar and Elyamany 2022). As an 
example, Ortiz-Bobea et al. (2021) evaluated the contribution of the anthropogenic climate 
change recorded in the period 1961–2015 on global agricultural Total Factor Productivity 
(TFP), finding out a TPF reduction between -20% and -30% in the MB. These aspects pose 
serious problems in the expected increase in population, which is set to reach 9.1 billion by 
2050, and therefore in the growth of food and energy demand (Leisner 2020).

Starting from the literature review made in the companion paper (Noto et al. 2022), this 
paper focuses on the main recent works on climate change in the MB across the last ten 
years of research, limiting the research to works already published in high impact factor 
journals, selected by using as database Scopus and Google Scholar. In particular the paper 
focuses on: i) the main challenges that potential future changes may pose in terms of water 
availability in the MB and ii) the main issues concerning climate change modeling and 
impact analyses.

Climate change impact assessment usually consists of a modeling chain including the 
evaluation of emission scenarios, the application of GCMs (Global Circulation Models) 
and downscaling techniques, the development and application of the hydrological mod-
els, often coupled with other impact models (e.g., land use/cover or water use models). 
Despite the flourishing activity and the progress achieved in this field and its impact on 
water resources, uncertainty is still an important issue because meteorological and hydro-
logical variables have to be projected some decades into the future (Lempert et al. 1996). 
Therefore, any result and outcome should be always treated with due caution because of 
the uncertainty that affects these studies.

Indeed, each stage of the procedure for the assessment of climate impact includes 
potential sources of uncertainty that may come from measurement errors from instru-
ments, data processing errors, aggregation errors due to incomplete temporal and/or spa-
tial data coverage, unpredictability of future natural processes (e.g., volcanic eruptions, 
ecosystem dynamics), limited space and time resolution of models, incomplete under-
standing of some Earth system processes and/or their interaction and feedback, unpre-
dictability of future development of non-climatic (e.g., socio-economic, demographic, 
technological, and environmental) factors that may affect the emission scenarios and, in 
turn, local or regional climate.

Climate scenarios selected for a specific impact research should always meet some 
basic criteria. As an example, they should be representative of the potential range of future 
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regional climate change, and consistent with a broad range of global warming projections 
based on different Greenhouse Gases (GHGs) emissions scenarios, such as reported in the 
fifth (AR5) Intergovernmental Panel on Climate Change (IPCC) report, and/or different 
Shared Socio-economic Pathways (SSPs), such as reported in the sixth (AR6) IPCC report. 
Moreover, since impact models require, as input, data variables (e.g., precipitation, solar 
radiation, temperature, humidity, and wind speed) at different temporal (from the annual 
to the sub-hourly) and spatial (from the global to the plot) scales, climate scenarios should 
be capable to describe changes in a sufficient number of variables on a spatial and tempo-
ral scale. In addition, the choice of the most appropriate hydrological, water management, 
and system behavior-based models, the adopted method of models’ integration and their 
parameterization under non-stationary conditions require considerable attention.

The combination of uncertainties coming from the use of different scenarios, models, 
and analysis techniques at the different stages typically results in a more or less significant 
overall inaccuracy of the final results (Kim et al. 2019; Lehner et al. 2020; Maher et al. 
2021), which has to be carefully considered by policymakers.

The present paper is organized as follows. Section  2 discusses possible problems on 
future water scarcity in the MB. Section 3 focuses on the main challenges and uncertainties 
sources in the impact analysis of climate change. Finally, last section reports conclusions of 
the review study.

2 � Potential Future Water Scarcity in the MB

Water resource is crucial for the economy of several Mediterranean countries, where rain-
fed agriculture accounts for more than 90% of crops in Algeria, Morocco, and Tunisia 
(Schilling et al. 2020), 57% of crops in Turkey, 64% of crops in Italy, and 56% of crops 
in Portugal (Jacobsen et  al. 2012). According to Jiménez Cisneros et  al. (2014), climate 
change is likely to causing a significant reduction in fresh water availability over the MB, 
with decreases by 2–15% for 2 °C of warming (Cramer et al. 2018), among the largest in 
the world, and relevant increases in the length of meteorological dry spells (Kovats et al. 
2014; Schleussner et al. 2016) and droughts (Tsanis et al. 2011). A possible decrease in 
surface runoff, as well as in groundwater levels (Noto et al. 2022), would imply a decline 
in water supply to natural and artificial reservoirs, which are mainly used for irrigation. 
Considering the per-capita water availability critical threshold of 1000 m3 year−1, generally 
accepted for severe water stress, for some regions already characterized by under-threshold 
values, such as the southeastern Spain and the southern shores, the per-capita water avail-
ability may drop below 500 m3 year−1 in the next future. Some countries, such as Greece 
and Turkey, may fall for the first time under critical conditions of water availability by the 
2030 (Ludwig et al. 2010).

Analyses of precipitation-related impacts reveal an overall regional reduction in water 
availability for the Mediterranean, especially in the south and the east. Median reduction 
will be equal to about 9% (likely range from 4.5% to 15.5%) at 1.5 °C and almost doubled 
at 2 °C (about 17% with likely range from 8 to 28%). The projected lengthening of regional 
dry spells, instead, will increase from 7 to 11% (Schleussner et al. 2016).

Over the MB, water demand is already high and may further increase in the future 
(Fiorillo et al. 2021), especially in North Africa (Droogers et al. 2012), thus affecting 
water resources availability (Milano et  al. 2013). In a study on six basins in southern 
Europe, located across Portugal, Spain, France, Switzerland, Italy, Greece, Macedonia, 
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Bulgaria, and Turkey, Sordo-Ward et al. (2019) showed how traditional water scarcity 
problems will be aggravated in the future, with the available resources that will hardly 
meet the existing water demands in many basins.

In this context, the development of efficient integrated models capable to consider 
possible future water management strategies becomes a priority to plan efficient adapta-
tion measures.

According to Forzieri et al. (2014), streamflow minima (7 day minimum flows) are 
projected to decrease up to 40% exclusively due to climate change (Assessment Report 
4—A1B scenario over the period 2080–2100) in the for the Iberian Peninsula, Italy, and 
the Balkan region. Reductions will likely reach -70% considering also increasing water 
use scenarios, due to drivers such as total population, gross domestic product, electric-
ity production, agricultural production, and technological changes, are included.

In Gomez-Gomez et al. (2022), future water demand scenarios have been generated 
for the Segura basin (southern Spain) accounting for statistical projections of popula-
tion and crop water future requirements computed, based on future climate scenarios. In 
response to a future reduction of mean annual precipitation equal to about -28%, a more 
significant mean reduction of the available resources (41–59%) was predicted for the 
period 2071–2100. This was ascribed to a decrease in the mean monthly runoff (from 
-32% to -67%) and a simultaneous relevant increase in mean monthly water demand 
from June to February (over 110% for most of the considered ensemble scenarios) and a 
slight decrease from the remaining months (from -1% to -15%).

Water consumes in the MB are prevalently due to irrigated agriculture, with, on aver-
age, about 50% of the total water withdrawal intended for agriculture (Fader et al. 2016), 
and significant variations over the different Mediterranean sub-regions (e.g., 1.3% in 
Croatia, 12% in France, 90% in Syria, Egypt, Cyprus, and Greece). As it emerges from 
the trends and projections discussed in Noto et al. (2022), future climate in this region is 
expected to shift towards warmer and drier scenarios, also decreasing available ground-
water resources (Collins et al. 2013; García-Ruiz et al. 2011; Kovats et al. 2014).

The general increase in water scarcity due to climate change is further exacerbated 
by the increasing demand for irrigated agriculture to stabilize production and to main-
tain food security (Albiac et al. 2013; Iglesias et al. 2012). In particular, the projected 
increment in the irrigation demands for the MB, because of the climate change, is equal 
to 4% and 18%, for 2  °C and 5  °C warming, respectively, by the end of the century. 
According to Fader et al. (2016), additional irrigation by 25% in northern and two-fold 
in south-eastern Mediterranean could be needed.

The analysis of potential problems in future water scarcity should also consider the 
role of reservoir storage in enhancing resilience to climate change. Some studies have 
used coupled climatic and system behavior-based models to study the impact of res-
ervoirs, confirming the effective climate change mitigation role that they may have in 
future (Alimohammadi et al. 2020; He et al. 2020), especially in semiarid regions of the 
MB (Gorguner and Kavvas 2020; Granados et al. 2021) where reservoir storages could 
be key infrastructures to overcome variability and to enhance water availability. For 
instance, Granados et  al. (2021), considering 35 different climatic projections for the 
period 2070–2100, presented an analysis of 16 major Southern European basins investi-
gating possible advantages due to reservoirs under climate change scenarios, concluding 
that the climate change induced reduction of water availability could be attenuated with 
increasing storage capacity and a careful management of such water reources.
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3 � Challenges and Uncertainties in Climate Change Modeling 
and Impact Analyses

Despite many efforts have been recently carried out to quantify climate change impacts on 
water resources (Kim et al. 2019), the outcomes of such studies should always be read being 
aware that they are affected by uncertainty due to different sources (Pastén-Zapata et  al. 
2022). As previously said, uncertainties can propagate through the entire modeling chain 
(i.e., emission scenario, GCM, downscaling, and impact models), and it is never easy to 
quantify and reduce uncertainties associated with each source (Chokkavarapu and Mandla 
2019). For this reason, climate change impacts should always be supported by opportune 
sensitivity analyses carried out within a probabilistic framework.

The following sections discuss the different sources of uncertainty, schematically repre-
sented in Fig. 1, and their influence on the assessment impact of climate change.

3.1 � Emission Scenarios

Since 1990 the IPCC has been developing long-term emission scenarios on GHG concen-
trations for a range of likely futures derived under different assumptions on driving forces 
such as demographic, technologic, and socio-economic modifications and their combined 
effects (IPCC 2007). Many of the analysis presented above and in the companion paper 
(Noto et  al. 2022) are usually based on the four Representative Concentration Pathways 
(RCPs), namely RCP2.6, RCP4.5, RCP6.0, and RCP8.5, developed in the IPCC AR5 and 
referred to four different approximated level of radiative forcing reached at the year 2100. 
Lately, nine new scenarios incorporating five Shared Socio-economic Pathways, SSPs (i.e., 
from SSP1 to SSP5), and seven levels of radiative forcing (i.e., 1.9, 2.6, 3.4, 4.5, 6.0, 7.0, 
8.5 W/m2) have been developed in the AR6. These are the result of a detailed scenario gen-
eration process considering potential future changes of both society and climate to find cli-
mate impacts along with possible hypothesized adaptation and mitigation options (O’Neill 
et al. 2017).

The choice of the most appropriate emission scenario is never trivial because of the 
many unpredictable variables that should be taken into account (Jose and Dwarakish 2020). 
Hence, a range of possible scenarios should be considered rather than adopting a single 
best or average case (Kundzewicz et al. 2018; Vano et al. 2015), especially for long-term 
impact analyses (Ntegeka et al. 2014; Talchabhadel and Karki 2019). According to Vetter 
et al. (2017), in fact, the relative importance of the uncertainty in emission scenarios on 
climate models depends on the temporal horizon of projection.

Obviously, emissions scenarios cannot cover all eventualities and/or predict how the 
factors that affect GHG and aerosols emissions (e.g., population growth, economic and 
social development, utilization of carbon-free energy sources and technologies, changes 
in agricultural practices, land use strategies, technological developments, mitigation 
policies, etc.) will evolve in the future; this is certainly the largest source of uncer-
tainty in climate modeling. A good example of uncertainties due to the unpredictability 
of future events is given by two of the most recent events occurred at a global scale: 
the Coronavirus pandemic (COVID-19) and the conflict between Russia and Ukraine. 
Because of the population lockdowns, restrictions in movement and reduced energy 
demand due to the COVID-19 pandemic, global emission levels in 2020 have shown the 
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largest annual decline in history. Le Quere et  al. (2020) estimated reductions in daily 
global fossil CO2 emissions of about 17% by early April 2020 compared with mean lev-
els of 2019. Similarly, the outbreak of the conflict between Russia and Ukraine is having 
a dramatic impact on the exploitation, distribution, and the price of natural resources, 
such as petroleum and gas. This has having important fallouts, especially on the energy 
sector, and is leading to relevant changes worldwide in the polity for energy produc-
tion, trade, and distribution as well as in the use and consumption of different types 
of energy, with crucial implications on CO2 emissions. All these unpredictable factors 
increase the uncertainties related to the use of the existing emission projections.

Fig. 1   Schematic representation of different sources of uncertainty in climate predictions and impact analyses
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3.2 � Climate Modeling

Climate system is a complex, non-linear, dynamical system, and understanding the 
behaviors of its single components does not imply a complete and perfect understanding 
of the overall behavior.

Knowledge of future climate change comes mostly from GCMs that are numerical 
models capable to represent physical processes associated with the ocean, land, atmos-
phere, and cryosphere, as response of the global climate system to increasing GHG 
concentrations. The GCMs uncertainties mainly come because of an insufficient repre-
sentation of the climate system, their model structure, and choice of initial conditions 
used to make simulations (Bennett et al. 2012; Woldemeskel et al. 2014). Indeed, many 
properties of the processes that take place in atmosphere at a smaller scale than that 
typical of GCMs need to be averaged over larger scales, to be properly modeled, with a 
technique known as parameterization. Among these processes, precipitation is perhaps 
the most important variable subjected to this type of uncertainty. Stephens et al. (2010) 
described the ability of GCMs to simulate precipitation as ‘dreadful’; precipitation esti-
mates derive from complex processes that are mostly parametrized in atmospheric mod-
els owing to their nonlinear nature and multiscale aspects that are still not well known 
and far from being sufficiently resolved (Tapiador et  al. 2019); this aspect represents 
one of the main challenges in GCM-based impact analyses of climate change.

Other sources of uncertainty related to the use of GCMs are more closely linked to 
the simulation of various feedback mechanisms concerning, for example, water vapor 
and warming, clouds and radiation, ocean circulation, etc., which are also the main rea-
son why GCMs may simulate quite different responses to the same forcing.

To assess the uncertainty coming from GCMs, climate model ensembles formed by 
multiple GCMs are often used (Chen et al. 2011; Knutti et al. 2010; Wang et al. 2020), 
even though, it might result in large computational costs in the quantification of impacts 
deriving from climate change. On the other hand, not using all models available might 
lead to smaller computational costs but to underestimate uncertainty and/or produce a 
bias in an ensemble prediction (Tebaldi and Knutti 2007).

Nowadays, however, some high-resolution climate models, such as the Convection-
Permitting Model (CPM) developed by the UK Met Office (Kendon et  al. 2019), can 
overcome the uncertainty due to above-mentioned parametrization. This model, for 
example, provides possible future climate scenarios under the RCP8.5 for the UK at a 
2.2 km spatial resolution and at the hourly or daily scale. This high spatial resolution 
makes it possible to characterize local processes, such as convection, influence of moun-
tains or coastlines on the patterns of various climatic variables, that with the coarse 
resolutions of GCMs (i.e., 60–300 km) or RCMs (i.e., 10–50 km) cannot be properly 
simulated without parametrization. Despite CPMs may give a much more realistic rep-
resentation of precipitation compared to coarser resolution climate models, Kendon 
et al. (2021) highlighted the following deficiencies and key challenges that have to be 
addressed: i- heavy rainfall tends to be too intense due to convection not being fully 
resolved at kilometer-scales; ii- inadequate representation of land-surface processes and 
how they are coupled with the atmosphere at kilometer-scale resolution, with parametri-
zation schemes for sub-kilometer processes that require further developments for use in 
CPMs; iii- the inclusion of atmosphere–ocean coupling as lateral boundary forcings in 
CPMs, typically neglected, which could be critical for accurate predictions over some 
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regions; iv- multi-year climate simulations at kilometer-scales are characterized by high 
computational costs and this may limit the model domain size, the number of ensemble 
members, and the simulations length.

3.3 � Downscaling Climate Modeling

The coupling of GCMs with hydrological models to study the impact of climate change 
on water resources management, such as streamflow, water content in the soil, or 
groundwater recharge in a catchment is not trivial, especially because of the different 
spatial scale of GCMs and hydrological models (Buytaert et al. 2010). Since many phys-
ical processes occurring at small spatial scales are very important for many local hydro-
logical processes, a downscaling of GCMs climate projections to regional scale, by for 
instance statistical or dynamical methods, is necessary (Joseph et  al. 2018). Inclusion 
of downscaling represents another source of model uncertainty (Wootten et  al. 2017) 
in addition to uncertainty coming from GCMs outputs (Wootten et al. 2017; Zhang and 
Soden 2019).

While statistical downscaling tries to find a data-driven relationship between GCM 
simulated climate variable and regional scale variable (Chen et  al. 2020; Smid and 
Costa 2018), assuming that this relationship remains stationary over time, thus lead-
ing to a misrepresentation of future climate changes (Cannon et  al. 2015; Hagemann 
et  al. 2011; Vannitsem 2011), dynamical downscaling uses Regional Climate Models 
(RCMs), thus being more consistent and physically based but more computationally 
demanding power (Tang et al. 2016).

Several studies have shown that statistical downscaling methods are often unable to 
overcome the impacts of circulation biases that are deeply rooted in a GCM’s clima-
tology (Addor et  al. 2016; Maraun et  al. 2017), thus reflecting the circulation biases 
into other fields (e.g., temperature and rainfall) of regional projections and leading to 
implausible patterns of future climate change.

Dynamical downscaling models, instead, use lower resolution GCMs as boundary 
conditions and physical principles to reproduce local climate by means of RCMs, which 
given the great computational cost, are available only for some regions of the Earth 
(Chokkavarapu and Mandla 2019). In order to reduce uncertainty in future climate 
change projections, Diallo et  al. (2012) proposed an approach based on multi-model 
RCM ensembles and multi-projection based on different GCMs to create probability 
distribution functions of future hydrological variables.

In the last decade, many studies have addressed downscaling as a dominant source 
of uncertainty (e.g., Dobler et  al. 2012; Mandal et  al. 2016; Pourmokhtarian et  al. 
2016), even though they have revealed some critical points. The first issue is that many 
of these studies focus on impact variables used in hydrology and ecology rather than on 
the climate variables, relying on the implicit assumption that there is a linear relation-
ship between climate and impact variables. However, since this relationship is often 
highly nonlinear (e.g., Jin et  al. 2005), these results may lead to wrong results. Sec-
ondly, most of the prior literature focuses on small regions (e.g., river basins) rather 
than larger regions, not considering that the conclusions obtained for these small-
domain studies may not be transferable to larger regions. The uncertainty linked to 
downscaling may be overcome by extracting some possible future climate scenarios 
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from high-resolution models, such as the UK-CPM previously described since these 
can help addressing some local atmospheric processes that affect the patterns of differ-
ent climatic variables.

3.4 � Hydrological and Impact Models

Over decades, ever more sophisticated interpretations have been presented to assess cli-
mate change impacts on different hydrological processes and their implications (e.g., 
floods, droughts, water resources management, etc.).

Hydrological models, often based on conceptual rainfall-runoff bucket approaches, 
are commonly applied to interpret the output of GCMs or stochastic weather genera-
tors, simulating the runoff with different perspectives (i.e., floods, water availability) 
under a future hypothetical scenario. Although it is commonly assumed that the uncer-
tainties in hydrological modeling can be fully represented by using different hydrologi-
cal models, in non-stationary conditions, additional uncertainties exist (Lespinas et al. 
2014). Uncertainties, for example, may arise from the choice of the hydrological model, 
the way it is used (parameterization, calibration, validation, consistency of models over 
potential future climate conditions, etc.), and/or possible deficiencies in the model 
structure itself. Other uncertainties may arise also from the parameter instability due 
to the possible changes in the physical catchment characteristics and in the dominant 
processes (Brigode et al. 2013) and/or from the fact that model parameters are highly 
dependent on the climatic characteristics of the period used to calibrate the hydrological 
models (Merz et al. 2011) and cannot be representative of the future period. Moreover, 
different studies highlight how hydrological models may perform worse under changing 
climatic conditions, with performances that tend to decline in proportion to long-term 
changes in climatic variables, such as rainfall and temperature (Broderick et al. 2016; 
Fowler et  al. 2021; Saft et  al. 2016). As it emerges from many studies, hydrological 
model structural deficiencies under changing climate plays a prominent role in the total 
uncertainty of the whole impact modeling chain (Deb et al. 2019; Fowler et  al. 2016; 
Stephens et  al. 2018). With this regard, the impact of the evapotranspiration process 
conceptualization within the hydrological models on runoff and/or groundwater pro-
jections may be extremely relevant, especially for applications in most of the water-
controlled regions of the MB (Guo et al. 2017). Her et al. (2019) provides an extensive 
comparison between uncertainty given by multi-GCMs projections and the one related 
to hydrological models’ structure and parameters in the hydrological assessment of cli-
mate change. The authors found that GCM climate projections are responsible for the 
highest level of uncertainty within the entire climate-hydrological modeling chain, and 
the most affected variables are those recognized as rapid hydrological components, such 
as direct runoff. Uncertainty in hydrological modeling parametrization, instead, plays a 
relevant role in slow hydrological responses.

Most of the hydrological models used in the impact analysis of climate change 
adopt conceptual “uncoupled” representations of the soil–vegetation–atmosphere 
dynamics, relying on the concepts of potential (PET) or reference evapotranspiration 
(RET), representative of the atmospheric evaporative demand (AED), as surrogate of 
the actual evapotranspiration (AET), which implicitly assume stationary environmen-
tal conditions in terms of land use and plant physiology. This is obviously question-
able considering the evolving land use and vegetation conditions under a changing 
climate (e.g., Bosmans et al. 2017; Yin et al. 2017). Indeed, while the projections in 
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AED are expected to follow the predicted increase in temperature, AET is more cor-
related to the decreasing rainfall. Moreover, evidence of the so-called “evaporation 
paradox” (Dimitriadou and Nikolakopoulos 2021; Qin et al. 2021) has been reported 
worldwide, with observed pan evaporation or RET that have decreased along with the 
continuous increase in temperature over the past decades. All this suggests the use 
of more integrated approaches to better quantify the surface-atmosphere interactions 
under climate change (Milly and Dunne 2016; Tramblay et al. 2018). Evapotranspira-
tion process representation in hydrological models should be in fact capable to con-
sider water availability, other than the possible changes in vegetation and land cover/
use patterns. Moreover, since uncertainty about how vegetation responds to future 
increases in CO2 and the relative consequences for water fluxes are still questioned 
(Gerten et al. 2014), another aspect that deserves attention in the model conceptual-
ization of the evapotranspiration process is the way to consider dynamically the effect 
of CO2 concentrations in hydrological models.

Beyond unrealistic simulated evapotranspiration, interactions between surface water and 
groundwater have been identified as a major contributing factor to non-stationarity in modeled 
rainfall-runoff relationships. In the MB, the groundwater component has a prominent role to 
satisfy water demands for agricultural, industrial, and domestic use, especially during drought 
periods (Carmona et al. 2017; Zhuang et al. 2022). In some cases (e.g., Grigg and Hughes 
2018), specific adjustments on the adopted hydrological models were proposed to consider the 
groundwater impacts on streamflow, while in other cases (e.g., Deb et al. 2019) multi-model 
frameworks coupling hydrological models with groundwater models were adopted.

With reference to impact analyses, uncertainties are mainly related to the unpredictabil-
ity of the future and to the inevitable assumptions that must be made for the generation of 
the various future scenarios of land use/cover, water use and demand, population, urbaniza-
tion, deforestation, etc. For example, very few studies consider the unpredictable change in 
occurrence rate of fires, very frequent in MB, and their role in affecting evapotranspiration 
(Poon and Kinoshita 2018a, b) and control the groundwater and overland flow dynamics. 
Moreover, many models do not include the possible feedback effects of land cover on the 
hydrological response of the systems; this is particularly relevant for the MB, which is highly 
characterized by strong modifications in natural vegetation (Chebli et al. 2018; García-Ruiz 
and Lana-Renault 2011). With this regard, Pumo et al. (2017) and Arnone et al. (2018) pro-
posed a modeling framework to investigate, at the watershed scale, the potential alterations 
in the main hydrological components (Pumo et al. 2017) and runoff extremes (Arnone et al. 
2018), due to changes in climate and land systems. According to the authors climate and 
land use interact affecting the hydrological response; as compared to changes in the fraction 
of impervious areas, climate alterations highlighted more weight in altering all the analyzed 
hydrological indicators.

Properly taking into consideration reservoir regulations, water diversion, inter-basin water 
transfers, irrigation, and groundwater withdrawals in future water availability and drought 
assessments is also important to build a good model framework. All these fundamental fac-
tors, which are sometimes found to weaken the relationship between climate variations and 
water availability (Shah et al. 2021; Wu et al. 2018; Xing et al. 2021; Yang et al. 2020), are 
closely related to the future trajectories of water uses and demand that are strictly intertwined 
with different human activities involving a variety of interconnected sectors, such as society, 
economy, industry, agriculture, and politics.
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4 � Conclusion

The Mediterranean Basin is experiencing several modifications in all the components 
of the hydrological balance probably due to climate change in addition to the natural 
inter-annual variability. To this regard, studying trends in water supply is particularly 
important since water resource determines the economy and the security of several 
Mediterranean countries. According to the studies explored here, climate change has 
been leading to a significant reduction in freshwater availability and, in turn, in crop 
productivity losses, over the MB, contextually to a strong increase in water demand, 
use and consumption due to population growth and economic development, indicat-
ing a higher water stress in the future. In 2015, 196 members of the United Nations 
Framework Convention on Climate Change negotiated the Paris Agreement. Although 
this represents an important milestone for fixing sustainable goals, in view of the 
ongoing climate change in the MB, a big effort is still required to the scientific com-
munity and policy makers to promote and implement sustainable solutions to mitigate 
projected impact on water resources. Innovative research and applied technical solu-
tions, including non-conventional resources, should be explored, also within out-of-
the-water-box approaches such as Water-Energy-Food-Ecosystems nexus. Governance 
should consider the different priorities and needs regarding water and natural resource 
management within the various areas of the MB, where the differences in water avail-
ability and socio-economic aspects between the northern and the southern regions 
could be amplified by climate change in next future. To mitigate the probable increas-
ing water scarcity, informed and participatory top-down policy-based approaches, 
involving all the stakeholders, oriented to minimize the anthropogenic impact should 
be urgently developed by, for instance, reducing the irrigated areas or increasing irri-
gation efficiency.

The assessment of the impact of climate change requires a complex modeling chain 
which encompasses emission scenarios, climate models, downscaling and/or bias-
correction methods, and hydrological models. Each of these components is character-
ized by a certain degree of uncertainty that propagates along the entire chain, leading 
to contrasting and sometimes counterintuitive results. Thus, an important message that 
arise from the analysis of different experimental studies is that their conclusions must 
be taken with care, accounting for the different uncertainty sources and trying to under-
stand how they interplay with each other.

Even if some degree of uncertainty may characterize the scientific assessment of cli-
mate change impact, it is important to highlight that precautionary approach affirmed by 
the Principle 15 of the 1992 Rio Declaration reminds us that “where there are threats 
of serious or irreversible damage, lack of full scientific certainty shall not be used as a 
reason for postponing cost-effective measures to prevent environmental degradation”, 
thus suggesting to decision-makers needing to apply precaution and the identification of 
measures aimed to mitigate the different risks related to the climate change impact.
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