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ARTICLE INFO ABSTRACT

Keywords: Study region: Catchment in Southern Italy.

Environmental Flows Study focus: Mediterranean waterways are commonly non-perennial; they are vulnerable to
SWAT+

climate change (CC). Their management is particularly complex due to limited data availability.
This work aims to develop a methodology for setting an Environmental Flow regime (E-Flows) for
a temporary river (Locone, Italy) under limited data availability and under CC. As observed long-
term time series of streamflow under natural conditions were not available, the Soil and Water
Assessment Tool model (SWAT-+) was applied to simulate the daily streamflow for the baseline
period (1980-2010) and future (2020-2050) based on observed and model climate projections,
respectively. A specific workflow was developed for model calibration focusing on the low flows.
The hydrological regime was characterized by means of Indicators of Hydrological Alteration
(IHAs), whereas the Range of Variability Approach (RVA) was applied to define the E-Flows.

New hydrological insights for the region: The basin is experiencing a statistically significant increase
in the air temperatures observed from 1971 to 2020, which is also predicted to continue in the
future. Consequently, the average annual streamflow and monthly streamflow in winter and
spring is expected to decrease. The calibration, based on a multi-objective model evaluation,
improved the low-flow simulation. The detected differences in IHAs for the predicted periods
should be considered in future water management when setting E-Flows for temporary rivers.

Temporary rivers

Modeling low flows

Indicators of Hydrological Alterations (IHAs)
Climate Change

1. Introduction

River flow regulations and ongoing climate change (CC) alter the natural hydrological regime of rivers (Arthington, 2012;
Schneider et al., 2013). All components of the flow regime play a decisive role in the health of aquatic ecosystems and in the physical
condition of the habitats (Rolls and Arthington, 2014). Hence, deviations from the natural flow condition may lead to river ecosystem
degradation (Poff et al., 1997). Based on this awareness, the principle of “Environmental flow regime” (E-Flow), which is the flow
regime necessary to maintain river ecosystems, was introduced (Arthington, 2012). Many methods have been developed to set the
E-Flow regime (Tharme, 2003). The main limitation for most of them is the data requirement (i.e., hydrological, hydraulic, and
biological data) (Dyson et al., 2003; Tharme, 2003). The hydrological methods are simple and easy to apply; the input is a time series of
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streamflow (monthly or daily) of at least 20 years under un-impacted conditions or for which the alterations induced by anthropic
activities are negligible (Pastor et al., 2014). In areas where streamflow time series are not available, due to poor monitoring or because
measuring instruments are in highly impacted locations, hydrological models can be used to generate data under un-impacted con-
ditions (De Girolamo et al., 2017b; Senent-Aparicio et al., 2021b; Castellanos-Osorio et al., 2023). Richter et al., (1996, 1997, 1998)
developed the Indicators of Hydrological Alterations (IHAs), which can describe the hydrological regime components, and the “Range
of Variability Approach (RVA)” for assessing the hydrological alterations of a river by comparing the IHAs computed before and after
the impacts. The E-Flows may be set by defining a range of values for each IHA within its natural variability (i.e., 25th-75th percentile).
The latter is computed over a long period in natural conditions (Stewardson and Gippel, 2003). Like all hydrological methods, the RVA
should be considered a first phase of E-Flows design that should be revised after assessing the ecological status (Arthington, 2012).
Indeed, setting an E-Flow regime should always be considered an iterative process that should include the evolution of the ecology over
time and the quantitative variations due to CC (Arthington, 2012), balancing human and ecosystem water needs (Derepasko et al.,
2021a; Cosi¢-Flajsig et al., 2021).

At the European level, the need to restore and protect aquatic ecosystems is regulated by the Water Framework Directive (WFD; EC,
2000), which requires Member States to address river degradation by improving or maintaining a good ecological status. The Guidance
document no. 31 - "Ecological flows in implementation of the Water Framework Directive" (CIS n. 31; EC, 2015) suggests evaluating all
the components of the hydrological regime and adopting measures to improve the ecological status associated with the flow regime.
Leone et al. (2023a) pointed out that with the implementation of the WFD and, in particular, with the adoption of CIS no. 31 (EC,
2015), the definition of E-Flows also includes ecological aspects in most of the EU Member States. However, neither European nor
national legislation of the EU Mediterranean countries provides specific guidelines for setting up E-Flows in non-perennial rivers
(Leone et al., 2023a). In Italy, with the Decree D.D. STA 30/2017 (MATTM, 2017), some methodologies have been defined to set up the
E-Flow regime, i.e., hydrological methods, habitat simulation methods, and biological methods. It is up to the river basin districts to
define the method in the River Basin Management Plans based on the availability of data, environmental needs and water requirements
for human activities, and hydraulic conditions.

The Mediterranean region suffers from water shortage due to a number of both anthropogenic and natural factors. Waterways,
which are mainly non-perennial, are particularly sensitive to the impacts of CC and human pressures (Borg Galea et al., 2019).
Non-perennial rivers are characterized by naturally specific aquatic habitats of a temporary character with different biogeochemical
processes and biological communities compared to perennial rivers and, therefore, deserve specific studies (Datry et al., 2014).
However, the poor monitoring network and the measuring instruments’ difficulty in recognizing zero or extremely low flows
(Tramblay et al., 2021; van Meerveld et al., 2020; Zimmer et al., 2020) make the eco-hydrological study of these rivers very complex.
In addition, although these river ecosystems are of scientific interest, they are often neglected in eco-hydrological studies, and the lack
of guidelines and legislation specific for non-perennial rivers (Leone et al., 2023a) is a challenge for sustainable water resource
planning and management (Prat et al., 2014).

The Mediterranean basin is a hotspot for CC (Mereu et al., 2021; Noto et al., 2023). Most of the future climate projections show an
increase in temperatures (increase in evapotranspiration) and a decrease in precipitation right from the first half of the 21st century
(Garcia-Ruiz et al., 2011; Molina-Navarro et al., 2014; Noto et al., 2023; Noto et al., 2022; Senent-Aparicio et al., 2021a). Furthermore,
in the Mediterranean area, the increased demand for water to support agricultural, urban, and industrial development (Bradford, 2000;
Iglesias et al., 2007) will probably lead to excessive exploitation of water resources, which entails a consequent qualitative degradation
of fresh water. Southern Italy, and in particular the Apulia region (S-E Italy), reflects the climatic conditions of the Mediterranean area,
being geographically and geomorphologically subject to hydroclimatic risks. Several extreme climatic events occurred in Apulia in
recent decades: droughts (Marini et al., 2019), floods, and fast fluctuations of droughts/floods (Polemio and Lonigro, 2015). Recent
studies showed a clear trend toward warmer temperatures and drier conditions during the second half of the 20th century that has
several implications for water resource availability (De Girolamo et al., 2017a; De Girolamo et al., 2022a; Lionello et al., 2014). The
Apulia region has the largest agricultural production in Southern Italy, which could be at risk due to water shortage and CC impacts
(D’Agostino et al., 2014; Ronco et al., 2017). Indeed, the water requirement for irrigation is continuously increasing together with
other water uses related to domestic supply and industrial processes (SEETCP, 2012—, 2014). In this context, water resource man-
agement is central to a sustainable supply of water for human uses and ecological functions and must consider the impacts of CC on
water resources. Furthermore, due to its hydromorphological characteristics that prevent the storage of large volumes of surface water,
Apulia is forced to import water from neighboring regions (i.e., Campania, Calabria) to meet its water demands (SEETCP, 2012,
2014). For this reason, many reservoirs were built in the last century. A challenge for the next few decades will be to determine water
storage and release to rivers for the reservoirs that is efficient enough to balance human and ecosystem needs.

Very few papers have been published analysing E-Flows in basin with limited data available, including the potential impact of CC
on the flow regime (Senent-Aparicio et al., 2021b). To the best of our knowledge, there are no articles focused on a temporary river. In
this context, this paper aims to set E-Flows under CC in a data-limited basin with a temporary river. The specific aims are: i) simulating
the possible alterations induced by CC on the hydrological regime of the Locone River, and ii) evaluating the impact of these alterations
on the E-Flows. For the future scenario (2020-2050), climatic data from two combinations of General Circulation Models (GCMs) and
Regional Circulation Models (RCMs) were used. Due to the lack of hydrological data, the E-Flow was set up applying the RVA using
simulated daily streamflow in un-impacted conditions. The new version of the Soil and Water Assessment Tool (SWAT) model was
used. SWAT is one of the most widely used hydrological and water quality models (Bieger et al., 2017) in the world with different
applications even in contexts of data scarcity (De Girolamo et al. (2022b); Ricci et al. (2018); Nyeko (2015)). The new version, SWAT+
, is the result of improvements, overcoming some limitations of the previous versions. In SWAT+, the algorithms and the type of input
data required have not changed, while the structure and organization of the code and the input files have undergone significant



M. Leone et al. Journal of Hydrology: Regional Studies 52 (2024) 101698

changes. There are still a few applications of SWAT+ in the Mediterranean environment (SWATLiteratureDatabase; last view August
2023), especially in basins with limited data availability (Leone et al., 2023b). This is both because the SWAT+ model is still relatively
new and because modeling streamflow in a data scarcity context is very complex (Shanafield et al., 2021), especially in basins with
temporary rivers. Leone et al. (2023b) applied SWAT+ to simulate the streamflows of the temporary Locone River (S-E Italy), pro-
cessing the calibration and validation with the Toolbox (v.0.7.6). The authors highlighted that the model underestimated the low
flows. Based on that study, this paper attempts to identify specific strategies to improve the low-flow and zero-flow simulations that are
generally recognized as critical phases in modeling hydrology in temporary rivers (De Girolamo et al., 2022a; Kirkby et al., 2011). This
study contributes to the SWAT+ community by showcasing a model calibration procedure adapted to conditions of extended low-flow
periods. Furthermore, it provides valuable information to water resource managers for setting an E-Flow regime for temporary rivers
under CC.

2. Material and methods
2.1. Study area

The study area is the Locone River basin (228 kmz), located in S-E Italy in the border region between the Basilicata and Apulia
regions (Fig. 1). The Locone River is one of the major tributaries of the Ofanto, the most important river in Apulia. The total length of
the main course is 33 km. The elevation of the study area varies between 616 m a.s.l. and 128 m a.s.l. (average value 341 m a.s.l.). The
mountainous part of the basin is mainly formed by calcareous and dolomitic formations of the Murgia, which rest on the clastic de-
posits of the Bradanic cycle. The hilly and plain areas are characterized by the clastic sediments of the Fossa Bradanica, mainly clays
and sands and, secondarily, conglomerates and calcarenites, lying on the Mesozoic calcareous-dolomitic basement. The small thickness
of these sediments means that the tributary hydrographic network is very scarce, discontinuous, and not very engraved. The main soil
types are classified as Typic Calcixerept of fine loamy, Mixed, and Thermic Calcaric Regosol, according to the USDA Soil Taxonomy
(Soil Survey Staff, 2022). The soil texture is predominantly sandy-clay-loam, and clay-loam.

In the study area, there are four weather stations (WSs): WS1, WS2, WS3, and WS4 respectively in the N-E, N-W, S-W, and S-E of the
basin. The stations have been in operation since 1971. All stations are recording precipitation. In addition, WS1 and WS4 measure
minimum and maximum air temperatures. The mean annual rainfall is 584 mm, with most of it falling in the period from September to
May; the mean annual temperature ranges from 7.6 °C (January) to 24.3 °C (August) (reference period 1971-2020). The Mediter-
ranean climate is characterized by a wet winter season and a dry summer season. Consequently, the Locone has the typical charac-
teristics of the torrents of Southern Italy with very scarce summer outflows and flash floods and a wet season (winter, spring). The
Basin Authority classifies the Locone River as a “temporary” river (river with dry conditions on the entire body of water or parts of it,
recorded annually or at least 2 out of 5 years) (Legislative Decree no. 131,/2008; Apulia Region, 2010). The only streamflow gauge was
located at the Ponte Brandi (PB, 41° 06’ 35’ N; 16° 00’ 03’ E), upstream of the Locone dam, operating from 1971 to 1983. However,
data from 1973 to 1983 were excluded from this study because they were inconsistent with precipitation and affected by errors and
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Fig. 1. Study area: Locone River Basin (S-E Italy). A) Apulia and Basilicata regions (S-E Italy); B) Land use map and Weather Stations (WS1, WS2,
WS3, WS4), Wastewater Treatment Plants (WWTP1, WWTP2), Ponte Brandi (PB) gauge station locations; C) DEM.
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missing data.

The Locone dam (41° 05’ 06°° N; 16° 00’ 00°" E), which was built from 1982 t01986, has a maximum capacity of 108 million m°
(irrigation, provision of a hydroelectric power plant, and supply of drinking water). The main land use in the catchment is agriculture
with winter wheat the predominant crop (64%), followed by deciduous forests (6.6%), extending mostly along the coasts of the
reservoir, and broad beans (5.4%). Agriculture, mainly rainfed, is the main economic activity of the area, but CC threatens its sus-
tainable production (Daccache et al., 2016). D’Agostino et al. (2014) pointed out that future CC will correspond to a significant in-
crease in the water requirement of the most cultivated crops, which could lead to a global reduction of the irrigated surface due to the
decreased water resource availability. Polemio and Lonigro (2015), who analysed the trend of flood events in Apulia from 1918 to
2006, highlighted the urgency of further studies to understand the dynamics of damaging hydrogeological events and climatic vari-
ables. In recent decades several dry years (e.g., 2012; 2022) and several floods were recorded producing damage to crop production (e.
g.,2011; 2016). Hence, on the one hand, an increase in competition for water is expected in the near future and on the other hand, the
reduction of the current water inflow into the reservoirs will require a periodic revision of the E-Flows.

The two main urban areas are located to the southwest and southeast of the basin with a total population of approximately 8500
inhabitants. Additional pressures in the study area include two urban wastewater treatment plants (WWTPs) discharging into the river,
a quarry above a landfill to be reclaimed, and agricultural land runoff. These are the main threats to the Locone River water quality.

2.2. Future climate

Several studies reported a reduction of water resource availability in Apulia in recent decades, mainly due to an increase in air
temperature that has caused an increase in potential evapotranspiration (PET) and a reduction in snowfall (De Girolamo et al., 2022a;
Marini et al., 2019). Those studies also reported a similar trend for future decades underlining the urgency of using future climate
projections to understand how CC will affect the water resources to better manage the competition for water uses, balancing human
and ecosystem needs.

2.2.1. Description of future climate projections

Future climate projections are based on numerical models, which are presented by GCMs and RCMs. The first ones, with low
resolution (between 100 and 300 km), describe processes on a global, continental, or national scale and the second ones, with higher
resolution (between 1 km and 50 km), describe the processes at a regional scale.

The climate projections used in this study are derived from two models: the MPI-ESM 1.2-LR (Max-Planck-Institute Earth System
Model, Low Resolution) climate model (MPI hereinafter) (Wieners et al., 2019); and the CMCC-CM-COSMO-CLM model (CMCC
hereinafter), which was developed for Italy (Bucchignani et al., 2016; Scoccimarro et al., 2011; Zollo et al., 2016). The CMCC model is
widely used by the Italian scientific community because it has shown it can represent the Italian climate — both in terms of average and
extreme values, even at a local scale (Bucchignani et al., 2016; Zollo et al., 2016) — well. However, the CMCC underestimated the
climatic variables of the study area, therefore, a second climate model, the MPI model, was considered that, on the contrary, over-
estimated the climatic variables. Both climate models provide daily time series for precipitation and minimum and maximum daily air
temperatures. The data provided by MPI covers the historical period from 1850 to 2014, while historical data from CMCC are available
from 1979 to 2005. Future climate projections representing the Shared Socioeconomic Pathways (SSPs) SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 are available from MPI for the period 2015 to 2099. Future projections from CMCC were simulated assuming
the IPCC CMIP5 Representative Concentration Pathways (RCPs) scenarios RCP4.5 and RCP8.5 for the time period 2006 to 2100.

In this work, daily data of precipitation and maximum and minimum air temperatures from 1971 to 2005 (MPI) and from 1979 to
2005 (CMCC) were used as the historical periods to carry out the bias correction. For the near-future scenario (2020 to 2049), the RCP
4.5 scenario of CMCC and SSP2 4.5 scenario of MPI were used. The RCP4.5 emission scenario shows an increase in greenhouse gas
emissions, which causes an increase in radiative forcing of approximately 4.5 Wm'2. The climate scenario SSP2-4.5 represents “in-
termediate” levels of greenhouse gas emissions, which is reflected in an intermediate probability that global surface temperatures will
increase by 1.5 °C (relative to 1850-1900) in the short term (2021-2040). Trends in observed maximum and minimum temperatures
and observed precipitation on a daily scale from 1971 to 2020 were analysed with the Mann-Kendall test using the R package ‘Kendall’
(McLeod, 2022; see 2.2.1). Information about the models and periods analysed is given in Table 1.

Table 1
Climate model Projections: GCMs, RCMs, spatial resolution, historical and near-future period, climatic variables (PCP = precipitation, TMP max and
TMP min = maximum and minimum temperature, respectively), sources of each dataset.

GCMs RCMs Spatial Historical Near future Climate Source
resolution variable
CMCC-CM COSMO-CLM 8 km 1979- 2020-2049 (RCP  TMP max https://dds.cmcc.it/#/dataset/climate-projections-8km-
2005 4.5) TMP min over-italy

PCP

ECHAM6.3  MPI-ESM1-2- 40 km 1971- 2020-2049 TMP max https://cds.climate.copernicus.eu/cdsapp#!/dataset/

LR 2005 (SSP2 4.5) TMP min projections-cmip6?tab=form

PCP
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2.2.2. Downscaling precipitation and temperatures: bias correction

The statistical methods of downscaling (bias correction) provide local-scale projections of the GCMs-RCMs outputs by using the
observed climatic variables and empirical-statistical relationships. RCM outputs are often subject to random and systematic errors
(Teutschbein and Seibert, 2013). Therefore, bias corrections are particularly needed (Glavan et al., 2015), especially in the Medi-
terranean environment where the climatic variables are strongly influenced by the position of the measuring stations and by the
orography (De Girolamo et al., 2017b; Bonada and Resh, 2013).

The CMCC and MPI models mean annual rainfall and mean annual maximum and minimum temperatures of the historical period
(1979 to 2005 and 1971 to 2005, respectively) were compared with observed data in the same periods for the four WSs (Figs. 3 and 5).
To ensure that the near-future scenario simulated by the models reflects the peculiarities of the local climate, two different procedures
of bias correction were performed for precipitation and maximum and minimum temperatures, respectively, based on the models’
historical climatic data and the measuring station data of climatic variables in the same period. For precipitation, a simple ratio method
proposed by De Girolamo et al. (2017a) (Eq. 1) was applied, where the observed average data (AVGmon(i)Hist_ OBS) for each month
was divided by the corresponding average data simulated by the models (AVGmon(i)Hist_SIM), obtaining a monthly correction factor
which was then multiplied with the daily data of the models (daily PCP SIM) (2020-2049).

AVGmon(i)Hist_OBS

_— PCP SIM
AVGmon(i)Hist_SIM

o daily

For the correction of daily temperatures, the quantile mapping (QM) method was applied, which adjusts the quantiles through a
univariate transfer function independently of each variable to relate the cumulative distribution function of a simulated variable to the
observed one. The QM method corrects for the mean value of each simulated series and the overall variability and is potentially more
effective for correcting for extreme values (Wetterhall et al., 2012). This method proved to be valid for the correction of the bias of
climatic variables (Dumitrescu et al., 2023), especially for temperatures (Maraun, 2013), and was performed in the R environment
with the ‘gmap’ package 1.0-4 (Gudmundsson, 2016; Gudmundsson et al., 2012). In this work, the monotonic tri-cubic spline type
interpolation was found to be the best performing for the transformation of the variable x.

Once the biases were determined based on the observed and historical climatic variables, the correction factors were applied to the
climatic variables of the future scenarios to adjust them according to the local characteristics.

2.3. Simulation of daily streamflow

Due to the lack of observed streamflow over a long period in natural or near-natural conditions, the SWAT+ model, a new release of
the hydrological and water quality SWAT model (Arnold et al., 1998), was applied at the Locone River basin to generate a long series of
daily data at the outlet (PB gauging station, Fig. 1). The model was run from 1980 to 2010 using measured climatic data as the baseline
period and from 2020 to 2050 for the near future using downscaled climatic data, without considering other factors such as WWTPs
emissions and water abstractions.

Table 2
Input data: data type, source, time and spatial scale, information.
Data Source Scale / Information
Resolution
Precipitation Civil Protection Service implemented with Regional Daily WS1, WS2, WS3, WS4 (1971-2020)
Agency for Irrigation and Forestry Activities (ARIF)
Temperature Civil Protection Service implemented with Daily WS2, WS4 (1971-2020)
ARIF
Corine Land use European Environment Agency, 2020 and statistical 10 m-10 m 22 different types of land use
map information (ISTAT, 2010) for agricultural areas
Digital Elevation Regional geoportal of Basilicata; Regional geoportal of 10 m-10 m
Map (DEM) Apulia.
Soil type Map ACLA 2- FEOGA EU Project for Puglia and Land Use 10 m-10 m 12 soil profiles
Cover Area frame Survey (LUCAS) project for Basilicata
Management Interviews with farmers and agricultural advisors ( Planting, irrigation, fertilizing, tillage operations, and
Practices D’Ambrosio et al., 2020) grazing operations for pastures are detailed for each crop.
Streamflow gauging  Civil Protection Service Daily PB streamflow measurement station (1971-1972)
station
River network Regional geoportal of Basilicata and Regional geoportal ~ 1:250000
of Apulia.
Point source Regional Agency for Environmental Protection for Monthly Volume = 1265 m>day!

WWTP1

Point source
WWTP2

Apulia

Regional Agency for Environmental Protection for
Basilicata

Wastewater — emission limit values — Annex 5,
Legislative Decree 152/ (2006)

Qualitative data: total sediments; Biochemical Oxygen
Demand (BOD); total phosphorus; total nitrogen. (2012-
2021)

Volume = 510 m>day

No qualitative data is available. The limit values of the
legislation have been used.
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2.3.1. The eco-hydrological model SWAT+

The SWAT+ model is an open-source, process-based, semi-distributed watershed model, which is widely used for different pur-
poses (e.g., hydrological cycle simulation, water quality) and at different spatial and temporal scales (Bieger et al., 2019).

As input data, SWAT+ requires the daily weather input data (at least precipitation and maximum and minimum temperatures), a
digital elevation model (DEM), spatially distributed soil data (soil hydraulic and chemical parameters), information on crop man-
agement operations, and the land cover. In SWAT+ , the code and input files have been modified (Bieger et al., 2017). The catchment
area is subdivided into separate spatial units, such as aquifers, reservoirs, channels, ponds, hydrological response units (HRUs), and
Landscape Units (LSUs). SWAT+ is more flexible in terms of spatial representation (Bieger et al., 2019) than the previous versions,
emphasizing the connectivity between spatial objects (Barresi Armoa et al., 2023). The HRUs are the smallest spatial unit represen-
tative of a single combination of land use, slope, and land within each LSU. The major innovation is the introduction of LSUs, i.e.,
portions of subbasins that are delimited based on channel thresholds to separate mountain processes and alluvial plains (Bieger et al.,
2017).

2.3.2. Model input data SWAT+ model setup

The QSWAT+ plug-in for QGIS3 (Dile et al., 2023) was used for defining the spatial objects of the SWAT+ model (delineation of
HRUs, LSUs, and sub-basins and definition of the river network). In this work, the SWAT+ executable revision 60.5.5 was used. All
input data for setting up the model are summarized in Table 2. A DEM with 10 m spatial resolution was extracted from the databases of
the reference regions. Observed daily precipitation and the maximum and minimum air temperatures were available for the period
1971 to 2020 for the WSs present in the area. The land use map is based on the Corine Land Cover classification (CLC2006 version
2020_20ul; EEA, 2019) and a reclassification based on the National Agricultural Census (ISTAT, 2010) data was carried out on a
municipal scale to provide more details. The hydrological parameters of the soils such as saturated hydraulic conductivity (K) and
available water capacity (AWC) were obtained from the soil texture using the SPAW Hydrology and Water Budgeting tool (Keith et al.,
2019).

The volumetric instream contribution of the WWTPs was set to a constant value, due to the lack of data. The potential of WWTPs
(expressed in equivalent inhabitants) is provided by the Regional Agency for Environmental Protection of Basilicata and Apulia. The
volume was obtained by multiplying the equivalent inhabitants by the daily water supply from the literature. The qualitative data
(nutrient loads in treated wastewater) were available on a monthly scale for WWTP1, while no data was available for WWTP2, which is
why we used the limits imposed by legislation (Wastewater — emission limit values — Annex 5, Legislative Decree 152/, 2006) as
reference values. For further details concerning input data, the reader is referred to Leone et al. (2023b). The Locone basin was divided
into 31 sub-basins, 183 channels, 183 LSUs, and 739 HRUs, the latter defined by setting the land use, soil, and slope thresholds as 15%,
15%, and 25%, respectively. The Hargreaves-Samani formula was used to calculate PET (Hargreaves and Samani, 1985), and the SCS
Curve Number method (USDA-SCS, 1972) was applied to calculate the surface runoff. The equation of Williams (1995) was used to
calculate the USLE K (the soil erodibility factor) as a function of the percentage content of sand, clay, and carbon in the soil layers.

2.3.3. Model calibration and validation

The hydrological calibration and validation of the SWAT+ model were performed based on the observed streamflow data that are
available at the PB gauging station for the years 1971 and 1972. Other years were excluded from the observation data set either
because they were affected by measurement errors or because there was no correspondence between rainfall and streamflow.

The aim of the calibration process was to improve the model performance of the SWAT+ model setup that was presented in Leone
et al. (2023b) and was carried out with the SWAT+ toolbox (v.0.7.6). This tool, which is independent from the SWAT+ model,
performs both automatic and manual calibration of the parameters, choosing the objective function. In previous work, the automatic
calibration of the sensitive parameters was performed with 500 iterations, maximizing the Nash-Sutcliffe efficiency (NSE) as objective
function. Even with good statistical results, the authors highlighted the underestimation of low flows. The model calibration in this
work was performed in the R environment. For the hydrological model calibration, 15 parameters were selected that are relevant for
the simulation of hydrological processes. Some of these parameters were already identified as sensitive in previous work in the
Mediterranean environment (De Girolamo et al., 2022a; Brouziyne et al., 2021; Leone et al., 2023b). The parameters, with their
selected ranges and the types of applied changes, are listed in Table 4. The sampling of the parameter combinations was performed
with Latin Hypercube Sampling (McKay et al., 1979) using the ‘lhs’ R package (Carnell, 2022). In total, 5000 parameter combinations,
with one iteration, were included in model simulations. The simulation runs were performed in parallel on 50 cores using the R
package ‘SWATplusR’ (version 0.6.7., Schiirz, 2022).

The model evaluation was based on a multi-objective analysis. For the calculation of model performance criteria, the Rpackage

Table 3
Comparison of the average maximum and minimum temperatures observed in the baseline period (1980-2010) and of the average maximum and
minimum temperatures in the near future (2020-2049).

Baseline (1980- 2010) CMCC (2020-2049) MPI (2020-2049)

T max (°C) T min (°C) T max (°C) T min (°C) T max (°C) T min (°C)
WS1 22.19 12.57 23.23 13.64 23.13 13.26
Ws4 19.87 10.67 21.12 11.97 21.30 11.90
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Table 4
Calibrated parameters; description; range of variability; type of change [replacement of the initial value with a new value in absolute value (absval);
addition of an absolute value to the initial value (abschg); multiplication of the initial value by 1 + given value (relchg)]; best value.

Parameter Description Range of Type of Value
variability change
ESCO.hru Soil evaporation compensation factor 0.15-0.35 Absval 0.302
PERCO.hru Percolation coefficient -0.3-0.3 Abschg 0.195
CN3_SFW.hru Soil water factor for CNIII -0.3-0.3 Abschg 0.0599
LATQ_CO.hru Lateral flow coefficient -0.3-0.3 Abschg -0.12
AWC.sol Available Water Capacity of the soil layer (mm H20/mm soil) -0.5-0.5 Relchg -0.483
BD.sol Moist Bulk Density (Mg/m®) -0.5-0.5 Relchg -0.115
K.sol Saturated hydraulic conductivity (mm/hr) -0.5-2 Relchg 1.91
SURLAG.bsn Surface runoff coefficient 0.01-2 Absval 0.0249
CN2.hru Initial SCS runoff CNII -0.15- 0.10 Relchg 204+ 9018
LAT_TTIME. Lateral flow travel time (days) 0.1-100 Absval 89.5
hru
LAT_LEN.hru Slope length for lateral subsurface flow (m) 1-100 Absval 17.3
ALPHA.aqu Baseflow alpha factor, Index of groundwater flow response to changes in recharge 0-0.2 Abschg 0.163
(day™)
DEEP_SEEP. Deep aquifer percolation fraction -09-1 Relchg -0.373
aqu
SP_YLD.aqu Specific yield of the shallow aquifer (m®/m®) -09-1 Relchg 0.587
REVAP_CO.aqu Groundwater “revap” coefficient. 0-10 Relchg 1.38

A dense vegetation cover and good infiltration conditions (hydrological soil group A).
® non-perennial crops (e.g., durum wheat) and poor infiltration conditions (hydrological soil group D).

‘hydroGOF’ (Mauricio Zambrano-Bigiarini, 2020) was used. Several studies underline the urgency of improving the performance of
hydrological models in simulating low flows (Rivas-Tabares et al., 2019; Staudinger et al., 2011). Therefore, the selected performance
criteria that were employed in the multi-objective model evaluation put a specific focus on low flows. To consider a model param-
eterization as acceptable, the following criteria were defined: (i) the simulation of daily discharge compared to the observations must
exceed a Kling-Gupta-Efficiency of KGE_cal > 0.75; (ii) the absolute value of the percentage bias in the low-flow period must not
exceed 5% (abs(PBIAS_If) < 5%); and (iii) the mean absolute error of the daily simulated discharges in the low-flow period must be
lower than the standard deviation in this period (MAE_If < sd(qobs_If)). The low-flow period (If) was defined as the period between
1971-05-01 and 1971-12-31 (Fig. 6A). For model validation, the KGE was calculated for those simulations that were considered as
acceptable in the calibration phase; finally, the simulation that returned the highest KGE value was chosen as the best. For additional
model evaluation, the coefficient of determination for goodness of fit (RZ), the NSE, and the Root Mean Square Error (RMSE) were
calculated. The KGE is increasingly used because it compensates for some deficiencies of the NSE, which is not suitable for evaluating
the seasonal simulation performances (Knoben et al., 2019). Furthermore, as demonstrated by Althoff and Rodrigues (2021), the use of
several performance criteria enables the consideration of several characteristics of the hydrograph: for example, a KGE greater than a
certain value for the entire period guarantees a minor bias even in low-flow conditions (Althoff and Rodrigues, 2021); limiting the
absolute value of the PBIAS controls the over/underestimation of the low flow; and limiting the MAE in the low-flow period to the
standard deviation (sd) in this period guarantees a realistic overall variability of low-flow values.

Three years of warm-up have been included in the simulation to initialize internal storage. The qualitative and quantitative
contribution of the WWTPs was included in the model setup. Once the model was calibrated and validated, this contribution was
removed to characterize the natural flow regime and the daily streamflow was simulated for the baseline period (1980-2010) and for
the near-future period (2020-2050).

2.3.4. Zero-flow threshold

Hydrological modeling often fails to fully represent the entire flow regime (De Girolamo et al., 2015a). This is particularly the case
for temporary rivers, since in summer, both continuous flow and dry conditions may occur along the river network. Previous studies in
Southern Italy (De Girolamo et al., 2017b; Leone et al., 2023b) have highlighted a discrepancy between the simulated and measured
flow especially for the extremely low flow and the zero flow. De Girolamo et al. (2015a) pointed out that the zero-flow condition is
extremely important in classifying the river type and characterizing the flow regime. Therefore, the authors suggested correcting the
best simulation in a river section by introducing the Zero-Flow threshold (ZF), which is the value of simulated streamflow corre-
sponding to the absence of flow. To consider the “temporary” nature of the Locone River, we applied the ZF threshold, which was
estimated by comparing the flow duration curve (FDC) of observed daily streamflow from 1971 to 1972 and simulated streamflow
(Fig. 6C). The ZF value was subtracted from the daily values of both baseline and near-future streamflow; therefore, values lower than
ZF threshold were considered null.

2.4. Hydrological method for setting up an E-Flow regime

Based on the Natural Flow Paradigm (Poff et al., 1997), E-Flows should mimic the natural flow regime. The Range of Variability
Approach (RVA), which is based on this principle (Richter et al., 1996), relates the natural variability of hydrological regimes,
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expressed in terms of the following flow regime components: timing, duration, frequency, and rate of change, to the sustenance of
native biodiversity and integrity of aquatic ecosystems (Richter et al., 1997). The simulated flow in un-impacted conditions was used to
calculate a number of IHAs that characterize the flow regime. The IHAs are classified into 5 groups representing the components of the
flow regime (Poff et al., 1997). Groups include: magnitude of monthly water conditions, extent and duration of annual water extremes,
timing of annual water extremes, frequency and duration of high and low pulses, as well as the rate and frequency of change in water
conditions (The Nature Conservancy, 2009). The open-source software “Indicators of Hydrological Alteration” Version 7.1.0.10
developed by The Nature Conservancy (2009) was used to calculate the IHAs, their inter-annual variability, and statistics by
non-parametric analysis for the baseline period and for the future scenarios. Each indicator represents a specific ecological function. It
is assumed that each indicator can vary within a range of its natural variability without compromising river ecology and the health of
aquatic ecosystems (Richter et al., 2003). In this work, the range of variability for each indicator was set between the 25th percentile
and the 75th percentile. All hydrological methods (Arthington, 2012) are based on streamflow data in pristine condition recorded over
the past 20 or 30 years. However, several studies (De Girolamo et al., 2022a; Brouziyne et al., 2021) reported that the flow regime is
changing due to CC with a general reduction in streamflow. Therefore, when setting an E-Flow regime, the hydrological alterations due
to CC should be considered. The IHAs selected in this study are the magnitude and duration of monthly streamflow as well as the IHAs
representing the magnitude and duration of annual extreme conditions of different duration (1-, 3-, 7-, 30-, 90- days). In this work, an
analysis of the IHAs computed over the past decades (1980-2010, baseline) and those predicted for the near future (2020-2050) was
carried out. The methodology is schematized in Fig. 2.

3. Results
3.1. Bias correction

3.1.1. Rainfall data

At the basin scale, for the historical period (1980-2010), the CMCC model underestimated the average annual rainfall by about
100 mm. In contrast, the MPI model overestimated precipitation by about 100 mm. The boxplots of the mean annual observed pre-
cipitation (OBS), uncorrected (hist) and bias corrected (downscaled) model outputs of the historical period (1979-2005 CMCC;
1971-2005 MPI) are presented in Fig. 3. The median annual precipitation of WS1 (NE; 116 m a.s.l.) was significantly overestimated by
the MPI model (563 mm) and underestimated by the CMCC model by 143 mm. The median annual precipitation of WS2 (NW; 0 m a.s.
1.) and WS3 (SW; 350 m a.s.l.) were both underestimated by the CMCC model by 216 mm and 134 mm, respectively. The MPI model
instead underestimated the median annual precipitation of WS2 by about 30 mm and overestimated that of WS3 by 30 mm. For WS4
(SE; 458 m a.s.l.), the median was overestimated with the MPI model (158 mm) while the CMCC model underestimated the median
value by 55 mm.

The ratio method applied to remove bias errors in rainfall data provided good results (Fig. 3). After the bias correction, the
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Fig. 3. Comparison of observed, historical, and downscaled mean annual precipitation (1979-2005) for the CMCC model and the MPI model
(1971-2005). The upper whiskers represent the 90th percentile, the lower the 10th percentile; the major quartile the 75th percentile, the minor the
25th percentile, and the central black line the median.

forecasted average monthly rainfall for the baseline period (1980-2010) and for the near future (2020-2049) were compared (Fig. 4)
and the future trends were investigated.

In line with other studies carried out in the Apulia region (De Girolamo et al., 2022a; Lionello et al., 2014), for the historical period,
a statistically significant positive trend emerged for the maximum and minimum temperatures (p-value < 0.002), while a
non-statistically significant trend was detected for rainfall. A similar situation occurred in the near-future scenario: both models
showed a statistically significant positive trend (p-value < 0.0035) of the minimum and maximum temperatures for both stations,
while no trends for precipitation appeared. The climate models provide slightly different projections for each station when compared
on a monthly scale, probably due to their different spatial resolutions (Fig. 4). It should be emphasized that rainfall can substantially
vary within a short distance because it is strongly conditioned by orography (Ricci et al., 2018; De Girolamo et al., 2017b). In the
winter months (Dec, Jan, Feb), a reduction in rainfall is expected for all WSs. In the spring months (Mar, Apr, May), a reduction in
rainfall at the basin scale is predicted for both models (-25% CMCC model and -11% MPI model) (Fig. 4). The greatest reduction in
precipitation from 1800 to 2000 in Italy occurred in the spring months (Brunetti et al., 2006). Both models predict an increase in
summer rainfall (Jun, Jul, Aug) at the basin scale, especially the CMCC (+24%), due to an increase in rainfall in August (Fig. 4). For the
autumn season (Sep, Oct, Nov), a reduction (-8%) at the basin scale is envisaged for both models (Fig. 4).

3.1.2. Temperature data
The quantile mapping (QM) has proven to be a valid method to remove the bias for temperatures simulated by climate models

= BASELINE (1980-2010)
CMCC (2020-2049)

Ws1

ws2

3 £ 5
£ £ — MPY (2020-2049)
e <
S 5 S
£« £,
2 5 =
v v
g 2 g 2
a a
Feb  Mar  Apr M. n  Jul ) Nov D
month
Wws4

3 =3
E E —
-— -E. B0 S
3 [
z g
= 4 ®
z 5 2 o \ -
v -3 . /
¥ 20 G o i
a A

1 a 1«

Feb  Mar  Apr  May n  Jul Aup Sep Ot Nov Dec an Fed Mar Apr May Jun Aug Sep Oct MNov Dec
month month

Fig. 4. Comparison of baseline (1980-2010) and near-future (2020-2049) average monthly rainfall.
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(Fig. 5). The CMCC model underestimated the median annual maximum temperatures by about 3 °C for both stations. The median
annual minimum temperatures were underestimated by about 2 °C (WS1) and by 2.7 °C (WS4). The MPI model underestimated the
medians of the annual maximum temperatures by 4.5 °C (WS1) and 1.7 °C (WS4) and overestimated the medians of the annual
minimum temperatures by about 1 °C (WS1) and about 5 °C (WS4) (Fig. 5).

In the Locone basin, a global increase in average annual temperatures is expected for the near future (2020-2049) compared to the
baseline period (1980-2010) (Table 3). The expected increase for the maximum temperatures is + 1.04 °C (CMCC) and + 0.94 °C
(MPI) for WS1 and + 1.25 °C (CMCC) and + 1.47 °C (MPI) for WS2. An increase of + 0.7 °C and + 1.23 °C is expected for the min-
imum temperatures (Table 3). Both models predict an increase in average summer temperatures of more than 1 °C. The greatest in-
crease is expected for the average maximum temperatures in August, which vary between + 6 °C and + 3 °C respectively for the CMCC
and MPI model for WS1 and + 3 °C according to the MPI model for WS2.
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Fig. 7. A) Annual minimum, average: 30-day minimum, 90-day minimum. B) Annual maximum, average: 1-day maximum, 3-day maximum, 7-day
maximum. C) Annual maximum, average: 30-day maximum,90-day maximum. D) Monthly mean flow. The upper whiskers represent the 90th
percentile, the lower the 10th percentile, the major quartile is the 75th percentile, the minor is the 25th percentile, the central black line is the
median, and the dots are the outliers.
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3.2. Modeling daily streamflow

Table 4 lists the 15 model parameters that were included in the model calibration. The right column shows the final parameter
change value that was selected in the calibration. The type of change may consist of: replacing the initial value of the parameter with a
new value in absolute value (absval); adding an absolute value to the initial value of the parameter (abschg); multiplying the initial
value of the parameter by 1 + given value (relchg). Some parameters have been added compared to the previous work (Leone et al.,
2023b): SURLAG, PERCO, CN3_SWF and LATQ_CO. In particular, CN3_SWF allows for a delay in the onset of runoff after dry spells
while LATQ_CO is a linear coefficient controlling lateral flow (Wagner et al., 2022).(Table 4).

The defined objective criteria identified 16 acceptable simulations. The single selected model parameterization resulted in model
performance values of r = 0.80, MAE = 0.16, RMSE = 0.6, R? = 0.63, PBIAS = 0.29, NSE = 0.65, and KGE = 0.75. For the low-flow
period the values were MAE = 0.08 and PBIAS = -4.53. For validation they are r = 0.60, R? = 0.4, PBIAS = -1.05, KGE = 0.40 and NSE
= 0.40. These values were considered good for calibration and acceptable for validation based on other work in the Mediterranean
environment (De Girolamo et al., 2015; De Girolamo et al., 2017b) and considering that the calibration was carried out on a daily scale
that leads to greater difficulties in dry climates (Castellanos-Osorio et al., 2023). The recession of both peaks of the calibration period is
well simulated although one of the two peaks is underestimated (Fig. 6A, B). The recession phase in the validation period was also well
simulated by the model; however, the peaks are not well simulated since both overestimation and underestimation were predicted
(Fig. 6A, B). This is justifiable considering that climate data are affected by errors and missing data and because rainfall events are
frequently localized in small areas. The mean annual PET estimated by the model at basin scale was 1057 mm. This value was
comparable with similar studies in neighboring watersheds (De Girolamo et al., 2022c; Gentilucci et al., 2021).

The changes made in this work compared to the previous one (Leone et al., 2023b) have led to a better simulation of the low flows at
the PB measurement station (Fig. 6C). In Leone et al. (2023b), albeit with good statistical results, the authors highlighted the un-
derestimation of the low flows. In this work, therefore, efforts have been made to improve the simulation of the low flow (exc. freq.
50-80% in FDC, Fig. 6C) and the extremely low flow (exc. freq. 80-90% in FDC, Fig. 6C). However, the zero-flow condition remains a
critical point in the simulation, therefore the ZF threshold was defined based on the FDC. Specifically, the minimum simulated
streamflow was compared with minimum measured streamflow and a value of 0.070 m®! was assumed as ZF threshold.

3.3. Setting an E-Flow regime under climate change impact

The boxplots (Fig. 7) provide quantitative information on the variability of the flow regime components, useful to water resource
managers to define the near-future releases from the dam. The IHAs were evaluated based on daily streamflow simulated by the model
with observed climatic data (1980-2010 baseline, Supplementary material S1) and based on simulated daily streamflow with the
projected climate for the near-future scenario (2020-2050; Supplementary material S2 and S4) of the two models. Globally, a
reduction in flows is expected in the near-future scenario: the average flow calculated over 30 years is equal to 0.40 m%s! for the
baseline, 0.38 m®s! and 0.32 m%s’!, respectively, for the CMCC model and the MPI model.

The number of outliers detected for the IHAs showing the magnitude and duration of the low flow (i.e., minimum flow recorded
over consecutive days, 30-day minimum and 90-day minimum flow) (Fig. 7A) tends to increase according to the MPI model, due to an
increase in extreme events of minimum magnitude as identified by IHA findings (e.g., small floods recorded in summer; Supplementary
material, S4). No changes are foreseen for the IHAs, such as annual minimum flows over 1-, 3- and 7- consecutive days (1-, 3-, 7-days
minimum), because their values were zero both for the baseline and for the near future. The outliers of the IHAs, representing the
magnitude and duration of high flow (1-, 3-, 7- day maximum), increased for future scenarios due to an increase in small floods
(Fig. 7B) (Supplementary material, S4). The CMCC model resulted in greater variability with respect to the baseline while the MPI
model predicted a reduction in the interquartile range. Globally, a reduction of the 30- and 90-day maximum flow according to both
models is expected.

The magnitude of monthly flow is shown in Fig. 7D; these IHAs are part of the first group and represent the extent of the monthly
water condition. In the baseline, the low-flow condition in the Locone river occurs from the end of May to the end of December. The
median streamflow in these months varies from 0.20 m®s! to 0.15 m®s™! with the zero-flow condition in August. In future scenarios,
the largest CC impact was predicted in the winter months (Dec-Jan-Feb). Indeed, the reduction of the 75th percentiles of the
streamflow was 30% and 53% (Dec), 36% and 63% (Jan), 36% and 21% (Feb), for the CMCC and the MPI models, respectively. A
reduction in the average monthly flow is also expected in the spring months (Mar-Apr-May). The E-Flows should be set in spring
between 0.16 m3s! and 0.54 m3s™ (interquartile range) based on the baseline streamflow data, while E-Flows would vary between
0.12 m%s! and 0.44 m3s™! based on the near-future data. In summer (Jun-J ul), the models provided different results: the CMCC model
predicted a reduction of the 75th percentile of the flows (-35% and -15%) and the MPI model an increase (+47% and +38%), probably
due to an increase in the incidence of small floods. Furthermore, it is important to underline the presence of outliers in the streamflow
in August (MPI model) and in the autumn months (Sept-Oct-Nov) according to both models. The outliers are due to an increase in small
floods (Fig. 7D) (Supplementary material, S4). For the IHAs representing the frequency and duration of high and low pulses (group 4),
the E-Flow regime should consider that low-pulse counts vary between 2 and 8 and high-pulse counts between 4 and 8. There is a slight
reduction in low-pulse duration and a slight increase in high-pulse duration for the two models. The E-Flow regime should be set with
respect to the duration of the low pulses between 8 and 19 days and between 3 and 6 days for the high pulses.
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4. Discussion
4.1. Bias correction

The two climate models used in this work differ in terms of spatial resolution (8 km CMCC and 40 km MPI) and in terms of climate
outputs. The daily precipitation provided by the CMCC model in the historical period (1979-2005) was underestimated compared to
the observed data; the same applies to the maximum and minimum temperatures. The daily precipitation of the MPI model was
overestimated (in the historical period 1971-2005), while the daily maximum temperatures were overestimated, and the minimum
temperatures were underestimated. The outputs of climate models are often affected by systematic errors. For this reason, it is
extremely important to resort to bias correction procedures (De Girolamo et al., 2017a) so that the outputs of climate models are
modified based on local conditions. The downscaling is particularly important in the Mediterranean environment where rainfall is
subject to spatial variability (Peres et al., 2020; Senatore et al., 2022). There are many bias correction methods with different ad-
vantages and disadvantages, and the debate about the “best method” is still heated (Maraun et al., 2017; Teutschbein and Seibert,
2012). Ngai et al. (2017) and Dumitrescu et al. (2023) pointed out that the QM is the method that provides more accurate results for the
temperatures. The QM is not limited to a simple correction of the mean value of each simulated series but also corrects the overall
variability. This aspect makes it potentially more effective for correcting extreme values (Wetterhall et al., 2012). After the bias
correction, both models represented the rainfall and temperature for the historical period well; therefore, both models are reliable for
future predictions. However, since rainfall is strongly influenced by the orography of the study area, the higher spatial resolution of the
CMCC compared to the MPI could be an advantage in mountainous areas.

A limitation of this work may derive from the limited number of climate models used for future climate projections (CMCC and
MPI). Our choice was based on the necessity of making the results easily readable. The E-Flow regime was set through many IHAs;
therefore, using more climatic models would have made it difficult to summarize and represent the results. Indeed, a high variability
can be found among climate models resulting in different predicted flow-regime alterations (Kakouei et al., 2020). On the other hand,
our goal was to evaluate whether climate change needs to be considered when setting E-Flows or if it is negligible. To include the
variability due to climate models, we selected two models: the CMCC and MPI, which underestimated and overestimated climatic
variables in past decades, respectively. However, a large uncertainty could affect the results of the IHAs estimated for the near future.

4.2. Hydrological modeling

The limited data availability (hydrological and ecological) is the main problem that complicates eco-hydrological studies in the
Mediterranean environment, despite the expansion of the monitoring networks being one of the cornerstones of the WFD (EC, 2000)
and of the Guide document no. 31 (CIS n. 31; EC, 2015). As reported by Leone et al. (2023a), there are only a few studies in the
literature in which a specific methodology is applied to set an E-Flow regime to non-perennial rivers. Most of the authors (e.g.,
Papadaki et al., 2017; Godinho et al., 2014; Senent-Aparicio et al., 2021; Theodoropoulos et al., 2018) used hydrological methods
because these approaches require only daily or monthly streamflow in un-impacted conditions.

In case of limited data availability, hydrological models are valid tools to generate un-impacted streamflow (De Girolamo et al.,
2017b). For instance, the SWAT model is a flexible tool also widely used in the Mediterranean environment (Aloui et al., 2023).
However, hydrological modeling is more reliable the better and denser the input database is. The main difficulties of this work are
caused by the limited available quantitative and qualitative input data (i.e., limited number of weather stations, gaps in the time series,
WWTP data). Since there are only a few measurements available throughout the year concerning the WWTPs, we forced the discharge
to be constant and the qualitative values to be equal to the threshold limits required by the law. These assumptions may have strongly
influenced the simulation results, especially the low flow. In addition, the Mediterranean region is often subject to convective pre-
cipitation, which is strongly dependent on the orography and often localized in very small areas. This characteristic has a huge in-
fluence on the modeling results, especially in catchments where the rainfall gauges are sparse (Ricci et al., 2018). The PET calculated
with the Hargreaves and Samani equation was found to be coherent with the data reported in the literature in the same climatic area,
but it depends on extraterrestrial solar radiation for which there are no observed data in the basin resulting in a further element of
uncertainty. The availability of only two years of daily streamflow certainly makes calibration and validation even more uncertain
since floods with very high return periods could not be accurately simulated. Despite the above-mentioned limitations, this work
allows us to demonstrate the enormous potential of the new version of the SWAT+ model by testing new parameters. For example, a
good simulation of the recession after the peak was obtained due to the new CN3_SWF parameter. Indeed, this parameter allows the
user to have more control over the runoff according to Wagner et al. (2022).

There can be different calibration strategies for hydrological models to simulate flows in non-impacted conditions in an arid
environment. For example, Castellanos-Osorio et al., (2023) have demonstrated this by applying SWAT+ at a monthly scale and then
obtaining the daily flow rate with monthly-daily disaggregation techniques. Senant-Aparicio et al., (2021) evaluated the performance
of the SWAT+ model in simulating low flow using the logarithmic NSE.

This paper had the twofold objective of improving the low-flow simulation and showing a different calibration strategy, given the
common difficulties reported in the literature (Staudinger et al., 2011; Pfannerstill et al., 2014). In the previous work by Leone et al.
(2023b), the calibration of SWAT+ for the same study area was conducted using 11 parameters with the SWAT+ Toolbox and NSE
maximization as an objective function. Although considered good from a statistical point of view following the criteria proposed by
Moriasi et al. (2007), the result revealed a substantial underestimation of low flow (from 50% to 95% of exc. frequency in the FDC,
Fig. 6C). This is in contrast with the results obtained by other authors (De Girolamo et al., 2022b; Ricci et al., 2022) who used the
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SWAT2012 version in a Mediterranean environment and who obtained an overestimation of the low flow.

According to Wagner et al. (2022), a definitive improvement in the simulation of low flow could be obtained by making changes to
the groundwater parameters by reactivating, for example, the GW_DELAY parameter (the time in which the water remains in the
vadose zone before recharging the aquifer) included in the SWAT2012 version. In this work, the SEEP_DEEP parameter proved sen-
sitive to reducing the amount of water that recharges the deep aquifer and which the model reads as "water lost from the catchment
area" (Neitsch et al., 2005). The model calibration performed in the R environment allowed different criteria to be set to determine
‘good’ simulations following the parameter calibration. Each performance criterion has its advantages and disadvantages: the KGE
tends to underestimate the peaks and overestimate the low water flows, but compared to the calibration based on the NSE, it improves
the bias and the measure of variability (Gupta et al., 2009). The results clearly showed an improvement in simulating the low flow
(Fig. 6C) compared to the previous version of the SWAT+ (v2.0.4 revision 60.5.3) (Leone et al., 2023b). However, the zero flow was
never simulated by the model, even in the latest version. To improve the simulation of zero flows, observed in August, we introduced
the ZF threshold as reported in previous studies (De Girolamo et al., 2015; De Girolamo et al., 2017b; De Girolamo et al., 2022b).
Identified through a simple comparison of the annual FDCs (measured and simulated), this threshold was subtracted from the
simulated daily streamflow time series before computing the IHAs. However, in this work, the introduction of the ZF threshold is an
additional source of uncertainty, which is difficult to quantify since the same measurements of the extremely low flow are affected by
large uncertainty (van Meerveld et al., 2020).

4.3. E-Flow regime and hydrological regime alterations due to CC

The Mediterranean regions will be among the most vulnerable areas on the planet to CC (IPCC, 2014). The extreme climatic events
that have occurred in Apulia due to CC and the vulnerabilities of the region make it extremely important to develop cross-sectoral
approaches and methodologies that can be integrated into decision-making processes (SEETCP, 2012—, 2014). In line with other
studies in the Mediterranean environment (De Girolamo et al., 2022a; De Girolamo et al., 2017a; Mereu et al., 2021; Nerantzaki et al.,
2015; Skoulikidis et al., 2011), this study highlighted that an increase in dry conditions (lower average precipitation and increase in
temperatures) may occur at the basin scale in the near future. The main effects in terms of precipitation will occur in spring, as this
season is subject to more variations induced by CC than the others (Gordo and Sanz, 2010). Indeed, both models predicted drier springs
(Mar- Apr- May) (rain reduction by -24% CMCC model and -11% MPI model). The greatest temperature variations are expected in the
summer (between +1 °C and +3 °C respectively for the CMCC and MPI model). These changes in climate will produce alterations of
the hydrological regime, aggravating the condition of water stress, which are recorded in the region and in large parts of the Medi-
terranean Basin (Skoulikidis et al., 2011; Iglesias et al., 2007). In their studies, several authors reported a shift from perennial to
non-perennial rivers and an intensification of the low-flow condition towards extreme low flow (De Girolamo et al., 2022a; Doll and
Schmied, 2012). In this study, to characterize the hydrological regime, daily streamflows under un-impacted conditions were simu-
lated for the baseline period 1980-2010, based on the observed precipitation and temperatures, and for the near future (2020-2050),
based on two scenarios RCP 4.5 and SSP2 4.5 using bias-corrected climatic variables. The IHAs were calculated and compared with
those of the baseline to evaluate the alterations induced to the hydrological regime by the CC.

The studies conducted by De Girolamo et al. (2017a), (2022a) in a basin near the Locone River reveal a reduction in the average
annual flow of approximately 20% according to the MPI model in the period 2030-2059. Senant-Aparicio et al., (2021) evaluated the
impact of climate change in a basin in northern Spain. The results that emerged for the near future (2021-2050) included a reduction in
the average flows of the series between 5% and 7%. In this paper, similar results showed that a reduction of the mean annual
streamflow is expected for the near future (5% and 20% for CMCC model and the MPI model, respectively) and a different intra-annual
variability compared to the baseline. For this reason, the alterations induced by CC should be considered in the definition of the E-Flow
regime to balance the human and river ecosystem needs. The monthly flows represent a crucial indicator for characterizing the hy-
drological regime of temporary rivers. In this work, both models envisage a reduction in the winter and spring streamflow; the CMCC
model predicted a reduction in summer too. The general decline of the streamflow means a reduction of the water resource availability
for the near future that requires management options to be defined and adopted urgently (i.e., precision agriculture). The reduction of
the summer streamflow could cause the death of some fish species due to the increase in water temperature and the reduction of
dissolved oxygen (Pradhanang et al., 2013). This circumstance is particularly relevant in the Mediterranean environment where
non-perennial rivers show natural low flows and zero flows, especially in the summer months. As demonstrated by Owusu et al. (2022),
low flows and natural annual floods support native species life cycles and riverine habitats.

No water quality data were available in the basin under consideration, but it is plausible that water discharges from WWTPs in a
context that is naturally dry and probably aggravated by CC will make water quality standards lower than those currently existing
because less water will be able to dilute certain substances present in wastewater. The reduction of the 1- and 7-day maximum annual
flows foreseen by both models could affect the river channel morphology and physical habitat conditions (Arthington, 2012). The
implementation of the E-Flow regime is considered one of the main actions in countering the degradation of river habitats (Tickner
etal., 2020) and restoring, or maintaining, the good ecological status of rivers according to the provisions of the WFD. This work is an
example of a cascade methodology, i.e., a starting point for evaluating the possible alterations that can be induced on the hydrological
regime in conditions not impacted by CC to then be able to set the E-Flow regime of the Locone River. The definition of the E-Flow
regime for temporary rivers is still a topic for research: most of the existing methods have been validated for perennial rivers, and
neglecting the temporary character of non-perennial rivers could damage their ecology (Leone et al., 2023a; Acuna et al., 2020).
Setting an E-Flow regime should always be considered an iterative process; the evolution of the ecology should be evaluated over time,
as well as the quantitative variations due to CC and water needs. The results of the RVA can be used as guidelines for setting an E-Flow
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regime to achieve the WFD objectives. However, monitoring of the ecological status is needed to verify that the E-Flow regime adopted
can protect the river ecosystem. In addition, setting an E-Flow regime is linked to the problem of balancing human and ecosystem
water needs (Derepasko et al., 2021a); hence, different options for E-Flow management should be developed and compared, and
optimization models should be developed to improve the process of option selection (Derepasko et al., 2021b).

5. Conclusions

This work assesses the hydrological regime alterations due to CC and the implications on the E-Flow regimes for the Locone basin,
an area with limited data availability and with a river network showing a temporary character. The new SWAT+ executable (revision
60.5.5) was used to simulate natural streamflow for baseline and future decades. The difficulties in simulating the low flow, high-
lighted in previous work, were also addressed in this paper. Specifically, the SWATplusR package in the R environment was tested to
improve the simulation of the low flow. The final simulation results showed that SWAT+ is capable of simulating discharge in
extended low-flow periods, which are frequent in the Mediterranean regions. The results clearly showed that the revised calibration
strategy adopted in this work improved the low-flow simulation compared to the previous model setup, which employed the
SWAT+ executable revision 60.5.3 and was calibrated using the SWAT+ Toolbox (v0.7.6).

This work analysed the climate for the near future predicted by two models (i.e., CMCC and MPI). It demonstrated the importance
of carrying out bias correction operations by identifying those parameters capable of providing as much adherence as possible between
historically measured and modeled climatic data. In the near future (2020-2049), the two models predicted, with some slight dis-
crepancies, an increase in temperatures and a reduction in rainfall that led to a reduction in freshwater availability and to flow regime
alterations. A number of IHAs (19) were used to evaluate the alterations induced in the hydrological regime by CC. Both models
predicted greater biases in the magnitude of monthly discharges and in the magnitude of yearly extreme conditions. Therefore, the E-
flows defined on the flow regime of the past decades, without considering the changes taking place, would not sustain human needs
and river ecosystems.

The lesson learned from this study was that several difficulties may be faced when setting the E-Flow regime for temporary rivers,
mainly related to the limited data availability. However, a first attempt for designing the E-Flows can be done by using the hydrological
method based on the RVA and modeled streamflow data. Indeed, the RVA method makes it possible to consider the temporariness of
the streamflow, which is an important peculiarity of temporary rivers. On the other hand, this study clearly showed that the CC will
have a huge influence on water resource availability in the near future. Specifically, alterations of all the components of the flow
regime are expected; therefore, the effects of CC must be included in the E-Flows.

This study has several limitations. On the one hand, the limited data availability of streamflow for calibrating the model could have
introduced a parameterization that is not indicative of all the peculiarities of the flow regime (i.e., extremely wet years are missed). On
the other hand, the limited number of model projections (i.e., CMCC, MPI) used in this study could have increased the uncertainty that
generally affects the results of climate predictions. Last, the E-Flow defined with a hydrological method is only a first step because,
although the relationship between hydrological components and ecology is reported in the literature, it would be advisable to make
site-specific ecological assessments. Temporary rivers are characterized by naturally specific aquatic habitats with different biogeo-
chemical processes and biological communities compared to perennial rivers that require specific studies.

Despite the above mentioned limitations, this study may be very useful to the River Basin Authorities for setting the E-Flow in data-
scarce areas. For a better analysis of the E-Flow, we recommend that River Basin Authorities improve the monitoring of the hydro-
logical and ecological status and data accessibility and finally take into account the CC impacts on the flow regime. Last, we also
recommend that stakeholders (e.g., farmers’ associations, irrigation consortia) implement all the necessary measures to reduce water
use right now since, due to CC, water resources availability is expected to decrease.

Further studies are needed to develop different options for E-Flow management considering a number of factors (e.g., operations
schemes, supply competition, changing environmental conditions) and for implementing optimization models to improve the process
of option selection.
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