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Modelling daily streamflow in a temporary karst river system: comparing three 
approaches using the SWAT model
Giovanni Francesco Ricci a, Marco Centanni a, Anna Maria DeGirolamo b and Francesco Gentile a

aDepartment of Agricultural and Environmental Sciences, University of Bari Aldo Moro, Bari, Italy; bWater Research Institute (IRSA-CNR), National 
Research Council, Bari, Italy

ABSTRACT
This work tests different options for simulating hydrology in basins with karst areas. The Soil and Water 
Assessment Tool (SWAT) model was applied to the Canale d’Aiedda (Puglia, Italy), a Mediterranean temporary 
karst river basin. Different basin delineations and model parameterizations were adopted that include: (i) 
cutoff of the karst areas (configuration A); (ii) basin set-up including the karst areas (configuration B) and (iii) 
model parameterization considering a bypass flow in karst sub-basins (configuration C). The model perfor
mance was satisfactory for daily streamflow for configurations B and C and good for A. A better simulated 
large floods. C presented the best fit for monthly streamflow from May to July. Regarding the water balance, 
C showed higher values of surface runoff and lower values of total water yield than A and B. Bypass flow 
proved to be a valid option to improve the simulation of the hydrological processes in karst areas.
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1 Introduction

The flow intermittency in a river is influenced by several 
factors such as lithology, geomorphology, rainfall, and tem
perature (Fortesa et al. 2021, Sauquet et al. 2021). In particular, 
the presence of karst (limestone), can increase the formation of 
geomorphological features (e.g. caves, dolines, sinkholes) that 
lead to an increase in the intermittency of the streams (Jakada 
and Chen 2020, Fovet et al. 2021). Karst areas, as well as 
temporary rivers, are very common in the Mediterranean 
region (Sauquet et al. 2021). Malagò et al. (2016) point out 
that carbonate rocks cover about 35% of the European terri
tories and that limestones are very thick and shallow in some 
areas of Spain, southern France, the Balkan Peninsula, Turkey, 
and Italy. In all of these countries, temporary rivers are pre
dominant and constitute an important source for both human 
activities and ecological features (Poff et al. 1997, Acuña et al.  
2014, Oueslati et al. 2015, Datry et al. 2017).

Like perennial rivers, temporary rivers are also fundamental to 
the achievement of the “good ecological status” specified in the 
European Commission (EC) Water Framework Directive (EC  
2000) and promoted in the Green Deal’s (GD) Farm to Fork 
strategy and Zero Pollution action plan (EC 2019). However, for 
a long time, environmental policies have been focused mainly on 
perennial rivers, and temporary rivers have often been less inves
tigated and monitored (Nikolaidis et al. 2013b, Soria et al. 2021). 
The lower interest in temporary rivers leads to less investment in 
terms of monetary resources, which are necessary for monitoring 
plans (i.e. installing and maintaining gauging stations) and mana
ging the river ecosystems. Monitoring is limited also because most 
of the instruments are unable to correctly measure values of flow 

close to zero (Tramblay et al. 2020, van Meerveld et al. 2020). 
Hence, flow time series are often unavailable or incomplete in 
temporary river systems, making hydrological studies challenging 
(D’Ambrosio et al. 2017, Borg Galea et al. 2019).

Models may be used to generate long time series of stream
flow data to be used to classify and characterize the flow regime 
of these rivers (Meresa 2019, Fortesa et al. 2021). These mod
els, however, require a lot of input data and an in-depth 
knowledge of basin-scale hydrological processes (Eini et al.  
2020, Ricci et al. 2020). The complexity of karst areas, in 
terms of fast groundwater flows, springs, sinkholes, and 
dolines, represents a challenge for modelling activities (Amin 
et al. 2017, Martínez-Salvador and Conesa-García 2020).

The Soil and Water Assessment Tool (SWAT; Arnold et al.  
1998) is one of the most widely used hydrological models in 
different geographical areas (Borrelli et al. 2016, Amin et al.  
2017). A large number of modelling applications make it possible 
to highlight the critical points that need particular attention when 
simulating hydrological processes. Specifically, in basins with 
intermittent rivers, the extremely low flow and the dry conditions 
are critical points in the streamflow predictions (De Girolamo 
et al. 2017); the water exchanges from river and groundwater 
systems are still predicted with low accuracy (Jimeno-Sáez et al.  
2018, Senent-Aparicio et al. 2020, Sánchez-Gómez et al. 2022). 
These criticisms are accentuated in Mediterranean basins and in 
karst areas where the presence of specific karst features (e.g. caves, 
dolines, sinkholes) dramatically influence some hydrological pro
cesses such as infiltration (Eini et al. 2020). Research and applica
tions are needed to improve the modelling predictions in these 
environments (De Girolamo et al. 2022a).
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The number of studies related to karst areas is still lim
ited, although some modelling approaches have been tested 
(Jakada and Chen 2020). As evidenced in the review by Eini 
et al. (2020), some authors coupled SWAT with another 
model, and some modified the model algorithm, while others 
focused their study on model parameterization. Nikolaidis 
et al. (2013a) and Nerantzaki et al. (2015) used two karst 
models coupled with SWAT to improve the simulation of 
spring discharge and to account for the change in the flow 
recession phase. Baffaut and Benson (2009) improved the 
computation of the deep groundwater recharge in order to 
simulate the effect of the sinkholes in their SWAT- 
B&B (SWAT-Baffaut and Benson). Malagò et al. (2016) inte
grated the two previous approaches in their KSWAT (karst- 
flow model-SWAT) to better represent the higher hydraulic 
conductivity up to the deep aquifer and the faster movement 
of water through the subsurface. Vale and Holman (2009) 
and Martínez-Salvador and Conesa-García (2020), in con
trast, calibrated SWAT by focusing on infiltration/runoff and 
groundwater processes. The results of these model applica
tions are often contradictory. Indeed, the performances vary 
from unsatisfactory to good. Most of the studies that report 
good results are calibrated on a monthly scale, while those 
calibrated on a daily scale – half of the studies investigated – 
showed often satisfactory or poor performances (Eini et al.  
2020). Moreover, some model code modifications are not 
available for further public use (Jakada and Chen 2020), 
thus replicating these approaches would require specific pro
gramming skills and cannot be carried out easily by most 
users. Hence, there is a need to further investigate modelling 
approaches to be applied in karst areas.

The general aim of the present work was to identify the most 
suitable approach to simulate the daily streamflow of a temporary 
river system in a karst area, comparing different reliable proce
dures that do not require SWAT model code modifications. To 
do this, a case study was analysed where different modelling 
approaches were adopted with the following specific aims: (i) 
simulate daily streamflow in a temporary river system including 
karst areas in the river basin schematization; (ii) simulate daily 
streamflow excluding karst areas in the river basin schematiza
tion; and (iii) simulate daily streamflow including in the calibra
tion process the “crack flow function.” Specifically, the SWAT 
model was implemented in the Canale d’Aiedda basin (SE Italy), 
which is characterized by karst formations in its mountainous 
areas. The results will allow modellers to select the most appro
priate modelling approach for simulating streamflow in river 
basins with karst areas.

2 Materials and methods

2.1 Study area

The Canale d’Aiedda basin is located in Southern Italy within 
the territory of the province of Taranto (Apulia Region) and 
flows into the Mar Piccolo (Fig. 1). The total drainage area is 
360 km2, the average altitude is 168 m a.s.l., ranging from 0 m to 
517 m, and the mean slope is 2.7° (D’Ambrosio et al. 2019).

The climate is characterized by a mean annual rainfall and 
temperature (2000–2013) ranging from 601 to 865 mm and 

from 8.1°C (January) to 27.9°C (August), respectively. In sum
mer and autumn, rainfalls generally are characterized by high 
intensity and short duration events. Agriculture is the main 
anthropogenic activity in the basin. Vineyards, olive trees, 
almond trees, orange groves, vegetables, and arable land are 
the main land uses and cover almost 88% of the total area. 
Natural areas, which extend for 6% of the basin surface, are 
characterized by deciduous and coniferous forests, pastures, 
brushes, and shrubs. Urban areas are of medium size and 
occupy 4% of the total basin area (D’Ambrosio et al. 2020). 
Soils range from clayey silt to sandy loam. Three wastewater 
treatment plants (WWTPs), located in the municipalities of 
Montemesola, Monteiasi, and San Giorgio Ionico (Fig. 1), flow 
into the river system, which is mainly characterized by con
crete beds and banks.

Arenitic units in the central part of the basin and fractured 
limestone carbonate rocks in the northeastern part (De 
Girolamo et al. 2019) are the main geological units. The karst 
structure is characterized by a high water infiltration rate, 
which leads to deep groundwater recharge since the shallow 
aquifer is narrow and discontinuous (De Filippis et al. 2017). 
The deep aquifer feeds several submarine springs, called “citri” 
(Polemio et al. 2008, Lisco et al. 2016). Due to this particular 
hydrogeological structure, the groundwater flow in this area 
can be much higher than the surface discharge (Zuffianò et al.  
2016).

The flow regime in the upstream parts is in near-natural 
conditions and it shows an intermittent character. In the low
lands, the flow regime is altered and it is mostly permanent due 
to WWTP discharges. The main course flows into a protected 
area called “Palude la Vela Regional Nature Reserve,” which is 
part of the Site of Community Importance (SIC) “Mar Piccolo” 
(IT9130004). This wetland is an important environmental area 
for its ecological biodiversity, especially considering the bird
life and the plant species typical of the Mediterranean maquis 
(D’Ambrosio et al. 2020).

2.2 SWAT model

SWAT is one of the most commonly used hydrological and 
water quality models. It is a semi-physical spatially distributed 
model used to predict streamflow, sediment, and nutrient 
loads in gauged and ungauged river basins (Arnold et al.  
1998, Borrelli et al. 2021). SWAT was developed in the 1990s 
by the United States Department of Agriculture – Agricultural 
Research Service (USDA-ARS) (Arnold et al. 2012a). The 
model divides the area of a basin into sub-basins through 
a threshold defined by the user that identifies the minimum 
drainage area necessary to delineate the watercourse. 
Furthermore, SWAT divides the sub-basins into hydrological 
response units (HRUs), which are the basic unit for the water 
balance calculations, based on defined thresholds referring to 
land use, slope, and soil properties (Neitsch et al. 2011). 
Surface runoff may be computed by choosing the Soil 
Conservation Service curve number method (SCS-CN, 1972) 
or the Green-Ampt infiltration method (Green and Ampt  
1911). The potential evapotranspiration (PET) can be esti
mated by the Penman-Monteith (Monteith 1965), the Priestly- 
Taylor (Priestley and Taylor 1972), and the Hargreaves 
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methods (Hargreaves and Samani 1985). In this work, the 
Hargreaves method was used to calculate PET, while the SCS- 
CN method was used for the surface runoff.

2.2.1 Conceptual model
SWAT 2015 was used in this study (Winchell et al. 2013). The 
input data required by the model, and used for the model set- 
up, are provided in Table 1. In the Canale d’Aiedda basin and 
the surrounding area, nine weather stations were available 
(Fig. 1). The meteorological data were available from 1997 to 
2019 on a daily time scale. However, solar radiation, wind 
speed, and relative humidity time series presented a lot of 

gaps. Hence, the Hargreaves method was preferred to estimate 
potential evapotranspiration since it requires only daily tem
perature data. Mean annual volumes of treated wastewater 
were available for the three WWTPs (1997–2019). The land 
use and soil data were properly processed and included in the 
SWAT geodatabase. Twenty-one classes for land use and 11 for 
soil type were found in the study area (D’Ambrosio et al.  
2019). The management practices of the main crops were 
collected through farmers’ interviews and included in the 
model set-up. For the vineyard, two shallow (10 cm) and one 
deep (35 cm) tillage operations were adopted in February, 
May, and October, respectively. Fertilizers were applied in 

Figure 1. Study area: the Canale d’Aiedda Basin, Apulia Region (SE, Italy).

Table 1. Source and spatial resolution of the input data used for the SWAT model set-up.

Input Source Resolution

Digital terrain model Puglia Region (http://www.sit.puglia.it) 8 × 8 m
Land use map Puglia Region (http://www.sit.puglia.it) 

National Agricultural Census (http://censimentoagricoltura.istat.it/index.php?id=73)
1:5000

–
Soil map and database Puglia Region (2001) 1:100 000

Joint Research Centre European Soil Data Centre (JRC-ESDAC) (https://esdac.jrc.ec.europa.eu/resource-type/datasets) 500 × 500 m
Point sources Apulian Water Authority (personal communication) –

Regional Agency for Environmental Protection (http://www.arpa.puglia.it/web/guest/depuratori)
Puglia Region (http://www.sit.puglia.it)

Meteorological data Civil Protection Service – Puglia Region (https://protezionecivile.puglia.it/) –
Regional Agency for Irrigation and Forestry Activities (http://www.agrometeopuglia.it/)

Agricultural practices Interviews with farmers and agricultural advisors 
(D’Ambrosio et al. 2019)

–
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February (type 12-12-171 and 10-5-151) in October and in 
November (organic manure for both). The irrigation season 
started in May and ended in September, with a total amount of 
applied water of 2400 m3ha−1year−1. For olives, three shallow 
tillage operations were adopted, in April, August, and 
November. Fertilizers were applied in April (urea and 12- 
8-81) and in August (13-46-001), while irrigation was included 
in the management operations from June to September with 
a total amount of applied water of 500 m3ha−1year−1. Durum 
wheat was the major crop (planting was set in November and 
harvesting in July), for which deep and shallow tillage opera
tions were carried out in August and October, respectively, and 
fertilizers were applied in December (25–15–001) and in 
February (urea). Finally, for the minor crops (e.g. minor orch
ards) two tillage operations were set in spring (shallow) and 
autumn (deep), respectively. The functions of auto-irrigation 
and auto-fertilization were used. The USLE P (Universal Soil 
Loss Equation - Support practice factor) factor was set to 1 
because of the lack of conservative practices adopted in the 
study area.

2.2.2 River basin schematization
Three configurations, based both on a diverse GIS 
(Geographic information system) schematization of 

the basin and sub-basins and on different calibration 
approaches, were tested in this work. In the first configura
tion (configuration A, Fig. 2), the karst areas, located on the 
northern and eastern edges of the basin, were cut off from 
the basin delineation since these were considered not effec
tively contributing to surface runoff (D’Ambrosio et al.  
2020). The absence of streamflow within the river network 
in this karst area was confirmed also by field surveys carried 
out at different periods of the year (Ricci et al. 2022a). With 
this approach, the drainage area was 222 km2. In the second 
approach (configuration B, Fig. 2), the karst areas were 
included in the basin delineation, which resulted in an 
area of 360 km2. In the third approach (configuration C), 
the whole basin (including karst areas) was calibrated by 
activating the “crack flow function” (ICRK; basin.bsn file). 
This bypass flow module was introduced by Arnold et al. 
(2005) to replicate the formation of the cracks in Vertisols. 
The volume of cracks increases in the dry period and the 
amount of water infiltrating into soils during rainfall events 
is equal to the volume of the cracks (Neitsch et al. 2011). 
For this reason, this function has also been applied to 
represent the increment of infiltration due to karst geomor
phological features (Jarvis et al. 2016, Kan et al. 2019, Eini 
et al. 2020). In configuration C, to provide the most accurate 

Figure 2. Scheme of the three different approaches adopted for the SWAT model configuration of the Canale D’Aiedda.

1The order of the numbers refers to the chemical substances of which the fertilizer is made (i.e. N-P2O5-K2O).
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simulation of the karst areas, the Sol_CRK parameter was 
calibrated only in the HRUs corresponding to outcropping 
limestone (Fig. 2).

After fixing the minimum drainage area of each sub-basin 
(350 ha), the river basin was sub-divided into 40 sub-basins 
(Fig. 3(a, c)) in configuration A, and 68 sub-basins in configurations 
B and C (Fig. 3(b, d)). Moreover, to discretize HRUs, thresholds of 
10%, 10%, and 20% for land use, soil properties, and slopes, respec
tively, were set, generating 271 HRUs in configuration A and 480 in 
configurations B and C. Before proceeding with the calibration of 
the model it was verified that the threshold used ensured the 
original proportion of land use and soil type and that only minor 
classes of land use or soils were not considered.

SWAT was run from 1997 to 2019, at a daily time scale, 
including a warm-up period of three years, for all the three 
configurations. The model, which uses the centroid method to 
assign a wheatear station to a specific sub-basin (Neitsch et al.  

2011), selected seven stations in configuration A and nine in 
configuration B and C (Fig. 2).

2.2.3 Model calibration
The calibration was then performed by means of the SWAT- 
CUP (SWAT-Calibration and Uncertainty Programs) tool 
using the Sequential Uncertainty Fitting (SUFI-2) algorithm 
(Abbaspour 2015) and setting an objective function for the 
Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970) higher 
than 0.5. The same tool was also used to perform the sensitivity 
analysis (D’Ambrosio et al. 2020). An initial range of para
meters was selected based on the knowledge of the processes 
occurring in the basins (Arnold et al. 2015). The monitoring of 
streamflow at the gauging station (Fig. 1) covered the period 
from August 2017 to December 2019 on a daily scale. To 
obtain a more robust set of calibrated parameters, and to better 
represent all the hydrological conditions (dry and wet 

Figure 3. SWAT basin schematizations: (a) digital elevation models (DEMs) and sub-basins for configuration A; (b) DEMs and sub-basins for configuration B and C; (c) 
land use for configuration A; and (d) land use for configurations B and C.
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conditions), the entire dataset of measurements was used for 
calibrating the model (Arsenault et al. 2018, Ricci et al. 2022a). 
For configurations A and B, the model was calibrated working 
on the same parameters that assumed different values 
(Table 2). In configuration C, in addition to the parameters 
selected in configuration B, the crack flow function was acti
vated for those sub-basins that overlapped the karst areas. 
Model performances were evaluated using the NSE, percent 
bias (PBIAS), and coefficient of determination (R2). The model 
performance was considered satisfactory if NSE and R2 were 
higher than 0.5 and if PBIAS fell within the range −25% to 
+25% (Moriasi et al. 2007).

3 Results

3.1 Model calibration

Statistical performances for the calibration at the daily time 
scale were good for configuration A and satisfactory for B and 
C (without and with the crack flow function activated, respec
tively) (Table 3). The SWAT model underestimated the 
streamflow in configuration A (PBIAS +5.1) and configuration 
B (PBIAS +25.4), while it overestimated the streamflow in 
configuration C (PBIAS −2.0).

During the study period, the mean daily streamflow was 
estimated at 0.043, 0.055, and 0.059 m3s−1 for configurations 
A, B, and C, respectively. These values matched well with the 
measured ones (0.058 m3s−1). Large floods were generally well 
represented in configuration A (Fig. 4(a)); meanwhile, they 
were underestimated in configurations B and C (Fig. 4(b) and 
(c)). In particular, the highest measured peak flow, which 
occurred on 23 August 2018, was 2.67 m3s−1, which resulted 
in overestimation in configuration A (2.85 m3s−1), and under
estimation in configurations B (1.74 m3s−1) and C (1.78 m3s−1) 
(Fig. 4(a–c). Small floods recorded in winter were generally 
well predicted by configuration C (Fig. 4(c)).

3.2 Annual and monthly streamflow

The flow duration curves (Fig. 5) show that the best prediction 
for the extremely high flow (0–4%) was relative to configura
tion C. The normal flow (4–20% exceedance frequency) was 
underestimated in the three configurations, but configuration 
C performed better than A and B since there is a good corre
spondence between 20% and 30% of exceedance frequency. All 
the configurations overestimated low flow (30–90%) (Fig. 5) 
with a comparable pattern; meanwhile, configuration 

Table 2. Calibrated parameters, description, and their fitted values for configurations A, B, and C. The letter before the code of the parameter stands for the 
methodology adopted in SWAT-CUP to apply changes. V corresponds to the replacement of the original value with the new values reported in the row; R corresponds 
to the multiplication of the original values by 1 + the value reported in the row. Values in bold are the calibrated ranges of values obtained with the R method.

Parameter Description Fitted value Configuration A Fitted value Configuration B Fitted value Configuration C

V__EVRCH.bsn Reach evaporation adjustment factor 0.87 0.95 0.87
V__SURLAG.bsn Surface runoff lag time 11.95 9.10 19.30
V__TRNSRCH.bsn Fraction of transmission losses from main channel 

that enter deep aquifer
0.53 0.52 0.55

R__CN2.mgt SCS runoff curve number 0.21 
98–48

0.19 
98–69

0.21 
98–69.2

V__BIOMIX.mgt Biological mixing efficiency 0.62 0.22 0.98
V__ALPHA_BF.gw Baseflow alpha factor (days) 0.29 0.36 0.34
V__GW_DELAY.gw Groundwater delay (days) 42.05 21.35 65.71
V__GWQMN.gw Threshold depth of water in the shallow aquifer 

required for return flow to occur (mm)
2222.121 1619.32 3620.73

V__REVAPMN.gw Threshold depth of water in the shallow aquifer for 
“revap” to occur (mm)

749.15 387.74 288.77

V__RCHRG_DP.gw Deep aquifer percolation fraction 0.85 0.50 0.85
V__GW_REVAP.gw Groundwater “revap” coefficient 0.18 0.06 0.18
R__SOL_K.sol Saturated hydraulic conductivity −0.11 

24.82–0.05
−0.44 

15.52–0.03
0.45 

40.33–0.09
R__SOL_AWC.sol Available water capacity of the soil layer −0.10 

0.11–0.07
0.19 

0.15–0.09
0.27 

0.17–0.10
R__SOL_Z.sol Depth from the soil surface to the bottom of the 

layer
−0.23 

1531.77–22.97
−0.05 

1898.43–28.47
−0.05 

1898.43–28.47
V__EPCO.hru Plant uptake compensation factor 0.89 0.49 0.73
V__ESCO.hru Soil evaporation compensation factor 0.68 0.89 0.98
V__CANMX.hru Maximum canopy storage – vineyard 4.14 32.10 73.33
V__CANMX.hru Maximum canopy storage – olive groves 5.37 100 68.48
V__CANMX.hru Maximum canopy storage – durum wheat 0.32 44.64 71.10
V__CANMX.hru Maximum canopy storage – garigue 2.22 56.07 21.43
V__CANMX.hru Maximum canopy storage – rangeland 0.07 88.57 85.94
V__CANMX.hru Maximum canopy storage – pasture 2.33 39.91 59.07
V__CANMX.hru Maximum canopy storage – mixed forest 3.29 28.68 43.79
V__CANMX.hru Maximum canopy storage – deciduous forests 4.30 25.58 74.43
V__CH_K1.sub Effective hydraulic conductivity in tributary 

channel alluvium
29.67 69.81 39.79

V__CH_N1.sub Manning’s “n” value for the tributary channels 10.07 20.09 14.50
V__CH_K2.rte Effective hydraulic conductivity in main channel 

alluvium
43.23 27.46 16.22

V__CH_N2.rte Manning’s “n” value for the main channel 0.28 0.26 0.21
V_SOL_CRK Crack volume potential of soil - - 0.90
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B showed the best performance in the extremely low flow 
(90–100%).

The results of the different configurations adopted in the 
present study in terms of mean monthly streamflow are 
reported in Fig. 6. Configuration B showed values of mean 
monthly flow lower than A and C, and also lower than the 
observed streamflow (except for July). During the wet months 
(from October to January), configuration C showed values of 
mean monthly streamflow higher than B and A and also higher 
than measured streamflow. From May to June, C presented the 
best fit with measured monthly streamflow.

From January to April, configuration A underestimated the 
measured monthly streamflow, whereas from September to 
December a good fit was predicted; meanwhile, from May to 
July streamflow was overestimated.

3.2 Water balance components

The average annual components of the water balance for the 
three configurations are reported in Table 4 (2017–2019). The 
potential evapotranspiration (Eto) is about double that of rain 
(Pcp) ranging from 1161.6 mm to 1191.7 mm. Due to the 
different rainfall stations considered in the three basin sche
matizations, Pcp was about 621.4 mm for configuration A and 
644.7 for B and C.

Actual evapotranspiration was estimated at 569.8 and 
575.9 mm, for A and B, respectively, and 534.4 mm for con
figuration C. Surface runoff was about 73.5 mm (11.8% of Pcp) 
in configuration A, about 51.6 mm (8% of Pcp) in B and 
18.8 mm (3% of Pcp) for C. Total flow (average annual flow 
out of the reach at the gauging station, mm) was well predicted 
by the three configurations (5.5, 4.3, and 5.9 mm in 
configurations A, B, and C, respectively) since the values 
were very close to the measured ones (5.80 mm). Total water 
yield (TWY, total flow + deep aquifer recharge − transmission 
losses) assumed different values: in configuration A it was 
about 136.5 mm (22% of Pcp), in B it was 96.2 mm (about 
15% of Pcp), and it was about 142.3 mm (22% of Pcp) in C. It is 
important to underline that TWY in A and C constituted the 

Table 3. Statistical performances of the SWAT model calibration at a daily time 
step. R2: coefficient of determination; NSE: Nash-Sutcliffe efficiency; PBIAS: per
cent bias.

Configuration R2 NSE PBIAS

A 0.72 0.71 +5.1
B 0.57 0.56 +25.4
C 0.59 0.59 −2.0

Figure 4. SWAT streamflow calibration of configurations A, B, and C at a daily time scale.
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same percentage of rainfall even if the drainage area and the 
mean annual rainfall were different. Indeed, a huge difference 
was predicted in the percolation (water that percolates past the 
root zone, mm) between configuration C and configurations 
A and B, which showed a similar value (Table 4), indicating 
differences also in return flow. Differences were also predicted 
in the soil water content (mm) (Table 4).

4 Discussion

The application of hydrological models in Mediterranean 
basins may be particularly difficult because of the peculiarity 
of the flow regime, which is generally intermittent, and 
because of the presence of outcropping limestone and karst 
formations (Amin et al. 2017, Hartmann et al. 2021). In addi
tion, the limited data availability that characterizes most of the 
small basins in the Mediterranean region may complicate 
model implementation and calibration (De Girolamo et al.  
2022b). In this context, it is important to accurately build the 
conceptual model, taking into account the final aims of the 
modelling application and data availability. Hydrological 

models are able to generate long time-series of streamflow, 
which are fundamental to support river basin management 
and eco-hydrological studies also in ungauged basins or areas 
characterized by data scarcity (Ogie et al. 2017). Several studies 
demonstrated that the SWAT model is able to predict hydro
logical processes in different geographical (Jakada and Chen  
2020) and hydrological conditions (Ricci et al. 2018, Borrelli 
et al. 2021). The groundwater dynamics play a crucial role in 
karst basins. Several attempts were made to address this issue 
by coupling SWAT with another model, by modifying some 
algorithms, or through a specific calibration (Nikolaidis et al.  
2013a, Nerantzaki et al. 2015, Malagò et al. 2016, Martínez- 
Salvador and Conesa-García 2020). However, although some 
of those attempts successfully predicted the streamflow, the 
adopted procedures are generally difficult to replicate in dif
ferent contexts. For this reason, the present study investigated 
an easy approach based on different schematizations of the 
basin in the SWAT model considering the karst areas contri
buting and not contributing to the streamflow, respectively. 
An additional approach was carried out by adopting a different 
parameterization in the model calibration.

The statistical performances for the streamflow simulation 
showed acceptable results for all configurations, confirming 
that SWAT is able to generate reliable streamflow series in 
basins with karst lithology (Amin et al. 2017). The results 
obtained in this study are slightly better than those reported 
by Eini et al. (2020), especially considering that the calibration 
was performed at a daily time scale.

Based only on the statistical criteria, configuration 
A performs better in terms of daily streamflow than B and 
C. In configuration A, the areas recharging the deep limestone 
aquifer were considered to not be actively contributing to 
surface runoff, and therefore were cut off before the SWAT 
model basin delineation (D’Ambrosio et al. 2020).

The remaining area (222 km2), characterized by 
a homogeneous sandy-clay layer, allowed the model to better 
parameterize the fraction of transmission losses from the main 
channel (TRNSRCH.bsn), which can only be adjusted at the 

Figure 5. Flow duration curves of measured and simulated daily streamflow 
(2017–2019) at the outlet of the basin.

Figure 6. Observed and simulated mean monthly streamflow (m2s−1) for configurations A, B and C (2017–2019). Error bars represent the standard deviation.
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basin scale (Arnold et al. 2012a, 2012b). In contrast, when the 
whole drainage area (360 km2) was considered for the basin 
delineation, as in configurations B and C, the average value 
assigned for the parameter TRNSRCH.bsn was 
not representative of the hydrological regime occurring in 
the upstream areas. In addition, the difference in drainage 
areas between configuration A and configurations B and 
C resulted in a diverse number of weather stations being 
considered by the model for the simulation. SWAT uses the 
centroid method to assign a weather station to the nearest sub- 
basin (Abdelwahab et al. 2018), hence external weather sta
tions with respect to the basin area could be not included in the 
model set-up. In configuration A, only seven weather stations 
were effectively used by the model, while in configurations 
B and C nine stations were assigned to the sub-basin. This 
discrepancy resulted in different rainfall distributions and 
average annual precipitation and Eto value (Table 4). In areas 
characterized by a convective rainfall regime, such as the 
Mediterranean region, this aspect could be fundamental, 
since the number and the location of gauging stations directly 
influence the pattern of the rainfall and, consequently, the 
model uncertainty (Abdelwahab et al. 2018, Ehlers et al.  
2019; Yen et al., 2018).

Going beyond the statistical performances and analysing 
the observed and the simulated streamflow (A, B, C) in the 
hydrographs and through the flow duration curves, it is evi
dent that all the configurations overestimated the low flow 
periods. Several authors have already reported difficulties in 
modelling extremely low flow with the SWAT model due to 
uncertainty related to the parameterization of the multiple 
factors, (e.g. groundwater processes, topography, surface 
water exchanges with the subsoil, and management practices) 
(Guse et al. 2013, De Girolamo et al. 2017, 2022b, Ricci et al.  
2018). Moreover, a certain degree of uncertainty related to 
WWTP input data may have contributed to the overestimation 
of the extremely low flow. Indeed, WWTP discharges are 
variable on the daily time scale, but due to the lack of data, 
constant annual values were used in this study to set up the 
model (D’Ambrosio et al. 2020). Configuration A better pre
dicted extreme high flows and configuration C better esti
mated high and normal flows while configuration 
B underestimated all hydrological phases.

In the three configurations, the parameters such as the 
curve number (CN2), the deep aquifer percolation fraction 
(RCHRG_DP), the baseflow recession constant factor 
(ALPHA_BF), the groundwater revap coefficient 
(GW_REVAP), the hydraulic conductivity of the main channel 
(CH_K2), the Manning’s roughness (CH_N2) of the main 
channel and the soil available water capacity for the first 

layer (SOL_AWC) proved to be very sensitive in the calibra
tion process (Vale and Holman 2009, Martínez-Salvador and 
Conesa-García 2020). In particular, CN2 and CH_N2 were 
fundamental in improving the correspondence between 
observed and simulated peak flows and attenuating the flood 
waves in configurations A and B (Neitsch et al. 2011).

In configuration C, the activation of the crack flow function 
(SOL_CRK) permitted improving the simulation of the hydro
logical behaviour of the basin with respect to configuration 
B. SOL_CRK, which was originally introduced to replicate the 
crack development typical of Vertisols and to better simulate 
the flow bypassing the soil surface layer (Arnold et al. 2005), 
has already been used to represent the rapid flow processes in 
the soil profiles of karst-dominated catchments (Jarvis et al.  
2016, Kan et al. 2019). Indeed, the high value of SOL_CRK 
used in the upstream sub-basins induced a higher percolation 
in soils (Table 4) and, consequently, allowed us to decrease the 
value of CH_N2. For this reason, in configuration C, the 
hydrograph showed also intermediate peaks which are not 
visible in configurations A and B (Fig. 4(c)). Hence, the crack 
flow function proved to be a valid option to improve the 
simulation of the hydrological processes occurring in karst 
areas.

Concerning the water balance components on a yearly 
basis, the results of the present work showed some differences 
between the configurations. In all the configurations most of 
the surface runoff was lost due to high transmission losses. 
Configuration B exhibited a value of TWY (96.17 mm) lower 
than those of A (136.46 mm) and C (142.32 mm), correspond
ing to 15% of precipitation (Table 4); meanwhile, the Etr was 
higher than that of A and C. This result can be explained by the 
fact that the automatic procedure adopted for the calibration 
(SWAT-CUP) forced the parameters related to the evapotran
spiration (e.g. BIOMIX; CANMX) and groundwater (e.g. 
RCHRG_DP.gw, GW_REVAP.gw) in order to obtain the 
best fit of streamflow, which is a small component of the 
water balance due to the presence of the karst areas. 
Configuration C exhibited values of Surq and Etr lower than 
those of A and B; meanwhile, TWY for C was higher than that 
of A and B, indicating a higher groundwater recharge. TWY 
was 22% of precipitation in configurations A and C, showing 
that both approaches are good enough to predict water balance 
and streamflow in a Mediterranean environment.

In summarizing, differences between the configurations are 
due to both the spatial schematization and the model para
meterization; the latter is recognized as a difficult phase that 
could influence the reliability of the results (Evenson et al.  
2021, Ricci et al. 2022b). It is well known that manual calibra
tion is time-consuming and that the automatic calibration 

Table 4. Mean annual components of the water balance estimated for configuration A (watershed delineation without karst areas), B (watershed delineation with 
karst areas), and C (watershed delineation with karst areas and calibrated with the crack flow function active) (2017–2019). Pcp: precipitation (mm); Eto: potential 
evapotranspiration (mm); Etr: actual evapotranspiration (mm); Surq: surface runoff (mm); Perc.: percolation (mm); SWC: soil water content (mm); TF: total flow 
(average annual flow out of the reach at the gauging station, mm); TWY: total water yield (total flow + deep aquifer – transmission losses, mm).

Configuration Pcp Eto Etr Surq Perc SWC TF TWY

A 621.44 1191.75 569.76 73.49 37.93 76.44 5.50 136.46
B 644.66 1161.64 575.97 51.62 43.57 60.83 4.30 96.17
C 644.66 1161.64 534.42 18.78 144.12 68.14 5.90 142.32
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procedure carried out using the SWAT CUP or similar tools is 
very fast in identifying the best fit of parameters. However, the 
calibration of parameters using these tools requires particular 
caution. Indeed, the phenomenon of the “equifinality for dif
ferent parameters” (different combinations of calibrated values 
providing similar model results) could lead to good statistical 
performances but an incorrect simulation of some physical 
and hydrological processes (Abbaspour 2015, Sánchez- 
Gómez et al. 2022). This issue can be partially solved by fixing 
an initial range of parameters based on the users’ knowledge of 
the processes occurring in the basins (Arnold et al. 2015). 
However, additional information about Etr and groundwater 
recharge, if available, may contribute to improving the calibra
tion and selecting the best modelling approach. Despite the 
above-mentioned differences, the three configurations well 
predicted the measured average total flow (5.8 mm), with 
a slight underestimation (5.5 mm and 4.3 mm, for A and B, 
respectively) or slight overestimation (5.9 mm for C) (Table 4).

The present study highlighted that a large uncertainty may 
be associated with the results of the model and that the final 
aim of the study (e.g. quantification of floods or low flow) 
should be taken into account in selecting the most appropriate 
approach as well as data availability and basin characteristics 
(i.e. karst area at the boundary or in the middle) (Abdelwahab 
et al. 2018, Jakada and Chen 2020).

5 Conclusions

Modelling daily streamflow in a Mediterranean environment 
with karst areas and an intermittent river network is generally 
a difficult task. The high spatial gradient in rainfall, the flow 
intermittency, and the limited data availability that character
ize Mediterranean basins make modelling hydrological pro
cesses challenging. In this work, through a case study, three 
approaches based on a diverse basin delineation and on dif
ferent model parameterizations were tested to predict daily 
streamflow using the SWAT model.

The results show that the SWAT model was able to simulate 
daily streamflow in a Mediterranean environment with karst 
areas. The model performances were satisfactory for config
urations B and C and good for A. However, all the approaches 
overestimated the low flow, confirming several studies carried 
out in the Mediterranean region. Configuration A showed the 
best performance in simulating large floods, and configuration 
C presented the best fit of monthly low flow, from May to July. 
Differences in water balance components were detected 
among the three configurations: C showed a lower surface 
runoff, lower values of TWY and higher deep aquifer recharge 
than A and B. At the basin scale, TWY was 22% of precipita
tion for both A and C.

Several factors, such as the final aim of the study, data 
availability, and the characteristics of the basin should be 
considered in selecting the best model configuration. 
However, some limitations of the approaches presented in 
this study can be pointed out. The cut-off of the karst areas 
(configuration A) is a valid option only if the karst forma
tions are localized at the edges of the basin and if these areas 
do not contribute to the streamflow. This aspect needs to be 
verified with field surveys in order to ascertain the absence 

of flow in the river network within these areas (i.e. monitor
ing or field surveys). The Crack Flow function (configura
tion C), instead, can be adopted by the user if there are karst 
areas inside the basin that cannot be cut off, but it requires 
a knowledge of the area and an accurate spatial distribution 
of the karst formation to identify the sub-basins where the 
Crack Flow function has to be activated. Finally, configura
tion B represents an easy approach that does not require 
specific experience in modelling and it is suggested to be 
adopted when lithological data are poor but a large uncer
tainty may affect the results.

Further studies and field measurements are needed to 
improve the predictions of water balance components such 
as evapotranspiration and groundwater recharge.
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