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ABSTRACT

Aim of the study
The goal of this study was to apply SWAT+ tools to estimate the water shortage in the Smugawka catchment.

Material and methods
The use of the area was documented in the form of an orthophotomap with GIS layers superimposed, which 
was provided by CORINE Land Cover 2018. A soil and agricultural map, supplemented with lithological 
content from a detailed geological map, was used as the input layer for QGIS ver. 3.16. In the next stage, 
multiannual meteorological data (1991–2020) were added to the SWAT+ model, which included: minimum 
and maximum daily air temperature, daily rainfall, average daily radiation and average daily wind speed. Full 
integration of the SWAT+ model with QGIS facilitates the procedure of iterative generation and modification 
of the model input parameters. The calculation of continuous simulations for average extended periods of 
time is presented in the manuscript.

Results and conclusions
The application of GIS-based approaches and modelling techniques are crucial in the quest for optimal meth-
ods for calculating the water balance today. Our findings also contribute to a better understanding of the 
hydrological processes at work in the flysch catchment.
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HIGHLIGHTS 

The SWAT+ is a promising method for understanding 
water balance in a small mountain catchment. 

In sub-catchment evaporation can be measured by 
the simulation approach. 

Available soil water content was the highest in the 
forest area. 

A rainfall-runoff model should be assessed by the 
SWAT+ tool. 

Implementation of hydrological modelling is cru-
cial for effective watershed management.

INTRODUCTION

Disturbances in the stability of water conditions pose a 
threat to the functioning of forest ecosystems, and the 
assessment of water availability has recently become 
an urgent issue (Kowalczyk et al., 2019). In the scien-
tific literature, prognostic models are quite commonly 
used to determine the water balance. 

Simulating runoff in catchments remains an in-
tegral part of current hydrological research. Rain-
fall-runoff modelling describes climatic processes. 
‘Runoff’ refers to rainwater being transformed and 
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depleting behind drainage basins (outlet) or infiltrat-
ing into the soil profile (Szalińska, et. al., 2014). The 
inclusion of these components is used to decide the 
catchment area’s water supply and loss (Wang et. al., 
2022). 

The easiest way to capture these relationships is 
to analyze them spatially using GIS software with the 
SWAT deterministic model (Soil and Water Assess-
ment Tool), intended for hydrological calculations 
(Panhalkar, 2014). Modelling with a GIS program 
and SWAT support the quantification of the char-
acter between the soil participle and the load of the 
transported material carried by water in the stream 
(Hülsmann et al., 2014; Mutlu and Arslan, 2021). 
The rainwater is partially drained by gravity, and its 
direction depends on the slope of the terrain. On un-
vegetated slopes, soil particles may be washed away 
during heavy rainfall, which may cause significant 
soil degradation (Wu et al., 2016). The SWAT mod-
el was created to forecast the impact of changes in 
the catchment development on the water balance, the 
concentration of sediments in the watercourse and 
quasi-spatially distributed nutrients (Arnold et al., 
2005). The inhibited infiltration mechanism increas-

es the released and transported soil particles, result-
ing in a loss of the necessary nutrients for trees (Hao 
et al., 2019). In this paper, a model based on a Geo-
graphic Information System (GIS) to calculate the 
accuracy of the simplified water balance of the forest 
catchment in the flysch Carpathians was used. SWAT 
has been applied to hydrological modelling and water 
erosion assessment for an exceptionally long time. 
SWAT+ model is innovative approach to hydrolog-
ical assessment that requires basic input data, such 
as: numerical terrain model, soil map, land cover and 
land use map, and meteorological data. SWAT+ is a 
revised GIS – based model for hydrological process-
es within the catchment area. 

It is a novel work since it calculates the rain-
fall-runoff model considering new parameters in the 
SWAT+ configuration. These options include splitting 
sub-catchments into landscape units (LSUs), which 
could not be generated in the earlier SWAT version. 
The goal of this study was to apply SWAT+ tools to 
estimate the adjusted water balance in the forested 
catchment. Moreover, the suitability of the new fea-
ture set for simulating mountain catchment runoff was 
also examined. 

Fig. 1. Location of research area
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RESEARCH AREA

The research area was the Smugawka catchment 
(49°41’33.6”N, 19°56’45.24”E). This stream flows 
through the Lubień commune and is a part of the Lu-
bieńka stream, the right-bank tributary of the Raba 
River (see: Fig. 1). Physico-geographically, it belongs 
to the Carpathian mesoregion in the Western Carpath-
ians province and the Outer Western Carpathians (fly-
sch) sub-provinces (Kondracki, 2011). Luboń Wielki 
rises above its valley – 1022 m above sea level with an 
eminence of 512 m.

The land management of studied catchment, which 
is a part of “Beskid Wyspowy” mountain was subor-
dinated to extensive agriculture – grassland and ara-
ble land. Some areas, mainly in the valleys, have also 
been built up. However, the remains of semi-natural 
forest communities in the foothills and lower moun-
tain ranges, typical of the Carpathians with their high 
natural values, have survived. Well preserved, dense 
forest complexes are found in this area only above the 
altitude of 700 m above sea level. The tree species 
in the catchment area are characteristic of sub-moun-
tain and mountain deciduous, and mixed forests. The 
dominant forest species here are silver fir (Abies alba) 
and common beech (Fagus sylvatica). The stands also 
include the sycamore maple (Acer pseudoplatanus) 
and the Norway spruce (Picea abies). Northern beech 
fern (Phegopteris connectilis) was found at the forest 
edges. The slopes of mountains are also covered with 
rowan (Sorbus aucuparia). The trees near the streams 
are mainly gray alder (Alnus incana) and black alder 
(Alnus glutinosa). Numerous sites of pink butter-
bur (Petasites hybridus) of deserve attention by the 
streams. The most common monocotyledonous plant 
species in pastures and meadows in this area are tim-
othy grass (Phleum pratense), meadow fescue (Alope-
curus pratensis), grassland fescue (Festuca trachyphyl-
la), meadow grass (Poa pratensis), and narrow-leaved 
meadow-grass (Poa angustifolia) for dicots: white clo-

ver (Trifolium repens), common dandelion (Taraxacum 
officinale) and chamomile (Matricaria chamomilla). 
These plant species have been identified in the studied 
catchment. 

METHODOLOGY

The SWAT+ numerical approach is a multidimension-
al (deterministic) physical model which can compute 
hydrological balance, covering an exceptionally sub-
stantial number of parameters. Its high computational 
efficiency makes it possible to perform the water bal-
ance and study various scenarios for hydrogeological 
processes in the river network and biogeochemical 
processes in the catchments. Creating a hydrological 
model consists of repeatedly generating and changing 
the model’s input parameters in order to obtain simu-
lation results at an acceptable level of compliance with 
real data (see: Fig. 2). The quality of the simulation 
results largely depends on the input data used. The cal-
ibrated and validated SWAT+ model makes it possible 
to calculate the components of the water balance of 
the catchment area; it depends on the input data for the 
model and the adopted time step of the calculations. 

A basic data digital elevation model for the Smu-
gawka catchment (DEM) with a resolution of 10 m 
was ordered from Head Office of Geodesy and Car-
tography. Meteorological data were obtained from the 
Institute of Meteorology and Water Management in 
Warsaw. The use of the area was documented in the 
form of an orthophotomap with GIS layers superim-
posed, which was provided by CORINE Land Cover 
2018 (CLC). A soil and agricultural map, supplement-
ed with lithological content from a detailed geological 
map, was used as the input layer for QGIS ver. 3.16. 
The arable land use map was reclassified to categories 
supported by SWAT+. The water permeability of the 
topsoil is important for forest species as it determines 
their harmonized development. The required physical 
properties of the soil were entered into the model ac-

Fig. 2. Block diagram of the stages of water balance modeling for the studied Carpathian catchment
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cording to the grain size composition. Determination 
of the yield point of the material depends on the soil 
moisture, which finds the stability of the mountain 
slope. Based on the DEM, the delineation of the main 
watercourses and sub catchments were made. The ras-
ter format data has been implemented in the model.

In the next stage, multiannual meteorological data 
(1991–2020) were added to the SWAT+ model, which 
included: minimum and maximum daily air tempera-
ture, daily rainfall (see: Fig. 3), average daily radia-
tion and average daily wind speed. The input data was 
calibrated by the SWAT-CUP4 software using the Se-
quential Uncertainty Fitting (SUFI2) procedure. Input 
variables used to develop the water balance based on 
surface water runoff (see: Fig. 4), evaporation (see: 
Fig. 5) and available soil water (see: Fig. 6). The most 
optimal parameters of the model structure were select-
ed for the analysed physical and geographical condi-
tions and visualized on the maps. In developing the 
input data, each individual parameter was showed as 
output data in the final modelling. Evapotranspiration 
by Penman Monteith’s method was estimated from 

the forest hydrology approach and implemented in 
the model. Full integration of the SWAT+ model with 
QGIS facilitates the procedure of iterative generation 
and modification of the model input parameters. The 
calculation of continuous simulations for average ex-
tended periods of time is presented in the manuscript. 
The availability of water in the soil was assessed by 
seeing rainfall and soil moisture content (retention). 
We recognized runoff and evaporation from the 
sub-catchment as a source of water loss. A discussion 
is provided in the section that explains the components 
of this water balance.

Hydrological models themselves are distorted by 
many factors. Among the model’s limitations is the ab-
sence of anthropogenic influence. Moreover, the con-
tinuous measurements that are included in the variable 
model may be constrained by the dynamic nature of 
weather processes; therefore, a simplified rainfall-run-
off model was used to analyse the water balance to 
minimize this impact. In addition, we could reduce the 
influence of random hydroclimatic phenomena on out-
put results by using LSUs (see: Fig. 2).

Fig. 3. Mean annual rainfall in the catchment
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Fig. 4. Mean annual surface run-off in the catchment calculated with SWAT+

Fig. 5. Mean annual surface evaporation in the catchment simulated by SWAT+
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RESULTS 

The studied catchment area was characterized by the 
domination of forests in the structure of land-use (see: 
Table 1). The forests in this part of the Beskids have 
been preserved fragmentarily, on the less accessible 
and steeper slopes.

In the conducted analysis and modelling, it was 
shown that the Smugawka catchment has a high sur-
face runoff into the main watercourse, especially in 
the forested part. 

On average, the catchment receives 790–850 mm 
of rainfall per year, although locally the amount may 
exceed 1000 mm per year (see: Fig. 3). 

The presence of forest areas as compared to per-
manent grasslands and arable land in the catchment 
area was characterized by lower surface runoff (see: 
Fig. 4). Approximately 389 to 690 mm of water evap-
orated per year. The lowest evaporation rate was seen 
in the catchment area influenced by human activity, 
which was partly built-up (see: Fig. 5). 

The content of available soil water content in the 
years 1991 to 2020 was higher in areas with forest use, 
ranging from 21–25 mm per year. As shown by our 
results, the greatest amount of water is found in the 
foothills and in areas where there is a local accumula-
tion of water (see: Fig. 6).

Table 1. Land use structure in the Smugawka catchment

Land use type Share in the catchment structure Unit
Forests 42 %
Arable lands 31 %
Permanent grasslands 16 %
Others 11 %

Fig. 6. Results of SWAT+ modelling for available soil water content in the root zone (mean annual)
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DISCUSSION

1. Supply of rainwater to forest soils (water gain)
In small mountain catchments, a water deficit risk 
assessment should be considered on the basis of pa-
rameters determining what amount is supplied from 
precipitation and what is transported through the sur-
face runoff (Zabaleda et al., 2007). The credibility of 
the results will be ensured when the surface erosion 
process in mountain catchments is captured and the 
appropriate frequency of the measurement series is 
conducted (Halecki et al., 2019). Hydrological re-
search can be implemented from the theoretical and 
mathematical points of view (Panagos et al., 2015). 
The SWAT model also allows for the generation of 
sub-catchment units (Li et al., 2014).

The SWAT+ simulation results concerned water re-
tention, which is shown in the Figure 6 in the partial 
catchments of the Smugawka stream in cartographic 
form. The highest levels of available soil water were 
found in the forested areas of the studied stream, while 
satisfactory results were found for simulated and ob-
served values for plants on permanent grasslands. 
Measures to increase the retention in the catchment 
area should be constantly introduced and improved 
in order to better understand and forecast quantita-
tive and qualitative changes in the forest ecosystem 
(Zhang et al., 2010).

2. Surface water runoff from the catchment area 
(water losses)
Leaching and transport down the slope by rainfall de-
pends on the roughness of the surface of soil aggre-
gates (Zhang et al., 2015). A decrease in water infil-
tration poses a risk of rain ablation. As a consequence, 
there is a deficit of water in the forest soil. Theoretical 
methods are used to determine the flow rate of river 
material (Izmaiłow et al., 2008, Starkel, 2011, Comino 
et al., 2016). It is worth noting that computer simu-
lated technical solutions are dedicated to generating 
real data (Halelcki et al., 2018). In mixed forests, the 
level of evaporation was higher in analysed sub catch-
ments (see: Fig. 5). This is crucial in interpreting the 
hydrological situation of the heterogeneous catchment 
(Wang et al., 2010).

Rainwater causes a washout of the topsoil in the 
Carpathian catchment areas on arable land (Borek and 

Kowalik, 2022). This may result from the roughness 
of soil particles, which in the Smugawka catchment 
area was the highest in the valleys. Therefore, it is 
important to show the water balance for the entire 
forest complex in a catchment. The SWAT model is 
helpful in solving water shortage problems. Howev-
er, the presented model requires laborious calibration 
(Abeysingha et al., 2015), especially for surface runoff 
(Hoang et al., 2017). An appraisal of water shortages 
in the flysh catchment is useful to show hydroclimatic 
changes and the availability of water resources (Ha-
lecki and Łyszczarz, 2021).

The demonstrated research allowed us to assess 
that evaporation can serve to estimate water losses in 
the catchment area (see: Fig. 5). In this method, a sim-
plified technique was used. Our runoff model (see: 
Fig. 4), despite these limitations, is well constructed 
for the scale of the entire catchment. It is imperative to 
consider the input data for the micro-catchment in lat-
er studies in order to show more exact data. The article 
correctly showed the results for runoff, which suggests 
the possible structure of the water balance of the entire 
catchment area (Moosavi et al., 2022) and for the ver-
ification of hydrometeorological data (Młyński et al., 
2020). In other studies, more effort should have been 
focused on the selection of factors for the input data 
(Ai et. al., 2022), and the reliability of the results. It is 
necessary to quantify the impact on predicting anthro-
pogenic factors, which should be proposed in water-
shed modelling (Wang et al., 2022).

CONCLUSION

The article presents the rainfall and surface runoff es-
timation for forest sub catchments in the Outer Car-
pathian. The calculations were made with the average 
annual time step from the 30-year period. A correct-
ly constructed and verified model made it possible to 
study various scenarios for the development of the 
hydrological situation. For adequate forest hydrology 
management, spatial planning and proper land use are 
needed. Further study of this numerical model may 
explain its direction in climate change research. In ad-
dition, it can help in figuring out the water balance of 
forested catchments. Using the model output, it was 
decided that forest areas have more available soil wa-
ter content. The results suggest that small mountain 
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forested catchments increase water retention. The 
application of GIS-based approaches and modelling 
techniques are crucial in the quest for best methods 
for calculating the water balance today. Our findings 
also contribute to a better understanding of the hy-
drological processes at work in the flysch catchment. 
Moreover, in the case of future research anthropogenic 
factors should also be examined in the data structure 
during the proceeding of the model. 
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A LIST OF ACRONYMS

CLC  ̶  CORINE Land Cover 
DEM  ̶  Digital Elevation Model
GIS  ̶  Geographics Information System
LSU – Landscape Unit
SWAT+ – Soil & Water Assessment Tool
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MODEL OPAD-ODPŁYW PRZY WYKORZYSTANIU OPROGRAMOWANIA HYDROLOGICZNEGO SWAT+ 
W KARPACKIEJ ZLEWNI FLISZOWEJ

ABSTRAKT

Cel pracy
Celem pracy było zastosowanie narzędzia SWAT+ do oszacowania niedoboru wody w zlewni Smugawka.

Materiał i metody
Użytkowanie terenu udokumentowano w postaci ortofotomapy z nałożonymi warstwami GIS, którą pobrano 
z CORINE Land Cover 2018. Jako warstwę wejściową do QGIS w wersji 3.16, w kolejnym etapie do modelu 
SWAT+ dodano wieloletnie dane meteorologiczne (1991–2020), które obejmowały: minimalną i maksymal-
ną dobową temperaturę powietrza, dobowe opady, średnie dobowe promieniowanie oraz średnią dobową 
prędkość wiatru. Pełna integracja modelu SWAT+ z QGIS ułatwia procedurę iteracyjnego generowania i mo-
dyfikacji parametrów wejściowych modelu hydrologicznego. W artykule przedstawiono obliczenia ciągłych 
symulacji dla okresów z wielolecia.

Wyniki i wnioski
Wykazano, że obecne użytkowanie badanego obszaru górskiego sprzyja retencji wody. Zastosowanie podejś-
cia systemowego i technik modelowania odgrywa obecnie istotną rolę w poszukiwaniu optymalnych metod 
obliczenia bilansu wodnego.

Słowa kluczowe: zlewnia fliszowa, retencja wody glebowej, model SWAT+, bilans wodny
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