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Abstract: An analysis was conducted of the activity of individual homogeneous Hydrological
Response Units (HRUs) and their impact on the components of the spatially distributed water
balance based on the example of two urbanised catchments of the city of Poznań (Western Poland).
Water balance was developed using the WetSpass model and GIS spatial data, based on
hydrometeorological data from the reference period of 1961–2000 including projected land usage
changes and precipitation changes expected by 2025 in the city. The catchments were parameterised
with reference to land usage, soil permeability, terrain declivities and the level of groundwater
waters in summer and winter. The dependence between HRUs and their impact on components
of the water balance was determined. Water balance forecasts have shown two-way changes in
the components of approximately 12% of the catchments. A significant increase of surface runoff
(an increase of 20–30 mm/HRU) at the expense of effective infiltration reduction (by 15–20 mm/HRU)
was determined for arable land intended for development. An increase of infiltration and
evapotranspiration at the expense of the surface runoff reduction is forecast for areas designed
for urban afforestation. The tendency of increase of atmospheric precipitation within the city until
2025 was indicated by changes in the water balance components. Changes in the landscape resulting
from urban expansion may lead to detrimental hydrological effects: accumulation of surface runoffs
and occurrence of local flash flooding, as confirmed by the simulations carried out using the WetSpass
model. The results may contribute to a more accurate understanding of the impact of urban landscape
modification patterns on the water balance at the regional and local scale.

Keywords: water balance; WetSpass model; Hydrological Response Unit; urbanised catchment;
spatial development; forecast

1. Introduction

Water resources planning and management consists in their quantification, and in the distribution
and utilisation of waters. To answer the question as to how best to manage, regulate and protect
water resources, use is made of information about catchment areas and data pertaining to these
resources, which are gathered in Geographical Information Systems (GISs). The identification and
forecasting of water resources is utilised in diverse types of activities connected with the development
of water-management systems in areas benefiting from varying levels of economic investment. Basic
information for the decision support system utilised in water resources planning and management
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is provided by the results of analyses and the modelling of water balance components using a
time-spatial approach.

It is recognised that models and methods for assessing the spatial properties of a catchment
area, which are based on teledetection data and GIS systems, allow us to determine its parameters
to an extent sufficient to conduct spatial analyses of the conditions of both local and regional water
circulation [1–7].

The fundamental problem of spatial analyses of water circulation conditions and model studies of
complex hydrological systems concerns the continuity or discontinuity of hydrological processes
occurring in the catchment area and the selection of the scale and size of the basic assessment
field [8–12]. This is reflected in the methods for simulating and visualising the time and space relations
that occur between them [13–16].

The structure of the catchment area system, made up of single Hydrological Response Unit (HRU),
is determined by a number of diverse features, among others morphological, geological–lithological,
hydrogeological, hydrographical, and also concerning land cover and usage. The spatial distribution
of these features determines the degree of its isotropy and homogeneity. Surface recognition formula
can be used for surfaces with a specific spatial function for delimiting homogeneous land surfaces.
The function covers the following steps: the designation of components, division into zones, detection
of rare properties, the matching of components to the surface representation, and the identification of
the surface [17].

In balance models that consideration and forecast changes in available resources, measured
for example by the magnitude of flow in a river or the level of groundwater, it is necessary to use
precipitation–runoff models or models of the spatially distributed water balance model, coupled
with GISs. In models of this type, the basic data include—apart from climatic data (precipitation,
temperature, air humidity, wind speed, and solar radiation energy)—a digital elevation model (DEM),
soil types with their associated hydrogeological properties, and land usage. The concepts of a HRU
calculation unit has found application among others in the following models: MIKE SHE, SWAP, SWAT,
SWB, WetSpa and WetSpass, which estimate the spatial distribution of the water balance components
under various environmental conditions [2,18]. Tests are performed among others on hydrological
models and water management models (e.g., MIKE BASIN and MODSIM), while at the same time
analysing the possibility of mutual data provision [19,20]. They are used for simulating climate change
and the impact of decisions concerning changes in spatial development in the catchment area on
the quantity and quality of water resources. The quantitative expression of the characteristics of
individual subsystems of a catchment area constitutes a point of departure for conducting a spatial
analysis of the variability of individual parameters and a comparative analysis between different
units, for example catchment areas or geological–soil–topographical associations. These assumptions
are satisfied by the WetSpass (Water and Energy Transfer between Soil, Plants and Atmosphere
under quasi-Steady State) model. This model utilises a number of empirical dependences occurring
among the atmosphere, soil medium and vegetation as regards the exchange of water and energy
to calculate the annual average and seasonal average values of effective infiltration of groundwater,
surface runoff and evapotranspiration [2]. WetSpass takes into consideration the spatial variability
of characteristic features of the catchment area system and of elements of the water balance using
a raster approach and GISs, and its structure makes it possible to update the data, keep scenarios
of changes in water circulation, and also compile the data with other models, e.g., of groundwater
filtration. The results of the modelling of components of the water balance on a regional and local scale
utilising the WetSpass model have found application in research into the state of water resources and
the forecasting of changes occurring therein under the influence of climatic factors and anthropogenic
pressure. The WetSpass model was used, among others, in research on the water balance in the
catchment areas of European rivers [1,14,21–25], and also in catchment areas located in hot and dry
climate zones [26–29]. The results of model-based research that utilises WetSpass may constitute a
significant element of the system for managing and protecting water resources in a catchment area,
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especially in strongly urbanised areas that are subject to dynamic changes in spatial development.
An increase in the degree of urbanisation entails the transformation and fragmentation of the municipal
landscape and a change in the structure of the active surface of a catchment area, which in hydrological
terms contributes to the disruption of relations between components of the water balance and decreases
the surface stability of the catchment area.

The article presents the spatial analysis of the impact of urbanised catchment areas on the
development of the areal hydrological activity. Parameterisation was identified using the WetSpass
spatially distributed water balance model. Modelling was conducted for two catchment areas—
the Bogdanka River and the Junikowski Stream, located within the boundaries of the city of Poznań
(Western Poland). A significant problem concerns the dynamic accretion of sealed soils at the expense
of biologically active surfaces which may bring about a weakening of the structure of the hydrological
balance in the surface arrangement. Apart from the quasi-natural infiltration surfaces, there are also
strongly urbanised zones that contribute to the generation of surface runoff and its accumulation,
leading to an increase in the threat of local flash flooding.

The WetSpass model was applied to forecast changes in the water balance of the catchments,
assuming changes in the land use structure and the tendency of increase in atmospheric precipitation
in the city Poznań until 2025. Urban expansion can modify rainfall patterns and may contribute to
changes in relation to spatial patterns and precipitation volumes. Changes in hydrological processes
in urbanized catchments are, in particular, a consequence of changes in land use, most often in the
direction of reduction of vegetation zones at the cost of impermeable surfaces.

The novelty of the research was to test the water balance models taking into account the impact
of the predicted changes in land use and the projected increase in atmospheric precipitation on
the distribution and volume of water balance components using the WetSpass model. The spatial
distribution of components of the water balance model in the analysed catchment areas was examined
for hydro-meteorological conditions that were averaged for the year and for the winter and summer
half-year periods, determined for the years 1961–2000. These were then compared to the period
of 2000–2025, taking into account changes of the environmental and climatic factors. Changes in
land use are mainly related to the increase of urbanized (built-up) areas at the expense of arable
land, while atmospheric precipitation shows an increasing trend. When assessing the relationships
occurring between environmental characteristics of a catchment area, reference surfaces were specified
for Hydrological Response Units (HRUs), for which the hydrological potential determining the course
of the dominant process (effective infiltration of precipitation, surface runoff and evapotranspiration)
was established. Furthermore, simulations conducted until 2025 were intended to identify zones with
a predisposition to the generation of increased surface runoff, including zones in the city that were
potentially threatened with local flash flooding. The analysis of the spatial distribution of components
of the water balance of the catchment area made it possible to determine the range of the biologically
active surface, which in municipal space also plays an important role in the processes of renewal of
shallow groundwater resources.

The assessment of the hydrological activity in urbanised areas indicates the compensating and
regenerating functions of water resources as a part of Integrated Urban Water Management (IUWM).
Studies on dispersed water balance in urban catchments can be useful in determining the directions
of an investment policy as part of cities’ adaptation to climate change and rainwater management,
e.g., blue infrastructure, distributed retention solutions related to spatial planning. This approach allows
reducing costly solutions and mitigating the effects of building density or results of climate change.
In that respect, new tools and advanced technical solutions are also helpful, as well as new opportunities
of data management, GIS and hydrological models for preventive and prophylactic activities [13].

2. Area of Research and Source Material

The following catchment areas were selected for research: the Bogdanka River (A = 53.6 km2) and
the Junikowski Stream (A = 54.6 km2), which are tributaries of the Warta River, the third longest river
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in Poland (Figure 1). The rivers dewater the left-bank part of the city of Poznań (Western Poland),
which is located on the Poznań Plain, in the most urbanised section of the Greater Poland Lowlands.
Poznań (with over 500,000 inhabitants) is a developing city with strongly growing urbanisation which
gradually degrades the wedge-ring system of urban greenery unique on a national scale. This system
was designed in the 1930s and one of its main assumptions was to maintain the natural continuity in
river valleys. This planning idea has survived to this day being the main assumption underlying the
city’ spatial structure. The pressure to invest in these areas is still high, and resulting in the reduction
of retention, acceleration of surface runoff and the occurrence of flash flooding in the city.
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Figure 1. The Bogdanka River and Junikowski Stream catchment areas with selected physiographic
parameters with reference to the city of Poznań.

The selected units are differentiated by the degree of urbanisation and the structure of the active
surface (Figure 1). The catchment areas of both watercourses have to a considerable extent undergone
anthropogenic transformation, with developed and urbanised areas accounting for more than 40%
of their surface; these include compact and dispersed settlements, industrial and transport areas,
technical infrastructure, and strip mining areas. Arable land, which is located mainly on the fringes
of the catchment areas, occupies approximately 22–34% of their surface, with forests and grassland
accounting for a smaller area (Figure 1).

The selection of parameters impacting the course of hydrological processes in the catchment
area was performed with reference to the criteria and assumptions of the WetSpass model. For the
annual and semi-annual forecasts, input data for the model were in the form of raster maps (models)
presenting climatic elements and selected physical features of the catchment areas; these are shown in
Figure 2. The map of the hydrological potential and response of the catchment areas was elaborated
in the form of a raster model on the basis of four physiographical parameters of the catchment areas:
land usage (U), soil permeability (G), terrain declivity (S), and the depth to groundwater of the first
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water-bearing level (Z) in a unified code (U-G-S-Z). The single raster (balance) cell of HRUs had the
following dimension: xy = 4 m2 (Figure 2).
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Figure 2. Raster models elaborated for the catchment areas of the Bogdanka River and the Junikowski
Stream as input data for the WetSpass model: (A) land usage (source: topographic object database
1:10,000; (B) permeability of soils (source: Hydrographic map of Poland 1:50,000); (C) topographical profile
(source: LIDAR); (D) terrain declivity (source: LIDAR); (E) depth to the shallow groundwater level in the
summer half-year period (source: Hydrographic map of Poland 1:50,000); and (F) depth to the shallow
groundwater level in the winter half-year period (source: Hydrographic map of Poland 1:50,000).
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When selecting homogeneous HRUs in the catchment areas, use was made of spatial data from
the national thematic database (geomorphological, hydrographical, hydrogeological, geological and
soil), and the BDOT 10k (Topographic Objects Database) land cover and usage base. The spatial
databases were integrated using GIS techniques, among others for the purposes of the WetSpass model.
A characterisation of geomorphological conditions was performed on the basis of the Geomorphological
Map of the Wielkopolska–Kujawy Lowlands (abbreviation: MGmNWlkp.-Kujaw.), elaborated at the
Institute of Palaeogeography and Geoecology of the Adam Mickiewicz University in Poznań in digital
format (MGmNWlkp.-Kujaw., 2007). Its scope was supplemented and verified on the basis of a 1:50,000
geological and hydrogeological map of Poland (State Institute of Geology—State Research Institute;
Pl. Państwowy Instytut Geologiczny-Państwowy Instytut Badawczy, abbreviation PIG-PIB). The spatial
data concerning land cover and usage were obtained from the BDOT 10k database, which was made
available by the Head Office of Geodesy and Cartography (Pl. Główny Urząd Geodezji i Kartografii,
abbreviation GUGIK) (Figure 2). Information concerning soil permeability was generated from a 1:50,000
hydrographical map of Poland, wherein it is interpreted according to six classes of permeability, taking
into consideration the structural properties of soils and their ability to conduct water (GIS-3 Guidelines,
2005). Each class, verified on the basis of data from a soil-agricultural map (1:25,000), corresponds
to a group of formations with a specific value of the filtration coefficient, which impacts the degree
of soil permeability or the degree of insulation of a surface zone. The database of hydrographical
data was also used to map the distribution of the depth of the groundwater water level of the first
water-bearing level (Figure 2). The terrain declivity was generated from a LIDAR point cloud obtained
under the project IT System for the Protection of the Country against Extraordinary Hazards (ISOK).
The ISOK is characterised by the catchment areas with a set of topographical indices obtained from the
Numerical Terrain Model (Figure 2). Furthermore, use was made of climatic (hydro-meteorological)
data from the Institute of Meteorology and Water Management—State Meteorological Institute in
Warsaw (Pl. Instytut Meteorologii i Gospodarki Wodnej—Państwowy Instytut Meteorologiczny w Warszawie,
abbreviation IMGW-PIB), comprising: the amount of precipitation, air temperature, wind speed, potential
evapotranspiration, and states of the shallow groundwater water level. To make the forecast data from
development plan and study (Pl. Studium uwarunkowań i kierunków zagospodarowania przestrzennego;
Miejscowy plan zagospodarowania przestrzennego), Central Statistical Office in Warsaw, Poland (Pl. Główny
Urząd Statystyczny GUS, Warszawa, Polska) and IMGW-PIB were used.

Furthermore, the analysis has made use of information about local flash flooding zones affecting
the city of Poznań during periods of rainstorms. These data were obtained from the Poznań Flash
Flood Project geo-service, where they have been gathered since 2006 as Volunteered Geographical
Information (VGI).

Detailed descriptions of source materials and studies of spatial data for the WetSpass model have
been presented by Batelaan [1] and Batelaan & De Smedt [2], and in many works with reference to
conditions existing in Poland [14,21–23,25].

3. Research Methods

The procedure of identifying zones susceptible to the generation of a specific hydrological process
included an analysis of the distribution of physical features of the catchment areas. A standard flow
chart (Figure 3) presents the particular stages and connections from the data collection, through data
processing and encoding of spatial information to modelling, and finally to a water balance simulation
with WetSpass. Research was applied to three water balance components (effective infiltration, surface
runoff, and evapotranspiration) which are calibrated to historical data, used to simulate recharge using
HRU. It was assumed that the reference surface model constitutes a sequence of interconnections of four
variables. To arrive at a definition thereof, use was made of an algorithm for coding the sequences of
interconnections between individual variables (entities)—developed by Graf [14]—when assessing the
conditions of supply of shallow groundwater in the Poznań Upland (Table 1). The variables included
both qualitative (land usage (U) and soil permeability type (G)) and quantitative data (terrain declivity
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(S) and depth to the groundwater level (Z)). As regards the coding of quantitative and descriptive
information “U-G-S-Z”, use was made of classification and reclassification procedures entailing the
connection or separation of groups of source data and the allocation thereof to the WetSpass model
base. The models thus elaborated constituted the basis for assessing the hydrological potential.
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Table 1. Algorithm for coding the sequences of interconnections between diagnostic variables in the
adopted classification schema. Order of denotations in the reference code: Usage, Soils (type and
permeability class), Terrain declivity, groundwater level; according to Graf [14].

Land Usage Permeability 1 Slope (<0.5◦) 2 Slope (0.5–2.5◦) 3 Slope (>2.5◦)

1
ARABLE LAND

1 Good 1111 1112 1113 1121 1122 1123 1131 1132 1133

2 Poor 1211 1212 1213 1221 1222 1223 1231 1232 1233

3 Variable 1311 1312 1313 1321 1322 1323 1331 1332 1333

4 Diversified 1411 1412 1413 1421 1422 1423 1431 1432 1433

5 Very poor 1511 1512 1513 1521 1522 1523 1531 1532 1533

2
GRASSLAND

1 Good 2111 2112 2113 2121 2122 2123 2131 2132 2133

2 Poor 2211 2212 2213 2221 2222 2223 2231 2232 2233

3 Variable 2311 2312 2313 2321 2322 2323 2331 2332 2333

4 Diversified 2411 2412 2413 2421 2422 2423 2431 2432 2433

5 Very poor 2511 2512 2513 2521 2522 2523 2531 2532 2533

3
URBANISED AREA

1 Good 3111 3112 3113 3121 3122 3123 3131 3132 3133

2 Poor 3211 3212 3213 3221 3222 3223 3231 3232 3233

3 Variable 3311 3312 3313 3321 3322 3323 3331 3332 3333

4 Diversified 3411 3412 3413 3421 3422 3423 3431 3432 3433

5 Very poor 3511 3512 3513 3521 3522 3523 3531 3532 3533

4
FOREST

1 Good 4111 4112 4113 4121 4122 4123 4131 4132 4133

2 Poor 4211 4212 4213 4221 4222 4223 4231 4232 4233

3 Variable 4311 4312 4313 4321 4322 4323 4331 4332 4333

4 Diversified 4411 4412 4413 4421 4422 4423 4431 4432 4433

5 Very poor 4511 4512 4513 4521 4522 4523 4531 4532 4533

5
WATER

1 Good 5111 5112 5113 5121 5122 5123 5131 5132 5133

2 Poor 5211 5212 5213 5221 5222 5223 5231 5232 5233

3 Variable 5311 5312 5313 5321 5322 5323 5331 5332 5333

4 Diversified 5411 5412 5413 5421 5422 5423 5431 5432 5433

5 Very poor 5511 5512 5513 5521 5522 5523 5531 5532 5533

6
WETLANDS

1 Good 6111 6112 6113 6121 6122 6123 6131 6132 6133

2 Poor 6211 6212 6213 6221 6222 6223 6231 6232 6233

3 Variable 6311 6312 6313 6321 6322 6323 6331 6332 6333

4 Diversified 6411 6412 6413 6421 6422 6423 6431 6432 6433

5 Very poor 6511 6512 6513 6521 6522 6523 6531 6532 6533

GROUNDWATER
LEVEL (1) 0–2 m (2) 2–5 m (3) >5 m

Codes that were not
present in study

catchments

The input data for the WetSpass model comprise the following: meteorological factors: precipitation,
air temperature, wind speed, potential evapotranspiration, ordinates and terrain declivity, soil type,
land cover and usage and the depth to the groundwater level (Figure 2). Apart from the input data,
the model for calculating the water balance utilises its own application schemas concerning attributes of
land usage, surface runoff, and soils [30]. To evaluate human impact by the land use change (see below
in detail), the input data in the model were simply replaced at the second stage of the work and the
model execution was repeated.

In the WetSpass model, the water balance is calculated for each cell that represents a specific type
of reference surface: bare soil (with no vegetation), vegetated soil, open water surface, and an impermeable
surface, which makes it possible to take into consideration intracellular structural heterogeneity.
The seasonal water balance for a raster cell representing a specific reference surface can be shown by
Equations (1)–(4):

P = Hp + IE + IN + TR (vegetated soil, “gr”) (1)
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P = Hp + IE + Es (bare soil, with no vegetation, “go”) (2)

P = Hp + IE + Ew (open water surface, “pw”) (3)

P = Hp + IE + En (Impermeable surface, “pn”) (4)

where

• P is the precipitation (mm);
• Hp is the surface outflow (runoff) (mm);
• IE is the infiltrative supply of groundwater (mm);
• IN is the interception (mm);
• TR is the actual transpiration (mm);
• Es is the evaporation from the soil (mm)
• Ew is the evaporation from the water surface (mm);
• En is the evaporation from the impermeable surface (mm); and
• Eta is the actual evapotranspiration (mm).

The total water balance for a raster cell is determined by means of equations where the index
“c” designates the sum of balance component values from individual reference surfaces (the “gr”,
“go”, “pw” and “pn” indices): surface outflow (Hpc), infiltrative supply of groundwater (IEc) and
evapotranspiration (Etc) (5)–(7):

Hpcraster = grHp + goHp + pwHp + pnHp (5)

IEcraster = grIE + goIE + pnIE (6)

ETcraster = grETa + goEs + pwEw + pnEn (7)

The symbols have the same meaning as in Equations (1)–(4).
In the WetSpass model, the precipitation supply potential is interpreted as the average

precipitation in a catchment area. Precipitation was calculated using a set of measurement data from
18 catchments surrounding meteorological stations of the IMGW-PIB (data from the period 1961–2000),
located within reach of the Poznań Upland. A similar procedure was applied for estimating the spatial
distribution of air temperature and wind speed. Potential evapotranspiration was determined by
means of the Penman–Monteith method [31], with calculations utilising meteorological data from the
Poznań-Ławica meteorological station (1961–2000).

Changes in precipitation related to the reference period 1961–2000 were determined based on the
IMGW-PIB data for the Poznań-Ławica rainfall station. The average annual rainfall for the 2000–2015 period
was 548 mm for Poznań. To simulate the impact of rainfall on the water balance, it was assumed to increase
by an average of about 20 mm in the catchments analysed during the year. The tendency of increasing
precipitation recorded at the Poznań station during the period 1981–2015 indicates statistically significant
trend (R2 = 0.88) of around 29.9 mm until 2025, which has also been confirmed by other studies [32].

In the WetSpass model, surface runoff undergoes a two-stage simulation. During the first stage,
it is calculated as a function of the runoff coefficient, the value of which is identified using the standard
application of the model taking into consideration the following: type of vegetation, soil, terrain
inclination, and depth to groundwater. In the second stage, surface runoff is also interpreted on the
basis of the standard application of the model, as a runoff coefficient, which specifies the part of
seasonal precipitation with an intensity greater than the infiltrative capacity of the soil participating in
the process, this depending on the type of soil and the depth to groundwater. The infiltrative supply
of groundwater is estimated in the WetSpass model on the basis of the balance difference as a function
of vegetation, soil texture, terrain inclination, the depth to groundwater, and the precipitation regime.
Actual evapotranspiration is calculated in the model taking into consideration the law of conservation
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of mass and energy and the causality occurring between the main components of the evaporation
subsystem: the atmospheric environment, the plant environment, and the soil environment. In the
model applied, actual evapotranspiration is interpreted as the sum of evaporation from soils, plant
transpiration, and precipitation interception.

4. Results and Discussion

4.1. Dominant HRU Codes

In accordance with the adopted assumption, the structure of the model of the hydrological
potential of the researched catchment areas was determined by four factors (U-G-S-Z). Each
four-element sequence of coded catchment area features (codes) was allocated a dominant hydrological
process. In the final classification schema for models of the Bogdanka River and Junikowski Stream
catchment areas, the number of code combinations obtained was 176 and 132, respectively (Figure 4).
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(A) and Junikowski Stream (B) catchment areas.

In the Bogdanka River catchment area, the following code sequences are present amongst the
dominant raster cells are present: 3-4-2-2 (22.5%) and 3-4-3-2 (7.2%) (Figure 4). The Junikowski Stream
catchment area follows code sequences: 3-4-2-1 (14.4%) and 3-4-2-2 (12.8%). This means that the
structure of the active surface of the municipal catchment areas is dominated by anthropogenic areas
(U-3), with a diverse permeability (G-4), a moderately slight terrain declivity of 0.5◦–2.5◦ (S-2), and a
shallow (up to 2 m) and moderately shallow (2–5 m) occurrence of groundwater (Figures 2 and 4).

These surfaces are characterised by a predisposition for generating surface runoff and, under
favourable conditions, for retaining precipitation on the surface and gather it in terrain depressions.
This may contribute to the creation of local flash flooding zones in periods of rainstorms, or in areas of
increased evapotranspiration (Figure 5). Anthropogenic terrain, dominant in the area constituting the
subject of the present study, was juxtaposed with data concerning historical flash flood phenomena
caused by rainstorms.

In watershed zones and at the peripheral sections of the researched catchment areas, an accretion
of areas covered with vegetation and bare soils has been observed. This phenomenon manifests itself
in the greater share of arable soils (code sequences U-1) and meadows and pastures (code sequences
U-2) in the structure of usage of the catchment areas (Figure 4). In the catchment area of the Bogdanka
River, an increased share of forested areas (code sequence U-4) was observed, which determines the
high retentiveness of an area and may also contribute to an increase in evapotranspiration.

At the classification level adopted for the catchment areas of the Bogdanka River and the
Junikowski Stream, 30 possible combinations of codes from a given genetic group of topographical
profile and degree of land conversion were determined (Figure 4).
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Figure 5. Anthropogenic terrain (dominant codes: 3422, 3421, and 3432) and registered flash flood
phenomena brought about by rainstorms in the catchment areas of the Bogdanka River and the
Junikowski Stream.

The considerable segmentation and heterogeneity of the active surface of both catchment areas is
significantly impacted by the high degree of anthropogenic transformations of the topography and
land cover structure, which results in a high urbanisation index [33–37]. A greater probability of
occurrence of all possible code combinations is assumed for areas covering a greater surface and with
a greater genetic differentiation of the topographical profile.

As regards the infiltrative supply of groundwater, privileged zones in the researched catchment
areas were defined as including arable soils and forest complexes on subsoil with a good permeability,
or relatively flat, with a slight terrain declivity (up to 0.50) and a shallow occurrence of groundwater,
up to 2 m (less frequently 2–5 m), coded according to the following schemas: 1-1-1-(1-2) and 4-1-1-(1-2),
respectively (Table 1). Developed areas (code 3-0-0-0) characterised by an increase in the degree of
impermeability of the subsoil were regarded as surfaces conducive to the generation of surface runoff.
Surface runoff is also facilitated by arable soil surfaces with weak permeability, increased declivity,
and deeper occurrence of the groundwater level, these designated with the code: 1-2-(2-3)-(2-3),
however to a moderate extent impacting the generation of erosive flows, the creation of which
commences at a terrain inclination in excess of 3◦ [1,14]. In the researched area, we identified a rather
small number of zones (test fields) with a declivity in excess of 3◦, whereas the maximum declivity
registered in a single raster was 6◦. A greater predisposition for the generation of surface runoff is
characteristic of the watershed zones of both researched catchment areas. Evapotranspiration, being
the dominant process, was attributed primarily to surfaces occupied by meadows and pastures present
in the valleys of the Bogdanka River and the Junikowski Stream, and also to depressions deprived of
outflows that facilitate the gathering of water and evapotranspiration due to the domination in the
subsoil of organic soils with variable permeability, a very small declivity (up to 0.50), and a shallow
occurrence of groundwater (up to 2 m) (codes 2-3-1-1 and 2-3-2-1).
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4.2. Changes in Land Use

An analysis of land use changes until 2025 in the study area showed two clear trends in both
catchments (Figure 6). The main directions of spatial transformation are the result of progressive
urbanization: arable land, as well as grasslands, will be replaced by urbanized areas, which will potentially
result in a significant increase of the surface runoff in relation to the decrease of evaporation and infiltration.
In the central and western part of the Bogdanka catchment, positive changes were identified, resulting from
the arrangement of urban greenery, afforestation and natural succession of forest areas. These changes
can potentially contribute to reducing surface runoff and increasing evaporation and infiltration. The area
of planned changes in both catchments is similar, and the changes in the land use indicated account for
12.54% (6.72 km2) for the Bogdanka catchment and 12.89% (7.04 km2) for the Junikowski Stream.
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The histogram in the Figure 6 shows changes in the share of individual codes (%) in the catchment
area resulting from the change in land use. Only those codes whose share has changed by at least
0.2% in relation to the reference period (1961–2000) are presented. In the catchments of Junikowski
Stream and Bogdanka, an increase in urbanised areas (3-0-0-0 codes) was reported, respectively,
by 0.2–2%/code and 0.2–6%/code. This means that in both catchments the assumed share of developed
and compact land areas increases by, respectively, 11.3% and 7.5%. On the other hand, the share
of arable lands and grasslands will be reduced by ca. 0.2–1%/code (Junikowski Stream) and ca.
0.2–5%/code (Bogdanka). In the Junikowski Stream catchment, the changes have more diffuse
character, and the largest increase in area concerns urban areas with diversified permeability, slopes
0.5–2.5◦ and depth to groundwater level up to 2 m (code 3-4-2-1) and urbanized areas with good
permeability, slopes 0.5–2.5◦, depth of groundwater level up to 2 m (code 3-1-2-1) (Figure 6, histogram).
In the catchment of Bogdanka, the largest increase was recorded in the case of urbanised areas on land
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with various permeability, slopes 0.5–2.5◦ and depth of groundwater level of 2–5 m (code 3-4-2-2).
A slight increase in the area also applies to urban areas marked with the remaining code specification
(3-0-0-0) (Figure 6, histogram), the explanations of which are presented in Table 1. Results of the spatial
analysis show that, in both catchments, the largest decrease of the share of grassland are found on land
with good permeability, slopes 0.5–2.5◦ and depth to groundwater up to 2 m (code 2-1-2-1) (about 1%
of the Potok Junikowski catchment and about 4% of the Bogdanka catchment).

4.3. Seasonal Analysis of Water Balance Components

The average annual precipitation for the researched catchment areas totalled approximately
529 mm, while the catchment areas of the Bogdanka River and the Junikowski Stream are characterised
by the lowest supply potential within the boundaries of the city (Table 2). Slightly higher precipitation
(535–543 mm) has been recorded in the northern part of Poznań [21]. The presence of distinct valley
configurations of the Warta River and its tributaries generates water losses connected with an increase
in the intensity of evapotranspiration, which is particularly visible in the water balance elaborated
for the summer half-year period (Table 2), where the process of effective infiltration of precipitation
does not occur or undergoes a strong reduction. In the winter, semi-annual period relations between
components change in favour of effective infiltration through the reduction of evapotranspiration—
at some points by more than 40–60% per annum—and surface runoff. The spatial model prepared for
the summer half-year showed a uniform zone of negative effective infiltration values which indicates
an absence of manifestation of this process, and the activation of evapotranspiration which in the
season in question exceeds the amount of precipitation.

Table 2. Components of the water balance of the catchment areas of the Bogdanka River and the
Junikowski Stream for the annual period and the winter and summer semi-annual periods—results of
the WetSpass model (1961–2000).

Base Version

Catchment
Components of the Water Balance

Year Winter Semi-Annual Period Summer Semi-Annual Period

P * IE Hp ET P IE Hp ET P IE Hp ET

Bogdanka River (mm) 529 59 69 405 201 101 27 73 329 −42 42 332

(%) 100 11 13 76 100 50 14 36 100 - 12 101

Junikowski Stream
(mm) 528 59 78 394 200 96 30 74 327 −37 48 320

(%) 100 11 15 74 100 48 15 37 100 - 15 98

+ Land Use Changes

Catchment
Components of the Water Balance

Year Winter Semi-Annual Period Summer Semi-Annual Period

P * IE Hp ET P IE Hp ET P IE Hp ET

Bogdanka River (mm) 529 54 71 404 201 100 28 73 328 −46 43 331

(%) 100 10 13 76 100 50 14 36 100 - 13 101

Junikowski Stream
(mm) 528 55 79 394 200 95 30 74 328 −40 49 320

(%) 100 10 15 75 100 48 15 37 100 - 15 97

+ Land Use and Climate Changes

Catchment
Components of the Water Balance

Year Winter Semi-Annual Period Summer Semi-Annual Period

P * IE Hp ET P IE Hp ET P IE Hp ET

Bogdanka River (mm) 549 65 77 407 207 103 32 72 342 −34 44 332

(%) 100 12 14 74 100 50 15 35 100 - 13 97

Junikowski Stream
(mm) 548 66 85 397 208 97 34 76 340 −31 51 321

(%) 100 12 15 72 100 47 17 37 100 - 15 94

* P—precipitation, IE—effective infiltration, HP—surface runoff, ET—evapotranspiration.

The analysis of components of the water balance has shown that a typical feature of the catchment
areas of the Bogdanka River and the Junikowski Stream is the predominance of surface runoff over the
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infiltrative supply of groundwater under average annual conditions and in the summer half-year period
(Table 2). The share of surface runoff in the structure of the water balance in municipal catchment areas
totals some 13–15%, which is a value decidedly higher than the results obtained in the WetSpass model
for catchment areas in peripheral zones of Poznań, where this value does not exceed 5–6% [14].

4.4. Spatial Analysis of Water Balance Components

As regards the analysed catchment areas, zones with surface runoff equal to and greater than
80 mm (mm/raster cell) occupy around 30–40% of their surface (Figure 7). In suburban catchment
areas of Poznań with a considerable share of forest complexes (e.g., inflow from Łysy Młyn and the
Wirynka River), surfaces generating a surface runoff of up to 10 mm are predominant [21].
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Figure 7. Surface distribution of the average values (mm) of: surface runoff (A); effective infiltration
(B); and evapotranspiration (C) in raster models (xy = 4 m2) for the year in the Bogdanka River and the
Junikowski Stream catchment areas—results of the WetSpass model (1961–2000).

An analysis of the spatial distribution of average annual values of components attributed to an
individual balance cell in raster models has shown their diversification. The surface runoff varies between
0.92–252.9 mm (catchment area of the Bogdanka River) and 0.91–208.1 mm (catchment area of the
Junikowski Stream), and a smaller range of diversification is observed in the summer and winter half-year
periods (Table 3). Under average conditions, the mean annual infiltration of precipitation specified for
a single raster in both catchment areas attained similar values, within the range of 0–163 mm in the
catchment area of the Bogdanka River and 0–157 mm in the catchment area of the Junikowski Stream.
Evapotranspiration changes in balance cells within the range of 275–630 mm for average conditions during
the annual and semi-annual period. In the winter season, evaporation attains low values, under 100 mm,
and the degree of variability between the minimum value and the maximum value is also small (Table 3).

Table 3. Range of annual and seasonal (winter and summer semi-annual periods) variability of
components of the outgoing part of the water balance (mm) for the Bogdanka River and Junikowski
Stream catchment areas—results from the WetSpass model (mm).

Components of the
Water Balance

Season
Bogdanka River Junikowski Stream

Min Max Range Mean σ Min Max Range Mean σ

Surface runoff (HP)
Year 0.92 252.9 252.0 67.9 47 0.91 208.1 207.2 76.8 55

Winter 0.11 126.1 126.0 25.2 23 0.13 128.8 128.7 29.2 27
Summer 0.00 148.2 148.2 41.6 28 0.00 107.1 107.1 47.2 33

Effective infiltration
(IE)

Year 0.00 163.2 163.2 57.9 35 0.00 157.7 157.7 58.7 42
Winter 0.00 139.9 139.9 103.2 24 0.00 138.2 138.2 97.4 27
Summer 107.2 28.4 135.6 -40.1 25 -107.2 26.9 134.1 -34.2 31

Evapotranspiration
(ET = E + T + Ic)

Year 275.2 630.1 354.9 406.1 39 285.9 628.0 342.1 392.7 46
Winter 60.3 91.5 31.2 72.4 5 60.2 92.7 32.5 74.1 5
Summer 200.2 554.2 354.0 331.7 40 217.5 553.6 336.1 317.9 45

The data refer to individual raster cells xy = 4 m2.
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The results of simulations conducted using the WetSpass models have confirmed that the lowest
runoff values (under 60 mm) occurred in forest areas (code 4-0-0-0) (Figure 8A), while the most compact
zones, predestined to its occurrence, are the urbanised areas (code 3-0-0-0). A high surface runoff may
also form in zones of open water surfaces [1,12,14], an example of which are the municipal catchment
areas of Poznań.
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Figure 8. The average annual: surface runoff (A); effective infiltration (B); and evapotranspiration
(C) attributed to the structure of the reference surface (coded surface) in the Bogdanka River and
Junikowski Stream catchment areas—results from the WetSpass model (1961–2000).

Comparisons of the water balance of the catchment areas of the Bogdanka River and the
Junikowski Stream for the winter semi-annual period show the predominance of effective infiltration
over surface runoff (Table 2). The relationship between water balance components (semi-annual period)
manifest itself in decrease in the volume of effective infiltration and evapotranspiration reduction at
some points by more than 50% per annum. The share of the analysed component in the water balance
totalled 48–50%. In the summer season, when precipitation is greater than in the winter semi-annual
period (frequently by some 50%) and air temperature increases, a reduction of effective infiltration
in relation to the annual value is observed (Table 2). A decrease in or indeed the complete lack of
infiltrative supply of groundwater in the summer is particularly noticeable in zones where these waters
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drain into the valley (zones of valley depressions), which is connected with the high transpiration of
plants in areas with a shallow water level [2,5,23].

The effective infiltration of precipitation, calculated using the WetSpass model, attained the
highest values in forested areas (code 4-0-0-0) (Figure 8B). This concerns both the average annual value,
and values calculated for both semi-annual periods. It is confirmed by the considerable predisposition
of forest complexes to generate an infiltrative supply of groundwater [1,6,14,22]. In the catchment areas
of the Bogdanka River and the Junikowski Stream, the lowest (under average conditions) effective
infiltration of precipitation (less than 100 mm for xy = 4 m2) were observed for. There was determined
for arable soil surfaces with a varying degree of permeability and varying declivities, and a diverse
depth of groundwater. As regards the highly sealed soils of both catchment areas, the reduction of
infiltration takes place at the expense of increased surface runoff (Figure 7).

In the structure of the water balance for the entire year, total evapotranspiration in the catchment
areas of the Bogdanka River and the Junikowski Street accounts for 74–76% of losses (Table 2). Relations
between the quantity of water effectively supplying groundwater and the magnitude of surface runoff
undergo change. In the winter semi-annual period, the share of evapotranspiration in the outgoing part
of the water balance for the researched catchment areas amounts to 36–37%, whereas in the summer
half-year period it exceeds the total amount of precipitation, thereby contributing to an increase in
water shortages (Table 2). A comparison of the magnitude of evaporation in both semi-annual periods
has shown that it increases in the summer by some 75–78% in relation to the cooler half-year period.
As regards the reference surface of the catchment areas, evapotranspiration attained the highest values
in open water surfaces (code 5-0-0-0), and also in waterlogged and forested areas (Figure 8C). In the
valleys of the Bogdanka River and the Junikowski Stream these values attain >500 mm. The increase in
the degree of humidification of soils in river valley zones is conducive to evapotranspiration, whereas
the excessively dried organic soils may locally form zones conducive to infiltration [2,3,38,39]. Annual
evapotranspiration is accounted for in more than 55% by transpiration dominant in zones overgrown
with vegetation, whereas lesser importance is attached to evaporation from bare soil, and interception
and evaporation from surfaces with weak permeability, which is emphasised among others in research
conducted by [1,14].

4.5. Changes of Water Balance Components Due to Land Use Changes

The increase of urbanization (by 11.3% for the Junikowski Stream and 7.5% for the Bogdanka
catchment) contributes to the annual effective infiltration decrease by ca. 1% (a few mm) compared to
the reference data (1961–2000) at the expense of a slight increase in the share of surface runoff in the
total water balance (also about 1%) (Table 2). Similar changes in the share of individual components are
recorded in the water balance calculated for the winter and summer half-year periods. In the summer
half-year period, in the absence or reduction of groundwater infiltration process, the relationship
between runoff and evapotranspiration changes.

In the simulation taking into account land use changes, differences in the spatial distribution of
water balance components are observed (Figure 9). The biggest changes in the spatial distribution of
surface runoff in the Bogdanka catchment concern its upper and middle parts. Areas with a decrease
of about 20–30 mm/HRU and areas with an increase in the discussed component in the range of
50–75 mm/HRU are shown. This is the effect of transformation of arable areas into urbanized areas
(first variant) and arable areas into grassland (second variant). Changes of the land use structure in
the Junikowski Stream catchment (Figure 9A) will contribute to the increase in the surface runoff
volume up to 50–75 mm/HRU. This is the effect of the development of land at the expense of reduced
of agricultural activity and urban greenery. In the catchment of Bogdanka, the largest changes of
infiltration will concern the upper and middle part of the catchment. The most commonly observed
changes take place in areas with infiltration decrease up to 10 mm/HRU and areas with an increase
in the range of 100–150 mm/HRU. In the first case, this is the effect of transformation of arable land
into urbanized areas, and in the second one, -the effect of afforestation of the area at the expense of
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grassland (Figure 6). A small area is occupied by land with an increase in this component of up to
50 mm/HRU. In the Junikowski Stream catchment, changes in the land use are predicted mainly along
its western border and may contribute to the reduction of effective infiltration by about 10 mm/HRU.
The decrease in the discussed component (about 20–30 mm/HRU) was also visible in the northern
part, in the area of the developing Smochowice and Krzyżowniki housing estates. In the central part of
the catchment, in the area of post-mining tanks, the planned afforestation will increase the infiltration
by about 50 mm/HRU (Figure 9B).
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The disturbance of the relationship between groundwater infiltration and surface runoff is also
reflected in spatial changes of evapotranspiration. In both catchments, evapotranspiration is expected
to be reduced (by about 15–30 mm) (Figure 9C), due to conversion of arable land into forests, so-called
afforestation or greenery management planned for the Bogdanka catchment (Figure 6). This will result
in increased transpiration (increase by about 20–30%), whose share in the structure of total evaporation
in forest complexes may constitute up to 55%. In the Junikowski Stream basin, evapotranspiration
changes will also take place in the zone of direct impact of post-excavation water reservoirs, located
in its southern part. It can be assumed that the creation of reservoirs at the turn of the 19th and 20th
centuries contributed locally to the growth of evapotranspiration in this part of the catchment.

With the assumed variants of land use change in the study area, the relationship between the
share of the hydrologically (biologically) active area and built-up areas will change. A higher rate of
landscape changes will indicate continuous anthropogenic pressure on the hydrological conditions and
disturbance of the relations between quasi-natural and strongly urbanized elements of urban space.

4.6. Evaluation of the Quality of the WetSpass Model

The image of the shallow groundwater depth (WetSpass model) was referred to the map of the
Wielkopolska Lowland infiltration types and the water-table fluctuation method [40]. The effective
infiltration coefficient which was determined in the model as the average value is reduced by about
30% (Bogdanka catchment) and 45% (the Junikowski Stream catchment), respectively, due to the
possibility of infiltration decrease. The range of variability of extreme infiltration values is also
changed. In built-up areas with diversified degrees of soil permeability, the precipitation infiltration
coefficient obtains very low values, typical of clays areas, or no infiltration takes place. These areas
showed high predisposition to generate surface runoff which is confirmed by results of another
research [21,41]. The zones of high land sealing and diversified permeability in the Bogdanka and
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Junikowski Stream catchment are in agreement with the information obtained from the voluntary
observations of the Poznań Flash Flood Project of the city of Poznań’s residents (Figure 5).

The results of the WetSpass model were also compared with the effect of hydrogeological
modelling (groundwater filtration model) using the Processing MODFLOW for Windows PMWIN
ver. 5.x ([42] www.pmwin.net) which was developed for the Poznan Plain [14]. In the groundwater
filtration model, water circulation conditions are determined by the hydrodynamic state of the system
as well as the zones of recharge and drainage. The effective infiltration module figure (WetSpass)
were compared with the value of the underground drain to watercourses (drainage) obtained in the
Processing MODFLOW (Table 4) which provides data on infiltration of effective precipitation and
filtration parameters (ordinate of groundwater table, conductivity of the aquifer). In the assessment of
the underground inflow into local water circulation systems, it was assumed that it originated in a large
part from the infiltration inflows supply of shallow aquifers. In the investigated cases, groundwater
drainage consists of water from effective infiltration (approximately 66%) and the underground inflow
comes from outside of the catchment. The PMWIN models developed for the catchment were found to
be reasonable, obtaining the compatibility reconstruction of the shallow groundwater table with an
accuracy of 0.5 m [14].

Table 4. Results of the groundwater balance modelling in catchment (Processing Modflow PMWIN
model), (mm).

Catchment
Effective

Infiltration IE
By WetSpass

Underground
Inflow Drainage Underground

Outflow
Inflow Vector

Σz
Outflow Vector

Σo Difference

Bogdanka River 58.8 32.8 89.2 2.8 91.6 92.0 −0.37

Junikowski Stream 59.1 31.8 85.8 5.5 90.9 91.3 −0.38

4.7. Implications

The spatially distributed water balance model obtained through simulations performed using
the WetSpass model is typical of catchment areas representing anthropogenic conditions of water
circulation [14,34,36]. It was shown that the land usage is dominant factor which impacts all of the
components of the water balance in the city, which is confirmed by prognostic studies. This factor is to
the greatest degree dependent on human activity and may be freely regulated and adjusted [43].
This fact is confirmed by the results of other analyses conducted in the Poznań Upland region
by [14,21]. Assuming that the development of the currently discussed zones is determined by an
anthropogenic factor, an analysis of changes in the frequency of their occurrence will be of great
significance for prognostic research into changes in the water balance in municipal catchment areas.
Detached buildings, which occupy some 45.5% of the surface, are usually located on the peripheries of
Poznań, where there is a large concentration of agricultural lands and areas earmarked for industrial
development. Spatial analyses of the components of the water balance of the urbanised catchment
areas of the city of Poznań have demonstrated—and this is particularly true of its centre—the low
share of zones with a predominance of the precipitation retention and infiltration process, which serve
to shape the magnitude of soil outflow and its relations with surface runoff [1,21].

The increasing degree of urbanisation of the municipal space of Poznań is bringing about the
destruction of natural water flow directions and making it singularly difficult for the city itself
(and its transport system in particular) to function. Especially visible changes—connected with the
uncontrolled displacement of the natural function by the residential function—are taking place in the
vicinity of river valleys, among others those of the Bogdanka River and the Junikowski Stream, as a
result of the city’s intense growth and the dynamism of urban development processes.

www.pmwin.net
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5. Summary and Conclusions

The distribution of components of the water balance and zones with a dominant hydrological
process obtained for the catchment areas of the Bogdanka River and the Junikowski Stream closely
reflects the state of the city’s spatial management. Two factors were recognised as being of fundamental
importance for determining the course of hydrological processes in municipal catchment areas: the
structure of land cover and the diversity of soil permeability, with particular consideration being given
to the degree of soil sealing. The method of usage and management of municipal systems considerably
disturbs the relations between surface runoff and the infiltrative supply of groundwater.

Considerable density of sealed surfaces is typical of the built-up areas in the city centre, which
are predisposed to the generation of surface runoff. As regards areas with detached buildings, with a
large concentration of agricultural lands and areas earmarked for industrial development, the value
of the runoff coefficient also depends on how the land is covered with vegetation and its declivity.
The peripheral areas of the abovementioned catchment, more strongly forested, are predisposed
to retaining approximately 80% of precipitation and thereafter generating the infiltrative supply of
groundwater, which is greater in these areas than in the case of any other type of land usage. Assuming
that the development of the currently discussed zones is determined by an anthropogenic factor, an
analysis of changes in the frequency of their occurrence will be of great significance for prognostic
research into changes in the water balance in municipal catchment areas. Consequently, it may result in
the development of new and rare combinations of HRU codes and physiographic features of catchment
areas, due to the direction of local anthropogenic influences.

Controlling land usage in municipal space may impact the accretion of urbanised areas or lead to
an increase in biologically active surfaces [44,45]. It is important to preserve the hydrological stability
of the area, and to compensate the loss of natural areas—as is the case of Bogdanka catchment.
The increasing degree of urbanisation of the municipal space of Poznań is bringing about the
destruction of natural water flow directions and making it singularly difficult for the city itself
(and its transport system in particular) to function. Especially visible changes—connected with the
uncontrolled replacement of the natural function by the residential function—are taking place in the
vicinity of river valleys, among others those of the Junikowski Stream, as a result of the city’s intense
growth and the dynamism of urban development processes. As was shown in the analysis, rational
and sustainable development changes are of key importance for the preservation of hydrological
homeostasis, therefore it is necessary to adapt the city to the ongoing climate changes.

The identification of the structure of the active surface of two urbanised catchment areas—of the
Bogdanka River and the Junikowski Stream—has made it possible to distinguish local factors affecting
the circulation of water, which may be useful in planning the spatial development of municipal areas
and protecting the natural qualities of the city of Poznań.

The thematic databases developed for the catchment allow for significant improvement of water
management and provide the basis for assessing the degree of integration of the water management
system in the city. The strategy of integrated water management allows creating and maintaining
proper relations among the objectives of water management, water resources and changing external
conditions (environmental and climatic conditions). These possibilities are created by the proposed
model which defines the spectrum of physiographic factors of urban catchments which shape the water
balance. The results may be used in planning scenarios of changes in the urban hydrological system
which will define their efficiency and resilience as well as the demographic and climatic changes. With
the spatial data on water balance and the relationship between its components and environmental
factors available, city decision-makers will have a real opportunity to improve urban planning owing
to understanding the interactions of water with other sectors and increasing the resilience of the city
system to climate change.
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