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Abstract

This study investigates the impacts of Land Use/Land Cover (LULC) changes and climate change on surface runoff in
Gdansk, Poland, which is crucial for local LULC planning and urban flood risk management. The analysis employs two
primary methodologies: remote sensing and hydrological modeling. Remote sensing was conducted using Google Earth
Engine and Land Change Modeler in IDRISI Terrset software to analyze historical (1985-2022) and future (2050-2100)
LULC. Hydrological modeling was performed using the Natural Resources Conservation Service curve number method to
assess the overall impact of LULC changes on Gdansk’s hydrology at the local scale. The Orunia basin, a critical area due
to intensive LULC development, was selected for detailed hydrological analysis using the Hydrologic Modeling System
(HEC-HMS). The analysis encompassed three scenarios: LULC changes, climate change, and combined LULC and cli-
mate change effects. The LULC analysis revealed a marked increase in urban area, a shift in forest and vegetation cover,
and a reduction in agricultural land. HEC-HMS simulations showed an increase in the runoff coefficient across selected
decades, which was attributed to the combined effect of LULC and climate change. The projected increases under the
Representative Concentration Pathway (RCP) 4.5 and RCP 8.5 scenarios for 2050 and 2100 are projected to surpass those
observed during the baseline period. The findings highlight that the synergistic effects of LULC and climate change have
a more significant impact on Gdansk’s hydrology at both local and basin scales than their separate effects. These insights
into LULC shifts and urban hydrological responses hold implications for sustainable urban planning and effective flood
risk management in Gdansk and similar urban settings.

Keywords Remote sensing - LULC - Random forest - Climate change - Surface runoff - Gdansk

1 Introduction

Urbanization and deforestation impact catchment hydrol-
ogy by reducing storage capacity through vegetation
removal and expansion of impervious surfaces. This leads
to altered hydrologic parameters and increasing surface
runoff, a globally-observed phenomenon (Rogger et al.
2017; Szydtowski 2006). Contrary to global trends, Euro-
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Political shifts in 1989 and Poland’s EU accession in 2004
led to significant transformations of agricultural land into
forests and urban areas across Central and Eastern Europe.
Supported by EU policies like the Common Agricultural
Policy (CAP) and the Cohesion Policy, these changes pro-
foundly impacted land use and hydrology (Cegielska et al.
2017; Tretiak et al. 2021; Estonian Ministry of the Envi-
ronment 2021; Wnek et al. 2021; ProkeSova et al. 2022;
Wojkowski et al. 2023), highlighting the need for mapping
and quantification to enhance flood risk management.

Land use land cover (LULC) classification is a prelimi-
nary step essential for informed decision-making. Advances
in remote sensing and modeling techniques (Huang et al.
2017), facilitated by cloud-based platforms like Google
Earth Engine (GEE), have revolutionized LULC analy-
sis by overcoming data accessibility challenges, enabling
large-scale geospatial analysis, and a user-friendly interface
(Noel et al. 2017; Saha et al. 2024).

Spatiotemporal modeling and simulation techniques
have rapidly evolved to study LULC dynamics and fore-
cast the changes (Verburg et al. 2004). Simulation models
for LULC transition and prediction offer effective and rep-
licable methods to assess past, present, and future scenarios
under different conditions (Liu et al. 2017; Han et al. 2015)
with cellular automata being commonly employed for their
versatility in simulating LULC changes (Batty et al. 1997).
Forecasted LULC changes often have complex and contra-
dictory effects on the formation of runoff, hence requiring
detailed computations.

Various methods, from simpler rational methods to more
complex models like the Soil and Water Assessment Tool
(SWAT) (Briak et al. 2016), have been used to analyze
hydrological responses of LULC at the watershed scale
(Mustafa and Szydtowski 2020). Despite data collection and
modeling advances, challenges still need to be addressed,
particularly in urban basins with limited measurements
(Olechnowicz and Weinerowska-Bords 2014). The lack of
data makes it difficult to employ complex models requiring
calibration from extensive observations in ungauged basins.
Given these challenges, the Natural Resources Conservation
Service (NRCS) curve number (CN) method (USDA 1985)
and Hydrologic Modeling System (HEC-HMS) (Peters
1998) presents a viable approach, having been successfully
applied in several studies (Kabeja et al. 2020; Prokesova
et al. 2022; Soulis 2021; Cieslinski et al. 2024) to demon-
strate climate change and LULC impact on ungauged basins
hydrology.

Previous studies in East Central Europe have projected
LULC changes and analyzed their impacts on hydrol-
ogy across various regions, including the Upper Vistula
basin across Poland, Slovakia, and Ukraine (Wojkowski
et al. 2023). Past and future LULC was also simulated in
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Romania (Kucsicsa et al. 2019; Mihai et al. 2006). LULC
classifications have been mapped in multiple cities across
Poland, Czechia, and Slovakia (Wngk et al. 2021), and
the effects of spatiotemporal LULC changes on surface
runoff have been assessed in Slovakian catchments using
the NRCS-curve number method (ProkeSova et al. 2022).
Although these regional studies provided valuable insights,
this research explicitly addresses the Gdansk area, offering
localized insights that are highly relevant for urban planners
and policymakers and connecting them to broader regional
and European trends.

Locally and nationally, significant advancements have
been made in LULC analysis, such as mapping LULC
changes (Bielecka et al. 2020; Kwoczynska 2021, 2022),
LULC prediction (Dawid and Bielecka 2022; Dzieszko
2014) and LULC impact on surface runoff i.e., Gdansk rain-
fall analysis (Szpakowski and Szydtowski 2018), and Oru-
nia and Maltomiejska basin runoff analysis (Kolerski and
Kalinowska 2019; Olechnowicz and Weinerowska-Bords
2014). While previous studies have often focused on either
historical or future LULC changes, this study uniquely
integrates both perspectives. Furthermore, limited empha-
sis is given to future projections at sub-basin or basin-level
studies. Analyzing historical LULC changes and project-
ing future scenarios leads to understanding the temporal
dynamics of land use in Gdansk.

Gdansk faces three flood hazards: surface runoff from
post-glacial Moraine hills, river outflow during intense
precipitation, and rising sea levels in the Gulf of Gdansk,
necessitating comprehensive research (Cieslinski et al.
2024; Szpakowski and Szydtowski 2018; Walczykiewicz
and Skonieczna 2020). Additionally, LULC in the Polish
Baltic coastal region is sensitive to changing climatic condi-
tions (Zaucha 2011). Despite this sensitivity, assessment of
LULC changes related to climate change is lacking. This
study addresses this critical gap by employing innovative
methods to reconstruct historical land use scenarios and
evaluate their hydrological impacts. By investigating his-
torical and projected LULC changes, this study evaluates
the individual and combined effects of these changes on sur-
face runoff in Gdansk. Moreover, integrating local, regional,
and European trends contributes to understanding Gdansk’s
hydrology and rainfall-runoff challenges and offers valu-
able insights for sustainable urban stormwater management
practices.

Within this context, this study proposes a new approach
aiming to achieve the following objectives:

e C(lassifying LULC in Gdansk using the GEE platform.
e Analyzing and predicting LULC using LCM model.
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e Employing the NRCS-curve number method to assess
the impact of LULC changes on runoff in Gdansk at the
local scale.

e Qualitative evaluation of the contributions of climate
change and LULC to runoff in the Orunia basin of
Gdansk, Poland, using the fixing-changing method for
different scenarios.

2 Study area

Located on the southern coast of the Baltic Sea, Gdansk is
the largest city in northern Poland. It comprises the Vistula
Delta Plain, Vistula Spit, and the eastern Kashubian Coast.
Covering 262 2 (Fig. 1), Gdansk is a part of the tri-
city metropolitan area along with Sopot and Gdynia. The
western side features post-glacial hills from the Kashubian
Lakeland, reaching elevations up to 200 m above sea level
(asl) and transitioning to mainly residential areas in the
south. The northern and central regions constitute moraine
hills with forests forming a tri-city landscape park (Szpak-
owski and Szydtowski 2018). The eastern part of Gdansk
includes lowland areas, often below sea level, called Zulawy
Gdanskie. These low-lying areas of Gdansk face coastal
flood risks (Szpakowski and Szydtowski 2018).

Gdansk’s mean annual precipitation was recorded at
659 mm (Jakusik and Chodubska 2020). Gdansk’s location
at the mouth of the Vistula River and proximity to the Gulf
of Gdansk make it historically and economically signifi-
cant. However, this coastal positioning also renders Gdansk
highly vulnerable to the impacts of climate change, includ-
ing sea-level rise and extreme weather events (Staudt et al.
2006; Szydtowski et al. 2023).

The city experiences land subsidence at an average
rate of 1-2 mm per year, exacerbating its susceptibility
to flooding (Staudt et al. 2006). Storm surges, driven by
strong northern winds, can raise sea levels by over 1.5 ms,
with projections indicating potential surges reaching up to
2.5 ms. The frequency of dangerous storms in the Gulf of
Gdansk has nearly quadrupled in recent decades (Jakusik
and Chodubska 2020). These factors underscore the urgent
need for Gdansk to enhance its flood risk management and
climate adaptation strategies.

The catchment area of Orunski/Orunia Stream (Fig. 1),
known as Potok Orunski, has been chosen for local run-
off analysis due to the significant LULC changes over the
past 37 years. With an area of 16.55 km?, the Orunia basin
is located in the rapidly developing Potudnie district of
Gdansk, offering the potential for new construction proj-
ects. The Orunia Stream, the largest tributary of Radunia
Canal and its tributaries, is crucial for draining water from
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Fig. 1 The geographical location of the study area: Location map of Gdansk in Poland (bottom right), Gdansk (top left) with Orunia basin in the

southwest
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the plateau in the west to the east (Kolerski and Kalinowska
2019; Lukasz Pietruszynski and Cieslinski 2019).

3 Materials and methods

The methodological workflow implemented is depicted in
Fig. 2. The process can be outlined as follows:

e Remote sensing data was collected using various
sources.

e [ULC maps for selected years were classified using the
GEE platform (Noel et al. 2017).

e The LCM model (Eastman 2012) was utilized to predict
future LULC changes for 2050 and 2100.

e InArcMap 10.7, a CN grid was generated for each year
using the HEC-GeoHMS tool, with soil and LULC maps
as input data (Fig. 2).

o The NRCS-CN method (USDA 1985) was employed to
evaluate the influence of LULC changes on the hydrol-
ogy of the entire Gdansk region.

e At the basin level, the HEC-HMS (Peters 1998) model
was used to simulate the Orunia basin’s historical and
future hydrological response.

3.1 Data collection

The data source and details of the data used in LULC
training, validation, and hydrological model are shown in
Table 1. The data sources used in this study were selected
based on their open access and the availability of the latest,

high-quality datasets, ensuring comprehensive LULC anal-
ysis and hydrological modeling.

3.2 LULC classification

This study utilized a combination of imagery observation,
auxiliary data, and existing LULC products (Table 1), namely
Copernicus Global Land Cover Layers (100 m), Globeland30
(30 m), and ESA WorldCover (10 m), to collect training and
validation samples. Since these LULC products represented
different resolutions and LULC types, it was necessary to
resample and reclassify them to a standardized LULC clas-
sification scheme using GEE. To ensure consistency in the
training and validation samples, random points were gen-
erated for each LULC class (Pal and Saha 2018) and then
overlaid with the reclassified LULC products to ensure points
were representative across the multi-source LULC products.
In this research, the Random Forest (RF) classification (Brei-
man 2001) was implemented within the GEE platform.

3.2.1 LULC validation

Hyper-parameter tuning was conducted to optimize the
RF classifier by experimenting with different numbers of
trees and minimum leaf sizes to identify the optimal set-
tings based on overall classification accuracy. The tuning
process revealed that 100 trees and a minimum leaf size of
10 provided the best results. To further ensure robustness
and avoid over-fitting, a k-fold cross-validation approach
was employed. This method involves partitioning the data
into multiple subsets, training the model on each subset,
and validating it on the remaining data, thereby offering
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Table 1 Data sources and their

applications

a comprehensive evaluation of the model’s performance.

4829
Data Resolution Source Period Reason for
choosing data
Digital I m Geoportal of Poland https://www.geoportal.gov.pl/ — Open access
elevation and high
model resolution
(DEM) for accurate
and topo- hydrological
graphic analysis
data
Meteo- - Polish National Meteorological Service IMGW- 1974 to Comprehen-
rological PIB) Rebichowo and Klukowo station (Gdansk- 2016 and  sive histori-
data Water 2022) 2018 to cal coverage
2021 and publicly
available
Soilmap 30m Food and Agriculture Organization (FAO) (FAO  — Openly acces-
2009) sible with stan-
dardized global
classification
Sentinel-2 20 m https://search.earthdata.nasa.gov/search 2022, Open access
multi- 2015 for detailed
spectral LULC analysis
imagery
Landsat-7 30 m https://search.earthdata.nasa.gov/search 2005 Open access
enhanced with historical
thematic data continuity
map-
per Plus
(ETM+)
Land- 30 m https://search.earthdata.nasa.gov/search/ 1995,1985 Open access
sat 4-5 with historical
thematic data continuity
mapper
(TM)
Population Per Cen-  Copernicus Land Monitoring Service, Urban Atlas 2018 High spatial
density sus tract ~ LULC 2018 (Service 2018) resolution and
data free access for
urban analysis
Road - OpenStreetMap (OpenStreetMap 2017) - Freely avail-
network able with
and river high accuracy
network and frequent
updates
Coperni- 100 m Copernicus Global Land Cover Layers (Marcel et  Annual, Open access
cus global al. 2020) 2019: and latest
land cover Globe, available
layers Version
V3.0.1
Globe- 30 m Globeland30 (Chen et al. 2014) - Open access
land30 and latest
available
ESA 10 m ESA WorldCover (Daniele et al. 2022) 2021 v200 Open access
World- and latest
Cover available

Quantitative measures, such as overall accuracy (OA) and

the kappa coefficient (Saha and Pal 2019), were employed
to evaluate the accuracy of LULC classification using vali-
dation data.

3.3 Projections of future LULC Change by LCM

For future LULC prediction, the LCM within TerrSet soft-
ware system (Eastman 2012) was utilized. LULC scenario

modeling facilitates addressing uncertainty in LULC pre-
dictions by enabling the examination of various potential
scenarios. Three scenarios were developed, considering

@ Springer


https://www.geoportal.gov.pl/
https://search.earthdata.nasa.gov/search
https://search.earthdata.nasa.gov/search
https://search.earthdata.nasa.gov/search/
http://mostwiedzy.pl

A\ MOST

4830 Stochastic Environmental Research and Risk Assessment (2024) 38:4825-4842

historical rainfall data from the 20th century, rainfall data
up to 2005, and data from 2000 to 2022, along with future
rainfall projections. The three different scenarios are: (1)
1985-2005, (2) 2005-2022, and (3) 1985-2022.

e 1985-2005: This period captures the post-communist
transition in Poland, marked by significant socio-eco-
nomic changes that influenced land use.

e 2005-2022: This scenario focuses on the years follow-
ing Poland’s accession to the European Union in 2004,
a time of accelerated urban development and EU-driven
environmental policies.

e 1985-2022: Combining the entire period, this scenario
provides a comprehensive overview of the long-term
trends in LULC change, capturing the cumulative ef-
fects of socio-economic shifts and evolving climate con-
ditions over nearly four decades.Each scenario’s LULC
maps were imported into LCM for analysis, allowing
the evaluation of gains, losses, and net changes in land
cover.

The selection of driving forces for LULC changes does not
have a recommended approach (Mozumder and Tripathi
2014). In this study, the selected static variables included
DEM, slope, aspect, and distance from water bodies, while
the dynamic variable considered was a distance from the
road network. Additionally, population density, a socio-
economic factor, was included as a dynamic variable. To
map the spatial trend of change, an 8th-order polynomial
was employed.

A transition sub-model can represent single or multiple
transitions driven by the same variables (Abuelaish and
Olmedo 2016). Before prediction, the transition maps were
derived using an MLP neural network. These maps and static
and dynamic variables were used to predict LULC changes
for 2050 and 2100 using the Cellular Automata (CA) Mar-
kov chain. In this study, a land cover prediction for the year
2022 (for which we had actual land cover information) was
generated using the VALIDATE module of IDRISI Terrset,
and its accuracy was evaluated by comparing it to a refer-
ence LULC map of the same year.

3.4 Local scale hydrological modeling in Gdansk
using NRCS-CN

The NRCS-CN (USDA 1985) method is an effective
approach to calculating rainfall-runoff transformation. This
study utilized synthetic heavy rainfall with p = 1% (return
period 100 years) and T = 24 h daily maximum rainfall
data from 1974 to 2000 (Table 1). In ArcMap, a CN grid
was prepared using the LULC and Hydrologic Soil Group
(HSG) map of the Gdansk. CN values, which range between
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100 (water bodies) to 30 (permeable soils), were applied to
estimate direct runoff depth using the NRCS-CN formula
(Eq. 1) in ArcMap (Hameed 2017).

(P —0.25)?
_ 1
= p.oss M)
254
S = é ]80 — 254 )

where P is the total rainfall (mm), S is the potential maxi-
mum retention (mm), CN is the curve number, while Q is
the direct runoff (mm).

3.5 Hydrological modeling for Orunia basin using
HEC-HMS

The HEC-HMS model is widely used for simulating rainfall-
runoff processes at different temporal scales (Peters 1998).
Using DEM, the HEC-GeoHMS (Feldman 2000) exten-
sion in ArcMap was used to define the basin’s topographic
and hydraulic characteristics. The basin was divided into
20 sub-basins for computational efficiency and accuracy.
Key attributes such as basin slope, length, and slope of riv-
ers of each sub-basin were identified using DEM. Figure 3
illustrates the topography and schematic of the hydrological
model for the Orunia basin.

HEC-HMS computed the hydrological losses from total
rainfall across the basin using the NRCS-CN (USDA 1985)
loss method. The NRCS unit hydrograph transform model
was applied to convert rainfall into runoff. The Muskingum
method was utilized to route water through rivers and chan-
nels towards the basin outlet, enabling runoff calculations
for each sub-basin.

3.5.1 Model validation

For the hydrological modeling of the Orunski Stream catch-
ment, direct validation against actual stream-flow data
was not possible due to the unavailability of observational
data for this catchment. Therefore, to ensure the reliabil-
ity of hydrological estimates, the Orunski Stream catch-
ment model was aligned with the calculation parameters
of the previously verified hydrological model of a neigh-
boring Gdansk catchment, the Strzyza Stream (Cieslinski
et al. 2024; Mikos-Studnicka and Szydlowski 2022, based
on their hydrological similarity. This approach allowed to
qualitatively validate the model by ensuring that the hydro-
logical behavior of the Orunski Stream was consistent with
that of a similar, well-studied catchment. However, we
acknowledge that the absence of direct observational data
introduces a degree of uncertainty, which is why this study
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Fig. 3 Illustration of hydrologic elements in the HEC-HMS model, delineating the Orunia basin

Table 2 Data sets for the HEC-HMS simulation used to analyze the combined and separate effect of LULC and climate changes on surface runoff
in the Orunia basin

Model runno.  Combined effect LULC change effect Climate change effect Remark
Climate data set LULC map Climate dataset LULCmap Climate dataset LULC map
1 1974 to 2000 1985 1974 to 2000 1985 1974 to 2000 1985 Baseline period
2 1974 to 2000 1995 1974 to 2000 1995 1974 to 2000 1985 Baseline period
3 2000s 2005 1974 to 2000 2005 2000s 1985 Moderate development
4 2010s 2015 1974 to 2000 2015 2010s 1985 Human activities
5 2020s 2022 1974 to 2000 2022 2020s 1985 Human activities
6 2050s 2050 1974 to 2000 2050 2050s 1985 Climate change
7 2100s 2100 1974 to 2000 2100 2100s 1985 Climate change

primarily aims to identify hydrological trend changes rather
than establish a fully operational model for flood prediction.

3.5.2 HEC-HMS simulation

e First method involved a division of the analysis period
from 1974 to 2100 into four periods: 1974-2000 (base-
line), 2000-2005 (moderate development), 2005-2022
(human activities), and 2022-2100 (climate change).
LULC maps of 1985, 1995, 2005, 2015, 2022, 2050,
and 2100 depict evolving LULC over these decades
(Table 2). The HEC-HMS simulations were conducted
using the corresponding land use map and weather data,
with constant DEM and soil data.

e “Fix-changing” method (Mekonnen et al. 2018) was
used to assess the impacts of LULC alone on the sur-
face runoff. This employed precipitation data from the
baseline (1974-2000) and LULC maps from 1985 to
2100, with constant DEM and soil data. The HEC-HMS
was run seven times for the baseline period, with each

run using a different LULC map from 1985 to 2100
while maintaining the constant weather dataset from
1974-2000.

e The Third approach is similar to the second one, but it
assesses the impact of climate change. It consistently
used the 1985 LULC map while altering the climate data
for decades up to 2100.

This study used synthetic precipitation events (T = 24 h,
p = 1%) as climate data for each approach adopted per the
results of previously developed probability distributions
(Szpakowski and Szydtowski 2018). The baseline period
had a rainfall of 93.38 mm, while the period from 2000 to
2005 had a rainfall of 120 mm. For the subsequent periods,
a rainfall of 116mm was used from 2005 to 2015, and 140
mm for 2015 to 2022, considering the corresponding land
use conditions of 1985, 1995, 2005, 2015, and 2022.
Additionally, hydrological modeling was conducted for
the worst-case scenario for the predicted LULC, i.e., pes-
simistic: future changes in LULC (2050, 2100) based on the
intensification of development observed from 1985-2022.

@ Springer


http://mostwiedzy.pl

A\ MOST

4832 Stochastic Environmental Research and Risk Assessment (2024) 38:4825-4842

Table 3 CORDEX Europe—Maximum 1-day precipitation (RX1day)
Change %—Medium Term (2041-2060) and Long Term (2081-2100)
RCP4.5, RCP8.5 (rel. to 1981-2010)—Annual (21 models), Annual
(48 models) Regions: Western and Central Europe (Iturbide et al.

2021)

Period Scenario Median (%)
Medium Term (2041-2060) RCP4.5 7.7
Medium Term (2041-2060) RCP8.5 10.4

Long Term (2081-2100) RCP4.5 11.8

Long Term (2081-2100) RCP8.5 22.1

Table 4 Accuracy assessment of LULC classification

Accuracy measures 1985 1995 2005 2015 2022
Kappa 0.938  0.963 0.90 0.92 0.921

Overall Accuracy (%) 9491 9698 9242 9338 93.64

The HEC-HMS was used for future simulations, and the
projected maximum daily rainfall data was obtained from
bias-corrected Coordinated Downscaling Experiment-Euro-
pean Domain (EURO-CORDEX) (Iturbide et al. 2021) for
the medium term (2041-2060) and long term (2081-2100),
as presented in Table 3.

4 Results
4.1 LULC maps and accuracy assessment

Table 4 presents the results of an accuracy assessment con-
ducted using a confusion matrix, which compares the pixel
count across various LULC classes in the classified maps
of 1985, 1995, 2005, 2015, and 2022. All five classified
maps exhibit accuracy levels higher than 90%. The overall
accuracy for these classified images o, as indicated by the
Kappa coefficients, was 94.91% for 1985, 96.98% for 1995,
92.42% for 2005, 93.38% for 2015, and 93.64% for 2022.

Figure 4 illustrates the classified LULC maps for Gdansk
across 1985, 1995, 2005, 2015, and 2022 years with six
major LULC categories. Table 4 presents a quantitative
evaluation of the LULC classes, showing changes in an area
measured in k2 and the corresponding percentages (%)
between 1985 and 2022.

From 1985 to 2022, significant declines were observed in
the agricultural land and fallow land categories in Gdansk.
In 1985, the agricultural land covered an area of 51.93 2
, accounting for 19.45% of the total area of Gdansk. Simi-
larly, the fallow land covered an area of 57.65 k2. These
two categories comprised the largest land cover extent of
109.58 km?. The forest and vegetation category covers an
area of 79.66 2, making it the second most prominent
LULC category in Gdansk. The built-up, bare land, and
water bodies in the same year covered 58.64 2, 9.86 km?
, and 9.24 |12, respectively.
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By 2022, Gdansk observed a noticeable reduction in agri-
cultural and fallow land to 69.67 k2, whereas forest and
vegetation expanded to 97.37 km?. The built-up area also
increased, reaching 88.89 k2. This comparison between
1985 and 2022 reveals that the built-up area, forest, and
vegetation cover have surpassed the extent of agricultural
and fallow land in Gdansk. Additionally, the bare land and
water bodies occupied a smaller area in 2022, with 5.11 k2
and 7.81 k2, respectively (Table 5).

4.2 LULC change analysis and prediction

A change analysis of LULC classes was conducted during
different time intervals: (i) 1985-2005, (ii) 2005-2022, and
(ii1) 19852022 (Fig. 5). Each time interval exhibited a dif-
ferent quantity of change.

The lowest change quantity was observed during the
first interval (1985-2005). The built-up area experienced a
net gain of 3.61 km? (1.35% of the total area of Gdansk),
with an increase of 32.50 k2 and losses of — 28.89 k2
. Conversely, the arable land (agriculture and fallow land)
showed a net loss of — 15 km? (— 5.61% of total area),
and forest and vegetation demonstrated a net gain of 13.10
km? (4.90%). At the same time, other classes exhibited a
decrease (Fig. 5).

In the second interval (2005-2022), the built-up area
increased by 25.66 km2(9.6% of the total area), while ara-
ble land underwent a net loss of — 23.71 k2 (— 8.8% of
the total area). Forest and vegetation exhibited a net gain
of 3.65 km? (1.36% of the total area), while other classes
experienced overall reductions.

Over the 37 years from 1985 to 2022, the net change in
built-up area was 29.28 km? (11.00% of the total Gdansk
area), while agricultural land, fallow land, forest and veg-
etation, water bodies, and bare land showed varying gains
and losses. Notably, the growth rate of forest and vegeta-
tion was relatively high at 0.66 k2 per year in the first
interval (1985-2005), decreasing to 0.21 ky? per year in
the second interval (2005-2022). In contrast, the built-up
area exhibited an increased rate of 1.51 k2 per year during
2005-2022 compared to a lower rate of 0.18 2 per year
in the first time interval, while arable land (agriculture and
fallow land) lost 0.31 kmy? per year.

This analysis highlights that the most pronounced
changes occurred during the second interval from 2005 to
2022, indicating accelerating urbanization.

4.2.1 Spatial trend of LULC change
In this research, the spatial trend of change in the built-up is

significant due to its considerable influence on surface run-
off, attributed to its impervious nature.
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Table 5 Area occupied by six LULC classes from 1985 to 2022

Classes 1985 1995 2005 2017 2022
km? % km? % km? % km? % km? %

Waterbodies 9.24 3.46 7.89 2.95 8.35 3.13 7.43 2.78 7.81 2.90
Builtup area 58.64 21.96 58.58 21.94 62.43 23.38 85.48 32.02 88.89 33.06
Agriculture 51.93 19.45 46.28 17.33 45.61 17.08 41.97 15.72 40.34 15.00
Bareland 9.86 3.69 8.14 3.05 9.53 3.57 8.52 3.19 5.11 1.90
Forest and 79.66 29.84 93.75 35.11 92.93 34.81 85.69 32.10 97.37 36.22
Vegetation

Fallow land 57.65 21.59 52.38 19.62 48.14 18.03 37.86 14.18 29.33 10.91

The analysis of transitions from other land use classes
to the built-up area, depicted in Fig. 6, employs an eight-
degree polynomial order. Initially, during 1985-2005,
urban growth concentrated in the southern and southwest-
ern Gdansk, areas rich in arable land and deemed suitable
for development. However, over time (2005-2022), the

expansion of the built-up area has shifted further southward.
Across the span of 37 years, south and southwest expansion
has been a key factor in focusing this study on the Orunia

basin.
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Fig.6 Spatial trend of change from other LULC classes to the built-up area in Gdansk across three periods: 1985-2005,2005-2022, and 1985-2022

4.2.2 LULC future prediction

Future LULC changes were projected using the transition
probability matrix obtained through the Markov chain anal-
ysis in LCM.

Figure 7 shows anticipated LULC for the years 2050 and
2100, generated using a hard prediction model. Figure 8
visually summarizes the distribution of six LULC classes
across three scenarios (1985-2005, 2005-2022, and 1985—
2022). The scenarios considered were as follows:
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e [Low demand scenario (1985-2005): This scenario proj-
ects the lowest demand for land and the lowest rate of
land use change. It predicts a built-up area of 94.33 |2
for 2050 and 97.19 kyy,2 for 2100.

e Intermediate demand scenario (2005-2022): This sce-
nario projects a higher rate of land use change than
the low demand scenario. It predicts a built-up area of
129.51 k2 for 2050 and 154.47 k2 for 2100.

e High demand scenario (1985-2022): This scenario con-
siders cumulative land use change dynamics from the
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Table 6 Summary validation statistics for the actual and projected
LULC 2022

Agreement/disagreement % Value
Agreement chance 14.29
Agreement quantity 25.68
Agreement gridcell 46.64
Disagreement gridcell 11.05
Disagreement quantity 2.35
Kno 84.38
Klocation 80.85
Kstandard 77.69

preceding periods. Therefore, it projects the highest rate
of land use change and the overall demand for land dur-
ing the entire period (1985-2022). It predicts a built-
up area of 114.47 km? for 2050 and 157.96 k2 for
2100.Table 6 provides insights about the level of simi-
larity and dissimilarity between actual and predicted
LULC 2022 using the VALIDATE module. It indicates
an overall high match, reflecting a reliable prediction,
while the total disagreement between the maps suggests
some discrepancies in the classification due to alloca-
tion errors. The kappa statistics indicate substantial pre-
dictive accuracy, with Kno, Klocation, and Kstandard
values showing the effectiveness of LULC prediction.

4.3 Influence of urbanization on surface runoff

This study evaluated LULC impacts on Gdansk’s hydrology
using the NRCS-CN method, with a detailed focus on the
Orunia basin’s urban development impacts on surface run-
off using the HEC-HMS model. Three scenarios were con-
sidered during the HEC-HMS simulation: (i) LULC change
effect, (ii) climate change effect, and iii) combined LULC
and climate change effect (Table 2).

4.3.1 LULC change influence on the surface runoff for the
entire Gdansk

Figure 9 illustrates the changes in the built-up area and its
impact on the surface runoff. From 1985 to 2022, the runoff
depth in Gdansk increased from 41 to 47.03 mm, consider-
ing the total daily rainfall of P = 93.38 mm. Furthermore,
the projected LULC for 2050 suggests that this runoff depth
could rise to 51.10 mm.

Concurrently, the built-up area in Gdansk expanded from
58.64 km? to 88.89 km?2, projected to be 114.47 km?2 by
2050. This expansion into impervious areas contributed to
most of the runoff, while urbanization resulted in a decline
in agriculture and fallow land. Nevertheless, an intriguing
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Fig. 10 Changes in runoff coefficient, runoff depth, peak discharge, and built-up area in Orunia basin under LULC change impact scenario

result was an increase in forest and vegetation cover, yet the
runoff from these areas decreased from 23 mm in 1985 to
22.32 mm in 2022 and will further decrease to 21.96 mm in
2050. In contrast, the runoff depth generated from the built-
up area is predicted to increase from 47.66 mm in 1985 to
72.96 mm in 2050.

4.3.2 LULC change effect on Orunia basin’s runoff

Under this scenario, parameters from the baseline period
(1974-2000), consistent DEM, soil, and rainfall data
(93.38 mm) were used, while LULC maps were altered
for different years. The comparison of the baseline period
(1974-2000) and the human activities period (2005-2022)
shows a notable increase of 24% in the runoff coefficient,
particularly from 1985 to 2022. This is attributed to a net
increase in built-up area of 6.75 k2 in 2022, compared to
its initial area of 1.25 2 in 1985 with no reservoir sup-
porting surface runoff storage (Fig. 10). Notably, a consider-
able 10% of the overall runoff occurred in the last 7 years
(2015-2022), driven by LULC transformations, surpassing
historical LULC changes. This necessitates effective flood
management strategies when the capacity of stormwater
drainage system conduits is too low.
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Future projections for 2050 and 2100 anticipate fur-
ther increases to 0.57 and 0.63, respectively, representing
33.80% and 48.55% increases from the baseline period.
These projections are driven by the projected expansion of
the built-up area, reaching 10.94 1,2 (2050) and 13.15 k2
(2100) under the worst-case scenario (Fig. 10). A similar
trend for runoff depth (mm) and peak discharge (m?/s) can
be seen in Fig. 10 for the Orunia basin.

4.3.3 Climate change effect on Orunia basin’s runoff

Climate change impacts on runoff were assessed using a
consistent 1985 LULC map and varied weather data sets
across several decades (Table 2). The analysis showed an
overall increasing trend in the runoff coefficient from 0.42
in 1985 and 1995, with 93.38 mm rainfall, to 0.55 in 2022,
with daily rainfall of 140 mm. From 1985 to 2022, the run-
off coefficient increased by 28.70% from the baseline period
value to the human activities period.

Projections for 2050 and 2100 under RCP 4.5 exhibited a
substantial increase of 33.58% and 36%, resulting in a run-
off coefficient value of 0.57 and 0.58. In the case of RCP
8.5, the runoff coefficient exhibited a notable increase of
38.57% in 2050, while 54.57% in 2100. The corresponding
rise in estimated synthetic rainfall drives these significant
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impact scenario for RCP 4.5 and RCP 8.5 (1985-2100)

increments. The relationship between runoff coefficient and
rainfall projections is visually illustrated in Fig. 11.

4.3.4 Combined effects of LULC change and climate change
on Orunia basin’s runoff

The combined impact of LULC changes alongside climate
alternations reveals a significant 49.41% increase in the run-
off coefficient from 1985 (0.42) to 2022 (0.63). Notably, the
rate of change varied across different decades, which is rep-
resented in Fig. 12.

Between 2005 and 2015, the built-up area of the Orunia
basin gained approximately 4.12 km?. Despite a — 3.3%
(116 mm) reduction in rainfall for 2015, the runoff coeffi-
cient experienced a modest 11.09% increase. It showed a
subsequent 6.88% increase from 2015 to 2022, coinciding
with noticeable rainfall intensity and frequency compared
to the 1990s, indicating the synergistic effects of LULC and
climate change.

Figure 13 depicts the exacerbated combined effects under
RCP 4.5 and 8.5. The results reveal a significant increase in
the runoff coefficient of 61.08% and 74.58% under RCP 4.5
for 2050 (0.68) and 2100 (0.74), respectively, relative to the
baseline period. Under the RCP 8.5 scenario, an even more

pronounced increase to 62.33% and 78.26% by 2050 (0.69)
and 2100 (0.76) is anticipated.

5 Discussion

This study analyzed the impacts of historical and projected
LULC changes and climate change on surface runoff in
Gdansk, Poland. Using historical LULC data through GEE
image classification with an accuracy exceeding 90%, the
analysis showed Gdansk experienced a significant decrease
in agricultural land, expansion of built-up areas, and fores-
tation from 1985 to 2022. This trend shows an increase in
urbanization and forests at the expanse of agricultural land,
reflecting local phenomena and broader regional land-use
shifts.

The findings of this study are consistent with local
trends observed in the Polish Baltic coastal zone, including
Gdansk, Sopot, and Gdynia, where there has been signifi-
cant urban expansion and a 17% decline in agriculture over
the past two decades (Kwoczynska 2021), along with an
increase in forest cover (Bielecka et al. 2020). These results
also align with broader trends across Poland. For example,
a study reported 24.78% increase in built-up areas, 24.12%
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Table 7 Factors influencing LULC changes in Gdansk

Factor Influence on Details

LULC
Polish forest policy Increase in for- Following World War I1
and EU membership est and vegeta- and membership to EU,

(Wngk et al. 2021) tion cover Poland’s forest policy
aimed to increase sus-
tainable forest manage-
ment and biodiversity

National Program Increase in for- KPZL goal of increasing

for Expending of est and vegeta- forest cover up to 30%
Forest Cover (KPZL)  tion cover by 2020 and further to
(Borowska-Stefanska 33% by 2050

et al. 2018)

EU CAP reform Decline in CAP reform encouraged

(Cegielska et al. 2017;  agriculture
Wngk et al. 2021)

less economically viable
land to transition to other
land uses like forestation
Transition to a free mar-
ket economy, privatized
land especially East-Cen-
tral Europe decreased
agricultural interest,and
land conversion to for-
ested/developed areas

Post-communist Decline in the
economic transition agricultural
(Wngk et al. 2021; area
Cegielska et al. 2017)

Geographical location, Diversification Presence of dominant

industries, tourism of LULC shipbuilding industry and
the significant influence
of tourism

growth in forest cover, and 49.62% reduction in agricultural
land from 1990 to 2012 (Borowska-Stefanska et al. 2018),
which is consistent with our findings. Similarly, another
study showed an increase in artificial surfaces and foresta-
tion in the Malopolskie Province, mainly around cities such
as Tarnow, Nowy Sacz, Krakéw, and Wieliczka (Cegiel-
ska et al. 2017). These trends, indicative of changing land
use practices and reforestation efforts, are due to changes
in national policies and economic conditions (Wnek et al.
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2021). The factors influencing the LULC changes in Gdansk
are detailed in Table 7.

The trend observed in Gdansk and other regions of
Poland resonates with similar patterns seen across Europe.
Several countries, including Hungary (Cegielska et al.
2017), Carpathian of Romania (Mihai et al. 2006), Ukraine
(Tretiak et al. 2021; Wojkowski et al. 2023), Estonia (Esto-
nian Ministry of the Environment 2021), Czech Republic
(Wngk et al. 2021), and Slovakia (Wojkowski et al. 2023;
Prokesova et al. 2022; Wngk et al. 2021) have also expe-
rienced increase in forest cover and built-up area. Concur-
rently, there has been a decrease in agricultural land across
southeastern Czech Republic, northern and central Bulgaria,
north and southeastern Poland, southern Romania, and the
Mediterranean (e.g., central and southern Italy, southern
Spain, northern Portugal (Kuemmerle et al. 2016). These
changes in European land use reflect broader environmental
and socio-economic shifts that impact LULC. This context
underscores the significance of Gdansk’s local dynamics as
part of these broader European trends, highlighting the simi-
larities and differences in how these shifts manifest region-
ally and locally.

The LCM model predicted future LULC in Gdansk for
2050 and 2100. It projected an increase in built-up area to
114.47 xm? and 157.96 km? under the high-demand sce-
nario (1985-2022). This projection aligns with findings
from comparative studies in the Tricity region, including
Gdanski and Kartuzy, which also indicate a trend toward
expanding artificial surfaces and reducing agricultural areas,
highlighting regional consistency in these patterns (Dawid
and Bielecka 2022). Notably, in Gdansk, most LULC trans-
formations occur at low elevations (0—100 m), with a less
pronounced trend at higher elevations. This suggests that
future urbanization will likely move toward the Moraine
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hills to the west, influenced by decreasing elevation. The
role of infrastructure, particularly the A1 Highway, is also
critical in guiding urban growth and shaping neighborhoods
in Gdansk (Gdansk-Municipality 2015).

Extending beyond the local context, the regional trend
is further supported by the LCM model’s predictions of
increased built-up areas and reduced agricultural land across
33 catchments in Poland, Slovakia, and Ukraine by 2050 and
2100 (Wojkowski et al. 2023). However, it is important to
acknowledge modeling limitations based on past transitions,
particularly the 2005 to 2022 period in Gdansk. Historical
trends may not accurately predict the future, especially in
dynamic contexts like Poland’s post-EU accession after
2004, which led to significant infrastructural investments
and land use changes (Kuemmerle et al. 2016). Although
historical data offer insights, it might not be sufficient alone,
as indicated by the differences in LULC patterns before
and after 2004 (Table 5). In areas with complex land-cover
patterns influenced by political changes, utilizing extended
time-frames and diverse modeling approaches is crucial for
accurate analysis. Nevertheless, despite these limitations,
the model retains substantial predictive power and remains
relevant for analyzing Gdansk and similar areas.

Urbanization in Gdansk significantly affected the city’s
hydrology, leading to a comprehensive analysis of how
LULC changes impact the local hydrological system. From
1985 to 2022, runoff depth increased from 41 mm to 47.03
mm, with projections indicating a further rise to 51.10 mm
by 2050. Similarly, the runoff coefficient is expected to
increase from 0.44 to 0.50. These changes are driven mainly
by urban expansion and loss of forest cover. Interestingly,
Gdansk has also experienced a consistent increase in forest
cover (46% of total area), a trend observed in other Euro-
pean countries as well (Cegielska et al. 2017; Tretiak et al.
2021; Estonian Ministry of the Environment 2021; Wnek
et al. 2021; ProkeSova et al. 2022). While this increase
in forestation doesn’t offset the impact of urbanization, it
plays a significant role in moderating hydrological impacts
at the local scale (Prokesova et al. 2022). The increase in
Gdansk’s impervious area, from 58.64 ;2 in 1985 to 88.89
km? in 2022, has exacerbated runoff, emphasizing the need
for runoff management strategies.

To manage increased runoff, Gdansk has developed a sur-
face retention system comprising 53 reservoirs with a total
capacity of 0.74 million 3. Despite a five-fold increase
in capacity between 2001 and 2022 (Gdansk-Water 2022),
the NRCS-CN method reveals that the total runoff volumes
for specific daily precipitation have escalated from 10.74
million 3 to 12.32 million 13 in 2022, with projections
reaching 13.39 million 3 by 2050. These results prove that
the existing surface retention system cannot fully manage

rainwater during intense rainfall, especially in changing
climates.

Building upon the broader trends, the Orunia basin was
analyzed in detail using HEC-HMS to assess the LULC and
climate change impacts under three distinct scenarios;

e [solated LULC change effect: The analysis of runoff co-
efficient, depth, peak discharge, and volume highlights
the substantial influence of urbanization within the
catchment. The Orunia basin’s varied soil types, ranging
from silt loam with better infiltration to sandy clay loam
with poor drainage, complicate runoff dynamics (Koler-
ski and Kalinowska 2019). This variability and increased
impervious surfaces due to urban area expansion affect
CN value, leading to higher runoff. These local findings
in the Orunia basin are consistent with broader local and
national patterns observed in Gdansk and other urban
areas in the Polish Baltic coastal zone. Studies con-
ducted in the Orunia basin (Lukasz Pietruszynski and
Cieslinski 2019) and the Matomiejska basin of Gdansk
(Olechnowicz and Weinerowska-Bords 2014) similarly
demonstrate that as urban areas expand, green and unde-
veloped spaces diminish, resulting in increased storm-
water volume, which in turn affect peak discharge rates
and accelerate transformation processes.

e [solated climate change effect: The increase in runoff
coefficient and depth necessitates enhanced stormwater
retention to accommodate the changing precipitation
patterns observed since the late 20th century. Historical
data indicate a significant shift in Gdansk’s rainfall pat-
terns; from 1974 to 2000, maximum daily rainfall did not
surpass 80 mm. However, since 2000, there have been
several instances where daily rainfall exceeded 100 mm,
with a record of 170 mm in 2016—the highest recorded
in Poland to date (Szpakowski and Szydlowski 2018).
These changes reflect broader climatic shifts in the Bal-
tic region (Meier et al. 2021), highlighting the need for
updated drainage systems and community awareness for
sustainable property development, including water re-
tention solutions.

e Combined LULC and climate change effect: The com-
bined impact of LULC changes and climate change
(RCP 4.5 and 8.5) is significantly more severe, charac-
terized by rising rainfall intensity and expanded urban
areas. Despite the presence of six retention reservoirs
in the Orunia basin (with a capacity of 0.213 million
m3), Gdansk-Water (2022) there is a need not only to
maintain or improve these systems but also explore ad-
ditional strategies like rainwater harvesting techniques,
low-impact development practices (LID) and efficient
site selection for LID implementation (Gulshad et al.
2024).The relative impact from 1985 to 2022 shows that
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under the high-demand scenario (1985-2022), LULC
changes have a comparable effect on runoff as climate
change under RCP 4.5. By 2100, however, LULC
changes are expected to have a more significant impact
than climate change alone under RCP 4.5, highlighting
the powerful influence of urbanization on hydrological
dynamics (Fig. 13). This finding aligns with previous
research assessing LULC impacts on landscape hydric
potential (LHP) relative to climate change (Wojkowski
et al. 2023).

The most critical finding is that the synergistic effect of
LULC and climate change will significantly impact Gdansk.
This synergy presents a significant challenge for urban and
environmental planners, indicating that addressing only one
factor may be insufficient to manage future flood risks.

5.1 Practical and policy implications

The study underscores the need for Gdansk to enhance
its flood protection measures. In light of the challenges,
Gdansk’s new policy by Gdansk City Hall has implemented
a comprehensive climate adaptation policy, aiming for
resilience by 2030. This involves integrating blue-green
infrastructure and nature-based solutions at three levels: (i)
managing runoff at source, (ii) within municipal reservoirs,
and iii) prepare for rainfall events exceeding 100-year return
period (Kasprzyk et al. 2022; Szydtowski et al. 2023).

Given Gdansk’s ongoing expansion, there is a need
to invest in stormwater management infrastructure. The
city’s existing policies, such as retaining up to 30 mm of
rainwater in new developments (Szydtowski et al. 2023),
should be expanded to ensure infrastructure keeps pace with
urban growth and changing climate conditions (Gdansk-
Municipality 2015).

Effective policy implementation requires public aware-
ness and stakeholder collaboration. Encouraging participa-
tion through platforms like citizens’ panels and the Gdansk
Climate Change Forum (Szydlowski et al. 2023) is crucial
for gaining community support and successfully imple-
menting flood mitigation strategies.

Understanding the local and regional interactions helps
in designing more effective land use and environmental pol-
icies that address both local needs and regional objectives.

6 Conclusion
This study investigated the long-term (1985-2022) and
predicted future (2050, 2100) LULC changes in Gdansk,

Poland, and their impacts on surface runoff. The key find-
ings from this study are:

@ Springer

e [ULC results showed significant urban expansion, a
decline in agricultural land, and an increase in forest
and vegetation cover. Projections indicate expansion in
urbanization, further reducing agriculture by 2050 and
2100.

e The expansion of built-up areas has led to an increase in
runoff depth and runoff coefficient from 1985 to 2022,
with further increases expected by 2050. This highlight-
ed that urbanization plays a major role in altering hydro-
logical processes.

e The combined effects of LULC changes and climate
change were found to significantly exacerbate runoff,
with projections under RCP 4.5 and RCP 8.5 indicating
even greater impacts by 2100.These findings underscore
the critical need to integrate LULC changes and climate
change effects in urban hydrological studies.

6.1 Limitations and future research
The study faced several limitations:

e Future research should incorporate high-resolution sat-
ellite imagery and soil datasets to improve the accuracy
of LULC classifications and hydrological modeling.

e Extending LCM analysis by integrating climatic vari-
ables could lead to more precise and comprehensive pre-
dictions of hydrological impacts.

e To reduce uncertainties in model outputs, future studies
should aim to validate predictions with extensive field
data, which will provide ground-truthing for remote
sensing and modeling efforts.

e Future research should explore the socio-economic
implications of land use changes on urban develop-
ment to provide a more holistic understanding of urban
dynamics.

e Future research could explore varying additional model
parameters or inputs to gain a deeper understanding of
their effects on model predictions.
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