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Wetlands, regardless of their size, contribute essentially to ecosystem services and are therefore vital 

to sustaining human life and the functioning of the environment. At the same time, wetlands are 

decreasing at an alarming speed and are exposed to considerable threats. Current policies and 

programs are not able to stop this trend which is amplified by a lack of research. Due to their 

potential to reduce runoff and prevent flooding, wetlands have recently gained more research 

attention. This study aims to model and assess the water storage capacity and thus the flood buffering 

capacity of ten constructed wetlands in Mälardalen, Sweden, under present and potential future 

climate scenarios. The hydrologic model PERSiST, a semi-distributed rainfall-runoff model, was 

employed to reproduce water level observations for constructed wetlands with hourly driving data 

for a 30-year period. Based on a conceptual model depicting water level patterns of all constructed 

wetlands with the underlying processes and interactions, observed water level data for 2023 was 

calibrated against hourly air temperature and precipitation ERA5-Land data. Driving data for the 

baseline scenario was produced with ERA5-Land data from 1971-2000 and was adapted with 

Regional Climate model data from SMHI to generate RCP4.5 and RCP8.5 scenarios. Extreme 

precipitation stretch scenarios were employed to model extreme precipitation events. Results for a 

subset of three ponds for the 12 different climate scenarios showed no indication of drying out nor 

a major difference between baseline and RCP4.5 and RCP8.5 scenarios. Stretched RCP and extreme 

precipitation stretch scenarios presented major variations in water level behaviour, especially in 

summer and fall. Important factors influencing the flood buffering capacity are the relative area of 

a constructed wetland, their purpose and design as well as interactions with their surrounding 

environment. The future climate scenarios suggest that current pond design makes constructed 

wetlands in Mälardalen resilient against an overall increase of temperature and precipitation but 

needs further research development regarding extreme precipitation events.   

Keywords: Hydrological modelling, constructed wetlands, water storage capacity, climate change, 

extreme precipitation   
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Wetlands, regardless of their size, contribute essentially to environmental, social 

and economic ecosystem services and are therefore vital to sustaining human life 

and the functioning of the environment (Graversgaard et al., 2021; Hambäck et al., 

2023). Even though they only cover 6 % of terrestrial area globally, the estimated 

value of wetland services is approximately €24.6 trillion (~ $26.4 trillion) per year 

(Thorslund et al., 2017). According to Costanza et al. (2014) inland wetlands have 

the second highest value as providers of ecosystem services with only the entire 

entity of coastal biomes being higher.  

 

At the same time, wetlands are exposed to considerable threats caused by a growing 

population and its associated consequences, such as land use change and 

agricultural intensification (Graversgaard et al., 2021; Hill et al., 2021). To prevent 

deterioration and reduce possible threats to all surface water bodies the EU 

implemented the Water Framework Directive 2000/60/EC (WFD; European 

Commission, 2000), though a large fraction of wetlands is neglected as the WFD 

leaves out water bodies smaller than 50 ha.  

 

Reportedly, Sweden has already lost an average of 65 % of its wetlands and up to 

90 % in specific areas (European Commission, 2007; Jonstrup, 2024). National 

regulations on wetland restoration and protection were adapted in Sweden long 

before the European Union issued the WFD or other directives to guard water 

bodies from potential threats. These policies have led to 7.800 ha of newly 

constructed wetlands (CW) between 1990-2010 (Strand and Weisner, 2013).   

 

In Sweden an CW can generally be defined as newly created permanent or temporal 

surface water body raising the water table or lowering the ground level or most 

commonly a combination of both (Lutton, Sheldon and Bunn, 2010; Strand and 

Weisner, 2013). Even though the trend is still increasing, objectives like in the  

“thriving wetland” program are regularly not met (Graversgaard et al., 2021; Åhlén 

et al., 2022).  

 

Additional to the lack and inefficiency of legislative protection, large gaps in 

research and understanding of underlaying processes exist (Hill et al., 2021; 

1. Introduction 
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Nakashima et al., 2024). Hydrologic connectivity of wetlands and their 

surroundings and the resulting effects on biotic and abiotic factors can already vary 

for wetlands with similar characteristics and topography and are even more distinct 

with higher diversity (Golden et al., 2014; Ameli and Creed, 2017; McLaughlin et 

al., 2019).  

 

Wetland water level patterns and their storage capacity is one important parameter 

that has received too little attention in research so far and even less in northern 

European countries controlled by long winters and snowmelt processes (Karimi, 

Seibert and Laudon, 2022; Åhlén et al., 2022).  

 

Water storage capacity provides not only useful insight on the well-being of a 

wetland but contributes strongly to ecosystem services at the same time. Recent 

papers (Kadykalo and Findlay, 2016; Thorslund et al., 2017; Åhlén et al., 2022; 

Hambäck et al., 2023) emphasize that wetlands can potentially serve to reduce 

runoff and prevent flooding.  

 

Since wetlands react sensitively to hydro-climatic alterations, which can be 

amplified by other simultaneously occurring factors, it is essential to gain more 

knowledge and understanding of water storage and underlying processes to 

successfully prevent wetland deterioration with smart and pro-active regulations 

and comprehensive design (Cui et al., 2021; Åhlén et al., 2021).  

 

Climate change will alter the hydrological cycle irreversibly and therefore, needs 

to be taken into consideration as an additional serious threat. The latest 

Intergovernmental Panel on Climate Change (IPCC) assessment has shown high 

confidence in increased observed and projected mean temperature and heavy 

precipitation in Northern Europe. Additionally, maximum one day precipitation is 

estimated to intensify by at least 5 % up to over 10 % in all of Sweden in a scenario 

with a temperature increase of 3 °C, all this leading to changes in the hydro-climatic 

environment (SMHI, 2019; IPCC, 2021, 2022).  

 

Projecting climate change scenarios has moved more into focus in recent years 

because it is necessary to estimate and analyze the significance of their effects on 

the environment and human-beings. Therefore projections have improved largely 

by downscaling Regional Climate Models (RCM) to a higher spatial and temporal 

resolution and by creating larger ensembles like the Coordinated Regional 

Downscaling Experiment (CORDEX) as part of the World Climate Research 

Programme (Coppola et al., 2021; Vautard et al., 2021). 

Still, major obstacles persist, like systematic biases and differences between Global 

Climate Models and RCMs, which greatly influence the results, especially 
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regarding extreme precipitation projections. Also, practical issues like the need for 

high computational power and storage capacities for simulations complicate 

matters (Sunyer et al., 2015; Jacob et al., 2020; Coppola et al., 2021).  

 

Models allow to imply all these factors and reproduce hydrological connectivity 

behaviour and water storage patterns under present but also potential future climate 

scenarios. Although modelling efforts have been made on different spatial and 

temporal scales to assess these questions, different constraints and limitations 

hinder applicability to a wider range of wetlands (Ali et al., 2015; Evenson et al., 

2016; Ameli and Creed, 2017; Jones et al., 2019; Papa and Frappart, 2021).  

 

The Precipitation, Evaporation and Runoff Simulator for Solute Transport 

(PERSiST) hydrological model is a semi-distributed rainfall-runoff model with a 

bucket-type structure at watershed scale. It is designed to reproduce streamflow and 

runoff patterns (Futter et al., 2014). Due to its ability to be calibrated against water 

level, the flexible design of various processes and the user-friendliness it was 

chosen for this study.   

 

This study aims to model the water storage capacity of ten small CWs in Mälardalen 

under changing climate conditions using high-resolution temporal data, therefore: 

(a) A representative conceptual model is designed to describe the water level 

patterns of all ten CWs, which is then used as a base for a multi-setup-

approach in PERSiST, a simple semi-distributed rainfall-runoff model.   

(b) A baseline scenario, different Representative Concentration Pathways 

(RCP), namely RCP4.5 and RCP8.5, as well as different extreme 

precipitation stretch scenarios are developed and compared. All scenarios 

consist of hourly data for a period of 30 years (2041-2070).  

(c) Feasibility of PERSiST to model water level changes and results of the 

assessment between the baseline scenario and the different potential future 

scenarios are examined for flood buffering capacity.  
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2.1 Study site  

Ten construced wetlands in the greater Mälardalen area in Central Sweden were 

examined (figure 1).  

Though geographically distributed over Västmanland County (VC), Uppsala 

County (UC) and Stockholm County (SC) all ponds lay within the warm temperate 

region without a dry season and a warm summer according to the re-analyzed 

Köppen-Geiger Classification (Rubel et al., 2017). 

 

 

 

2. Materials and methods  

Figure 1. Study area Mälardalen, Sweden. Red points indicating examined constructed wetlands. 

This map was created by the author using ArcGIS Pro with data from Lantmäteriet and Geological 

Survey of Sweden. 
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Mean annual temperature for the period 1981-2010 was 5.9 °C with a mean annual 

precipitation of 633.2 mm in VC and respectively 5.9 °C and 596.8 mm in UC and 

6.4 °C and 585.2 mm in SC (SMHI, 2024).  

The main land cover classes in this lowland area are forest, agriculture and other 

open land on predominantly glacial and postglacial (fine) clay soils.   

 

 To determine hydrological and morphological characteristics of each CW 

Geographical Information System (GIS) mapping was employed. Analyses were 

performed with ArcGIS Pro (Version 3.3.0, ESRI, 2024) using maps and geodata 

provided by Lantmäteriet and the Geological Survey of Sweden (SGU). Data was 

obtained on land cover classes (GSD-Topographic Map 1:50 000, Lantmäteriet), 

elevation (GSD-Elevation data, grid 50+, Lantmäteriet), soil types (Soil Type Map 

1:25 000-1:100 000, SGU) and distance to groundwater magazines (Groundwater 

1:1 million, SGU) for the ponds’ catchment areas. Additional information was 

collected by site visits. A detailed description of the wetlands’ properties can be 

found in table 1.  

 Table 1. General, topographical, land cover, soil and hydrological characteristics of the different 

CWs. “*” indicates the CW’s dominant soil type.” **” indicates postglacial fine clay.  

   

Properties Unit Åby

(Aby)

Brunnby

(Bru)

Graneberg 

(Gra)

Kanik-Lundby

(Klu)

Kurö

(Kur)

Paddeborg

(Pad)

Skystad

(Sky)

Skämstad

(Ska)

Stora Alby 

(Sal)

Wiggeby

(Wig)

GENERAL 

Latitude (N) 59.653 59.612 59.678 59.570 59.563 59.637 59.576 59.573 59.482 59.366

Longitude (E) 16.487 16.647 17.253 16.463 16.898 17.038 16.764 16.766 17.991 17.684

Type of pond P-retention P-retention Biodiversity P-retention Biodiversity P-retention P-retention P-retention P-retention P-retention

Inlet Open ditch Drainage 

pipe

Drainage 

pipe

Drainage pipe 2 Pipes Open ditch Pipe Pipe Pipe Pipe

Outlet Open ditch 

with V-notch

Horizontal 

drainage 

pipe

Drainage 

pipe

Drainage pipe Drainage 

pipe

Open ditch Open ditch Open ditch Pipe Open ditch 

with V-notch

Deepest point [m] 1.4 1 0.6 1 0.4 0.9 0.8 1.5 1 1

Length [m] 140 167 209 51 220 175 21 56 64 90

Width [m] 15 11 67.5 12 54 11.5 7 6 8 7

TOPOGRAPHY

Catchment area [km²] 2.33 1.2 0.25 0.58 1.32 1.71 0.2 0.52 0.32 1.45

Elevation range [m] 10 to 59 9 to 32 17 to 28 13 to 32 0 to 24 4 to 37 16 to 39 14 to 45 7 to 31 1 to 43

Wetland area [km²] 0.001608 0.001475 0.013101 0.000567 0.011112 0.0018205 0.000128 0.000336 0.000495 0.0005881

Relative area [%] 0.07 0.12 5.24 0.10 0.84 0.11 0.064 0.06 0.16 0.04

LAND COVER

Forest [%] 47 8 11 35 10 41 46 37 48 52

Agriculture [%] 52 84 68 54 38 48 33 55 15 36

Other open land [%] 1 8 21 11 52 11 21 8 37 12

SOIL

Bedrock [%] 9 3 3 16 13 5 12 6 15 29

Glacial clay [%] 47 38 26 49 48 28 37 32 22 58*

Postglacial (fine) clay [%] 19* 51* 47*
/
** 18* 22* 34* 18* 33* 34* 6

Sandy moraine [%] 23 6 14 18 16 33 33 29 29 7

HYDROLOGY

Closest groundwater 

magazine 

[km] 5-10 < 1 < 1 5-10 1-5 1-5 1-5 1-5 1-5 1-5
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2.2 PERSiST  

PERSiST is a semi-distributed rainfall-runoff model at watershed scale. Its process-

based bucket-type structure allows to assess and model quantitative hydrological 

patterns such as runoff or streamflow requiring time series of observed or 

downscaled model data on air temperature and precipitation (Futter et al., 2014).  

 

Therefore, a landscape (level 1) is made up of one or more sub catchments/ reaches 

(level 2), which consist of different hydrologic response units (level 3) being 

combined out of different buckets (level 4). Users can apply a wide variety of 

different scenarios by adapting the levels and how water is routed through them and 

hence reproduce processes and relationships according to their needs. Processes are 

reproduced as a set of first-difference equations. A comprehensive description of 

PERSiST can be found in Futter et al. (2014).  

 

Unlike previous studies with PERSiST (Salmonsson, 2013; Futter et al., 2014, 

2015; Deutscher, Hemr and Kupec, 2021; Laguna Marín, 2022), which focused on 

simulating either streamflow or runoff patterns with daily time series of air 

temperature and precipitation and calibrating against runoff, this study used (1) 

hourly data and (2) was calibrated to water depth in PERSiST 2.0 (Ledesma and 

Futter, 2020). 

2.3 Model input data  

As driving data PERSiST needs a time series of precipitation and air temperature 

data. Additionally, a time series of observed data is necessary for calibration and 

validation.   

2.3.1 Meteorological data  

Hourly precipitation and air temperature data was acquired from the freely 

accessible fifth generation of the European ReAnalysis dataset (ERA5-Land) 

produced by the European Centre for Medium-Range Weather Forecasts 

(ECMWF) covering a period from January 1950 until the present with a spatial 

resolution of 0.1° x 0.1° and a native resolution of 9 km (Muñoz-Sabater et al., 

2021). Data was downloaded from the Copernicus Climate Data Store 

(https://cds.climate.copernicus.eu). This was used since gridded data has been 

showing good compatibility with models (Ledesma and Futter, 2017). 

 

Climate data for 2023 was extracted with Panoply (Version 5.3.2 Build 

PANQ1XN5, NASA/GISS) with a 0.25° latitude x 0.25° longitude resolution for 
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each county. This is translated into a grid cell size of approximately 27.83 km by 

14.33 km in Sweden. For each county a different grid cell was used with the centre 

at 59.53°N; 16.44°E for VC, 59.53°N; 17.19°E for UC and 59.53°N; 17.69°E.   

2.3.2 Hydrological data 

Hourly water level measurements were recorded using WT-HR three channel high 

resolution water level and temperature TrueTrecks (Intech Instruments, no date) 

from January 1st, 2023, 00:00:00 am till December 31st, 2023, 23:00:00 pm. An 

exception is Paddeborg, there water level monitoring started May 23rd, 2023, 

12:00:00 pm. A data logger was installed at the deepest point of each pond based 

on bathymetry measurements (Lindau, 2021).  

Excel® (Version 2404 Build 16.0.17531.20152, Microsoft® Excel® for Microsoft 

365 MSO) was used to prepare the raw data for further analysis. Water levels of the 

CWs were re-scaled by setting the lowest observed level to one (relative water 

level) for comparison of water depth dynamics and utilized for further analysis and 

modelling.   

In a next step, RStudio (Version 2023.12.1+402, Posit Software, PBC) was 

employed to visualize water level and precipitation data for each county separately 

on one graph (figures 3-5). Water level series were examined for apparent outliers, 

which were then removed. These could, e.g., be due to values below zero, a sudden 

and unrelated punctual drop in water level or incorrect measurements. Removed 

outliers are shown as blank spaces. CWs presenting water level dynamics unrelated 

to precipitation patterns were excluded from further analysis, as equipment 

malfunction was suspected. Reasons for exclusion could be either an increase in 

water level without reported precipitation or a decrease despite reported 

precipitation.  

 

2.4 Model setup and calibration  

Model setup and calibration was carried out in the following steps:  

 

1. A conceptual model for the hydrological response units was developed with   

the guiding principles to be applicable to all ponds and to depict the surface 

and subsurface processes of the ponds as close as possible to reality.  
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Figure 2. Conceptual model of surface and subsurface interactions for CWs including the 

components direct runoff, upper soil water, lower soil water, upper groundwater, lower 

groundwater, riparian unsaturated zone and CW including the processes overland flow, 

evapotranspiration, precipitation and percolation.  

 

2. The resulting model (figure 2) was then translated into a square matrix used 

in PERSiST to represent the different buckets and water flows (table 2). 

Values consist of the two indicators row and column resembling the rows 

and columns in the matrix, respectively, showing where water can route. 

Values vrow,column need to be chosen between zero and one, they correspond 

to the water volume in percentage received by a bucket or leaves to the 

stream. Horizontal values indicate water movement between buckets, the 

sum of each horizontal row needs to add up to one. Values on the main 

diagonal represent runoff from the respective bucket to the CW. 

Table 2. Square matrix representing water flows in PERSiST. 

 

Direct 

runoff 

Upper 

soil water  

Lower soil 

water  

Upper 

groundwater  

Riparian 

unsaturated  

Lower 

groundwater  

Direct 

runoff v1,1 v1,2 v1,3 v1,4 v1,5 v1,6 

Upper soil 

water  v2,1 v2,2 v2,3 v2,4 v2,5 v2,6 

Lower soil 

water  v3,1 v3,2 v3,3 v3,4 v3,5 v3,6 

Upper 

groundwater  v4,1 v4,2 v4,3 v4,4 v4,5 v4,6 

Riparian 

Unsaturated  v5,1 v5,2 v5,3 v5,4 v5,5 v5,6 

Lower 

groundwater  v6,1 v6,2 v6,3 v6,4 v6,5 v6,6 

 

 



19 

 

This setup comprises important landscape features , creating a more realistic 

model image. At the same time, it allows to not route water through buckets 

that are not needed in certain CW.  

 

3. Based on this square matrix an initial manual calibration against 

observed water depth in 2023 was performed to reproduce the observed 

temporal patterns as accurately as possible. Due to the small catchment sizes 

of the wetlands only one reach was used for each model and two land cover 

classes were used for simplicity. Individual quantitative parameters for each 

pond were retrieved from previous GIS analyses and did not vary. The 

following parameters were altered and explored within the ranges stated in 

Futter et al., (2014) and Ledesma and Futter (2020): threshold temperatures 

for rain/snow and onset of transpiration, relative amounts of water moving 

between boxes, boxes characteristic time constants, parameters controlling 

evaporation rates, parameters for estimating stream depth, Manning’s 

roughness, parameters describing initial and retained water depth as well as 

infiltration.  

 

4.  Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe, 1970) is 

commonly used to assess goodness-of-fit of hydrological model calibration 

and performance. The closer NSE is to one the closer the model accuracy 

(Moriasi et al., 2015; Lamontagne, Barber and Vogel, 2020; Althoff and 

Rodrigues, 2021). When both a NSE > 0.1 and an additional visual 

inspection indicated a credible first calibration, a set of plausible parameter 

ranges was determined. 

 

5. A Monte Carlo (MC) analysis was executed using the set of plausible 

parameter ranges and following protocols explained in Futter et al. (2014). 

An ensemble of 50 parameter sets with 500 runs for identification of each 

candidate parameter set allowing five unsuccessful jumps was produced.  

6.  

7. Parameters, identified as sensitive in a Kolmogorov-Smirnov d 

statistic (d ≥ 0.2), were adjusted and employed as new set of plausible 

parameter ranges.  

 

8. Steps five and six were repeated three times. The ten best performing 

parameters sets based on NSE, of the last MC analysis were chosen as 

ensemble to model future climate scenarios. 
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2.5 Future climate scenarios 

The ensembles of best performing parameter 

sets for Åby, Brunnby and Graneberg were used 

to model behaviour and patterns under different 

future climate scenarios from 2041 to 2070. 

Results were compared to a baseline period 

from 1971-2000. Future climate scenarios can 

be divided into several and extreme 

precipitation stretch scenarios.  A total of 12 

scenarios were generated for each pond 

(figure 3).  

 

 

 

2.5.1 Baseline scenario 

Hourly precipitation and air temperature data was extracted with Panoply from 

ERA5-Land data with the same resolution and grid cell centre locations as the 

meteorological data (2.4.1) for the period 1971-2000. This is coherent with SMHI’s 

reference period (SMHI, 2024). 

2.5.2 RCP scenarios 

RCP scenarios describe one out of many possible scenarios leading to a certain 

radiative forcing and hence to a global warming between 2 °C and 4°C by the end 

of 2100 (IPCC, 2022).   

 

For this study, RCP4.5 and RCP8.5 scenarios were investigated, which limit 

radiative force at approximately 4.5 W m-2 (limit warming to 3 °C) and surpass 

8.5 W m-2 (exceed warming of 4 °C) in 2100 respectively (IPCC, 2022, 2023). 

 

RCP scenarios were obtained by adapting the baseline scenario with data from the 

SMHI Advanced Climate Change Scenario Service (SMHI, 2024). Observed data 

is a combination of Uncertainties in Ensembles of Regional Reanalysis (UERRA; 

Lopez, 2019) data and actual observations with a high spatial resolution (2.5 x 2.5 

km) across Scandinavia for the period 1961-2018. Future changes until 2100 are 

based on ensembles of downscaled RCMs with a resolution of 12.5 km. Data was 

bias adjusted with MiltI-scale bias AdjuStment method, and robustness of data was 

measured in the relative number of models increasing and the standard deviation 

(SMHI, 2023). 

Figure 3. Description of which 

scenarios were used. Boxes show 

different climate scenarios, arrows 

show which scenarios were 

additionally combined. 
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Data is available for each Swedish county for different climate indicators, emission 

scenarios and the seasons December-February (winter), March-May (spring), June-

August (summer) and September-November (fall) (SMHI, 2024). Climate 

indicators temperature and precipitation were used to calculate changes in 

temperature and precipitation for RCP4.5 and RCP8.5 scenarios for 2041-2071 

(table 3), which were then employed to modify the baseline scenario.  

Table 3. Seasonal changes in precipitation [%] and temperature [°C] for RCP4.5 and RCP8.5 in 

SC, UC and VC for the period 2041-2070 compared to baseline period 1971-2000 (SMHI, 2024). 

 
 

From the projections, hourly precipitation and air temperature data were extracted 

and used as driving data in PERSiST to model RCP4.5 and RCP8.5.  

 

2.5.3 Extreme precipitation stretches 

Future projections of daily (Chen et al., 2015; Rajczak and Schär, 2017; SMHI, 

2019) and hourly driven data (Olsson et al., 2013; Olsson and Foster, 2014) agree 

on an increase of precipitation in frequency as well as intensity till 2100. To capture 

these extreme events in PERSiST, the reference period was altered using three 

different extreme precipitation stretch scenarios. This method of generating was 

introduced by a previous master thesis at SLU (Laguna Marín, 2022).   

 

Analogously to Crespi et al. (2020), extreme precipitation hours were defined as 

hours with an amount of precipitation larger than the 95th percentile. The total 

amount of precipitation for all days was not changed, but extreme precipitation 

hours were increased with a constant percentage. The resulting increase 

corresponds to the amount of precipitation that was subtracted from the hours that 

were not identified as extreme precipitation hours. Extreme precipitation hours with 

an already high amount of precipitation were stretched more compared to extreme 

precipitation hours close to the 95th percentile. Similarly, the amount of 

SEASON RCP4.5 RCP8.5

Precipitation [%] Temperature [°C] Precipitation [%] Temperature [°C]

Winter +1.17 +3.2 +1.2 +3.6

Spring +1.24 +2.6 +1.29 +2.94

Summer +1.07 +2.49 +1.08 +3.02

Fall +1.09 +2.05 +1.07 +2.76Sto
ck

hol
m

 

co
unty

Winter +1.17 +3.32 +1.21 +3.74

Spring +1.26 +2.52 +1.32 +2.87

Summer +1.1 +2.2 +1.1 +2.71

Fall +1.08 +2.01 +1.09 +2.69
U
ppsa

la
 

co
unty

 

Winter +1.15 +3.2 +1.19 +3.65

Spring +1.28 +2.39 +1.32 +2.72

Summer +1.07 +2.05 +1.07 +2.62

Fall +1.05 +1.96 +1.07 +2.64V
äs

tm
an

la
nd 

co
unty
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precipitation of hours with already little precipitation becomes even smaller as to 

the hours close to the 95th percentile (Laguna Marín, 2022).  

 

Results of the stretches were compared with historical SMHI data of extreme 

precipitation events in Sweden to assess their reasonability and were consistent 

(SMHI, 2022).  

 

The baseline scenario was then stretched by 200 (Stretch2), 300 (Stretch3) and 

400 % (Stretch4 to create scenarios including extreme events.  

2.6 Data analysis 

Model outputs for relative water level for an ensemble of the ten best performing 

parametersets according to the NSE of each pond with an hourly timestep for the 

period 2041-2070 for the baseline and the different future climate scenarios were 

obtained from PERSiST in Excel. Minimum, mean and maximum relative water 

level for each ensemble and scenario were calculated in Excel.  

Relative mean water level was calculated for each ensemble and each scenario. 

Using RStudio the results were visualized, and all plotted in one plot.  

Additionally, RStudio was employed to create boxplots of minimum, mean and 

maximum water levels for each ensemble and each scenario across winter, spring, 

summer and fall.  

2.7 Literature review 

A literature review of published scientific literature was conducted to find out about 

the current state of research water level modelling for CWs and compare the results 

of other studies with the findings in this study. Google Scholar 

(scholar.google.com, last accessed June 2024) and ScienceDirect 

(sciencedirect.com, last accessed June 2024). The survey included the keywords 

“artificial wetlands”, “PERSiST”, “ecological engineering”, “RCPs”, “flood 

regulation”, “nature-based solutions", “water storage wetlands", “water level 

dynamics”, “hydroclimatic change” among others.  
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3.1 Water level measurements in 2023 

Precipitation pattern in all three counties behaves similarly. Winter month and the 

first part of spring are dominated by smaller but regular occurring precipitation. 

From April to July only occasional minor precipitation events can be observed, 

whereas July to October is characterized by a lot of strong precipitation events. 

Which decrease again in the rest of fall.  

 

For VC Aby, Sky and Ska show an equal behaviour (figure 4). In periods with less 

rain relative water level decreases, in case of strong precipitation events a 

pronounced response mirroring the event can be seen. Water level measurements 

of Klu showed obvious error in measurements therefore these values were removed. 

Still Klu relative water level behaves equally like Aby, Sky and Ska.  

 

Bru’s response to heavy precipitation is equally pronounced as the other ponds, 

though it’s behaviour throughout the year differs in the dry periods. Relative water 

level does not decrease but continues to be stable around the same height at approx. 

0.12 m. Relative water level pattern observed in Kur does not relate at all with 

precipitation patterns.  

 

In UC Gra and Pad show a pattern of drying out and regeneration phases, though 

their response to a lot of precipitation is less pronounced and a lot slower (figure 

5). This leads to another slight drying out phase in fall. Only the later precipitation 

events in fall can increase the relative water level which stabilizes around 0.25 m 

in winter. Amplitude between peaks and lows is as a result smaller compared to the 

ponds in VC.   

 

In SC relative water level in Sal appear to be spikier and therefore react more direct 

to precipitation events (figure 6). Also, the regeneration phase after a drying out 

phase in summer is shorter compared to the ponds in UC.  

 

3. Results 
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Wiggeby’s behaviour of relative water level is not corresponding to the 

precipitation pattern in SC. In summer relative water level increases although only 

little precipitation can be detected. Around the beginning of August, the pattern 

shows a regular decrease followed by a strong increase which lasts until the end of 

the year but does not relate to the precipitation.  As a result, the wetlands Wiggeby 

and Kurö were excluded after visual inspection.   

 

Focus is put on the results of a subset of three ponds with different characteristics 

in the rest of this study.  

Aby a phosphorus-retention pond setup in a stream, Bru a conventional phosphorus-

retention pond and Gra, a pond designed to increase biodiversity. 
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Figure 4. Relative water level data plotted against precipitation data for CW in Västmanland County 

for the year 2023. Missing values indicate removed outliers.  
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Figure 5. Relative water level data plotted against precipitation data for CW in Uppsala County for 

the year 2023. Missing values indicate removed outliers. 

 

 
Figure 6. Relative water level data plotted against precipitation data for CW in Stockholm County 

for the year 2023. Missing values indicate removed outliers. 
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3.2 Monte Carlo analysis 

MC results for Aby, Bru and Gra (see Appendix, figures 13-21) show that all ponds 

have similar sensitive parameters, mainly threshold temperatures for rain/snow, 

relative  

amounts of water moving between boxes, boxes characteristic time constants, 

parameters controlling evaporation rates, parameters for estimating stream depth 

and retained water depth.  

After three runs of MC analysis the ensembles of best performing parameter sets 

all showed a Nash-Sutcliffe efficiency higher than 0.61 (table 4).  

Table 4. Nash-Sutcliffe efficiency for the best and the worst performing parameter set in the 

ensemble of the ten best performing parameter sets for Aby, Bru and Gra. 

Ensemble of best 

performing parameter 

sets 

Åby Brunnby  Graneberg 

Highest NSE 0.686 0.622 0.698 

Lowest NSE 0.677 0.614 0.687 

 

3.3 Future climate scenarios  

Mean water levels [m] for the period 2041-2070 were calculated from the modelling 

results of the ten best performing parameters sets for the baseline and the 11 

different future climate scenarios are visualized for Aby, Bru and Gra in figures 8-

10. Due to the amount of data (hourly values for 30 years) a visualization of a 

minimum and maximum range for the different scenarios was not feasible (see 

Appendix, figure 22).  

 

For Aby (figure 8), the baseline scenario shows that the mean relative water level 

ranges between 0.2-0.6 m, and patterns show tendencies of drying out phases in 

summer and recharging phases in fall. Some years are more extreme than others 

without an obvious pattern. The water level pattern of RCP4.5 is in a similar range 

only slightly higher. For RCP4.5 the largest deviations can be found for 

RCP4.5_Stretch3 with a range of 0.25-1.00 m. RCP8.5’s relative water level is also 

closest to the baseline scenario, whereas the amplitude of water level changes of 

RCP8.5_Stretch4 is the highest (0.25-1.00 m). The Stretch1 to Stretch3 

demonstrate the highest average differences compared to the baseline scenario with 

smallest ranging from 0.25-0.75 m (Stretch1) and from 0.25-1.00 m (Stretch2).   
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Figure 7. Projected mean water level [m] for Aby for the baseline scenario and the different future 

climate scenarios for the period 2041-2070. 

 

Equally, minimum, mean and maximum relative water level for Aby grouped for 

the four different seasons (figures 9a-c) show all a similar tendency. The median 

value and the box itself shift for every scenario higher with a higher stretch scenario 

compared to the baseline scenario. Relative water levels in winter and spring appear 

to be more stable than relative water levels in summer and fall, where they fluctuate 

in a wider range. Summer presents the least outliers, whereas all scenarios show a 

wide range of outliers in the upper section.  
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Figure 8. a) Minimum relative water level of ensemble data grouped by season (winter, spring, 

summer, fall) for Aby for the period 2041-2070. b) Mean relative water level of ensemble data 

grouped by season (winter, spring, summer, fall) for Aby for the period 2041-2070. c)Maximum 

relative water level of ensemble data grouped by season (winter, spring, summer, fall) for Aby for 

the period 2041-2070. 

 

Mean relative water level for the baseline scenario of Bru (figure 10) varies from 

approximately 0.2-0.6 m. Drying out phases are not as distinct compared to the ones 

in Aby but therefore peak water levels are higher. Water level for the RCP4.5 



30 

 

scenario differs between 0.2-0.6 m but with a lower overall amplitude, while 

RCP4.5_Stretch2 and RCP4.5_Stretch4 present the highest variation of mean water 

level of 0.2-0.8 m and 0.25-0.75 m respectively. 

 

RCP8.5 and its stretches have a smaller variation compared to the different RCP4.5 

scenarios with the highest ranging from 0.2-0.8 m (RCP8.5_Stretch3).  

 

 
Figure 9. Projected mean water level [m] for Bru for the baseline scenario and the different future 

climate scenarios for the period 2041-2070. 
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Amplitude of mean water level for Stretch3 scenario is smallest with a range of 

0.25-0.75 m, whereas amplitudes of Stretch2 (0.2-0.8 m) and Stretch4 (0.25-

1.00 m) are higher.  

 
Figure 10. a) Minimum relative water level of ensemble data grouped by season (winter, spring, 

summer, fall) for Bru for the period 2041-2070. b) Mean relative water level of ensemble data 

grouped by season (winter, spring, summer, fall) for Bru for the period 2041-2070. c)Maximum 

relative water level of ensemble data grouped by season (winter, spring, summer, fall) for Bru for 

the period 2041-2070. 
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This is also reflected in results shown in figure 11a-c. Boxplots for all seasons 

behave similarly across the minimum, mean and maximum values.  

 

 
Figure 11. Projected mean water level [m] for Gra for the baseline scenario and the different future 

climate scenarios for the period 2041-2070. 

 

Graneberg’s (figure 10) baseline scenario exhibits the most pronounced and largest 

drying out periods over summer for multiple months with a complete recharge 

starting approximately in September every year with a mean water level between 

0.1-0.4 m.  
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RCP4.5 and all the RCP4.5_Stretch scenarios differ in the same range as the 

baseline period. RCP4.5 shows a very similar behaviour regarding the decrease and  

 

 
Figure 12. a) Minimum relative water level of ensemble data grouped by season (winter, spring, 

summer, fall) for Gra for the period 2041-2070. b) Mean relative water level of ensemble data 

grouped by season (winter, spring, summer, fall) for Gra for the period 2041-2070. c)Maximum 

relative water level of ensemble data grouped by season (winter, spring, summer, fall) for Gra for 

the period 2041-2070. 

 

increase in the summer month, but with increasing stretches the drying out phases 

appear to be shorter and not as strong. RCP8.5 and the different stretch scenarios 



34 

 

act similarly as RCP4.5 scenarios, the higher the stretch the shorter the drying out 

period and the smaller the amplitude with all scenarios varying from 0.1-0.4 m.  

 

This pattern also be observed in figure 13a-c. There it becomes obvious that the 

most distinctive changes happen in summer and fall. RCP4.5 and RCP8.5 only 

behave equally to the baseline scenario with a wide spread of the box. With higher 

stretches the boxes become more compact and with more outliers in the lower 

range.  

 

One observation that can be made for all ponds is that none will dry out completely 

in the baseline nor in any of the future climate scenarios.  

Moreover, the results of this study show that RCP4.5 and RCP8.5 alone will not 

cause major shifts of minimum, mean or maximum relative water levels across 

seasons compared to the baseline scenario for the subset of the tree ponds Aby, Bru 

and Gra. Major shifts were detected for all ponds with higher extreme precipitation 

stretch scenarios as well when there were performed under projected RCP4.5 and 

RCP8.5 scenarios. Missing outliers indicate that relative water level in Aby is 

relatively stable in summer compared to the other seasons. Bru shows a varying 

amplitude with a tendency for outliers within the upper range throughout the year 

whereas Gra’s relative water level patterns present the opposite. The outliers 

concentrated in the lower range apart from summer. Additionally, boxes, whiskers 

and outliers indicate a strong variation in relative water level, which is confirmed 

by the different water level curves.  
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4.1 PERSiST feasibility 

Firstly, feasibility of PERSiST needs to be assessed. Semi-distributed conceptual 

models lack spatial heterogeneity of catchments which is amplified due to forming 

sub catchment areas. This generalization results in a resolution deficit, eventually 

causing space for uncertainty. Regardless their deficiencies semi-distributed 

process-based model offer profound assets such as a simple model structure, an 

easy calibration possible with only limited data availability and fewer 

computational power needed to operate (Jehanzaib et al., 2022). No model type is 

free from uncertainty, therefore choosing the right one depends on the modeller’s 

specific research question(s) and prerequisites (Sitterson et al., 2018). 

This study focuses on a multi-setup-approach resembling different kinds of CW 

based on one conceptual model (figure 7), which is achieved through the box 

structure that allows to turn certain boxes on and off as needed. Though the overall 

catchment setup is simple only considering one land cover class and basic pond 

characteristics, a good model fit between modelled and observed data was achieved 

(NSE > 0.61) for all three ponds (table 4). Given these overall satisfying model 

performances using only one conceptual model is a good approach to model water 

level dynamics for different ponds until the main drivers for their behaviour is better 

understood.  

 

It is to mention though that for Gra NSE alone was not reliable to determine good 

model fit as the modelled pattern deviated too much from the observed one. Thus, 

an inspection was necessary to guarantee both a good statistical and visual fit (see 

Appendix, figure 23).  

 

Subsurface and surface processes and connectivity of wetlands are still poorly 

understood even for wetlands with similar geographical characteristics 

(McLaughlin et al., 2019). PERSiST allows altering the properties of the buckets 

and arrangement of the hydrological response units flexibly so the diverse patterns 

of the CW can be depicted. Nonetheless the over-deterministic character of 

PERSiST must be emphasized, meaning that the same output time series can be 

4. Discussion 
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achieved with different combinations of input parameters. On the other hand the 

number of possible input parameters allows to imply more processes that are 

potentially necessary to reproduce the observed behaviour compared to other 

models (Futter et al., 2015).   

 

The small size of the catchments (< 2.5 km2) prevents the loss of principal 

landscape characteristics even though averaging the data. Moreover, PERSiST can 

be understood quickly due to its user-friendliness and low-threshold input 

requirements (Futter et al., 2015).  

 

Additionally, hourly data for a 30-year period for several different future change 

scenarios needs to be run which also was successfully executed by PERSiST 

without the need for high-computational resources but a regular computer 

(Microsoft Surface Pro 5th generation from 2017).  

 

Although it is originally not especially designed to depict water level changes for 

constructed wetlands but rainfall runoff patterns in river and stream catchments 

PERSiST allows to calibrate against water depth and hence making it a suitable 

model approach. In addition to this, different model approaches to estimate water 

storage capacities for ponds were found, either holistic, using the Soil Water 

Assessment Tool or remote sensing but none fulfilled the requirements of an easy 

application and as few input requirements as good as PERSiST (Ali et al., 2015; S. 

Chen et al., 2020; W. Chen et al., 2020).  

 

All the mentioned above shows that within the research question and aims PERSiST 

is a suitable program to model future climate scenarios for water level patterns and 

thus water storage capacity.  

4.2 Developing future climate scenarios 

Precipitation is one of the main components of the hydrological cycle and hence a 

driving force in the behaviour of CW’s hydrology. Therefore, it is of utmost 

importance to have consistent long-term precipitation datasets with high temporal 

and spatial resolution assessing hydrological behaviour, especially extreme 

precipitation events (Longo-Minnolo et al., 2022). 

 

Climate data is historically derived from instrumental in situ observations. 

Measurements made by gauging stations do not often meet these requirements due 

to susceptibility to different errors, insufficient spatial distribution to reproduce the 

climate variability of precipitation events and time lagging (Ledesma and Futter, 

2017; Grusson and Barron, 2022). Olsson et al. (2019) showed that high temporal 
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resolution data just started to be taken by an automatic network in Sweden between 

1995-1996 and though overall coverage is satisfying data gaps remain.  

 

To avoid these deficiencies, gridded ERA5-Land data was used for calibration of 

the models and developing the different future climate scenarios. Médus et al. 

(2022) reported an underestimation of  spread of average precipitation, precipitation 

intensities in general but particularly for extreme precipitation events for hourly 

ERA5 datasets in the Nordic region implying Sweden due to a too coarse grid 

(31 km).  

 

ERA5-Land data is the successor to ERA5 and was further downscaled to a spatial 

resolution of 9 km to tackle the issue of too coarsely gridded data (Muñoz-Sabater 

et al., 2021). This advancement allows to reproduce climate behaviour satisfyingly 

on a watershed scale but for a broader temporal scope as it still underestimates 

extreme events (Grusson and Barron, 2022; Longo-Minnolo et al., 2022). Longo-

Minnolo et al. (2022) carried out a correction using local measurements and could 

reduce the precipitation underestimation discrepancy significantly from 25 % to 

7 %.  

 

A correction with in situ observations in Mälardalen of ERA5-Land data was not 

performed in this study, but to take the known issue of precipitation 

underestimation into account, the extreme precipitation stretch scenarios were 

multiplied by 200, 300 and 400 % compared to the baseline scenario. These 

numbers may appear to be exaggerated at first glance, but ERA5-Land was not able 

to even closely reproduce extreme events, e.g. the flooding in Uppsala July 29th 

2018 with more than 80 mm of precipitation in a day (Forsell, 2018). Hence, to 

realistically project future climate scenarios the stretches were performed in the 

above-described magnitude.  

 

The results of RCP4.5 and RCP8.5 scenario calculation derived from SMHI 

regional ensemble data show an increase in temperature and precipitation across all 

seasons, which is higher for RCP8.5 than for RCP4.5. Driving data that was 

generated for this study is consistent with IPCC projections (IPCC, 2021, 2022) and 

therefore appears to be a legitimate way of modelling future climate scenarios in 

small catchment areas without consuming too much time and computational 

resources. Additionally, it needs to be mentioned that it remains a major challenge 

to approximate intensity and frequency of extreme precipitation events even with 

large ensemble projections (Chen et al., 2015). 
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Keeping these constraints in mind, the overall approach of creating the future 

climate scenarios seems like a good way with minor trade-offs to have readily data 

available.  

4.3 Flood buffering capacity under future climate 

scenarios 

Relative water level can be used as proxy to determine the flood buffering capacity 

of a wetland, a property describing the ability of a wetland to reduce and prevent 

floodings. The time in which water level increases can be defined as single 

buffering event. All buffering events over a certain period, e.g. a year, equalled up 

describe the total buffering capacity of a wetland (Åhlén et al., 2022; Strand et al., 

2024).  

Although water storage capacity was not actively included in this study by 

calculating the volume of the ponds or considering the bathymetry, it is still not 

completely neglected. This study calibrated against water level, which is dependent 

on physical limitations of a wetland and therefore also its shape and its volume. 

Additionally, PERSiST is a model reproducing streamflow patterns. Routing the 

water through different boxes reproduces the water level at the same time. The 

model will do so based on first-difference equations and parameter inputs like reach 

length and width at sediment surface and will deliver more accurate results than 

bathymetry measurements that were made once and only depict this certain 

moment. Therefore, using relative water level to describe flood buffering capacity 

in this study is a reasonable approach.  

  

Results in this study have shown that relative water level is shifting upwards with 

RCPs combined with extreme precipitation stretch scenarios in winter and spring 

months, but variation is little compared to spring and fall months. Like previous 

studies (Thorslund et al., 2017; Åhlén et al., 2022) focus will on the summer half 

of the hydrological year.  

 

Gra’s relative water level pattern presents by far the most particular behaviour 

regarding drying out and regeneration phases in summer and fall whereas relative 

water level curves for the different scenarios in Bru show the least amplitude and 

variation. Relative water level curves in Aby present a pattern in between the other 

two ponds.  

 

This could be connected to their location in the landscape, meaning that Gra is 

situated downstream, thus receiving less water and showing these extensive drying 

out periods and having a greater buffering capacity in extreme flooding events 
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(Quin and Destouni, 2018; Åhlén et al., 2022). Regarding the observed relative 

water level pattern in 2023 and precipitation data (figure 7), this seems to be even 

more accurate as water levels only increase slowly over the summer months but 

over proportionally rapid in fall.  

 

Moreover, Graneberg as a biodiversity pond and therefore not designed to be linear 

but more twisted, also including islands in the middle of the CW to guarantee a 

slow and steady raise in water level to enhance the living conditions for different 

species there. This is done by creating a large relative area compared to the whole 

catchment area. Gra as CW has with 5.24 % (table 1) by far the largest relative area 

compared to Bru (0.12 %) and Aby (0.07 %).   

 

Due to that small relative area of Aby’s and Bru’s CWs their response of mean 

water level to stronger precipitation events is therefore less delayed and more 

pronounced (figure 6).  

 

The fact that Bru does not seem to be sensitive to drying out periods under present 

or future climate conditions can be related to different reasons. It is a P-retention 

pond in an agricultural dominated landscape (84 %). Hence, the surrounding fields 

constantly drain into the CW keeping its relative water level constant even 

throughout drier periods.  

 

Furthermore, Bru is in close proximity to a groundwater magazine (< 1 km). A 

shallow groundwater table or other surface and subsurface water bodies could be 

responsible for the stable water level in dry phases, too (McLaughlin, Kaplan and 

Cohen, 2014; Ameli and Creed, 2017; Thorslund et al., 2017, 2018). Bru is 

designed in a more linear shape with steeper edges causing a faster increase of water 

level in precipitation events. All the mentioned above impacts Bru’s flood buffering 

capacity negatively, not allowing too much water to be stored. However, this design 

could be beneficial in dry spells (e.g. keeping a water surface for animals in an 

otherwise dry landscape).  

 

The CW in Aby is a P-retention pond though unique due to its setup within a stream. 

Similarly to Bru, relative are of Aby is very small and the dominating land cover 

class is agriculture (54 %). Though Aby behaves in drier periods differently as the 

water level decreases. This suggests that there is not sufficient drainage from the 

surrounding environment into the CW to keep the water level constant and/ nor 

interactions with other subsurface water bodies which is underlined by the distance 

to the closest groundwater magazine (5-10 km). It offers a higher flood buffering 

capacity than Bru in dry periods but not as high as Gra.  
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The results of the future climate scenarios for RCP4.5 and RCP8.5 scenarios alone 

appear not to impact the relative water level much, indicating that the ponds would 

be resilient against temperature and precipitation increase and could be used as a 

nature-based solution against floods. Whereas the stretch scenarios cause a major 

increase in minimum, mean and maximum relative water level. Consequently, 

water storage capacity decreases and hence their flood buffering capacity, too.  

4.4 Limitations 

Due to an overall time limitation the following aspects were not or not sufficiently 

assessed and should be included in future research.  

4.4.1 Calibration period  

Hourly air temperature and precipitation ERA5-Land data for 2023 was used to 

calibrate the observed data against to. This decision was made for practical reasons 

as it was not yet proven that PERSiST can operate 30 years of hourly data. 

Additionally, download and processing this amount of data would have taken too 

much time. Thus, the calibration process was performed only with data from 2023 

as measurements were also taken in 2023.  

It needs to be emphasized that 2023 was a year coined by extreme meteorological 

events such as a long and hot phase in summer followed by an extended period with 

a lot of precipitation.  

To balance those events and reproduce a more consistent picture a longer period 

should be employed to perform the calibration in the future. As feasibility was 

demonstrated by this study, future calibration should use a period of 30 years at an 

hourly timestep.   

4.4.2 Statistical evaluation 

Equally to extreme climate events, it is of more interest how CWs will perform 

under extreme conditions and what their response is to those extremes. Therefore, 

the tail of probability distribution needs to be assessed further as extremes are 

depicted there. To do so extreme value theory seems like an appropriate approach 

as it is a widely used method in environmental and hydrological modelling to 

generally base managing decisions on (fig. 14). Further, the Generalized Extreme 

Value distribution, the Peak-Over-Threshold methods or the Metastatistical 

Extreme Value distribution are different approaches with different advantages and 

disadvantages (Renard and Lang, 2007; Feng et al., 2018; Gründemann et al., 

2023). Evaluating these lays beyond the scope of this work though.  
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4.4.3 Relative water level as proxy for water storage capacity  

This study assumes that water level functions as indicator for water storage capacity 

of a CW as well as its flood buffering capacity. To strengthen this assumption and 

gain a more reliable output actual water storage capacity should be calculated. As 

no measurements of streamflow have been taken in the past or present estimating 

actual water storage capacity of an CW like Åhlén et al. (2022) is not feasible.  

Instead, latest techniques like remote sensing could be used as high-resolution, 

airborne light detection and ranging (LiDAR) data is more easily accessible. Based 

on these information not only actual but also potential water storage capacity could 

be estimated (Jones et al., 2019; Papa and Frappart, 2021).  

4.4.4 Policy and design recommendations 

Regarding a changing climate CWs can function as a nature-based solution to 

improve resilience against floods in a landscape (Thorslund et al., 2017). It is 

important to implement smart and effective designed CWs in the present but to do 

so more data is needed to understand mechanisms and processes behind interactions 

of CWs and its environment even more to project findings on a larger scale (Park 

et al., 2014; Jones et al., 2019). To better characterize the ten CWs in Mälardalen 

better and create a more consistent picture, future research and model setup should 

imply more data about topographical, land use and management. Especially 

management decisions should be regarded as these CWs are all anthropogenically 

influenced in different ways. Accordingly, this study is not able to give any 

suggestions on how policies or pond designs should be made.  

 

Nonetheless, it appears that current policies and pond designs are resilient to an 

overall increase in temperature and precipitation as RCP4.5 and RCP8.5 project. 

Further data should therefore be used to assess climate-smart designs under extreme 

precipitation events. How to handle those and guarantee that the ponds successfully 

buffer floods will be a major obstacle and should therefore be focused on by the 

research community in the near future.   
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Climate change will cause alterations in precipitation intensities and frequencies as 

well in temperature. CWs could be a potential mitigation measure and create more 

resilience in the environment to encounter those future changes.  

Thus, it was the overall objective of this study to model water storage capacity of 

small CWs in Mälardalen under present and future climate scenarios using relative 

water level changes as proxy. The results led to the following conclusions:  

 

(a) The design of the conceptual model includes several components – direct 

runoff, upper soil water, lower soil water, upper groundwater, riparian 

unsaturated zone, lower groundwater and wetland. This structure was 

successfully translated into a square matrix defining the water flows 

between boxes in PERSiST. This multi-setup approach allowed to 

satisfyingly reproduce the water level changes of observed measurements 

of the different ponds.  

 

(b) Using hourly ERA5-Land and SMHI regional ensemble data for the 

respective counties the CWs are in for the seasons winter, spring, summer 

and fall a baseline scenario, RCP 4.5 and RCP8.5 as well as extreme 

precipitation stretch scenarios were produced. The method used permitted 

to obtain scenarios with a high temporal resolution (hourly data for a period 

of 30 years) not depending on high-computational power or a long 

generation time. The results for the RCP4.5 and RCP8.5 show an increasing 

trend in temperature and precipitation, which is consistent with other 

projections for those scenarios in Sweden. Extreme stretches accounted for 

the underestimation of precipitation events of ERA5-Land data by choosing 

a higher multiplier and were able to project extreme precipitation scenarios. 

Making it a feasible method to project future climate scenarios.  

 

 

(c) PERSiST originally designed to model streamflow or runoff of streams and 

rivers at a daily timestep, was used the first time to model water level 

changes of wetlands using driving data with an hourly timestep for a 30-

year period for a subset of three ponds. Model outputs suggest that none of 

ponds in the subset will dry out under any future climate scenarios. 

5. Conclusions 
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Additionally, all water level patterns of all CWs reacted the least to the 

RCP4.5 and RCP8.5 scenarios alone compared to the baseline scenario. 

Only together with the extreme precipitation stretches the behaviour of 

relative water level presented an upward shift. Strongest differences were 

observed in summer and fall with pronounced drying out and regeneration 

phases for Gra compared to the Aby and Bru. Reasons for these different 

patterns can most likely be due to pond purpose and its respective design, 

relative area compared to catchment size and surrounding land cover class. 

Interactions with other subsurface water bodies like close groundwater 

magazines cannot neither be excluded nor confirmed. All this leads to the 

conclusion that Graneberg has the highest flood buffering capacity followed 

by Aby and lastly by Bru.  

 

Several limitations were encountered in this study that should be considered in 

future research.  

− Extreme distribution of relative water level was not statistically 

assessed. Behaviour of extreme events is of special interest, thus an extreme 

value distribution approach should be used to investigate those patterns.  

 

− Relative water level changes were used as proxy for water storage and 

hence flood buffering capacity in this study without including further 

parameter confirming this. As streamflow measurements are not feasible, 

LiDAR data should be used to estimate actual and potential water storage 

capacity, connect it to relative water level changes, and reproduce flood 

buffering capacity in a more consistently.  

 

− Further data and measurements are needed to reliably recommend smart 

and efficient wetland design, management and policy solutions.  
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Everyone has experienced it already. A weather forecast says it is going to rain in 

five days. But if the day has come there is only blue sky and sunshine. It is even 

more challenging to try to predict rainfall for the next thirty years. Still scientists 

try to do that with so called climate models. These models can show what could 

happen in the future. Supercomputers generate them and need a lot of power and 

storage to do so.  

 

In past years, heavy rain has become more common around the world, also in 

Sweden.  A lot of rain in a short period of time can cause floods. Floods often have 

massive negative effects like the loss of harvests, the destruction of buildings and 

infrastructure and the death of humans. In the future it is projected that there will 

be even more floods.  

 

It is costly to build measures against them though. Manmade wetlands could be a 

cheaper nature-based solution. A lot of different types of manmade wetlands exist. 

They can be ditches and ponds in agricultural landscapes or smaller and bigger lakes 

in nature reserves. At present, it is uncertain which wetland type is best to prevent 

floods.  

 

This study looks at ten different wetlands in Mälardalen in Sweden. It tries to find 

out which type of wetland is best to prevent floods and which factors are responsible 

for that. This is done for the present climate and possible future climates with a 

hydrological model. A model is a simpler version of reality because it only includes 

necessary processes and ignores the rest.  

 

In this case, the model predicts how the water level is going to change. Water level 

changes can be used to judge how good a wetland can prevent or reduce a flood. 

Here it was of special interest, how water level changes under future climate, which 

is predicted to be warmer and with more rain.  

 

The results focus on three wetlands of different types. The three wetlands will not 

dry out in any of the scenarios. Under warmer and wetter conditions, the water level 

of the three wetland types behaves like under present conditions. Only with more 

Popular science summary 
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extreme rainfall water level changes are visibly different from present climate. The 

water level changes are most evident in summer and fall.  

 

Different factors can be the reason for this behaviour. Firstly, it matters how big the 

wetland size is compared to the area it receives water from. The higher this relative 

are the better the wetland can take a lot of rainfall in. Secondly, the purpose and the 

design of a wetland play an important role. A ditch for example, is designed to 

receive excess water from agricultural fields constantly.  Therefore, a ditch cannot 

prevent floods very well. A small lake that is supposed to be home to different 

animals and plants can be better at avoiding floods. Its design does not allow the 

water level to rise to fast because this could harm the animals and plants living 

there. Lastly, interactions with other water sources can also affect the ability to 

prevent floods. These interactions happen mostly underground and are not well 

understood until today.  

 

This study shows that the current design of different wetland types will be able to 

handle warmer and wetter climate conditions. However, the current wetland design 

will struggle to deal with more extreme rainfall. More knowledge and 

understanding are needed to adapt the design to more rainfall. Only like this, 

wetlands can be a good solution to prevent floods under future climate scenarios. 
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Figure 13. Aby - 1. MC analysis, sensitive parameters with D > 0.2. 

 

 
Figure 14. Aby - 2. MC analysis, sensitive parameters with D > 0.2. 

 

 
Figure 15. Aby - 3. MC analysis, sensitive parameters with D > 0.2. 
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Figure 16. Bru - 1. MC analysis, sensitive parameters with D > 0.2. 

 

 
Figure 17. Bru - 2. MC analysis, sensitive parameters with D > 0.2. 

 

 
Figure 18. Bru - 3. MC analysis, sensitive parameters with D > 0.2. 

 

 
Figure 19. Gra - 1. MC analysis, sensitive parameters with D > 0.2. 

 

 
Figure 20. Gra - 2. MC analysis, sensitive parameters with D > 0.2. 
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Figure 21. Gra - 3. MC analysis, sensitive parameters with D > 0.2. 
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Figure 22. Minimum, mean and maximum relative water level changes for each month for 2041 in 

Aby. 
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Figure 23. High NSE (0.56139) with poor visual accordance after initial manual calibration. 
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