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Abstract. Europe has warmed by about 1.5 °C above pre-industrial levels and endured record-breaking droughts 

from 2018–2020, underscoring the need for adaptation to water scarcity. This study examines the potential of 10 

targeted land use and land cover (LULC) changes to modify water fluxes and soil moisture storage for greater 

hydrologic drought resilience. Evaluated measures comprise replacing grain corn with sorghum on agricultural 

fields, converting coniferous forests (spruce, pine) to broadleaved stands (beech, oak), and mitigating 

imperviousness in built-up areas. 

The study area, the 1,983 km² Upper Lippe catchment in Germany, and the exceptionally dry period of 2011–15 

2020, are suitable conditions to address the research question for a temperate region. The assessment was 

conducted with the eco-hydrological model SWAT+ and novel approaches were implemented to accurately 

parameterize agricultural land use and management, dominant tree species, and the realistic impervious fraction 

of built-up areas within the model using publicly available existing data products and studies. After applying a 

calibration strategy that specifically targeted low-flow periods, the model performs well in the study period 20 

combining a good representation of low-flow periods with a standardized Root Mean Square Error for flows 

exceeding a 70 % probability threshold of 0.14 and while also maintaining robust overall streamflow dynamics 

with a modified Kling-Gupta Efficiency (KGE’) of 0.90 at the catchment outlet. The parameterization and 

calibration approaches can serve as references for model setups addressing similar ecoregions and research 

questions. 25 

In the adapted agricultural areas, the evapotranspiration coefficient decreased by -11.7 percentage points (pp, area 

weighted median of the annual average) with reductions concentrated in the vegetation period leading to increases 

in soil moisture content. In response, the drainage flow coefficient increased by +3.3 pp with increases 

concentrated in the winter months and the groundwater recharge coefficient increased by +4.8 pp with a relatively 

uniform distribution throughout the year. The evapotranspiration coefficient from the adapted forested areas was 30 

reduced by -15.9 pp (from 67.5 %) with reductions occurring outside of the summer months. Here, increased soil 

moisture content increases the lateral flow coefficient by +9.0 pp and the groundwater recharge coefficient by 

3.8 pp. Surface runoff increases only slightly, with enhanced surface runoff primarily occurring in mountainous 

areas where broadleaf trees provide less rainfall interception during winter dormancy. In the adapted built-up areas, 

reductions in impervious surfaces led to an increased groundwater recharge coefficient (+ 0.4 pp) and a decreased 35 

surface runoff coefficient (-3.6 pp), while the evapotranspiration coefficient increased (+2 pp), particularly in 

summer. Plant-available moisture in the topsoil increased in the adapted agricultural and forested areas across all 

modeled adaptation measures, reducing magnitude and duration of water stressed periods. These results 
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demonstrate that LULC adaptations can shift landscape water balance by reducing evapotranspiration and 

increasing infiltration, thereby strengthening drought resilience and offering co-benefits such as urban cooling. 40 

Such insights can guide policy and land management toward scalable, land use-based solutions for extreme 

weather resilience under a warming global climate. 

1 Introduction 

Increased atmospheric temperature alters the hydrologic and energy cycles of the earth (Srivastav et al., 2021) and 

influences the frequency, duration, intensity and spatial extent of extreme weather events such as heavy rainfall 45 

and prolonged periods of drought on the global scale. Europe is the fastest warming continent (European 

Environment Agency, 2024) and the frequency, intensity and duration of heatwaves have increased with the 

observed climate change in the past (Lorenz et al., 2019). Between 2006 and 2015, temperatures in Europe were 

already about 1.5 °C higher compared to the pre-industrial level (European Environment Agency, 2017) and the 

continent has experienced extreme drought conditions from 2018 to 2020 which occurred with unprecedented 50 

intensity (Boergens et al., 2020; Hari et al., 2020; Rakovec et al., 2022) providing further evidence that droughts 

are exacerbated by climate change (Hari et al., 2020; Samaniego et al., 2018; Field et al., 2012). The variability in 

rainfall as well as the frequency and magnitude of droughts are predicted to increase further depending on the 

extent of global warming and its regional effects (Field et al., 2012; Samaniego et al., 2018; Hari et al., 2020; 

Grillakis, 2019) which poses major challenges to water management, agricultural productivity and ecologic 55 

communities. Land use change has noticeable effects on water balance components such as runoff and water 

retention in storages such as soils and aquifers (Herrmann and Wendland, 2021; Wagner et al., 2023). As a result, 

they also affect droughts and floods and are therefore part of the problem of hydrologic extremes as well as part 

of the solution to their mitigation (Auerswald et al., 2024). Consistent with these findings, the first German 

National Water Strategy from 2023 defines both a natural water balance and a climate adapted and water-efficient 60 

land use in agricultural, forested and built-up areas as key strategic goals (Bundesministerium für Umwelt and 

Naturschutz, nukleare Sicherheit und Verbraucherschutz, 2023). This study contributes to the knowledge base for 

land management and policy by investigating the hydrologic impacts of scalable, land use–based solutions aimed 

at enhancing drought resilience by increasing water retention in the landscape. 

Droughts refer to periods of time with reduced water availability (Mishra and Singh, 2010) originating from 65 

substantially below-average climatic water balances driven by low precipitation and high temperatures resulting 

in negative impacts for various components of natural systems and socio-economic sectors (Ault, 2020; Wilhite et 

al., 2017). Depending on their duration, droughts propagate from meteorological phenomena to soil moisture 

droughts, during which plants experience water stress – also termed agricultural droughts when crop production is 

affected – and hydrologic droughts, marked by relatively low surface and groundwater levels as well as reduced 70 

streamflow (van Loon, 2015; Menzel, 2016) as drainage from storages in the affected catchments is not sufficiently 

replenished.  

A fundamental aspect of a system’s resilience is its capacity to absorb disturbances while maintaining essential 

structure and function (Holling, 1973; Walker et al., 2004). In this study, droughts constitute disturbances and the 

central function of a hydrologic system that needs to persist is its provisioning of water to connected systems. In 75 

particular, consistent streamflow and water levels as well as groundwater recharge affect socio-economic water 

supply (Marx et al., 2018; van Vliet et al., 2016) and aquatic habitats (Riedel et al., 2021; Kakouei et al., 2018). 
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Sufficient soil water content on the other hand has impacts on agricultural and forestry productivity (Jarrett et al., 

2023) and terrestrial ecosystems (Salomón et al., 2022). Drought resilience of a hydrologic system is therefore the 

degree to which it provides sufficient water to meet the requirements of the socio-economic and ecological systems 80 

to which it is connected during periods of relative water scarcity and thus avoiding a propagation of the drought. 

The stabilization of water availability under drought conditions can be promoted by slowing down runoff 

processes, increasing the natural or artificial storage volume in the catchment and improving water efficiency of 

the dependent systems. In this study, we assessed the potential of land use and land cover (LULC, in this 

publication universally referred to as “land use”) to increasing water retention in the landscape by reducing 85 

evapotranspiration and strengthening water fluxes through storages with long or medium residence times. 

Specifically, we investigated which hydrologic alterations are caused by adaptations in agricultural, forested, and 

built-up areas in a study period dominated by dry and extremely dry meteorological conditions as identified with 

the Standardized Precipitation and Evaporation Index (SPEI). 

To assess the hydrologic impacts and the effectiveness of climate adaptation measures, field experiments as well 90 

as modeling studies can be used (Meyer et al., 2019). Hydrological models allow to understand the interactions of 

climate, topography, soil and land cover and their impacts on the water balance on the catchment scale, as well as 

to assess possible outcomes of land management strategies under different climatic conditions (Čerkasova et al., 

2023; Parajuli et al., 2016; Kiniry et al., 2008). Therefore, modeling approaches are frequently used as an 

alternative or in addition to empirical studies (Liang et al., 2023). With their ability to model scenarios for large 95 

areas, modeling can assist policy design and administration (Čerkasova et al., 2023). Comprehensive eco-

hydrological models like the Soil and Water Assessment Tool (SWAT) are particularly suited to assess the effects 

of land use-based climate adaptation measures on the landscape water balance, as they are capable of accurately 

representing different plants within the same land use class and evaluating how management and conservation 

practices affect water resources on the landscape scale (Čerkasova et al., 2023). In this study, SWAT+ (Arnold et 100 

al., 1998; Bieger et al., 2017) the latest, extensively restructured version of the model SWAT (Arnold et al., 1998) 

was used to assess changes in the water balance of the adapted areas in the upper Lippe catchment in Germany. 

SWAT has already been successfully used to model the effects of various land use and management practices 

under different climate change scenarios (Parajuli et al., 2016; Bernini et al., 2023; Berihun et al., 2023; Hoque et 

al., 2014). A small number of studies investigate the effects of changes in isolated land use or land management 105 

categories (e.g. Yang et al., 2024; Eini et al., 2023; Gautam and Corzo, 2023; Kassaye et al., 2024; Nauta et al., 

2024; Paez-Trujillo et al., 2023; Naik and Abiodun, 2024) on the water retention capacity for drought management 

with SWAT+. In this study, we follow a comprehensive approach by assessing adaptations in the three main land 

use categories agriculture (corn to sorghum), forested (coniferous to broad-leafed trees) and built-up areas 

(reduction of imperviousness). With detailed spatial discretization and model parameterization, a realistic 110 

representation of the current state of these areas was established and changes are analyzed separately for the distinct 

land uses across the different site conditions to investigate their respective potential as measures for increasing 

drought resilience. 
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2 Materials and Methods 

2.1 Catchment description 115 

The study area is the upper Lippe catchment limited by the gauging station Kesseler 3 which is situated 152.9 km 

upstream from the Lippe’s confluence with the Rhine River. It comprises an area of 1,983.6 km2 and accounts for 

41 % of the entire Lippe catchment which is located in the state of North Rhine Westphalia in the West of Germany. 

The mean discharge of the river at the outlet of the study catchment at 63,6 m.a.s.l is 22,2 m3/s (1991-2020) with 

a coefficient of variability of 79 % (Ministerium für Umwelt, Naturschutz und Verkehr NRW, 2024). The mean 120 

elevation of the upper Lippe catchment is 213.6 m.a.s.l with a minimum elevation of 35.7 m.a.s.l and a maximum 

elevation of 614.4 m.a.s.l comprising both mid-range mountain and lowland areas as shown in Fig. 1a. The study 

area has a population size of 451,387 according to the census 2022 (Statistisches Bundesamt - Destatis, 2023) 

resulting in a population density of 227 inhabitants per km2. 

Land use of the study area shown in Fig. 1b is dominated by agriculture with 51 % of the catchment being used as 125 

rainfed agricultural land and 13 % as grassland (European Environment Agency, 2020a). The most frequently 

cultivated crops are corn, winter grains (barley and wheat), and rapeseed, which are mainly grown in rotation, with 

some corn monocultures still prevalent (Landwirtschaftskammer Nordrhein-Westfalen, 2023). Forests in the upper 

Lippe catchment cover 24 % of the area and spruce and beech dominate in the mid-range mountains where the 

eastern and south-eastern headwaters of the Lippe are situated (Blickensdörfer et al., 2024). In the lowlands, oak 130 

is dominant throughout the catchment while the region in the north-east of the catchment contains a distinct pine 

agglomeration (Blickensdörfer et al., 2024). Built up-areas account for 9 % of the study area and are used for 

settlements (7 %) as well as industrial and commercial purposes including transportation (2 %). There are 25 

reservoirs located in the upper Lippe catchment with a total retention volume of approximately 2,500 million m3 

which are mainly operated for flood control and some water supply purposes (Wasserverband Obere Lippe, 2024). 135 

The soils of the upper Lippe catchment (Geologischer Dienst NRW, 2023) are dominated by loamy and textures 

south of the Lippe River and in the eastern mid-range mountains (Fig. 1c) with higher runoff and lower infiltration 

potential. The lowlands of the Westphalian Basin north of the Lippe River are in contrast dominated by sandy 

loam and loamy sand soils with medium infiltration potential while the sandy soils of the region in the north-east 

have the highest infiltration potential. 140 
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Figure 1: (a) Topography with stream network (LANUV, 2019) and streamflow gauges (Ministerium für Umwelt, 

Naturschutz und Verkehr NRW, 2024), (b) spatial distribution of CORINE 2018 land use classes (European 

Environment Agency, 2020a), (c) soil textures (Geologischer Dienst NRW, 2023) and potentially drained areas (Tetzlaff, 

2021) of the upper Lippe catchment 145 
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2.2 Meteorological input data and climatic trend analysis 

We used daily precipitation and temperature data from the HYRAS data set – a high-resolution gridded 

observational weather dataset for Central Europe (Razafimaharo et al., 2020; Rauthe et al., 2013) provided by the 

German Weather Service (Deutscher Wetterdienst, 2022). We conducted statistical tests on the annually 

aggregated weather data to identify potential climate trends in the period from 1991 to 2020 (Fig. 2). The Mann-150 

Kendall trend tests (Mann, 1945; Kendall, 1955), conducted with the R-package “trend” (Pohlert, 2023) showed 

that the null hypotheses for no trends in precipitation (p-value = 0.008) and average temperatures (p-value = 0.010) 

can be rejected with statistical significance. Annual precipitation sums exhibit a negative trend with a Sen’s slope 

(Sen, 1968) of -8.48 mm / year while annual average temperatures are rising with a Sen’s slope of 0.034 °C / year. 

 155 

Figure 2: Climate trends in the upper Lippe Catchment (1991 – 2020) with linear trendlines and Sen’s slopes 

The Standardized Precipitation-Evaporation Index (SPEI) is a statistical indicator that identifies dry and wet 

periods based on the climatic water balance as the difference between total precipitation and the sum of potential 

evaporation aggregated on different time scales (Vicente-Serrano et al., 2010). It builds on the concept of the 

Standardized Precipitation Index (SPI) developed by McKee et al. (1993) but captures water deficits or water 160 

surpluses of the land surface better by considering the impact of temperature variability on evaporative water 

demand while preserving the robust statistical features of the SPI. Like the SPI, the SPEI can be calculated on a 

range of timescales from 1-48 months. We analyzed the SPEI for the upper Lippe Catchment with the R package 

“SPEI” (Beguería and Vicente-Serrano, 2023) with an aggregation period of 12 months and potential evaporation 

calculated with the Hargreaves method (Fig. 3). This analysis shows that the period following 2009 was almost 165 

exclusively characterized by relative dryness. 
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Figure 3: Standardized Precipitation-Evaporation Index (12 months) – upper Lippe Catchment, 1991 – 2020 with SPEI 

thresholds from Deutscher Wetterdienst (n.d.) 170 

2.2 Eco-hydrological Model 

The eco-hydrological model SWAT+ (Arnold et al., 1998; Bieger and Arnold, 2017), of which we used version 

60.5.4, is a completely revised version of the SWAT model (Arnold et al., 1998; Arnold and Fohrer, 2005). It 

divides the catchment into subcatchments which contain a channel and are further divided into Hydrologic 

Response Units (HRUs) – spatial entities with unique soil, land use and slope combinations. For each HRU, 175 

changes in soil water storage along with the processes of evaporation, surface runoff, lateral and drainage flow as 

well as percolation are calculated on a daily time step. Water leaving the HRUs via surface runoff, lateral and 

drainage flow is directly received by the modeled channel where the water is routed to the subcatchment outlet. 

Water percolating from HRUs enters shallow aquifers and – after optional subtraction of losses to a deep aquifer 

or due to capillary rise and plant uptake – discharged as groundwater flow to the respective channel.  180 

For the delineation of the catchment and the derivation of slope classes, a digital elevation model (DEM) with a 

10 m resolution (Fig. 1a) resampled with bilinear interpolation from a 1 m raster dataset (Landesvermessung 

NRW, 2023) was used. Four slope classes were defined with class borders based on the USDA Soil Survey Manual 

(United States Department of Agriculture, 2017) at 3 %, 8 % and 16 %. A river network map based on the official 

water bodies map of North Rhine-Westphalia (LANUV, 2019) was used and the threshold for stream and channel 185 

definition was set to 25 km2 resulting in the modeled river network shown Fig. 1a. A soil map with a resolution of 

1:50,000 and soil parameters produced in accordance with the German soil mapping guidelines of the 

Bundesanstalt für Geowissenschaften und Rohstoffe (2005) by the State Geological Service of North Rhine-

Westphalia (2023) were used as model inputs (Fig. 1c). The soil hydrologic groups additionally required by the 

SWAT+ model were estimated with pedotransfer functions in accordance with United States Department of 190 

Agriculture (2009) specifications. The HRU generation considered land uses accounting for more than 2 %, soils 

for more than 11 % and slope classes for more than 10 % of each subcatchment to filter out very small unique 

combinations. The areas of the filtered HRUs were redistributed proportionately to the generated HRUs within 

each subcatchment. 
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The weather data used as input to the model were daily minimum and maximum temperature (Razafimaharo et al., 195 

2020) and daily precipitation (Rauthe et al., 2013) from the above described HYRAS dataset. Potential 

evapotranspiration was calculated with the method of Hargreaves and Samani (1985).  

2.2.1 Land use classification and parameterization 

The models’ land use data comprises combined information from several datasets. The CORINE Land Cover 2018 

product with a minimum threshold of 25 ha for areas to be categorized as singular land use units (European 200 

Environment Agency, 2020a) serves as a base layer (Fig. 1b). A more detailed spatial representation and 

parametrization of agricultural land use and the identification of common crop rotations were derived from data 

of the Integrated Administration and Control System (IACS) for the implementation of the European Union’s 

Common Agricultural Policy (CAP). This database is used as a basis for EU grant processing and contains annual 

data on crops on the field scale. For the Lippe catchment this high-resolution dataset was provided for the years 205 

2016 to 2022 by the Chamber of Agriculture of North Rhine-Westphalia (Landwirtschaftskammer Nordrhein-

Westfalen, 2023). This complex approach allowed for accurate spatial representation of the current agricultural 

land use on the field scale combined with generalized crop rotation schedules that are conducive to exploring land 

use scenarios. 

The modeled crop rotations with sowing and harvesting as well as tillage operations were added as management 210 

schedules. Management operations for grain sorghum are based on the information of field trials in Germany 

(Bayerische Landesanstalt für Landwirtschaft, 2024). Harvesting and tillage parameters (Appendix 1, Tables A1 

and A2) were adjusted according to standard German agricultural practices (Kuratorium für Technik und 

Bauwesen in der Landwirtschaft, 2009). The planting and sowing dates were adjusted based on phenology data 

from the German Weather Service (Deutscher Wetterdienst, 2023). Management operation dates and parameters 215 

were subsequently verified and adjusted based on the regional conditions and common practices derived from an 

expert interview with the Chamber of Agriculture of North Rhine-Westphalia (2024). In the model, cover crops 

are uniformly represented by red clover. According to regional practices, cover crops are planted before corn in 

all crop rotations while no cover crops are planted with corn monocultures. The final management schedule of the 

model contains the operations shown in Table A3 of Annex 1. 220 

Drainages are represented in the model based on the spatial distribution of potentially drained areas in North Rhine-

Westphalia estimated by Tetzlaff (2021) and shown in Fig. 1c. Agricultural fields that were at least 30 % 

potentially drained were classified as tile drained. To calculate drainage flow, the original tile drainage equation 

of SWAT is used (Neitsch et al., 2011). This method considers the perched water table and simulates the tile flow 

on days when the height of the perched water table layer is greater than the height of the tile (Du et al., 2005). It 225 

considers the following three user defined parameters in SWAT+ (v. 60.5.4). The depth of the tile drainages was 

set to 800 mm in accordance with the assumptions of a water balance model for North Rhine-Westphalia 

(Herrmann and Wendland, 2021) which were confirmed as generally plausible by the Chamber of Agriculture of 

North Rhine-Westphalia (2024). The time to drain the soil to field capacity in hours and the maximum daily 

drainage capacity in millimeters are used as calibration parameters. 230 

As a basis for the modeling adaptation in forested areas we further refined the spatial representation and 

parameterization of forests in the model. For areas classified as forested in the CORINE 2018 land cover map 

(European Environment Agency, 2020a) the most prevalent tree species groups were identified based on a map 

product from the Thünen-Institut (Blickensdörfer et al., 2022). This novel dataset combines remote sensing time 
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series (Sentinel-1 and -2) with sample-based data from the German National Forest Inventory and environmental 235 

data to generate a map of dominant tree species covering the whole German territory with a spatial resolution of 

10 m (Blickensdörfer et al., 2024). Several studies have shown that the default SWAT plant database is insufficient 

to correctly model the water balance of forested areas (Haas et al., 2022; Karki et al., 2023; Yang and Zhang, 

2016). Therefore, SWAT+ tree parameters for oak (Quercus spp.), beech (Fagus sylvatica), birch (Betula spp.), 

pine (Pinus spp.), spruce (Picea spp.) and douglas fir (Pseudotsuga menziesii) identified for Germany and 240 

published by Müller (2022) were used in this study. 

The model setup for this study distinguishes the two land use classes of partially impervious built-up areas which 

were delineated based on the CORINE 2018 land cover map. The model’s “settlements” class comprises the 

CORINE land cover classes Continuous Urban Fabric, Discontinuous Urban Fabric, Green Urban Areas, Sport 

and Leisure Facilities. Areas in the CORINE classes Industrial or Commercial Units as well as transport classes 245 

are lumped in the model’s “industry and commerce” class. The model calculates runoff based on the SCS Curve 

Number Method (USDA Soil Conservation Service, 1972) and assigns an SCS curve number of 98 to the fraction 

of impervious surfaces while the hydrologic properties of the unsealed fraction is calculated based on its land use 

and soil type (Neitsch et al., 2011). To achieve a realistic representation of the built-up areas in the model, the 

fraction of impervious surfaces has been identified using a map product containing information on imperviousness 250 

density (European Environment Agency, 2020b). This raster dataset contains estimates of impermeable cover of 

soil for Europe at a resolution of 10 m derived from analysis of Sentinel-2 satellite imagery. The identified mean 

impervious fractions in the study catchment are 0.46 for settlements and 0.58 for industrial and commercial areas, 

respectively. 

2.2.2 Model calibration and validation 255 

The aim of the calibration strategy was to optimize the water balance and discharge dynamics of the entire upper 

Lippe catchment with a particular focus on low-flow periods. Thus, the observed daily average discharge at the 

catchment outlet at gauge Kesseler 3 (Fig. 1a) from 2001 to 2020 (Ministerium für Umwelt, Naturschutz und 

Verkehr NRW, 2024) was used for the calibration of the SWAT+ model of the upper Lippe catchment. Further 

discharge measurements at the station Bentfeld as well as the subcatchments of the Gieseler with gauge Overhagen 260 

2 and of the Glenne gauged at Cappel (Fig. 1a) are used for additional spatially distributed model validation. Due 

to the above identified decreasing trend in precipitation, the calibration and validation periods were defined to 

equally include wet and dry years (Table 1). 

 

Table 1: Separation of the calibration and validation periods 265 

 
Calibration Period Validation Period 

Years (sorted by precipitation, high to low) 2007, 2018, 2004, 2013, 2005, 

2014, 2010, 2003, 2019, 2015 

2002, 2016, 2001, 2020, 2017, 

2011, 2009, 2008, 2006, 2012 

Average annual precipitation 814 mm 827 mm 

Standard deviation of precipitation 153 mm 141 mm 

 

In an initial step, the model's bias between observed and simulated discharge was assessed to evaluate the 

plausibility of the water balance. The applied performance metric was Percent Bias (PBIAS), which quantifies the 

deviation between observed and simulated datasets as a percentage where positive PBIAS values indicate model 
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overestimation and negative values signify underestimation (Yapo et al., 1996; Sorooshian et al., 1993). Initially, 270 

the SWAT+ model of the upper Lippe catchment exhibited an underestimation of the modeled streamflow with a 

PBIAS of -33.8 in the calibration period at the catchment outlet (gauge Kesseler 3). The recharge coefficient to 

the deep aquifer which represents losses from the system (Neitsch et al., 2011) and was set to 0 (SWAT+ default 

value = 0.05) assuming that no water is lost from the catchment resulting in a PBIAS of -29.3. To adjust the 

evapotranspiration with the aim to achieve plausible runoff quantities, here defined as -10 ≤ PBIAS ≤ 10, before 275 

automatic calibration, the calibration coefficient of the Hargreaves potential evaporation equation (Hargreaves and 

Samani, 1985) was adjusted to 0.0018 resulting in a PBIAS of -9.9. 

Following these preliminary manual parameter adjustments 19,200 parameter sets were generated by Latin 

Hypercube Sampling (Soetaert and Petzoldt, 2010; McKay, 1988; McKay et al., 2000) using the parameter ranges 

shown in Table 2 for automatic calibration. The selected calibration parameters cover the models’ relevant 280 

conceptualized components of the hydrologic cycle including evaporationtranspiration (esco, epco) surface runoff 

(surlag, cn2, cn3_swf), lateral flow (latq_co), tile flow (tile_dtime, tile_drain) as well as groundwater recharge 

(perco) and retention (alpha). The parameter set furthermore comprises the physical properties of the soil (bd, 

awc, k) as well as of the aquifer’s specific yield (sp_yld). The parameter ranges for the conceptual parameters esco, 

epco, latq_co and perco extent to the maximum possible ranges of the SWAT+ model while the minima and 285 

maxima of the remaining parameters were limited based on prior sensitivity tests. For each parameter set a model 

run was performed. 

The modified Kling-Gupta Efficiency (KGE’) was applied as the first objective function for attaining a good model 

representation of overall streamflow dynamics as it optimizes the Euclidian distance in a three-dimensional 

parameter space between the correlation coefficient, the bias ratio and the variability ratio (Kling et al., 2012). It 290 

has been found by Kling et al. (2012) to be superior to the widely used Nash-Sutcliffe Efficiency (NSE, Nash and 

Sutcliffe, 1970) which will only be considered here as additional information on model performance. The second 

objective function was the low-flow performance of the model measured by the Root Mean Square Error 

standardized using the standard deviation of the overserved discharge (Moriasi et al., 2007) applied to the low-

flow segment of the flow duration curve (Pfannerstill et al., 2014; Haas et al., 2016). In contrast to Haas et al. 295 

(2016) the low-flow segment in this calibration comprises flows with an exceedance probability of 70 % as 

categorized by Yilmaz et al. (2008) to lump both low- and very low-flows in one performance metric (RSR_Q70). 

Firstly, the 99th percentile of the model runs, sorted by KGE’, were selected. Secondly, the selected runs were 

then ranked by RSR_Q70 to determine the optimal parameter set in accordance with the calibration strategy. 

Calibration and validation were carried out in R using the packages FME (Soetaert and Petzoldt, 2010) and 300 

SWATrunR (Schuerz, 2024) for Latin Hypercube Sampling and hydroGOF (Zambrano-Bigiarini, 2024) for model 

evaluation and the packages zoo (Zeileis and Grothendieck, 2005) and xts (Ryan et al., 2024) for data processing. 
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Table 2: Calibration parameters, upper and lower boundaries and final values/adjustments 

Parameter Description Change Min Max 

Final 

change 

value 

surlag Surface runoff lag coefficient absval1 0.05 1 0.051 

cn2 Condition II curve number abschg2 -30 2 -4.678 

cn3_swf 
Soil water factor for curve 

number condition III 
absval1 0 1 0.468 

esco 
Soil evaporation 

compensation coefficient 
absval1 0 1 0.341 

epco 
Plant water uptake 

compensation coefficient 
absval1 0 1 0.945 

awc 

Available water capacity of 

the soil layer (mm H2O/mm 

soil) 

pctchg3 -20 20 
-

13.647 

k 

Saturated hydraulic 

conductivity of soil layer (mm 

H2O/hr) 

pctchg3 -50 50 38.602 

bd 
Bulk density of soil layer 

(Mg/m3 or g/cm3) 
pctchg3 -30 20 

-

10.615 

latq_co Lateral flow coefficient absval1 0 1 0.461 

tile_dtime 
Time to drain soil to field 

capacity (hrs) 
absval1 48 72 50.200 

tile_drain 
Maximum drainage capacity 

per day (mm) 
absval1 10 51 32.951 

perco Percolation coefficient absval1 0 1 0.610 

alpha Baseflow recession constant absval1 0.001 0.2 0.007 

sp_yld 
Aquifer specific yield  

(m3 H2O/m3) 
absval1 0.05 0.2 0.081 

1 absval replaces the initial parameter value with an absolute value. 305 

2 abschg adds an absolute value to the initial parameter value. 

3 pctchg changes the initial parameter value by a percentage. 

 

2.3 Land use scenarios 

To assess the hydrologic effects of climate adaptation measures, an alternative land use scenario was created which 310 

comprises three different adaptation categories affecting five land use classes: 

1. Crop adaptation: To model the effects of this adaptation in the study catchment, agricultural areas where 

grain corn [Zea mays L.] is cultivated – either as monoculture or as part of crop rotations – it is replaced 

by grain sorghum [Sorghum bicolor (L.) Moench]. To increase the number of evaluated years to the full 

investigation period, crop rotations were modeled as corn monocultures in the base scenario and grain 315 

sorghum monocultures in the adaptation scenario. This conversion affects 120.8 km², accounting for 

6.2 % of the modeled watershed. The rationale for this adaptation is the higher water efficiency and water 
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stress resilience of sorghum compared to corn found in field experiments (Bhattarai et al., 2020; 

Jahansouz et al., 2014). In Germany, sorghum was grown on a total area of 11,000 ha in 2020, primarily 

in drought affected areas and as an energy crop (Bockholt, 2020). Field trials in Northern Bavaria 320 

confirmed that yields of sorghum are below to those of corn when sufficient water is available but become 

comparable under water limited conditions (Bayerische Landesanstalt für Landwirtschaft, 2024). 

2. Forest composition adaptation: This adaptation category is based on findings from field experiments with 

large lysimeters in Germany that show that evapotranspiration from broad leafed trees is notably lower 

than from coniferous trees (Müller, 2005; Landesamt für Natur, Umwelt und Verbraucherschutz, 2018; 325 

Harsch et al., 2009; Müller, 2011). In forested areas which account for 8.8 % of the modeled watershed, 

the replacement of coniferous by broad-leaved tree species was modeled. Areas currently dominated by 

spruce were converted to beech-dominated areas and pine-dominated areas are converted to oak-

dominated areas.  

3. Imperviousness adaptation: The climate adaptation scenario contains a reduction of imperviousness in 330 

built-up areas which account for 9.1 % of the modeled catchment area. For urban areas, the impervious 

fraction was reduced by 13 percentage points to 33 % and for industrial and commercial areas (including 

large transport infrastructure) the impervious fraction was reduced by 15 percentage points to 43 %. This 

adaptation was based on findings of previous studies that reductions of sealed surfaces can improve 

infiltration and that green infrastructure, such as permeable surfaces or vegetated buffers, can mitigate 335 

runoff and promote groundwater recharge (Zölch et al., 2017; Sohn et al., 2020). 

The detailed changes from the status quo, the “baseline scenario”, to the “adaptation scenario" are shown in . 

 

Table 3 which also defines the short names for the measures based on the initial land use in the baseline scenario 

and used for further reference and spatially depicted in Fig. 4. 340 

 

Table 3: Overview of modeled land use adaptation measures 

Category 

Land use 

“Baseline 

scenario” 

Land use 

“Adaptation 

scenario” Short name 

Area 

[km2] 

Share of 

catchment 

area 

[%] 

HRUs 

[quantity] 

Agriculture Grain corn Grain Sorghum CORN_SORGHUM 94.6 6.2 158 

Forest 
Spruce Beech SPRUCE_BEECH 125.6 6.3 116 

Pine Oak PINE_OAK 48.9 2.5 30 

Built-up 

areas 

Settlements  

(46 % 

imperviousness) 

Settlements  

(33 % 

imperviousness) 

URBAN_IMP 

143.5 7.2 337 

Industry and 

Commerce  

(58 % 

imperviousness) 

Industry and 

Commerce  

(43 % 

imperviousness) 

INDUSTRY_IMP 

38.3 1.9 72 
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Figure 4: Spatial distribution of modeled adaptation measures 345 

2.3 Assessment of hydrologic impacts 

To assess the hydrologic impacts of the land use changes, we analyzed the differences in the water balance 

components of the adapted HRUs in the study period from 2011 to 2020. The evaluation was carried out at both 

annual and monthly scales. To account for the different areas of the HRUs, the evaluation metrics for the changed 

land use classes or adaptation categories were spatially aggregated by calculating their respective area-weighted 350 

medians. 

The examined hydrologic fluxes comprised actual evapotranspiration, surface runoff, tile drainage flow, lateral 

flow, soil water storage change and groundwater recharge. Reductions in evapotranspiration are considered 

beneficial to water retention in the landscape. Soil and groundwater storages have comparably longer residence 

times than surface water bodies (Weiler and Miegel, 2016). Tile drainage flow primarily forms a fast flow 355 

component (Northcott et al., 2002). Accordingly, increases in lateral flow, soil water change and groundwater 

recharge are considered to increase water retention whereas increases in surface runoff and tile drainage flow are 

considered to decrease water retention. 

We investigated the annual averages of the fluxes [mm] of the changed HRUs as well as the flux coefficients, 

normalized by precipitation to aggregate across regions with different precipitation levels as shown in the 360 

following formula: 

𝐶𝐹,𝑖  = (
𝐹̅𝑖  

𝑃̅𝑖

) × 100 

where 𝐶𝐹,𝑖 is the normalized flux coefficient [%] for HRU 𝑖, 𝐹𝑖 is the annual hydrologic flux [mm] in HRU 𝑖 

averaged over the investigation period, 𝑃𝑖  is the annual precipitation [mm] received by HRU 𝑖 averaged over the 

investigation period, and 𝑖 denotes the index of the HRU within the investigated land use class. 365 
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The changes in flux coefficients were calculated at the HRU level using the following equation: 

∆𝐶𝐹,𝑖  =  (
𝐹̅𝑖,𝑎𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 − 𝐹̅𝑖,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒  

𝑃̅𝑖

) ∗ 100 

where ∆𝐶𝐹,𝑖 is the normalized change of the hydrologic flux coefficient for HRU 𝑖 expressed in percentage points 

[pp], 𝐹𝑖,𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 is the annual hydrologic flux [mm] in HRU 𝑖 under the respective scenario averaged over the 

investigation period, 𝑃𝐻𝑅𝑈𝑖  is annual precipitation [mm] received by HRU 𝑖 averaged over the investigation period, 370 

and 𝑖 denotes the index of the HRU within the investigated land use class. 

For the analysis of the intra-annual progression of changes to the flux and state variables of the water balance, the 

changed land use classes were aggregated across the adaptation categories. To quantify the effects of the modeled 

land use changes on the hydrologic fluxes, differences in monthly values were calculated as follows: 

∆𝐹𝑖,𝑚 =  𝑋̅𝑖,𝑚,𝑎𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 − 𝑋̅𝑖,𝑚,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 375 

where ∆𝐹𝑖,𝑚 is the change of a hydrologic flux [mm] in HRU 𝑖 in month 𝑚, 𝑋̅𝐻𝑅𝑈𝑖,𝑚,𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 is the monthly 

hydrologic flux [mm] in HRU 𝑖 averaged over the investigation period under the adaptation and baseline scenarios, 

and 𝑖 denotes the index of the HRU within the investigated adaptation category. 

In addition to the water fluxes, the intra-annual progression of the hydrologic state variable soil water content was 

examined. To analyze the effects of the adaptation measures on soil moisture, the relative plant available water 380 

content (RPWC) of the topsoil up to a depth of 300 mm was calculated for each month. The calculation of RPWC 

is based on the formula derived from UFZ Helmholtz Zentrum für Umweltforschung (2024) and adapted as 

follows:  

𝑅𝑃𝑊𝐶𝑖,𝑚 =  (
𝑆𝑊𝐶̅̅ ̅̅ ̅̅

𝑖.𝑚 − 𝑊𝑃𝑖

𝐴𝑊𝐶𝑖

) ∗ 10 

where 𝑅𝑃𝑊𝐶𝑖,𝑚 is the plant available water [%] in HRU 𝑖 during month 𝑚 , 𝑆𝑊𝐶𝑖,𝑚 is the soil water [mm] stored 385 

in HRU 𝑖 during month 𝑚 averaged over the investigation period, 𝑊𝑃𝑖  is the wilting point of the soil [mm] of 

HRU 𝑖 and 𝐴𝑊𝐶𝑖 is the plant available water capacity of the soil [mm] of HRU 𝑖, and 𝑖 denotes the index of the 

HRU within the investigated adaptation category. For interpretation of this metric, common generalized thresholds 

are set at 50 % for mild water stress impairing plant development and 30 % for full-fledged water stress with 

beginning wilting of plants (UFZ Helmholtz Zentrum für Umweltforschung, 2024). 390 

3 Results 

3.1 Model performance 

The implementation of the calibration strategy led to the selection of the parameter set presented in Table 2 which 

achieved the optimal low-flow performance measured by RSR_Q70 (0.12) while ranking in the top 1 % (> 0.883) 

for overall streamflow representation as measured by KGE’ in the calibration period. A comparison of model 395 

performance metrics shown in Table 4 between the calibration and validation periods (Table 1) indicates that the 

calibrated model maintains a robust performance outside the calibration period for which the optimal parameter 

set was selected. 
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Table 4: Model performance in the calibration, validation, and investigation period (2011 – 2020) at the catchment 400 
outlet Kesseler 3 and further gauges for spatial validation 

Period Gauge River KGE’ PBIAS NSE RSR RSR_Q70 

Calibration Kesseler 3 Lippe 0.89 -1.8 0.78 0.46 0.12 

Validation Kesseler 3 Lippe 0.90 2.9 0.80 0.45 0.26 

Investigation Kesseler 3 Lippe 0.90 -3.4 0.83 0.41 0.14 

Bentfeld Lippe 0.74 23.5 0.75 0.50 0.43 

Cappel Glenne 0.62 -0.9 0.70 0.55 0.51 

Overhagen 2 Gieseler 0.79 -10.3 0.76 0.48 0.36 

 

In the investigation period from 2011 to 2020, the calibrated model exhibits a KGE of 0.90, PBIAS of -3.4 and an 

NSE of 0.83 at the main catchment outlet Kesseler 3 (Table 4). The flow duration curve (Fig. 6) shows a good 

agreement of modeled and measured streamflow in all flow segments. The model performs best in the 405 

representation of the mid (20 % to 70 % exceedance probability) and very low flows (> 95 % exceedance 

probability) while the representation of very high flows (< 5 % exceedance probability) is comparatively weaker . 

Accordingly, the hydrograph (Fig. 5) shows a very good overall representation of discharge dynamics in the 

recession and low flow periods. The dynamics of extreme peak flows are represented correctly but their magnitude 

is overestimated by the model. The performance metrics of the gauges of the subcatchment used for spatially 410 

distributed validation indicate an overall good representation of streamflow dynamics (Table 4). While being 

within an acceptable range, they also indicate an overestimation of the headwater’s contribution (gauge Bentfeld) 

to the total discharge which is compensated by higher discharge quantities in the lower catchment when calibrating 

for the optimal performance for the whole catchment. 

 415 

Figure 5: Comparison of the modeled and measured hydrographs at the catchment outlet (gauge Kesseler 3) in the 

investigation period 2011 – 2020 after model calibration 
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Figure 6: Comparison of the modeled and measured flow duration curves at the catchment outlet (gauge Kesseler 3) in 420 
the investigation period 2011 – 2020 after model calibration with RSR of the segments of the flow duration curve, 

segmentation in accordance with Pfannerstill et al. (2014). 

3.2 Effects of land use adaptations on hydrologic fluxes and state variables 

3.2.1 Changes to the annual water balance  

We compared the modeled water balances from 2011 to 2020 of the areas which were changed between the 425 

baseline and the adaptation land use scenarios. The coefficients of evapotranspiration, direct runoff components 

and groundwater recharge relative to precipitation for each changed land use class which are used for the analysis 

and intercomparison of the effects of the land use changes are shown in Table 5 while Fig. 7 contains the 

underlying flux volumes.  

Agricultural areas where corn is grown in the baseline scenario receive the least amount of precipitation per year 430 

(663 mm) compared to the investigated forested and urban areas and precipitation exhibits the least variance but 

evapotranspiration is much higher than in all other investigated land use classes. Most of the remaining water 

infiltrates the soil profile while surface runoff from these areas is minimal. Most of the infiltrated water percolates 

and recharges the groundwater storage whilst a lesser amount flows laterally through the soil profile or through 

drainages. The agricultural areas with corn cropping experienced the largest soil water storage losses throughout 435 

the investigation period compared to the other investigated land use classes. When the crop cultivated in these 

areas is replaced by sorghum (CORN_SORGHUM), the model results show a decrease in evapotranspiration by 

an area-weighted median of -11.7 pp which makes more water available for other fluxes. Here, the groundwater 

recharge experiences the greatest increase of +4.8 pp from crop adaptation while the lateral flow increases by 

+2.5 pp. Drainage becomes a notably more important flow path with an increase of +3.3 pp while surface runoff 440 

remains unchanged. 

In the investigated forested areas, evapotranspiration is the dominant water flux but not as pronounced as in the 

investigated agricultural areas. Forest areas also receive the highest volumes of precipitation. Pine-dominated areas 

show a higher amount of evapotranspiration compared to spruce-dominated areas. In pine-dominated areas, 

groundwater recharge plays a higher role than lateral flow but the latter exhibits a higher spatial variability. No 445 
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surface runoff is generated from pine-dominated areas. Spruce-dominated forested areas in turn exhibit larger 

volumes of horizontal fluxes – through the soil profile as lateral flow as well as surface runoff – while still 

generating a fair amount of groundwater recharge. Both classes of forested areas show negative changes of soil 

water content during the investigated dry period but the losses are more pronounced in the pine dominated areas. 

The replacement of coniferous with broad-leafed tree species causes evapotranspiration to strongly decrease in the 450 

changed areas. In areas where spruce trees are replaced by beech trees (SPRUCE_BEECH) evapotranspiration 

decreases by -15.7 pp while lateral flow increases most strongly (+9.9 pp) followed by groundwater recharge 

(+2.4 pp) and surface runoff (+1.6 pp). In areas where pine is replaced by oak (PINE_OAK) the reduction in 

evapotranspiration by -17.2 pp increases groundwater recharge most strongly (+10.7). Lateral flow increases by 

+5.2 pp while surface runoff remains irrelevant in PINE_OAK areas. All investigated forested areas experience a 455 

reduction of average annual soil water depletion. Surface runoff, lateral flow and groundwater recharge show 

greater variance after adaptation. 

The investigated built-up areas receive slightly more precipitation than the investigated agricultural areas but a lot 

less than the investigated forested areas. Evapotranspiration accounts for more than half of the received 

precipitation. Most of the remaining water leaves the areas as surface runoff while a smaller fraction recharges the 460 

groundwater storage. Lateral flows are minimal. The built-up areas experience relatively small decreases in soil 

water storage. The reduction in imperviousness leads to reductions in surface runoff by -4.1 pp from the industrial 

and commercial areas (INDUSTRY_IMP) and -3.6 pp from the urban areas (URBAN_IMP). In turn, 

evapotranspiration increases by +2.6 pp from INDUSTRY_IMP areas and +1.9 pp from URBAN_IMP areas. 

Groundwater recharge rises by +0.5 pp in INDUSTRY_IMP areas and +0.2 pp in URBAN_IMP areas. Soil water 465 

storage is slightly decreased +0.2 pp in INDUSTRY_IMP areas and +0.1 pp in URBAN_IMP areas. Lateral flows 

and the variance of the water fluxes are only minimally affected by the modeled reduction of imperviousness. 

The maps shown in Fig. 8 depict the spatial distribution of the described changes with surface runoff, drainage 

flow and lateral flow summed to water yield. The maps highlight that changes do not only differ between the 

adapted land use categories but also within the same category. These differences are related to spatial variance in 470 

meteorological variables, soil properties and slopes. 
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Figure 7: Average annual water balance components from 2011 to 2020 of adapted areas for baseline and adaptation 

scenarios, area-weighted 

  475 
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Table 5: Precipitation and water flux coefficients in the base and adaptation scenarios, area-weighted medians 

 

Scenario Unit 

CORN_ 

SORGHU

M 

SPRUCE_ 

BEECH 

PINE_ 

OAK 

URBAN_ 

IMP 

INDUSTR

Y_IMP 

Precipitation all mm 663 767 851 676 679 

Evapotranspiratio

n/ Precipitation 

baseline % 89.0 67.4 68.1 72.1 68.7 

adapted pp -11.7 -15.7 -17.2 +1.9 +2.6 

Surface runoff/  

Precipitation 

baseline % 0.5 2.7 0.0 22.9 26.7 

adapted pp 0.0 +1.6 0.0 -3.6 -4.1 

Drainage flow/ 

Precipitation 
baseline % 0.0 not drained not drained not drained not drained 

 adapted pp +3.3     

Lateral flow/  

Precipitation 

baseline % 3.6 24.2 9.7 0.4 0.2 

adapted pp +2.5 +9.9 +5.2 +0.1 0.0 

GW recharge/ 

Precipitation 

baseline % 8.9 6.5 18.8 3.5 4.4 

adapted pp +4.8 +2.4 +10.7 +0.5 +0.2 

Soil water change/ 

Precipitation 

baseline % -2.9 -0.7 -1.4 -0.9 -0.8 

adapted pp +0.6 +0.5 +0.5 -0.1 -0.2 

        

CORN_SORGHUM: Crop adaptation – Grain corn to sorghum 

SPRUCE_BEECH: Forest composition adaptation – Spruce to beech 

PINE_OAK: Forest composition adaptation – Pine to oak 

URBAN_IMP: Adaptation of residential areas – 46 % to 33 % impervious fraction 480 
INDUSTRY_IMP: Adaptation of industrial and commercial areas – 58 % to 43 % impervious fraction 

pp: percentage points 
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 485 

Figure 8: Differences in water flux coefficients between baseline and adaptation scenario by change categories, area-

weighted, catchment outline based on GSK3E (LANUV, 2019) 

 

3.2.2 Intra-annual change analysis 

The analysis of mean monthly differences over the investigation period in water balance components across the 490 

changed land use categories – cropland, forests and built-up areas – reveals distinct hydrologic responses. The 

area-weighted median temperature and precipitation for each month in the respective areas are shown in Fig. 9a 

for reference. Monthly temperatures and precipitation follow similar seasonal patterns across the investigated land 

use categories. However, being mostly concentrated in the catchment’s headwaters near the mid-range mountains, 

the adapted forested areas show higher overall volumes of precipitation and lower temperatures throughout the 495 

course of the year. 

The replacement of grain corn with sorghum leads to evapotranspiration decreases from May to October, with the 

largest reductions in August and September (Fig. 9b, left plot). Slight increases in evapotranspiration are simulated 

for the remainder of the year. Further model outputs (not shown) indicate that the reductions during the growing 

season are primarily due to decreased plant transpiration, while the increases outside this period are attributed to 500 

higher soil evaporation. Groundwater recharge increases consistently throughout the year, showing an inverse 

relationship with temperature. Drainage flows increase during the winter months (December to March). As Fig. 9c 
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(left plot) illustrates, the relative plant available water content in the topsoil of the investigated agricultural areas 

reaches nearly 100% during the winter months when temperatures are low. It depletes during the warmer months 

(April to September), dropping below 50% and even below 30 % in May, July and August indicating water stressed 505 

conditions. The substitution of grain corn with grain sorghum leads to higher levels of plant available water during 

the vegetation period from June to October while no notable differences are modeled from November to April, 

when the fields remain bare. In April, the modeled plant available water is slightly lower with sorghum than with 

corn cultivation, reflecting the later planting of sorghum in May and the resulting longer exposure of bare soil. 

The investigated forest composition adaptations reduce evapotranspiration from September to May, with the most 510 

pronounced effects in early autumn (September and October) and spring (March and April) as shown in Fig. 9b 

(middle plot). From June to August, evapotranspiration increases slightly, reflecting the higher water demand of 

broad-leaved trees during this period. Lateral flow increases throughout the year, with the largest change values 

occurring in winter and spring. Groundwater recharge also rises year-round, peaking in spring and late autumn. 

Surface runoff increases slightly in the period from December to April when the broad-leafed trees are dormant. 515 

In winter, when temperatures are low, the relative plant available water content of the topsoil under coniferous 

trees reaches 100 % (Fig. 9c, left plot). It follows an annual cycle with critically low levels – below 50 % and even 

30 % – occurring during the warmer months (April to September). Through forest composition adaptation towards 

broad-leafed trees, plant available water increases significantly from April, May and September, reducing the 

duration of critically low levels by three months. However, the plant-available water still reaches levels indicating 520 

water stress from June to August when evapotranspiration is even higher after adaptation. 

During the period from October to March only small or no variations in soil moisture content occur. 

In built-up areas, changes to water balance components exhibit lower intra-annual variability than in adapted 

agricultural and forested areas as shown in Fig. 9b (right plot). Reducing impervious surfaces increases 

evapotranspiration primarily in the warm months from June to October, with the most pronounced increases in 525 

July and August. Groundwater recharge remains unchanged from August to November while increases are 

relatively consistently distributed throughout the rest of the year. Meanwhile, surface runoff decreases year-round, 

with the greatest reductions occurring in summer. The plant available water in the topsoil follows the seasonal 

temperature cycle (Fig. 9c, left plot). The reductions of imperviousness lead to slight increases from May to 

October. 530 
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Figure 9: Monthly scenario comparison of mean monthly climate (a), changes of water balance components (b) and 535 
relative plant available water content (RPAWC) of the topsoil (300mm) with thresholds of 50% for moderate and 30% 

for extreme water stress (c) over the investigation period. All data are area-weighted medians of the changed areas. 

4 Discussion 

4.1 Model performance 

The model represents discharge dynamics at the catchment outlet very well in the recession and low flow periods. 540 

The model fit of extreme peak flows shows good timing but an overestimation of their magnitude. This is coherent 

with the applied calibration strategy which was deliberately chosen with a focus on the study of droughts and water 

retention. It shows that trade-offs occur in the representation of high and low flow by the model. Moreover, the 

overestimation of discharge peaks by the model can plausibly be related to the flood control reservoirs in the upper 

catchment. They reduce the highest discharge peaks which would naturally occur with increased magnitude but 545 

these anthropogenic streamflow alterations are not considered in the model. 
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The performance metrics at the gauges used for additional spatial validation indicate an overall good representation 

of streamflow dynamics (Table 4) with PBIAS and NSE values in the range for satisfactory model performance in 

accordance with the guidelines published by Moriasi et al. (2007). The PBIAS metric also indicates an 

overestimation of the contribution of the headwaters in mountainous areas (gauge Bentfeld) to the total discharge. 550 

These are compensated in the model by underestimated discharges in the lowland catchment when calibrating for 

the optimal performance for the whole catchment. Therefore, the representation of the water balance of the whole 

catchment is reasonable while differences in its exact spatial distribution are modeled less accurately, although 

within reasonable limits. 

4.2 Land use adaptation 555 

The implemented land use adaptations have important hydrologic implications represented by the changes in water 

fluxes and storage states in the respective areas. The responses are overall consistent with previous studies showing 

that land management strategies, such as changes in agricultural crops (Placatová et al., 2024; Alves Rodrigues 

Pinheiro and Nunes, 2023) or forest composition (Bosch and Hewlett, 1982; Cao et al., 2016) have notable impacts 

on the water balance. 560 

The predicted reduction of evapotranspiration due to crop adaptation (Fig. 7) shows that the reduced water demand 

of sorghum over corn (Howell et al., 2012) is confirmed by the hydrological model under the study-specific 

meteorological and site conditions. The underlying difference in model parameters is the reduction in maximum 

leaf area index (LAI) which is the basis for the calculation of plant transpiration (Neitsch et al., 2011) from 6 for 

corn to 3 for sorghum (SWAT+ plant database, Bieger et al., 2017). The temporal distribution of the reduction in 565 

evapotranspiration, which is concentrated in the warmest months when the climatic water balance is lowest, makes 

this adaptation measure particularly suitable for stabilizing water fluxes throughout the year. The reduction of 

evapotranspiration increases water availability for surface runoff and underground water fluxes. Groundwater 

recharge exhibits the largest increase, followed by lateral flow. Increases of these underground fluxes through 

storages with relatively long retention times contribute to increased water retention in the landscape. While surface 570 

runoff remains unchanged, the highly reactive drainage flow is increased in winter. This is detrimental to increased 

water retention and it should be further studied whether drainage flow could be reduced by combining the crop 

adaptations with adaptive drainage management as an additional best management practice. Water storage in the 

soil profile increases in line with the lower water demand of sorghum compared to corn. The increased soil water 

also plausibly explains the modeled increases in evaporation from the soil outside of the growing period. The 575 

increased plant available water in the topsoil during the vegetation period (Fig. 9c, left plot) underlines the potential 

of this adaptation measure to reduce water stress in hot and dry summers. While the model results for crop 

adaptation show that water retention increases, field trials have shown that sorghum cultivation may however not 

be able to produce comparable amounts of biomass when corn does not experience water stress (Bayerische 

Landesanstalt für Landwirtschaft, 2024). However, in dry conditions the goals of water management and 580 

agricultural productivity are more aligned when drought resilience and thermal requirements of the sorghum 

coincide (Chadalavada et al., 2021) with their potential for increasing water retention in the catchment. Advances 

towards adapting sorghum to cooler climates (Schaffasz et al., 2019) can further increase these synergies. 

Moreover, hydrological considerations and water policies may further incentivize crop adaptation towards 

increased water efficiency even at the expense of productivity. 585 
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To accurately represent forested areas in the model, plant parameters specially adapted to Germany (Müller, 2022) 

have been applied for the relevant tree species instead of the SWAT+ default database. The replacement of 

coniferous with broad leafed trees leads to strong reductions of modeled evapotranspiration (Fig. 7) which is 

consistent with the findings of field experiments with large lysimeters in Germany (Müller, 2005; Landesamt für 

Natur, Umwelt und Verbraucherschutz, 2018; Harsch et al., 2009; Müller, 2011). The intra-annual distribution 590 

(Fig. 9b, middle plot) of the changes is based on the different phenology of the tree species leading to transpiration 

of broad-leafed trees peaking in summer where changes are minimal and even negative. In the model, this is 

represented by differences in LAI values, which are higher for broad-leaved trees (beech: 6.7, oak: 5.2) than for 

coniferous trees (spruce: 6.0, pine: 3.5) outside the dormancy period. During dormancy, LAI values drop 

significantly for broad-leaved species (oak and beech: 0.01), while coniferous trees retain their foliage (spruce: 595 

5.0, pine: 2.9). 

The reduced evapotranspiration allows more water to move vertically in the soil profile as lateral flow or percolate 

into the groundwater storage. PINE_OAK areas exhibit the largest increase in groundwater recharge, while 

SPRUCE_BEECH areas show the greatest increase in lateral flow. This contrast is linked to differences in 

topography, with PINE_OAK areas located in flatter terrain and SPRUCE_BEECH areas in more hilly regions. 600 

Similar to the adaptation measures in agricultural areas, these changes in water fluxes increase the retention in the 

landscape that can contribute to maintaining channel discharge and water levels during dry periods. In 

SPRUCE_BEECH areas, the surface runoff also increases (Fig. 7) and the intra-annual analysis (Fig. 9b, middle 

plot) indicates that these changes are concentrated in the leafless months and are therefore plausibly related to the 

lack of canopy interception in this time period which is also modeled based on LAI (Neitsch et al., 2011). While 605 

being surpassed by the increases in lateral flow and groundwater recharge, the increases in surface runoff are 

detrimental to water retention but could potentially be mitigated by additional water retention measures in the 

forests (Wilbrand, 2025; Valtera and Schaetzl, 2017; Schüler, 2006). In forested areas, the adaptation measures 

led to higher soil moisture in the investigation period (Fig. 7). The modelled reduction in soil water content under 

dry conditions as well as the impacts of the forest composition adaptation are consistent with other studies that use 610 

in-situ measurements for validation (Vorobevskii et al., 2024; Boeing et al., 2022). 

Driven by the changes in evapotranspiration, the plant available water in the soil is increased in both spring and 

fall leading to a shortening of the water stressed period (Fig. 9c, middle plot). Spruce trees have been deliberately 

planted in the Egge mountains for economic purposes since 1803 at the cost of the afforestation with native oak 

and beech trees (Kreis Paderborn, 2024). Especially since 2018, the spruce plantations have been subject to 615 

increasing degradation caused by dry periods and bark beetle infestation (Kreis Paderborn, 2024) with damaged 

areas amounting up to 30 km2 in the state-owned forests (Förderverein Nationalpark Senne-Eggegebirge e.V., 

2023). Similar trends have been observed in other regions of Germany (Sutmöller and Meesenburg, 2018) with 

pronounced impacts on hydrology as shown by Wagner et al. (2025). With soil moisture droughts predicted to 

become more likely in Europe under climate change (Grillakis, 2019; Boeing et al., 2022; Samaniego et al., 2018), 620 

this process will be exacerbated. But the subsequent environmental management options cover a wide range from 

targeted reforestation to rewilding approaches in specially protected areas such as the core zones of the 

mountainous German national parks Bayerischer Wald (Müller, 2022) and Harz (Harzer Tourismusverband e.V; 

Nationalparkverwaltung Harz). This study’s results can serve as guidelines for these choices from a hydrologic 

perspective. 625 
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For built-up areas, instead of investigating the widely studied impacts of spatial extent changes, this study focused 

on the change of impervious fraction of the surfaces which is also known to affect the water balance (Wang et al., 

2021). Imperviousness is a SWAT+ model parameter which was adjusted to realistic average values for the study 

area based on the described remote sensing study of the European Environment Agency (2020b) while the unsealed 

surface fraction of built-up areas is represented by a plant class for urban green areas with fescue parameters 630 

(SWAT+ plant database, Bieger et al., 2017). While not accounting for the small-scale variability of urban spaces, 

this parameterization allows to model the water balance of built-up areas with similar accuracy than the other 

investigated land use categories. The periods of modeled soil water scarcity in built-up areas (Fig.9c, right plot) in 

the summer months should not be interpreted as plants experiencing water stress. In the model, sealed areas and 

unsealed green areas are lumped together in the same HRUs and therefore no spatial distinction of the soil water 635 

that is available to plants is possible.  

The modeled decline in surface runoff from built-up areas as well as the increases in groundwater recharge and – 

to a lesser extent – soil water content under the adaptation scenario confirm the effectiveness of the measures 

aimed at enhancing infiltration. These results align with previous hydrological studies on the water balance effects 

of urbanization (Booth and Jackson, 1997). The changes from fast to slow hydrologic fluxes increase the water 640 

retention in built-up areas. The modeled increases in evapotranspiration can furthermore provide local cooling 

effects by promoting latent heat transfers that are important for heat adaptive city planning (Wong et al., 2021).  

5 Conclusions 

In this study, the eco-hydrological model SWAT+ was applied to investigate the hydrologic impacts of land use-

based climate adaptation measures in agricultural, forested and built-up areas during an exceptionally dry period. 645 

The ability of the plant model in SWAT+ to accurately represent the impacts of different plant species on the water 

balance was crucial for conducting this study, which focused on changes within land use classes rather than on 

their proportional shares in the catchment. A realistic spatial discretization of land use distribution and 

parameterization was achieved using a combination of external data sources, including agricultural databases, 

remote sensing products, and prior studies on drainage potential and forest characteristics. This foundation enabled 650 

an in-depth assessment of the hydrologic impacts of land use changes under abnormally dry conditions. The 

calibration strategy which focused on the representation of low-flow periods while maintaining a good overall 

representation of streamflow dynamics can serve as a blueprint for similar model applications. 

Overall, the model results are plausible and consistent with field studies on smaller scales. They indicate that land 

use strategies promoting infiltration and reducing surface runoff can enhance water retention in the landscape 655 

thereby contributing to drought resilience. Furthermore, the modeled land use changes in forested and agricultural 

areas can contribute to reducing evapotranspiration and strengthening water fluxes through storages with longer 

retention times. The reduced water demand of the plants in the adapted scenario leads to increases in soil moisture 

content, thereby decreasing water stress. In built-up areas, the reduction of the impervious fraction increases water 

retention by strengthening infiltration but also increases evapotranspiration. The latter effect, while not increasing 660 

water retention, can improve heat resilience in settlement areas by increasing evapotranspiration as well as water 

retention by increasing groundwater recharge. These findings emphasize the importance of adaptive land use 

planning and land management that consider land cover-specific responses to adapt to climatic extremes. 

Understanding how land use adaptations interact with hydrologic processes can inform sustainable water 
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management strategies, ensuring balanced water distribution in time and space as well as mitigating potential 665 

negative impacts of changing climatic conditions. With the current measures being limited at scale by adjusting 

only the land cover within the same land use class, further investigations should focus additionally on land use 

transitions and investigate the implications of combined measures on catchment water balance and streamflow 

dynamics. 

These results underscore the significant impact of land use adaptations on hydrologic processes, highlighting the 670 

potential for management strategies to influence water availability, runoff dynamics, and groundwater recharge 

across different land cover types. As such they are important nature-based solutions to climate adaptation which 

need to be recognized by policy makers and administrations alike to establish regulatory and financial frameworks 

that are conducive to their implementation. 

 675 
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Appendices 

APPENDIX 1: Land use parameterization with the IACS database 

For each agricultural field, the temporally dominant crop was identified by the most frequently planted crop on 

the field over the seven-year period. If two crops met this condition, the most recent was selected as the dominant 680 

crop. The SWAT+ models’ agricultural land use classes from the plant parameter database of SWAT+ were then 

assigned based on the IACS data in a stepwise approach shown in Fig. A1. All agricultural areas for which crops 

were specified based on the IACS data were superimposed onto agricultural areas in the CORINE 2018 land use 

base layer. Remaining agricultural areas in the CORINE 2018 layer that could not be further specified by IACS 

predominantly contain rural roads and pathways, shrub areas, small forests and other landscape elements (6.96 % 685 

of the catchment area) and were lumped into the range brushland class. 
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Figure A1: Workflow of the transfer of agricultural land uses derived from the field data of the Integrated 

Administration and Control System (IACS) data to land use classes for the SWAT+ model 690 
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APPENDIX 2: Parameterization of agricultural management operations 

 

Table A1: Tillage operations partially adjusted for the upper Lippe catchment SWAT+ model  695 

Name Use Mixing efficiency 

[fraction] 

Mixing depth 

[mm] 

Roughness [mm] 

Plowing All plowing operations 0.95 270 75 

Harrowing All seedbed preparation 

operations 
0.25 60 20 

Cultivating All deep stubble cultivation 

operations 
0.4 160 20 

Roller harrow 

(default) 

Shallow stubble cultivation 

operations on all crops except 

corn 

0.4 60 5 

TripleK (default) Shallow stubble cultivation 

operations after corn 
0.4 100 25 

 

Table A2: Parameterization of harvest operations adjusted for the upper Lippe catchment SWAT+ model  

Operation Application Harvest Type Harvest index 

[fraction] 

Harvest 

efficiency 

[fraction] 

Grain harvest Winter wheat, winter barley grain 0.7 0.95 

Rape harvest Rape  biomass 0.25 0.95 

Silage (default) Silage maize biomass 0.9 0.95 

Hay cut 1 Winter pasture first cut biomass 0.7 1 

Hay cut 2 Winter pasture second cut biomass 0.65 1 

Hay cut 3  Winter pasture third cut biomass 0.6 1 

Hay cut 4 Winter pasture fourth cut biomass 0.55 1 

 

Note: In SWAT+, the harvest type defines whether seed or total above ground biomass are harvested while harvest 

index specifies the fraction of the harvested biomass and harvest efficiency the fraction of yield biomass removed 700 

by the harvesting equipment, with the remaining yield lost (Neitsch et al., 2011). The mixing efficiency specifies 

the fraction of materials (residue, nutrients, and pesticides) on the soil surface that are mixed uniformly throughout 

the soil depth specified by mixing depth and the roughness specifies the depth of the surface roughness remaining 

after the tillage operation (Neitsch et al., 2011).  

  705 
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Table A3a: Agricultural management operations specified for the upper Lippe catchment, multiyear 

 Cereals/Oilseed Grain Corn/Cereals* Silage Corn/Cereals* Sorghum/Cereals* 

 Date Operation Date Operation Date Operation Date Operation 

Year 1 Jul. 25 Harvest: 

Rape 

Apr. 3 Plow Apr. 3 Plow May 10 Plow 

Aug. 9 Rollharrow  Apr. 7 Harrow Apr. 7 Harrow May 14 Harrow 

Aug. 23 Cultivate Apr. 24 Plant: 

Corn 

Apr. 24 Plant: 

Silage 

Corn 

May 10 Plant: 

Sorghum 

Oct. 16 Harrow Oct. 16 Harvest:  

Corn 

Sep. 23 Harvest: 

Silage 

Corn 

Oct. 19 Harvest: 

Sorghum 

Oct. 18 Plant: 

Wheat 

Oct. 18 TripleK Oct. 18 TripleK Oct. 21 TripleK 

  Oct. 20 Plow Oct. 20 Plow Oct. 22 Plow 

  Oct. 22 Rollharrow Oct. 22 Rollharrow Oct. 23 Rollharrow 

  Oct. 25 Plant: 

Wheat 

Oct. 25 Plant: 

Wheat 

Oct. 25 Plant: 

Wheat 

Year 2 Aug. 9 Harvest 

Wheat 

Aug. 9 Harvest: 

Wheat 

Aug. 9 Harvest: 

Wheat 

Aug. 9 Harvest: 

Wheat 

Aug. 11 Rollharrow Aug 11 Rollharrow Aug 11 Rollharrow Aug. 11 Rollharrow 

Aug. 25 Cultivate Sep. 5 Cultivate Sep. 5 Cultivate Sep. 5 Cultivate 

Sep. 9 Plow Sep. 9 Plow Sep. 9 Plow Sep. 9 Plow 

Sep. 9 Harrow Sep. 22 Rollharrow Sep. 22 Rollharrow Sep. 22 Rollharrow 

Sep. 23 Plant: 

Barley 

Sep. 23 Plant: 

Barley 

Sep. 23 Plant: 

Barley 

Sep. 23 Plant: 

Barley 

Year 3 Jul. 14 Harvest: 

Barley 

Jul. 14 Harvest: 

Barley 

Jul. 14 Harvest: 

Barley 

Jul. 14 Harvest: 

Barley 

Jul. 16 Rollharrow Jul. 16 Rollharrow Jul. 16 Rollharrow Jul. 16 Rollharrow 

Aug. 20 Plow Jul. 23 Plow Jul. 23 Plow Jul. 23 Plow 

Aug. 26 Harrow Jul. 25 Plant: 

Clover** 

Jul. 25 Plant: 

Clover** 

Jul. 25 Plant: 

Clover** 

Aug. 27 Plant: 

Rape 

      

* also incorporated as 2-year rotations and single-year monocultures limited to Year 1 

** red clover as cover crop, only in multi-year crop rotations 

  

https://doi.org/10.5194/egusphere-2025-5221
Preprint. Discussion started: 2 December 2025
c© Author(s) 2025. CC BY 4.0 License.



 

31 

 

Table A3b: Agricultural management operations specified for the upper Lippe catchment, single year 710 

 Winter Pasture Sugar beet 

 Date Operation Date Operation 

Year 1 May 5 Harvest: 

Hay 

Mar. 9 Harrow 

 Jun. 6 Harvest: 

Hay 

Apr. 8 Plant: 

Sugar beet 

 Jul. 23 Harvest: 

Hay 

Oct. 7 Harvest: 

Sugar beet 

 Sep. 8 Harvest: 

Hay 

Oct. 10 Plow 
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