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Abstract: Protect groundwater from plant protection products. Spatial distributed leaching 
modelling to identify agricultural areas with high risk for leaching 

The Federal Environment Agency is responsible for environmental risk assessment in the 
context of authorisation of plant protection products. The current groundwater exposure 
assessment at national level is based on the use of a single scenario. However, the harmonised 
tiered approach for the groundwater assessment in the EU aims to improve the prediction of 
leaching of plant protection products into groundwater in the future based on the method of 
spatially distributed leaching modelling (SDLM). Appropriate simulation models that can meet 
this requirement are currently missing or have not yet been sufficiently validated. The aim of the 
project was to investigate what adjustments are necessary at national level to ensure adequate 
and reliable prediction of the leaching potential of active substances and metabolites using the 
method of SDLM for the agricultural area in Germany. In this context, the implementation of 
additional processes of the water balance in the unsaturated soil zone in PELMO was 
investigated. Involving a panel of experts, it was decided to develop a new version of 
GeoPELMO DE that considers the processes of chromatographic flow (matrix flow), preferential 
flow (macropore flow), surface runoff and drainage. As a result, it was necessary to extensively 
review and adapt soil, climate and groundwater data available nationwide. Additional 
investigations were carried out using lysimeter studies and monitoring data from Denmark for a 
mean calibration of macropore flow in three soil classes. The influence of the additionally 
implemented processes on the soil water balance and the prediction of percolate water 
concentrations was analysed. Runoff and drainage had the greatest influence on the water mass 
balance. Macropore flow and the parametrisation of the organic carbon content in the subsoils 
had the greatest impact on the substance concentrations in the leachate. A percentile 
comparison showed that the results of the nationwide predicted leachate concentrations with 
GeoPELMO DE are more conservative than the currently used national approach based on the 
Hamburg scenario for a relatively high proportion of the active substances and metabolites 
investigated. This finding is independent of whether the FOCUS leaching approach based on 
matrix flow or an extended approach including runoff, macropore flow and drainage is used. 
However, the ranking of the FOCUS Hamburg scenario as a percentile of nationwide 
concentrations is lower when the modelling approach is supplemented by these three processes. 
This means that, in the lower tier groundwater exposure assessment based on the Hamburg 
scenario, the use of uncertainty factors would be necessary if higher tier simulations with the 
GeoPELMO DE model would to be used for regulatory purposes in the future. Such regulatory 
decisions have complex implications and should finally be based on comprehensive and 
extensive modelling results. Several alternative scenarios were selected from two model 
versions of GeoPELMO DE and tested on 11 real active substances and 34 metabolites. From a 
modelling perspective, it can be concluded that finally only spatial models like GeoPELMO DE 
are able to equally predict an accurate temporal and spatial percentile for all active substances 
and metabolites. Individual climate-soil-combinations can serve as an approximation, although 
in specific cases it must always be expected that there may be deviations from the results of a 
geo-version of the model. It remains therefore difficult to recommend the use of individual 
scenarios for different substance properties, crops or PPP application patterns based on the 
analyses carried out, especially since it was not possible to carry out a nationwide comparison 
with monitoring data within the framework of the project. 
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Kurzbeschreibung: Grundwasser vor Pflanzenschutzmitteln schützen. Identifizierung von 
landwirtschaftlichen Gebieten mit hohem Versickerungsrisiko durch räumliche Modellierung 

Das Umweltbundesamt ist im Rahmen der Zulassung von Pflanzenschutzmitteln für die 
Umweltrisikobewertung zuständig. Die aktuelle Expositionsbewertung Grundwasser auf 
nationaler Ebene basiert auf der Verwendung eines einzelnen Szenarios. Das in der EU 
harmonisierte Stufenkonzept für die Grundwasserbewertung sieht jedoch vor, Einträge von 
Pflanzenschutzmitteln ins Grundwasser zukünftig mit Hilfe räumlicher Modellabschätzungen 
besser vorhersagen zu können. Entsprechende Simulationsmodelle, welche diese Anforderung 
erfüllen können, fehlen bislang oder wurden bisher nicht ausreichend validiert. Das Ziel des 
Projekts war zu untersuchen, welche Anpassungen national erforderlich sind, um eine 
angemessene und zuverlässige Vorhersage des Versickerungspotenzials von Wirkstoffen und 
Metaboliten mit der Methode räumlicher Modellierung für die landwirtschaftliche Fläche in 
Deutschland zu gewährleisten. In diesem Zusammenhang wurde die Implementierung 
zusätzlicher Prozesse des Wasserhaushalts in der ungesättigten Bodenzone in PELMO 
untersucht. Unter Einbeziehung eines Expertenrats wurde beschlossen, eine neue Version von 
GeoPELMO DE zu entwickeln, in der die Prozesse chromatographisches Fließen (Matrixfluss) 
und präferentielles Fließen (Makroporenfluss) sowie Oberflächenabfluss (Runoff) und Drainage 
berücksichtigt werden. Infolgedessen war eine umfangreiche Sichtung und Anpassung 
bundesweit verfügbarer Boden-, Klima- und Grundwasserdaten notwendig. Zusätzliche 
Untersuchungen wurden anhand von Lysimeterstudien und Monitoringdaten aus Dänemark für 
eine mittlere Kalibrierung des Makroporenflusses in drei Bodenklassen durchgeführt. Der 
Einfluss der zusätzlich implementierten Prozesse auf den Bodenwasserhaushalt und die 
Vorhersage von Sickerwasserkonzentrationen wurden analysiert. Runoff und Drainage zeigten 
den größten Einfluss auf den Wasserhaushalt. Der Makroporenfluss und die Parametrisierung 
des organischen Kohlenstoffgehalts in den Unterböden hatten die größten Auswirkungen auf die 
Stoffkonzentrationen im Sickerwasser. Ein Perzentil-Vergleich zeigte, dass die Ergebnisse der 
bundesweit vorhergesagten Sickerwasserkonzentrationen mit GeoPELMO DE für einen relativ 
hohen Anteil der untersuchten Wirkstoffe und Metaboliten konservativer sind als der derzeit 
verwendete nationale Ansatz auf Basis des Hamburg-Szenarios. Diese Erkenntnis ist unabhängig 
davon, ob der FOCUS-Versickerungsansatz mit Matrixfluss oder ein erweiterter Ansatz inklusive 
Oberflächenabfluss, Makroporenfluss und Drainage verwendet wird. Die Rangfolge des FOCUS-
Hamburg-Szenarios als Perzentil der bundesweiten Konzentrationen fällt jedoch geringer aus, 
wenn der Modellierungsansatz um die drei Prozesse ergänzt wird. Das bedeutet, dass in der 
niedrigstufigen Expositionsbewertung Grundwasser anhand des Hamburg-Szenarios die 
Verwendung von Unsicherheitsfaktoren erforderlich wäre, wenn zukünftig höherstufige 
Simulationen mit dem Modell GeoPELMO DE regulatorisch verwendet werden sollen. Solche 
regulatorischen Entscheidungen haben komplexe Auswirkungen und sollten letztlich auf 
umfassenden und umfangreichen Modellierungsergebnissen basieren. Aus zwei 
Modellversionen von GeoPELMO DE wurden mehrere alternative Szenarien ausgewählt und an 
realen 11 Wirkstoffen und 34 Metaboliten getestet. Aus modelltechnischer Sicht lässt sich 
schlussfolgern, dass nur räumliche Modelle wie GeoPELMO DE in der Lage sind, ein exaktes 
zeitliches und räumliches Perzentil für alle Wirkstoffe und Metaboliten gleichermaßen 
vorherzusagen. Einzelne Klima-Boden-Kombinationen können als Annäherung verwendet 
werden, wobei im konkreten Fall immer damit gerechnet werden muss, dass es zu 
Abweichungen von den Ergebnissen einer Geo-Version des Modells kommen kann. Es bleibt 
daher schwierig, anhand der durchgeführten Analysen die Verwendung einzelner Szenarien für 
unterschiedliche Stoffeigenschaften, Kulturen oder PSM-Anwendungsmuster zu empfehlen, 
zumal ein bundesweiter Abgleich mit Monitoringdaten im Rahmen des Projektes nicht realisiert 
werden konnte. 
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more realistic organic matter contents has a large impact on the spatial distributed modelling 
results. The authors concluded that national modelling results based on measured organic 
matter contents in GeoPEARL NL are less conservative than using the standard European FOCUS 
Kremsmünster scenarios. Safety factors of 5 and 10 are recommended to use for regulatory 
decision-making in the Netherlands based on tier 1 modelling results with FOCUS PEARL and 
the respective scenario (Berg et al. 2017). 
Finally, an evaluation of actual measured soil organic carbon contents, especially for subsoils, for 
agricultural soils in Germany is still required and therefore part of the investigations in the 
following. 

3.2 Macropore flow/preferential flow 
The FOCUS tiered approach according to European Commission (2014), which is currently used 
in Europe under the Regulation (EC) No. 1107/2009 to assess the leaching risk of pesticide and 
their metabolites to groundwater, has been criticized by EFSA (2013) to not account for 
preferential flow and transport. EFSA recommended that “the use of FOCUS scenarios for 
national registration purposes would require a thorough investigation of specific parameters 
(e.g., preferential flow, (…)) in order to assess whether the protection goals are met” (EFSA, 
2013, p. 7). This critic belongs to the lower tier scenario-based modelling (except the 
Châteaudun FOCUS groundwater model scenarios, which is seldom applied), but also to complex 
higher tier assessments, e.g. the use of groundwater monitoring data (Gimsing et al. 2018) and 
spatial distributed modelling approaches (Tiktak et al. 2020). Quantifying the degree of 
preferential PPP-transport occurring through different soils as an outcome of variable changing 
climatic conditions is a challenge for groundwater modelling (Berg et al. 2014). 
Preferential flow in soil and the unsaturated zone through different kinds of macropores is a 
process intensely academically examined for many years on national and international level. The 
proof of the existence and the importance of macropore or preferential flow has occurred not 
only numerously by direct measurements in the unsaturated zone, but also by the analysis of the 
corresponding response function of the short-term increase of the groundwater table after 
precipitation which is not only linked to matrix flow. 
Macropore flow or preferential flow with a not steady matrix flow down can take place in 
unstressed aquifers in loose rock, in cohesive and non-cohesive sediments and in solid rock 
(Johnston 1987). According to the current state of knowledge preferential flow mainly occurs in 
cohesive soils, but not only. Here, particular shrinkage cracks appear in short or seasonal dry 
time, which accelerate the leaching of seepage water as well as therein dissolved substances 
(Wessolek 2004). Bio-pores caused by earthworm activities in contrast can appear also in rather 
sandy soils. Especially in areas with a small unsaturated zone with shallow groundwater tables, 
bio-pores with rather low depths are in comparison to abiotic caused shrinkage cracks 
considerably relevant for the leaching of pesticides into groundwater. Besides, differences in the 
structure of the unsaturated zone referred to lithology can be considerably relevant for the 
formation of preferential flow pathways: From dry tracer experiments and comparable methods 
(e.g. Electrical Resistivity Tomography measurements) it is known that the seepage water 
considerably moves down faster in coarser sediments. Horizontal barrier layers can hinder 
especially the depth related movement. Together with inclined surfaces and enough lateral 
expansion they can lead to the appearance of interflow in surface waters and cause the 
reduction of the base flow and the groundwater recharge, respectively. But also, rather vertically 
oriented inhomogeneities of the substrate in the unsaturated zone are important. Hydraulic 
active discontinuities influencing the water balance and substance flow and transport can also 
exist in fractured media like fractured glacier clayey tills, limestones and solid rocks (Haarder et 
al. 2021, Klint et al. 2004, Rosenbom et al. 2008). 
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Figure 1 Different processes generating surface runoff and subterranean runoff 

 
Source: Lischeid (2017) 

It is a prevalent understanding that interflow appears in unconsolidated and solid rock areas 
equally whenever surface layers with distinct different hydraulic permeabilities appear within 
the unsaturated zone above the permanent groundwater table. In those conditions the seepage 
water or leachate is hindered in its vertical passage and flows along the inclined surface of the 
poorly permeable layer (e.g. kf < 1*10-5 m/s) down to the area section where it either can appear 
as a spring or drain directly into the next surface water. Interflow can locally be of great 
importance, because it can significantly shorten the transport of chemical compounds in 
hydraulically connected surface waters in comparison to the transport into deeper groundwater 
layers (Bronstert & Plate 1997). 
Subterranean runoff (or hypodermic flow) and preferential flow can both lead to obvious 
quantitative changes of the infiltration of PPPs into groundwater aquifers. The extent of change 
depends on local and regional geological characteristics and hydrological situation in the 
unsaturated zone. It is common understanding of both processes that they appear 
predominantly in areas of cohesive, seepage water inhibiting rocks, sediments or soils, e.g. in the 
North German lowland and unconsolidated rock area with dominant agricultural land use. In 
comparison to the sandy soils on fluvioglacial sediments, areas in Northern Germany prone to 
both processes are mostly represented by fertile soils on loess, loam or marl deposits. 
In the central parts of Mecklenburg-West Pomerania, for example, with a wide spreading of 
glacier till deposits and according to deep groundwater tables, calculated dwell times can vary 
from several decades up to 100 years or more (Figure 2). Here, the seepage water has to migrate 
through the very poorly water carrying, cohesive, clayey and silty substrates. Nevertheless, 
preferential flow is not considered in the calculation and can locally shorten the infiltration time 
into groundwater. 
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Figure 2: Dwell times of the seepage water in the groundwater cover in Mecklenburg-West 
Pomerania 

 
Source: own illustration HYDOR according to Hannappel et al. (2011) 

The standard calculation of the groundwater recharge usually considers the reduction of the 
subterranean or hypodermic run-off as well as surface runoff, e.g. according to DIN 4049, or in 
the Hydrologic Atlas of Germany (HAD) calculated by Neumann & Wycisk (2002). However, this 
standard method on regional or nationwide level does not fully considers local conditions and 
process understanding on a catchment scale. 
Lischeid (2017) confirms that fast interflow via perched (intermitted) groundwater is rather a 
limited phenomenon. Subsurface interflow as rapid lateral transport in the subsurface above the 
groundwater body does hardly exist, except in areas with steep slopes in combination with 
vicinity to surface water bodies. The generation of those lateral natural drain flows in the 
riparian zone, especially stormflows, are temporally limited to water saturated subsurface soils 
(see interflow in Figure 1). This was confirmed by evaluations at catchment scale, which provide 
evidence for a hydrochemical stormflow response due to mobilisation of pre-event soil solution 
in the topsoil layer of the saturation zone. Other investigations show that even in catchments 
with proven long-distance lateral preferential flow and very steep slopes interflow comprises 
only a minor fraction of total stormflow (McGlynn & McDonnell 2003). 
Regarding the project task to develop a nationwide modelling approach based on the 
agricultural area in Germany by considering the process understanding from Lischeid (2017), 
the area portion where interflow occurs in relevant amounts is rather small. In comparison, the 
national HAD approach to develop the groundwater recharge map was generated to quantify the 
available groundwater amounts rather than to quantify the depth and dynamics of interflow and 
is therefore, not recommended as useful approach for the project framework. Using the HAD 
approach to spatially calculate the groundwater recharge would massively overestimate the 
interflow component for agricultural areas. Due to the minor spatial relevance of the interflow 
related to the agricultural area in Germany and due to a difficult implementation in a one-

dwell time (a) 

kilometers 
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Figure 3: Map tiles of the BÜK200 

The five red outlined map tiles were not available 2017 at the beginning of the project.  

 
Source: BGR (2018a). 

Compared to the BÜK1000N (BGR 2007) the BÜK200 (BGR 2018a) is a distinctively improved 
soil database. About 3400 soil profiles for the land use types arable land and permanent crops 
are available (compared to only 129 in the BÜK1000N). Using the BÜK200 soil data base leads to 
a new challenge since there is often more than one soil profile defined for a single soil polygon 
based on the GEN_ID. The BÜK200 contains about 1300 GEN_IDs, for which one or more soil 
profiles with the land use type arable land and/or permanent crops are assigned. To limit the 
computational effort for the subsequent calculations with GeoPELMO DE it was decided to use 
only the dominant soil profile per GEN_ID (i.e. in total 1343 soil profiles with attribute data). The 
latest version of the BÜK200 soil attribute database (version 0.4), which was released in 
summer 2018, contains this necessary information and was used for soil scenario 
parametrisations in GeoPELMO DE (BGR 2018a). 
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Figure 4: Number of soil profiles of the BÜK200 (attribute database V 0.4, BGR 2018a) with 
horizon information differentiated by land use type 

 
Source: own illustration, RLP AgroScience 

The soil map geometries in the soil data base can be connected to more than one land use type. 
For example, both land use types arable land and pasture can be defined with a specified area 
fraction. But in a GIS containing the BÜK250, only one land use type can be defined or illustrated 
for the whole polygon geometry. Consequently, areas with the land use types arable land and 
permanent crops can be overestimated. This is considered for further map analyses and soil 
implementation routines in GeoPELMO DE, when the exact location of soils defined with the land 
use types arable land or permanent crops was more important. The geometries of the BÜK250 
(BGR 2018b), which contain both land use types arable land and permanent crops, were 
therefore additionally clipped by the ATKIS Basis DLM dataset to avoid an overestimation of the 
agricultural area in Germany (see Figure 5). 
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Figure 5: Geometries of the BÜK200/BÜK250 clipped on ATKIS land use types arable land 
and permanent crops 

 
Source: own illustration, RLP AgroScience (according to BGR 2018a, 2018b) 
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Figure 6: Area weighted organic carbon content of the 1st soil horizons for arable lands and 
permanent crop (BÜK200) 

 
Source: own illustration, RLP AgroScience (according to BGR 2017) 
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Figure 7: Cumulative distribution function of the nationwide depth weighted organic carbon 
contents based on the BÜK200 compared to the FOCUS Hamburg scenario 

The depth weighted organic carbon contents are related to complete soil profiles based on the BÜK200. The fuchsia colored 
line shows the corresponding depth weighted organic carbon content of the FOCUS Hamburg scenario as spatial percentile. 

 
Source: own illustration, RLP AgroScience (according to BGR 2017) 
 

4.2.1.2 Validation of measured organic carbon contents in arable subsoils 

A realistic and conservative parametrisation of organic carbon contents in soils is crucial for 
spatial distributed leaching modelling for PPPs. Many subsoil horizons in the BÜK200 soil data 
base (BGR 2017) are characterised by a humus class ‘h0’ according to the BKA 5 (2005) and 
measured humus contents from laboratory analysis are not available. It was therefore critically 
discussed during the project if it is reasonable that the humus class ‘h0’ according to BKA 5 
(2005) is specified by an organic carbon content of 0 %. Experts confirmed that it seems more 
realistic for agricultural soils that low organic carbon contents would still be measured in 
deeper subsoil layers. Therefore, the suggestion was made to use a value of 0.1 % or 0.2 % 
organic carbon content for all subsoil layers with the humus-class ‘h0’ for a nationwide soil 
scenario parametrisation of GeoPELMO DE. 
A statistical analysis concerning the distribution of measured organic carbon content in deeper 
soil layers of arable soils was conducted to check this assumption based on a dataset containing 
analytical data of the permanent soil monitoring program of the Federal States. Based on this 
information the organic carbon contents in all humus classes h0 were validated. The dataset 
contains all together 4249 entry values of analytical results for the soil parameters carbonate 
content (TIC), carbon content (TC), organic carbon content (TOC) and humus content. Around 
1900 soil horizon related values concerning the organic carbon and humus content were 
selected for further statistical evaluations. Finally, the 1900 analytical data points were again 
reduced to a number of 672 soil horizons for which a humus class of h0 was additionally 
identified in the field. 
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Figure 8: Distribution of 20 years averaged precipitation [mm] in GeoPELMO DE 2.0 (1991 – 
2010) according to DWD (2012) 

  
Source: own illustration, Fraunhofer IME 

4.3 Macropore flow/preferential flow 
The implementation of preferential flow in a nationwide version of PELMO requires a general 
development of adjusted modelling routines and their adaption to numerous soil-climate 
scenario which represent national environmental conditions. It was already discussed in section 
3.2 that quantifying the degree of preferential PPP-transport occurring through different soils as 
an outcome of variable changing climatic conditions can a be challenge (Berg et al. 2014). 
Shrinkage cracks appearing in clayey soils during dry weather periods, bio-pores in the soil 
rootzone and caused by earthworm activities as well as vertically oriented inhomogeneities of 
the geological substrate or fractured media like fractured glacier clayey tills, limestones and 
solid rocks are scientifically discussed as causes which can generate hydraulic active 




