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Abstract: The input of nutrients into surface waters and groundwater is directly linked to runoff
components. Due to the different physicochemical behaviour of nitrogen and phosphorus compounds,
the individual runoff components have different significance as input pathways. Within the scope of
the Germany-wide project AGRUM-DE, spatially differentiated runoff components were modelled
with the water balance model mGROWA at a resolution of 100 m. The modelled distributed runoff
components include total runoff, surface runoff, drainage runoff, natural interflow, direct runoff from
urban areas, and groundwater recharge. Although the mGROWA model operates in daily time steps,
modelled runoff components can be aggregated to mean long-term hydrologic reference periods—for
this study, 1981–2010. We obtained good model agreement through the comparison of measured
discharge from 298 river gauges against the spatial means of the modelled runoff components over
their corresponding catchment areas. Therefore, the model results provide reliable input for input
pathway-specific modelling of actual nutrient inputs as well as scenario analyses expected from the
application of nutrient reduction initiatives. This ensures that any differences in the model results
stem exclusively from differences in nutrient supply (fertilisation of the soils) and not from climatic
effects, such as the influence of wet or dry years.

Keywords: nutrient pollution; runoff components; groundwater; surface water; modelling; input
pathways

1. Introduction and Objective

The input of nutrients into surface waters and groundwater is directly linked to runoff
components [1]. The simulation of the runoff components at a high spatial resolution is,
therefore, a prerequisite for the accurate modelling of nitrogen (N) and phosphorous (P)
inputs into receiving waters, differentiated according to the discharge pathways [2–4].

Total runoff in a catchment corresponds to the difference between the amount of
precipitation and the amount of actual evapotranspiration. Total runoff can be separated
into its runoff components (Figure 1), which discharge into the receiving waters either
via the unsaturated zone or via aquifers [5,6]. Surface runoff is the portion of runoff that
flows on the land surface into receiving water without having infiltrated into the soil [7].
A second runoff component that falls into this category is direct runoff from urban areas,
i.e., runoff from sealed areas that is collected by urban systems without having infiltrated
into the soil [8]. After a precipitation event, both surface runoff and runoff from urban
systems generally reach the receiving water in a timeframe of several minutes to more than
an hour [9,10].
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Water infiltrating into the soil is referred to as percolation water or leachate [11].
Leachate either percolates through the entire unsaturated zone and infiltrates into the
aquifer or accumulates in the unsaturated zone above a layer of low hydraulic conductivity.
In the latter case, water in the unsaturated zone moves laterally downslope towards
receiving water without reaching the aquifer. This runoff component is referred to as
natural interflow [12,13]. Natural interflow is especially significant in humid, mountainous
bedrock regions. The flow time of natural interflow is usually in the order of one to several
days before it reaches a receiving water body [14].

In lowland areas of humid climate regions, water discharge from the root zone of
groundwater-affected or waterlogged soils has often been accelerated through the installa-
tion of drainage systems such as pipe (tile) and trench (open ditch) drainage systems [15].
From a hydrological perspective, drainage systems represent rapid runoff pathways that
are comparable in their effect on natural interflow.

All runoff components that reach a receiving water body only with a short time delay
after a runoff-triggering precipitation event, i.e., drainage runoff, natural interflow, surface
runoff, and direct runoff from settlement areas, are considered direct runoff according to
German standards [16].

Groundwater recharge refers to the portion of the percolation water that actually
infiltrates into an aquifer, thus replenishing groundwater resources [17]. Over periods of
several years to decades, the quantity of groundwater recharge can often be considered
to be equivalent to the exfiltration from the aquifer into the receiving water [18]. This
exfiltration can be considered as the baseflow [19], which is often used for the validation of
modelled groundwater recharge [20,21]. This is because during longer dry periods only
the baseflow is measured at the gauges. In a catchment, this mean long-term baseflow
generally corresponds to the mean long-term groundwater discharge to a surface water
body. The latter corresponds to the mean long-term groundwater recharge in the catchment
area concerned. Therefore, the baseflow can be considered a good proxy for the validation
of modelled mean long-term groundwater recharge in a catchment [19].

Whereas point-source N and P discharges to surface waters via separate and com-
bined sewer systems typically stem from urban direct runoff, diffuse N and P inputs to
surface waters can be traced back to the runoff components (i.e., input pathways). As the
physicochemical behaviour of N and P compounds vary from each other, the individual
runoff components have different levels of importance as input pathways.
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A fraction of the nitrate input into the soil is retained by microbiological net immobili-
sation in soils [22,23] or degraded by denitrification processes in soils [24–26]. Another part
(fertilisation, atmospheric deposition) is taken up by plants. The residual nitrate is highly
soluble in water and does not bind to soil particles. Thus, diffuse nitrate inputs into soils are
translocated in dissolved form via runoff components. This occurs: (i) via natural interflow
and drainage runoff, where nitrate reaches a receiving water body with only a short time
lag after a runoff-triggering precipitation event [27,28]; and (ii) via groundwater-borne
runoff, where nitrate reaches a receiving water body after a long time lag [29], under the
condition that full denitrification does not first occur in the aquifer [30].

Unlike nitrate compounds, P compounds typically do not undergo degradation in
either soils or groundwater. Instead, P can be adsorptively bound to soil particles. The most
important diffuse input pathway for P in many regions is, therefore, water erosion [31],
through which P bound to soil particles (particulate P) reaches receiving waters via surface
runoff. Particulate P and to an extent dissolved P enter drainage systems in the soil and the
connected receiving waters via macropores [32]. While particulate P inputs into surface
waters via groundwater discharge can largely be excluded, dissolved P inputs into surface
waters via groundwater discharge do occur. Some of these inputs are considered to be of
anthropogenic origin [33]. As diffuse P input to surface waters occurs via groundwater-
borne discharge, the modelled groundwater recharge is also important for simulating
diffuse P input to surface waters.

A key requirement for modelling N and P inputs to receiving waters by input pathways
is, therefore, the simulation of runoff components and nutrient displacement at high spatial
resolution. Physically based hydrological models for this purpose, such as WaSIM-ETH [34]
and MIKE SHE/MIKE 11 [35], are based on the physics of hydrological processes and are
suitable for simulations at a regional scale, e.g., for individual mesoscale catchments [36–38].
Physically based reactive N and P transport models [39–41] belong to the same model type.
In general, they have been coupled with physically based hydrologic models to simulate N
and P displacement and retention in soils at a high temporal and spatial resolution. The
application of such models on larger scales is possible, provided that suitable input data
are available [42] and that computational time requirements are not a limiting factor [43].

Models used for nutrient management at the national scale are typically less complex
and require less input data and less computational time [44]. For this purpose, integrated
modelling approaches are usually used that combine coupled hydrological or nutrient
transport models with agro-economic models [45]. Typical applications of such models are
the determination of current N and P loads to groundwater and surface waters [46,47] and
the prediction of the efficacy of nutrient reduction measures [48,49].

In Europe, the application of integrated nutrient flux models at the country level
is often related to the requirements arising from the implementation of the EU Nitrate
Directive [50], the EC Water Framework Directive [51], and the EU Marine Strategy
Framework Directive [52]. In Germany, the AGRUM-DE-model network was devel-
oped as an integrated nationwide model to quantify N and P inputs into groundwater
and surface waters [53,54]. The AGRUM-DE-model network consists of the regionalised
agricultural and environmental information system (RAUMIS) of the Thünen Institute
in Braunschweig [45,55], the hydrological/hydrogeological model system mGROWA-
DENUZ-WEKU-MEPhos of Forschungszentrum Jülich [24,47,56,57], and the nutrient input
model MONERIS of the Leibniz Institute for Freshwater Ecology and Inland Fisheries in
Berlin [58–60].

This contribution focuses on the mGROWA model, which is a key component of the
AGRUM-DE model for the German-wide identification of runoff components and nutrient
input pathways. The article comprises:

• An introduction to the daily-scale water balance model mGROWA with a focus on the
modules for the determination of input pathways for the assessment of nutrient fluxes;
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• Germany-wide results for the individual runoff components as long-term mean aver-
ages for the time period 1981–2010 and elaboration of the corresponding regionally
dominant input pathways;

• A statistical evaluation of mGROWA model results with respect to observed runoff
records to assess the representativeness of the modelled nutrient input pathways;

• A discussion of the mGROWA modelling within the context of the overarching goals
in the AGRUM-DE project.

2. Determination of Runoff Components

Within the Germany-wide AGRUM-DE project, we implemented the mGROWA
model [61], which is a deterministic, distributed (grid-based) water balance model (Figure 2).
The mGROWA model was selected for two reasons: (i) because of both the ability to model
at the extremely high spatial resolution required to adequately capture heterogeneous site
conditions while maintaining a feasible computation time; and (ii) due to the ability to dis-
aggregate the complex multiple flow components that are relevant for nutrient modelling.
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We defined the spatial resolution of the model grid based on the resolution of the
available input data whilst ensuring that the computational time for the model was not
excessive. In the context of the nationwide mGROWA application in Germany, a 100 m
grid was chosen. The model has approximately 35.7 million individual grid cells, for
which the runoff components were then simulated individually. For the model setup, we
implemented seven soil layers, each 30 cm deep.

In the mGROWA model, actual evapotranspiration and total runoff are first calculated
in daily time steps. Actual evapotranspiration is calculated based on potential evapotranspi-
ration over grass [63,64], land use-specific kc coefficients [65], a topographic correction func-
tion [66], and the Disse equation to account for the dependence of evapotranspiration on soil
moisture [67]. To calculate soil moisture and percolation water dynamics for sites covered
with vegetation, mGROWA contains the multilayer soil–water balance model BOWAB [68].
Depending on the water tension in the root zone, a capillary rise is calculated for sites with
near-surface groundwater, meaning that at these sites, evapotranspiration from ground-
water can occur. Additionally, mGROWA calculates the evaporation from impervious
areas [57]. More details about the determination of actual evapotranspiration and runoff
using the mGROWA model can be found in the corresponding literature [57,61,69,70].
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Separation of the total runoff into the direct runoff components (surface runoff, direct
runoff from urban areas, natural interflow, drainage runoff) and groundwater recharge
follows a hierarchical approach (Figure 3), based on identified site conditions (Figure 2).
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For each individual grid cell, the model checks whether there is any surface sealing. In
this case, over the portion of the grid cell that has sealing, the generated runoff is subdivided
into direct runoff from urban surfaces, i.e., the portion of runoff that is discharged via
rainwater sewers, and the portion that infiltrates into the soil. Not all impervious areas
have a connection to a sewer system; for example, runoff may seep away elsewhere, and
not all surfaces are hydraulically dense enough so that no seepage water movement can
take place beneath them. To consider this, a surface sealing percolation index (SSPI) splits
the runoff generated over sealed surfaces into urban direct runoff and a subsurface runoff
portion, depending on the degree of imperviousness. This subsurface runoff component,
together with the runoff formed over the previous portion of a grid cell, is separated into
groundwater recharge and other subsurface direct runoff components [69].

Over unsealed surfaces, surface runoff is the transport medium of nutrient inputs
into surface waters via wash-off and erosion. However, only areas that have a hydraulic
connection to surface water contribute to N and P inputs via these input pathways. Further
site conditions include a slope greater than 2%, high clay content in the topsoil, agricultural
use, and no artificial drainage [31,71,72]. Only when all of these conditions are met, the
grid cell is identified as a “delivery area” for N and P inputs via surface runoff. For all other
grid cells, all surface runoff is assumed to infiltrate into the soil after a short flow distance
at the surface, meaning that potentially washed-off and eroded N and P loads do not reach
receiving water. Therefore, the surface runoff is modelled exclusively for the grid cells that
are connected to a recipient and that have relevance for nutrient input. For these specified
grid cells, the method for quantifying mean long-term surface runoff varies according to
hydrogeological conditions. For most areas, surface runoff is calculated based on mean
long-term precipitation and gross total runoff [73], while for areas with unconsolidated
rock, no near-surface groundwater, and no soil waterlogging (Figure 3), surface runoff is
calculated using total runoff and slope.

As a next step, the presence of near-surface groundwater is checked. If no near-surface
groundwater exists, a differentiation is made between unconsolidated rock and bedrock.
For bedrock, baseflow indices (BFI) [74–77] are applied to quantify the separation of the
groundwater recharge from natural interflow. The premise behind this concept is that
over a long period, the groundwater recharge as a fraction of the total runoff can be re-
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garded as constant over areas with comparable hydrogeological site characteristics. The
BFI concept assumes that long-term groundwater discharge and groundwater recharge
of a catchment are equal, provided that the total groundwater resources of the area re-
main unchanged. The BFIs can theoretically assume values between 0 and 1. A value of
0 means that an aquifer cannot store any infiltrating water, while a value of 1 means that
the entire leachate infiltrates into the aquifer. BFI values have been determined for numer-
ous site characteristics, predominantly according to aquifer typologies and/or hydraulic
conductivities [66,74,78–82].

For grid cells with near-surface groundwater, the runoff separation follows a different
concept. Initially, the model checks whether artificial drainage of agricultural land is
expected. In this case, in unconsolidated rock areas, the installation depth of agricultural
drainage systems [83] and the seasonally fluctuating groundwater tables in soil directly
control the separation of the leachate into drainage runoff and groundwater recharge [82].
Drainage runoff is generated exclusively in the period when the groundwater table has
risen above the installation depth of the drainage systems.

For grid cells showing near-surface groundwater and no artificial drainage, percolation
water reaches the groundwater surface directly and, thus, becomes groundwater recharge
by definition. Due to capillary rise from groundwater, depletion of groundwater resources
can occur at these sites, especially in the summer months. To account for these interactions,
mGROWA calculates the net groundwater recharge, which assumes negative values in the
months in which capillary rise dominates.

For unconsolidated rocks without near-surface groundwater, the soil waterlogging
characteristics and the topographical slope are considered. When waterlogging in the soil
is associated with agricultural land use, it is assumed that drainage systems have been
installed [84]. For such sites, BFI values are used that divide the total runoff into fixed
portions of drainage runoff and groundwater recharge depending on the waterlogging
class of the soil and land use. For other land uses, it is assumed that drainage systems
have not been installed. In this case, waterlogging in the soil causes the generation of
natural interflow. For grid cells that have neither groundwater influence nor waterlogging
in the soil but do have a substantial slope, slope-dependent BFI values are implemented,
separating the total runoff into groundwater recharge and either natural interflow for grid
cells without connection to receiving surface waters or surface runoff for grid cells with
water connection. For grid cells with neither waterlogging nor a substantial slope, the
entire leachate is modelled as groundwater recharge.

3. Input Data

A prerequisite for the modelling is a digital geographic reference map of Germany for
which the model grid is defined and to which all input datasets and model calculations
are related to. For this purpose, the UTM 32N with ellipsoid GRS80 and datum ETRS89
was used. Based on the geometries of this digital map, all vector-based input data of the
mGROWA model have been converted into raster data.

Some loss of information will always occur when transforming vector data into the
raster format required for modelling. A study of conversions of vector soil map data to
model grids of varying spatial resolutions demonstrated that model grids of 50 m or 100 m
are sufficient to ensure adequate representativeness in the raster grid [85].

For hydrological modelling over large areas, grid-cell sizes of less than 100 m only
marginally reduce the information loss of maps, but exponentially increase the computa-
tional effort [85]. Therefore, a 100 m grid was considered optimal for the Germany-wide
model determination of runoff components and diffuse nutrient inputs in the AGRUM-
DE project.

The mGROWA modelling in the AGRUM-DE-project was performed using nation-
wide datasets (Table 1) provided by water management authorities and the statistical
offices of the federal and state governments. Only datasets that are available nationwide
were considered.
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Table 1. Model input data.

Data Type Data Source

Land use
Federal Agency for Cartography and Geodesy

- Digital Land Cover Model for Germany (LBM-DE2015)

Imperviousness
Copernicus Land Monitoring Service

- High-Resolution Layer Imperviousness (2012) 20 m

Digital elevation model
Federal Agency for Cartography and Geodesy (BKG)

- Digital Terrain Model grid width 25 m (DGM25)

Soil map and database

- Soil horizon parameters (thickness of horizons, (effective)
field capacity, soil texture, bulk density, substance volume)

- Soil profile parameters (waterlogging, groundwater
influence)

Federal Institute for Geology and Natural Resources (BGR)

- Soil map BUEK200 v0.6 1:200,000

Drained areas Forschungszentrum Jülich, IBG-3

Climate data (1981–2010)

- Precipitation
- Potential evapotranspiration

Climate Data Center (CDC) of the German Weather Service
(DWD)

Hydrogeological parameters

- Baseflow index
Forschungszentrum Jülich, IBG-3

Discharge data
German Federal Institute of Hydrology (BfG)

- Database with daily discharge measurements

Gauges as point coordinates with associated catchment sizes German Hydrological Yearbook (DGJ)

Catchment areas of gauges Forschungszentrum Jülich, IBG-3

Of the input datasets listed in Table 1, only precipitation data are visualised since this
is the key input variable from which discharge and all runoff components relevant for
nutrient export are derived.

Monthly precipitation sums are derived from raster files of 1 × 1 km spatial resolution,
disaggregated to the 100 × 100 m model raster. The long-term mean annual precipitation
for the modelling period of 1981–2010 is shown here (Figure 4, left).

Additionally, daily precipitation sums from station data are derived to specify the
temporal distribution within each simulated month. Figure 4 (right) shows the spatial
distribution of 4987 rain gauge stations with data available over the modelling period.

The weather-exposed ridges of the low mountain ranges (e.g., Harz Mountains, Black
Forest, Rhenish Slate Mountains, Bavarian Forest) and the Alps strongly influence the
distribution of precipitation in Germany. The Luv effect, i.e., the lifting of air masses due
to the morphological conditions, is evident in these regions. As a result of the maritime
winds predominantly from southwest to northwest, precipitation quantities of more than
1000 mm/a occur in these regions. In the Alps, this precipitation can increase to more
than 2000 mm/a with a transition to the Alpine foothills, where precipitation between
1500 mm/a and 2000 mm/a occurs.

From west to east, precipitation decreases significantly and is below 600 mm/a in
many parts of the northeast. In the western states, low precipitation occurs only in lowland
areas located in the rain shadow of the low mountain ranges, such as the northern part of
the Upper Rhine Valley, the southern part of the Lower Rhine Valley, and Franconia. In the
other parts of the country, mean annual precipitation levels are relatively uniform between
600 and 850 mm/a, with a north–south gradient evident. With increasing distance from the
North Sea and the Baltic Sea, precipitation decreases.
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4. Modelled Runoff Components (Nutrient Input Pathways)
4.1. Total Runoff

The total runoff refers to the difference between precipitation and the actual evapotran-
spiration from the earth’s surface based on the general hydrological water balance equation.

There are two ways in which total runoff can be defined: net total runoff or gross
total runoff. Net runoff represents the runoff generation minus capillary rise and direct
evapotranspiration from groundwater, while gross runoff represents generation on a grid
cell without consideration of capillary rise or direct evapotranspiration from groundwater.
In grid cells that have near-surface groundwater, evapotranspiration is increased by a
capillary rise from groundwater into the root zone of soils to such an extent that actual
evapotranspiration may exceed the total runoff. This situation is most common in lowland
regions where for some grid cells, long-term means show negative total runoff. The
associated total runoff represents the net total runoff, which is suitable for comparison with
measured mean long-term discharge values at gauges.

Because gross total runoff does not consider capillary rise or direct evapotranspira-
tion from groundwater, the values for individual grid cells cannot be negative. Despite
being possible that no total runoff is generated in years with low precipitation because all
precipitation is “consumed” for the evapotranspiration process, gross total runoff over a
long period of time is always positive. This means that runoff is generated and nutrients
can be displaced. Therefore, gross total runoff is more suitable than net total runoff as
a starting point for dividing total runoff into the individual runoff components and the
determination of the input pathways for nutrients to surface waters and groundwater. Note
that gross total runoff and net total runoff are identical in regions without capillary rise
of groundwater.

Figure 5 (left) shows the spatial distribution of the mean annual gross total runoff
for 1981–2010 and Figure 5 (right) shows the net total runoff. Gross total runoff of more
than 500 mm/a occurs mainly in the high altitudes of the low mountain ranges (Rhenish
Slate Mountains, Harz, Thuringian Forest, Black Forest, Bavarian Forest) and in the Alps.
In the other low mountain regions (e.g., Palatinate Forest, Weser Uplands, South German
stratified plain) as well as in the western part of the North German lowlands, the total
runoff ranges between approximately 200 mm/a and 500 mm/a.
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In some larger river valleys in the low mountain range (Danube, Main, Nahe, Lahn),
as well as in the southern part of the Lower Rhine Embayment, the total runoff values range
between 100 and 200 mm/a. In general, low precipitation of often less than 800 mm/a
and high potential evapotranspiration have a limiting effect on the total runoff. Due to
precipitation of less than 600 mm/a, total runoff of less than 100 mm/a occurs in the
northeast and some parts of southwest Germany,

Net total runoff considers capillary rise and direct evapotranspiration from groundwa-
ter so it differs from gross total runoff in areas with near-surface groundwater and drainage
systems. Negative runoff can be observed in lowland regions where evapotranspiration
exceeds the total runoff in large parts of northeast Germany, e.g., Elbe Valley, but also in
parts of southwest Germany, e.g., the Upper Rhine Valley.

4.2. Surface Runoff and Urban Direct Runoff

The surface runoff and urban direct runoff are the two runoff components that do not
infiltrate into the ground before reaching surface water.

The surface runoff is generally low compared with other runoff components (Figure 6,
left). Depending on the precipitation level, however, surface runoff of more than 50 mm/a
can occur over non-forested areas in the low mountain ranges. In the Alps and Alpine
foothills, surface runoff of more than 300 mm/a is sometimes simulated. In contrast,
for large forest areas such as the ridges of the Bavarian Forest and the Black Forest, no
significant surface runoff is modelled, despite high precipitation and a hydraulic connection
to surface water. In areas with less than 800 mm annual precipitation and shallow slopes,
surface runoff is negligible. This site condition applies to most of the North German
lowlands but also to parts of the Rhine Valley plains. Accordingly, N and P inputs via
wash-off and erosion can be excluded as main input pathways in such regions.

Figure 6 (right) shows the mean annual urban direct runoff for the fraction of runoff
generation in urban areas that originates from sealed surfaces. This is used to calculate
N and P inputs from point sources to surface waters via separate and combined sewer
systems. Direct runoff from urban areas can exceed 300 mm/a in the central areas of larger
settlements such as Berlin, the Ruhr area, and Hamburg.



Water 2023, 15, 3468 10 of 21

Water 2023, 15, x FOR PEER REVIEW  10  of  21 
 

 

The surface runoff and urban direct runoff are the two runoff components that do 

not infiltrate into the ground before reaching surface water.   

The surface runoff is generally low compared with other runoff components (Figure 

6,  left). Depending on  the precipitation  level, however, surface runoff of more  than 50 

mm/a can occur over non-forested areas in the low mountain ranges. In the Alps and Al-

pine foothills, surface runoff of more than 300 mm/a is sometimes simulated. In contrast, 

for large forest areas such as the ridges of the Bavarian Forest and the Black Forest, no 

significant surface runoff is modelled, despite high precipitation and a hydraulic connec-

tion to surface water. In areas with  less than 800 mm annual precipitation and shallow 

slopes, surface runoff is negligible. This site condition applies to most of the North Ger-

man lowlands but also to parts of the Rhine Valley plains. Accordingly, N and P inputs 

via wash-off and erosion can be excluded as main input pathways in such regions. 

   

Figure 6. Mean annual (1981–2010) surface runoff for the grid cells with water connection (left) and 

direct runoff from urban areas (right). 

Figure 6 (right) shows the mean annual urban direct runoff for the fraction of runoff 

generation in urban areas that originates from sealed surfaces. This is used to calculate N 

and P inputs from point sources to surface waters via separate and combined sewer sys-

tems. Direct runoff from urban areas can exceed 300 mm/a in the central areas of larger 

settlements such as Berlin, the Ruhr area, and Hamburg. 

4.3. Discharge via Natural Interflow and via Drainage Systems 

The predominant direct  runoff component  in bedrock  regions  is natural  interflow 

(Figure 7, left). With mean long-term natural runoff of more than 750 mm/a, the Alps and 

the Paleozoic bedrock regions (Rhenish Slate mountains, Harz mountains, Black Forest) 

stand out clearly. Substantially lower natural interflow (<300 mm/a) occurs in the area of 

the Mesozoic rock sequences, e.g., in the South German stratified plain and in the Weser 

Uplands, due to the high proportion of groundwater recharge designated by the corre-

sponding BFI values.   
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direct runoff from urban areas (right).

4.3. Discharge via Natural Interflow and via Drainage Systems

The predominant direct runoff component in bedrock regions is natural interflow
(Figure 7, left). With mean long-term natural runoff of more than 750 mm/a, the Alps and
the Paleozoic bedrock regions (Rhenish Slate mountains, Harz mountains, Black Forest)
stand out clearly. Substantially lower natural interflow (<300 mm/a) occurs in the area
of the Mesozoic rock sequences, e.g., in the South German stratified plain and in the
Weser Uplands, due to the high proportion of groundwater recharge designated by the
corresponding BFI values.
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In the parts of Germany situated in the lees of the low mountain ranges (e.g., Rhenish
Hesse, Upper Rhine Valley, Lower Rhine Embayment, Thuringian Basin), as well as in
regions where karstified carbonate rocks are present, the mean long-term natural interflow
rarely exceeds 50 mm/a. The areas shown in grey in Figure 7 (left) have negligible natural
interflow. Leachate either contributes exclusively to groundwater recharge or is separated
into groundwater recharge and drainage runoff.

Figure 7 (right) shows the mean annual direct runoff via drainage systems. Drainage
runoff is the dominant direct runoff component in unconsolidated lowland regions of
northern Germany. Due to the high precipitation, drained areas in the foothills of the Alps
(Allgäu) experience drainage runoff in the order of 300 to 500 mm/a. Drainage runoff in the
same order of magnitude occurs in the northwestern parts of the North German lowlands.
Due to the decreasing precipitation from west to east, drainage runoff declines and rarely
exceeds 150 mm/a in the lowland areas of the Spree and Havel Rivers, and 100 mm/a in
the Oderbruch region.

4.4. Gross and Net Groundwater Recharge

As with total runoff, a distinction is made between net groundwater recharge, which
enables negative groundwater recharge due to capillary rise and direct evapotranspiration
from groundwater into the root zone, and gross groundwater recharge, which does not
account for these vertical upward flows from groundwater. The key parameter for calculat-
ing nutrient input to groundwater bodies and consequently groundwater-borne nutrient
discharge to surface waters is the gross groundwater recharge (Figure 8, left). However,
the distinction between net (Figure 8, right) and gross groundwater recharge should not
obscure the fact that groundwater recharge in most regions of Germany is unaffected by
near-surface groundwater, so net and gross groundwater recharge are identical.

Water 2023, 15, x FOR PEER REVIEW  12  of  21 
 

 

the Rhenish Slate Mountains, groundwater recharge of 100 mm/a is not exceeded despite 

high annual precipitation. Groundwater recharge in the same order of magnitude is also 

modelled for the fine-grained Mesozoic rock sequences (e.g., marl rocks of the Münster-

land Basin). Groundwater recharge of less than 50 mm/a is also widespread in the South 

German stratified plain and the Thuringian Basin, but in these regions, low precipitation 

is a driving factor. 

   

Figure 8. Mean annual (1981–2010) gross (left) and net (right) groundwater recharge. 

In unconsolidated rock areas without near-surface groundwater (Upper Rhine Plain, 

North German Plain) and some larger river valleys, all of the leachate can infiltrate into 

the aquifer. When precipitation exceeds 800 mm/a, as is the case in the western part of the 

North German Plain, groundwater recharge of up to 300 mm/a can be reached. Over areas 

with lower annual precipitation, such as the Lower Rhine Embayment, groundwater re-

charge  of  approximately  200  mm/a  occurs.  However,  in  the  eastern  German  states, 

groundwater recharge is consistently below 50 mm/a even at sites without near-surface 

groundwater. The main reason is the low annual precipitation (<600 mm/a).   

The difference between gross and net groundwater recharge (Figure 8, right) is evi-

dent  in  regions with a high groundwater  level, where drainage systems have been  in-

stalled, such as the marshlands on the North Sea coast, but also in many groundwater-

affected lowland areas in the eastern part of Germany (e.g., Spree and Havel lowlands, 

Uckermark).  In such areas, groundwater recharge occurs only  in  the months when  the 

groundwater table drops below the depth of the drainage. 

5. Validation of Modelled Runoff Components 

For an adequate validation of the modelled runoff components, measured time series 

of river discharge and delineations of the corresponding catchments are required. To val-

idate  the  suitability of a model  for different  landscapes,  the  spatial distribution of  the 

catchments used for validation should cover a wide range of land uses as well as climatic, 

pedological, and topographic site conditions. In addition, the runoff recorded at the gauge 

should cover the same period that was modelled.   

For  the model validation, verified daily discharge data of gauging stations  for  the 

period 1980–2010  from  the database  ‘HYDABA’ of  the Federal  Institute of Hydrology 

(BfG) were  available  for 464 gauges. Additionally, point  coordinates of  the  individual 

Figure 8. Mean annual (1981–2010) gross (left) and net (right) groundwater recharge.

Regions in southern Germany such as the Alpine foothills or the Black Forest exhibit
high groundwater recharge above 300 mm/a, mainly due to the high annual precipitation
(>1200 mm/a). In the Swabian-Franconian Jura, and northwestern Germany, precipitation
may be lower, but a higher percentage of the leachate contributes to groundwater recharge.

In most bedrock regions, mean annual groundwater recharge quantities are less than
100 mm/a. Due to the low water storage capacity of the Paleozoic slate rock sequences of
the Rhenish Slate Mountains, groundwater recharge of 100 mm/a is not exceeded despite
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high annual precipitation. Groundwater recharge in the same order of magnitude is also
modelled for the fine-grained Mesozoic rock sequences (e.g., marl rocks of the Münsterland
Basin). Groundwater recharge of less than 50 mm/a is also widespread in the South
German stratified plain and the Thuringian Basin, but in these regions, low precipitation is
a driving factor.

In unconsolidated rock areas without near-surface groundwater (Upper Rhine Plain,
North German Plain) and some larger river valleys, all of the leachate can infiltrate into
the aquifer. When precipitation exceeds 800 mm/a, as is the case in the western part of
the North German Plain, groundwater recharge of up to 300 mm/a can be reached. Over
areas with lower annual precipitation, such as the Lower Rhine Embayment, groundwater
recharge of approximately 200 mm/a occurs. However, in the eastern German states,
groundwater recharge is consistently below 50 mm/a even at sites without near-surface
groundwater. The main reason is the low annual precipitation (<600 mm/a).

The difference between gross and net groundwater recharge (Figure 8, right) is evident
in regions with a high groundwater level, where drainage systems have been installed,
such as the marshlands on the North Sea coast, but also in many groundwater-affected
lowland areas in the eastern part of Germany (e.g., Spree and Havel lowlands, Uckermark).
In such areas, groundwater recharge occurs only in the months when the groundwater
table drops below the depth of the drainage.

5. Validation of Modelled Runoff Components

For an adequate validation of the modelled runoff components, measured time series
of river discharge and delineations of the corresponding catchments are required. To
validate the suitability of a model for different landscapes, the spatial distribution of the
catchments used for validation should cover a wide range of land uses as well as climatic,
pedological, and topographic site conditions. In addition, the runoff recorded at the gauge
should cover the same period that was modelled.

For the model validation, verified daily discharge data of gauging stations for the
period 1980–2010 from the database ‘HYDABA’ of the Federal Institute of Hydrology (BfG)
were available for 464 gauges. Additionally, point coordinates of the individual gauges and
the size of the corresponding catchments were provided from the German Hydrological
Yearbook (DGJ), but no polygon shape data for the catchment delineations were available.
We follow a GIS-based approach to delineate the catchments using the available gauge
locations and the digital elevation model DGM25. Time series of discharge data were
excluded from the validation if the location of the gauge was not reported, if discharge
data exhibited implausible inconsistencies (outliers, gaps), if parts of the corresponding
catchment were located outside Germany, if the corresponding catchment had an area
smaller than 10 km2, if the reported catchment size from DGJ varied from the size of the
delineated catchment significantly, or if there was a significant anthropogenic influence.
After applying these criteria, 298 catchments remained for the model validation.

Figure 9 (left) shows the spatial distribution of the discharge stations and correspond-
ing catchments throughout Germany. Except for the northwestern part of the country,
where gauges are lacking due to the influence of tides and where catchments extend
outside of Germany, the model area coverage is satisfactory.

We validated the model performance for both net total runoff and net groundwater
recharge. For total runoff, the mean annual simulated runoff was averaged over each
catchment and then compared against the observed discharge, which was converted to an
effective value of mm/a over the corresponding catchment. If satisfactory agreement is
achieved for a sufficiently large number of catchments, we can assume that the model is fit
for purpose.
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The comparison of simulated net total runoff and observed mean annual discharges
for 1981–2010 is presented in Figure 9 (top right). There is an overall good agreement
between observed and simulated values, with most catchments exhibiting a bias of less
than 20%. Model performance was quantified based on the statistical parameters NSE
(Nash-Sutcliffe efficiency) and PBIAS (percent bias). NSE [86] indicates the approximation
of simulated and modelled discharges to the 1:1 line. The closer the NSE value is to 1, the
better the model performance. The PBIAS value [87] indicates the tendency of simulated
runoff to be underestimated or overestimated. The closer the value is to 0, the less the
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model tends to overestimate or underestimate the measured total runoff. The mGROWA
model is validated based on NSE and PBIAS, as described in [62,70].

The NSE of 0.89 for net total runoff demonstrates a very good fit with the observed
long-term mean discharge from the gauging stations. The PBIAS of −4.0% indicates a
slight overestimation of the modelled values. The fit of the model to the observed values
represents a very good agreement in the context of the available data and with respect to the
size and heterogeneity of the considered study area. It can be concluded that the mGROWA
model, together with the inputs described in Section 3, provides realistic estimates of total
runoff for Germany.

In the context of modelling nutrient inputs into groundwater or surface waters, it
is crucial to ascertain whether the model adequately represents the input pathways for
nutrients, i.e., the runoff components. The runoff components simulated by mGROWA
include both the direct runoff components (above all, drainage runoff and natural interflow)
and baseflow, which can be considered equivalent to long-term groundwater recharge
within catchments. The possibility of validating modelled direct runoff at the state level is
limited by the lack of official monitoring networks for the long-term recording of direct
runoff components, such as drainage runoff. The only runoff component for which model
validation is usually performed is groundwater recharge. For the validation of the modelled
net groundwater recharge (Figure 8, right), the same 298 catchments as in the total runoff
evaluation were selected (Figure 9, left). For areas in Germany where unconsolidated
rocks dominate, the mean groundwater runoff is often approximated using the minimum
monthly low flow [88], also known as the “Wundt method”. For this study, this applies
to 80 catchments. The other 218 catchments are dominated by bedrock, for which the
“Demuth method” [89] is suitable for runoff separation. Similar to the validation of net
total runoff, both observed baseflow and simulated groundwater recharge are converted
to estimates of mm/a over the corresponding catchments. As indicated by the NSE of
0.70 and the PBIAS of 13.9%, the agreement between the simulated net groundwater
recharge and the derived baseflow (Figure 9, bottom right) is relatively good. When
validating modelled groundwater recharge, error propagation can occur because both the
estimation of total runoff and the subsequent flow separation affect the estimates. Therefore,
it is not surprising that the performance indices show lower agreement for the simulated
groundwater recharge than for the simulated total runoff. In addition, many regions in
Germany have groundwater recharge of less than 150 mm/a, so small absolute deviations
from the observed baseflow are sufficient to result in a deviation of more than 20% for the
modelled value.

6. Discussion and Conclusions

This study has provided spatially differentiated estimates of the runoff components for
the period 1981–2010, calculated using a high-resolution (100 m) hydrological model that
incorporates multiple soil layers based on a fine-scale 1:200,000 soil map. Other published
studies of Germany-wide hydrological modelling have a coarser spatial resolution of
important input layers (e.g., soil) and model outputs (250 or 1000 m); they also cover a
less recent hydrological period [90–92]. Furthermore, unlike the aforementioned studies,
the hierarchical flow separation module incorporated in mGROWA (Figure 3) allows for:
(i) the inclusion of important site characteristics, such as artificial drainage and percentage
imperviousness; and (ii) total runoff to be separated into more runoff components. This
differentiation of flow paths is essential for the reliable modelling of nutrient inputs. Also,
the study from Huang et al. [90] is validated over only 29 large river basins, whereas we
validated our model over 298 catchments of varying sizes, thus ensuring that our model
exhibits a strong spatial representativeness throughout Germany. A more recent study [93]
used a machine learning model to generate mean long-term groundwater recharge estimates
(1 km resolution) over Europe; however, the nonexistence of training and validation data
over Germany makes it difficult to assess the suitability of their results within Germany.
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The daily water balance in each grid cell in mGROWA is calculated using predefined
parameter values for soil properties and land cover, among other things. In contrast,
lumped hydrological models are typically calibrated against total discharge, which can
result in model parameters sometimes being calibrated to unrealistic values and other water
balance components being affected in order to achieve good results for total discharge [94].
Therefore, an advantage of using the deterministic grid-based mGROWA model is that a
feasible representation of all water balance components is achieved.

Another advantage of the mGROWA model is the ability to model in high spatial
and temporal resolution while maintaining a reasonable computational time. This high
spatial resolution modelling allows for small-scale features in input parameters to be
adequately represented within the model grid, meaning that a higher level of reliability
in the representativeness of the modelling results is ensured. Last, the simple grid-based
structure of mGROWA ensures that it is easily transferable to other study areas, which is
evident as the model has been successfully applied in multiple other countries (e.g., [70,78]).

On the other hand, to do justice to the high spatial resolution that can be modelled
using mGROWA, the input data required also need to be available. These data are not
always available at a high spatial resolution (or with high reliability) in every country,
meaning that an assessment of the viability of establishing an mGROWA model in a new
study area should be undertaken before building a model. Also, while the vertical processes
of the water balance can be balanced with mGROWA, the individual grid cells are not
linked, meaning that lateral fluxes are not considered.

When interpreting the modelled runoff values with regard to their significance for
nutrient export, it should be noted that absolute values of a runoff component alone do not
allow for conclusions to be drawn about its regional significance as an input pathway for
nutrients. This is exemplified by sites in the North German Plain with a deep groundwater
table. At these sites, gross groundwater recharge of less than 100 mm/a in the eastern part of
the North German Plain (Figure 8, left) is significantly lower than in the western part of the
North German Plain where values of up to 300 mm/a can occur. However, this groundwater
recharge is by no means a more dominant input pathway for nitrate into groundwater
in the western part of the North German Plain than in the eastern part of the North
German Plain. The decisive factor for differences in groundwater recharge is the decreasing
precipitation quantities in the east (Figure 4, left). The relevance of groundwater recharge
as an input pathway is, however, the same for sites without near-surface groundwater in
the entire North German Plain. The same is true when comparing the absolute levels of
runoff components across regions. For example, the drainage runoff in the northeastern
German region is generally less than 150 mm/a, yet it has the same dominance as an input
pathway as the natural interflow in the Rhenish Slate Mountains, which has values up to
700 mm/a. In both of these regions, more than 70% of the runoff occurs via the discharge
component described above. To understand the regionally dominant input pathways for
nutrients, it is, therefore, important to consider the relative shares of the individual runoff
components rather than the absolute values of the runoff components (Figure 10). Here,
it becomes clear that throughout Germany, the interflow and groundwater recharge are
the major input pathways where the shares of interflow are highest in the bedrock areas of
southern Germany and those of groundwater recharge are highest in the North German
Plain. Combined surface and urban runoff as well as drainage runoff are less widely
distributed; however, they also have high shares locally, e.g., in the marsh regions near the
North Sea.

The modelled total runoff and groundwater recharge for the 1981–2010 period was
validated against gauge-based runoff measurements. Although we obtained a good agree-
ment with discharge measurements, as indicated by the performance indicators, it does
not necessarily mean that the water balance values modelled for individual 100 m × 100 m
grid cells are representative [95]. Theoretically, it is possible that overestimations and
underestimations in individual grid cells balance out at the catchment scale, resulting in the
catchment-averaged simulated and observed values being similar. If, as for the modelling
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performed here, the goal is to represent the runoff components as spatially high-resolution
input pathways for nutrients, the catchment-scale model validation is not ideal. However,
monitoring systems for recording and balancing individual runoff components at discrete
locations do not exist in our study area. Therefore, due to the unavailability of spatially
distributed measurements in catchments, the comparison of simulated with observed dis-
charges at the catchment outlet remains the only feasible option for model validation in
many practical cases [96].
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To assess the representativeness of the modelled runoff, it is important to include
runoff records without strong anthropogenic influences from as many discharge stations
as possible in the validation process. The 298 gauge-related catchments used for model
validation are a sufficient number and have a good spatial coverage of Germany; hence,
they can be regarded as a good dataset to use for the assessment of the model performance.

The only runoff component that was explicitly validated in the model and that repre-
sents an important input pathway for nutrients is groundwater recharge. The validation of
direct runoff components (surface runoff, direct runoff from urban areas, drainage runoff,
natural interflow) is limited because all direct runoff components enter surface waters
relatively soon after a precipitation event and are difficult to separate from each other in
discharge data from river gauges. Nevertheless, several conclusions can be drawn from the
results of the validation process regarding the representation of input pathways for mod-
elling nutrient fluxes. As the sum of the direct runoff components is equal to the difference
between the validated net total runoff and net groundwater recharge, at least the validity of
the sum of the modelled direct runoff components was confirmed. Additionally, for most
regions, only one of the two main components of direct runoff, i.e., natural interflow or
drainage runoff, exhibits large values (Figure 7); therefore, the result of validation for the
modelled groundwater recharge can be considered as an indirect validation of the modelled
natural interflow and drainage runoff in that region. Thus, validation can be regarded as
representative of all major runoff components, i.e., groundwater recharge, interflow, and
drainage runoff. Accordingly, we conclude that the main input pathways for nitrate were
modelled in a regionally realistic and representative manner.

Since the mGROWA model operates in daily time steps, it is theoretically possible to
use mGROWA model results at a high temporal resolution for the determination of nutrient
input pathways and the corresponding input pathway-specific N and P loads. However,
such application of mGROWA model results is not practical within the AGRUM-DE project.

Caution is advised when using the modelled runoff components that represent long-
term averages for characterising short time periods because of the high interannual or even
intra-annual climatic variations. Accordingly, there is a risk that modelled pathway-specific
N and P loads will be driven more by regional climate variability than by regional N and P
supply. For this reason, all mGROWA model results were aggregated to long-term averages
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for 1981–2010. This provides a reliable reference not only for determining regionally
dominant input pathways but also for calculating input pathway-specific nutrient loads.

A key application of these results is to understand how nutrient reduction measures
could alter the N and P inputs into groundwater or surface water. Because the temporal
resolution of the nutrient supply scenarios in the AGRUM-DE project is based on multi-year
moving averages [97], the long-term annual means of the runoff components presented
in this paper provide a suitable reference situation for analysing these scenarios. An
advantage of conducting analyses using these temporally aggregated results is that the
modelled changes in the nutrient loads are exclusively due to changes in the N and P
supply (e.g., fertilisation of the soils) and not due to climatic variability.

In current projects within Germany, further improvement of input datasets to the
mGROWA model is ongoing (e.g., higher spatial resolution of soil data and impervious-
ness). In addition, the latest climatic reference period of 1991–2020 has been modelled
and additional gauges included for the model validation. Here, initial runoff validation
results suggest at least an equally good agreement with observed data as in the study
presented here.
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