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ABSTRACT
Groundwater is a key strategic water resource in times of drought, yet climate and land use change are increasing threats; this 
means that quantitative understanding of groundwater dynamics in lowland catchments is becoming more urgent. Here, we 
used a spatially distributed numerical groundwater model to simulate seasonal and long- term changes in the spatio- temporal 
patterns of water storage dynamics and groundwater–surface water interactions in the 66 km2 lowland Demnitzer Millcreek 
catchment (DMC) in NE Germany. DMC experienced a long period of drought following the hot, dry summer of 2018, with 
groundwater stores becoming depleted and stream flows increasingly intermittent. The architecture and parameterisation of the 
model domain were based on groundwater observations, hydrogeological mapping and geophysical surveys. Weekly simulations 
using a single model layer with a 50 × 50 m grid of 15 m depth were able to broadly reproduce observed shallow groundwater dy-
namics in glacial and post- glacial deposits across the catchment. We showed that most groundwater flow is shallow and focused 
around topographic convergence zones fringing the channel network in more permeable glaciofluvial deposits. Most stream flow 
is generated by shallow groundwater in the catchment headwaters, which is relatively young (i.e., ~5 years old). With potential 
evapotranspiration rates exceeding precipitation, the groundwater balance is very sensitive to hydroclimate at DMC. The past 
two decades have been dominated by negative anomalies in annual rainfall, causing a general lowering of water tables and per-
sistent storage deficits. Spatio- temporal patterns of recharge are also strongly influenced by vegetation cover, with coniferous 
forests, in particular, having high evapotranspiration losses that inhibit groundwater recharge. This underlines the importance 
of developing integrated land and water management strategies in NE Germany where climate change is expected to further 
reduce rainfall, increase temperatures and decrease groundwater recharge. For an evidence base to guide policy, we need to de-
velop more robust ways to interface groundwater models with ecohydrological models to better characterise the impacts of land 
use on rechange in groundwater- dominated lowland catchments.
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1   |   Introduction

Groundwater is the major freshwater store in the hydrological 
cycle and plays a crucial role in meeting human and ecological 
water needs in lowland areas (Döll et  al.  2012). Groundwater 
not only supports irrigated agriculture and urban water supply 
across much of the world but also dominates the base flow of 
rivers, especially in areas with shallow aquifers where ground-
water readily exchanges with surface water (Soulsby et al. 2015; 
Winter  1999). However, shallow aquifers often have limited 
water storage capacity and are more directly susceptible to 
human activities such as abstraction and pollution sources; 
they also are sensitive to hydroclimatic variability and climate 
change (Condon et al. 2020; Kløve et al. 2014; Santos et al. 2014). 
Recent increases in the frequency and intensity of drought in 
many regions reflect the impacts of climate change (Peterson 
et al. 2021; Yuan et al. 2023) and, in some areas, have signifi-
cantly reduced groundwater recharge, which, together with in-
creased groundwater use as a more consistent source of water 
supplies, has promoted alarming decreases in water table lev-
els (Jasechko et  al.  2024; Oiro et  al.  2020; Taylor et  al.  2013). 
In shallow aquifers, this can have far- reaching implications 
for groundwater–surface water interactions that are closely 
linked to recharge and storage changes, and thus threatens 
the maintenance of river flows and wetlands (Kleine, Tetzlaff, 
Smith, Goldhammer, et  al.  2021). These changes have made 
regional water management in drought- sensitive areas more 
complex and urgent; further increasing the strategic impor-
tance of groundwater. Although global trends in groundwater 
storage are available from GRACE satellite products (Richey 
et al. 2015), the coarse resolution means that these data are often 
of limited assistance for assessing local change and developing 
management responses. For local and regional scales, improved 
quantification of the three- dimensional water storage contin-
uum in the subsurface of intermediate- sized catchments is a 
useful pathway to enhancing both ecohydrological and societal 
resilience to droughts (Tetzlaff et al. 2024). In such situations, 
quantitative, process- based understanding of the dynamics of 
groundwater recharge and depletion, together with character-
ising the spatio- temporal patterns of groundwater and surface 
water interactions, is particularly critical.

In order to characterise and quantify spatial and temporal 
patterns of water storage and flow in groundwater systems, 
numerical modelling is an important approach. MODFLOW 
(Harbaugh 2005) is one of the most commonly used groundwa-
ter models and has simple connected surface water modules in 
the form of boundary conditions, such as rivers, streams and 
lakes. A number of groundwater–surface water models have 
been developed that use it as the groundwater module. For 
example, SWATMOD couples the widely applied Soil Water 
Assessment Tool (SWAT) model with MODFLOW; GSFLOW 
combines the Precipitation Runoff Modelling System (PRMS); 
and MODHMS introduces 2- D diffusion wave routing for sur-
face water into MODFLOW (Ntona et al. 2022). A trend in new 
models is the full coupling of the shallow flow equations with 
the Richards equation for linked groundwater and surface 
water simulations (e.g., ParFlow and HydroGeoSphere) (Ma 
et al. 2024). These models have been applied at scales from small 
catchments (Ala- aho et  al.  2017) to large managed watershed 
and regional groundwater flow systems (Bianchi et  al.  2024; 

Panagopoulos 2012; Reeve et al. 2001) and successfully helped 
resolve different water resources issues, including the effects of 
climate change on groundwater storage (Goderniaux et al. 2009; 
Saha et  al.  2017; Zipper et  al.  2021), irrigation and pumping 
impacts (Dehghanipour et al. 2019; Tian et al. 2015) and water 
exchange between rivers and aquifers (Devia et  al.  2015; Frei 
et al. 2009; Yang et al. 2025). However, the accuracy and robust-
ness of models can be aided by using direct observational data 
in calibration and/or validation (Anderson et al. 2015), making 
application at data- rich sites particularly valuable.

The North German Plain is an extensive lowland region that has 
recently been experiencing the consequences of climate change, 
with five consecutive years of negative rainfall anomalies be-
tween 2018 and 2022 (Imbery et al. 2023). Resulting reductions 
of crop yields, depletion of aquifers and increased intermittency 
of stream flows have increased the need for an improved sci-
entific evidence base to guide sustainable approaches to land 
and water management. The Demnitzer Millcreek catchment 
(DMC) in northeastern Germany is a long- term environmen-
tal observatory, which has been operating since 1980. Research 
initially centred on understanding agricultural water pollution 
(Gelbrecht et al. 2005), but more recently has focused on ecohy-
drology and land use implications for water security (Tetzlaff 
et al. 2022). Research has shown that runoff from the catchment 
is mainly sustained by shallow groundwater in a range of glacial, 
glaciofluvial and post- glacial alluvial deposits, with seasonal 
stream flow variations showing strong correlation with riparian 
water table levels (Kleine, Tetzlaff, Smith, Dubbert, et al. 2021). 
Moreover, the catchment has a complex cover of mixed land use, 
ranging from croplands to forests, with contrasting evapotrans-
piration losses leading to spatially variable patterns of ground-
water recharge, which can be 50% lower under forests (Luo 
et  al.  2024a; Smith et  al.  2021, 2022). The persistent drought 
since 2018 has resulted in rivers within the catchment and wider 
region being characterised by increasingly intermittent flows re-
stricted to the winter (Wang et al. 2025). This has been related 
to the drought resulting in substantial declines in recharge and 
storage, with weaker groundwater–surface water interactions 
(Luo et al. 2024b).

Building on long- term data collection at DMC, groundwater in-
vestigations have expanded since the 2018 drought. A conceptual 
model of groundwater–surface water interactions has been de-
veloped using basic data obtained from multi- proxy approaches 
integrating water table monitoring, hydrogeophysics and tracer 
studies (Ying et al. 2024). The objective of the current study was 
to extend this previous work and develop a preliminary, quan-
titative groundwater model for the catchment in order to assess 
storage dynamics and groundwater–surface water interactions. 
Using the process- based modelling as a learning framework, the 
specific research questions were:

1. What are the effects of hydroclimate on the water balance 
and groundwater dynamics?

2. How do physiographic features and land use affect spa-
tial–temporal patterns of groundwater–surface water 
interactions?

3. What are the spatio- temporal dynamics of groundwater 
vulnerability to drought and implications for recovery?
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2   |   Study Site and Data

The study site at DMC (52°23′ N, 14°15′ E) is a 66 km2 lowland 
catchment located in the NE of Germany, 55 km east of Berlin 
(Figure  1). The catchment is relatively flat, with elevation 
ranging from 38 to 88 m.a.s.l. and an average slope of < 2% 
(Figure  1d). DMC has a typical humid continental climate 
with warm summers and cool winters (Kottek et  al.  2006) 
(Figure  2a). Long- term mean air temperature (since 2001) is 
9.7°C, and cumulative annual precipitation varies from 376 
to 792 mm. Precipitation in winter is largely associated with 
low- intensity frontal rain, whilst larger intense convectional 
events characterise the slightly wetter summer period. Annual 
potential evapotranspiration (PET) is high relative to the an-
nual precipitation and ranges from 650 to 700 mm (UFZ, 2020).

Land use is currently dominated by agriculture, with more than 
60% of the area covered by non- irrigated arable crops or grass-
lands, particularly concentrated in the upper regions (Figure 1a). 
Forestry, mainly coniferous plantations of Scots Pine (Pinus syl-
vestris) is the second major land use and increases in importance 
downstream, accounting for 36% of the area. Some small urban 
settlements are distributed in DMC, but the overall population is 
low (~5000 residents).

Shallow exploration boreholes (Figure S1) and hydrogeophysical 
surveys (Ying et al. 2024) showed that the local hydrogeology is 
controlled by extensive accumulations of superficial glacial and 
post- glacial sediments (Figure 1b). The catchment is underlain 
by glacial, glaciofluvial and alluvial deposits. Clay- rich basal 
and end moraines with relatively low permeability outcrop in 

the elevated interfluves in the east, north and west of the catch-
ment. Elsewhere, particularly along the river channel network, 
the poorly productive moraines are overlain by more permeable 
glacial, periglacial and modern fluvial- alluvial deposits form-
ing a more productive shallow aquifer system, which becomes 
thicker towards the outlet of the catchment in the south, char-
acterised by the presence of an incised glacial valley (Figure 1b). 
Glaciofluvial and fluvial/periglacial deposits have the highest 
hydraulic conductivity and storativity, permitting significant 
groundwater flow and storage (Ying et al. 2024).

The catchment is characterised by four major soil types, 
which closely relate to the distribution of glacial drift deposits 
(Figure  1c). The dominant soils are silty brown earths, which 
cover 72.1% of the catchment and are found on the imperfectly 
drained basal moraine deposits (Figure  1c). The better arable 
farming is found on these more water- retentive soils, whilst for-
estry areas dominate on the more free- draining sandy brown 
soils overlying glacial/fluvial deposits. Gleyed soils fringe the 
river valleys, though in some low- lying areas, peat deposits have 
formed in the post- glacial, creating wetland areas. Grassland and 
grazing are the dominant land uses on the peats and gleyed soils.

Groundwater in DMC is shallow, with the water table typically 
within 3 m of the ground surface, and < 1 m in the wetlands 
(Figure 2c). The annual depth range usually varies by ~0.5–1 m, 
with late winter/early spring maxima and late summer/autumn 
minima. Streamflow is closely correlated with groundwater 
levels and ceases in most summers as groundwater levels fall 
below the riverbed, commencing again in autumn as the water 
table rises.

FIGURE 1    |    Location of the study area in Germany (red star). (a) Land use map of the Demnitzer Millcreek catchment and locations of tritium 
sampling and groundwater wells, (b) catchment geology and geological profiles, (c) surficial soils and (d) surface elevation above mean sea level (m).
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3   |   Modelling Framework

3.1   |   Groundwater Model Setup and Discretisation

We used the USGS MODFLOW- 2005 code for groundwater 
modelling in DMC, compiled within the open- source Python 
framework FloPy (Bakker et al. 2016). Geophysical investiga-
tions and exploration piezometers showed that much of the 
shallow- circulating groundwater in the catchment was stored 
in moderately permeable periglacial colluvium, as well as flu-
vial and sandy peat deposits in riparian areas. These overlay 
the low- permeability clay- dominated basal moraines, with the 
moraine being generally 10–15 m below the ground surface 
where it is not outcropping (Ying et al. 2024). Consequently, we 
chose to set up a simplified one- layer model with a thickness 
of 15 m and divided the model into different geological units 
based on the geological maps, shallow boreholes and ERT data 
from previous work by Ying et al. (2024). Each grid cell was as-
signed the hydrogeological properties of the mapped unit. The 
model area of 66 km2 was represented by a finite- difference 
grid of 200 rows and 273 columns with a uniform grid cell size 
of 50 m to allow small surface water features to be included in 
the model (Figure 3). A DEM from 2019 was used as the upper 
model elevation with a resolution of 10 m.

3.2   |   Parameterisation

Each geological unit was parameterised by values for horizontal 
hydraulic conductivity, specific storage, specific yield, vertical 

anisotropy and porosity and distributed according to the geolog-
ical mapping. The vertical anisotropy was set to 1, and porosi-
ties were set from 0.15 to 0.80 for different hydrogeological units 
(Fetter 2018). Initial parameter ranges, based on local field in-
formation where available, and literature values where not, are 
shown in Table 1 (Adamo et al. 2021; Freeze and Cherry 1979). 
These ranges primarily differentiated the low permeability base 
and end moraines from the more permeable glaciofluvial and 
alluvial deposits.

FIGURE 2    |    Timeseries of DWD (German weather service) data of precipitation, relative humidity and air temperature (a), daily discharge from 
the location Demnitz Mill, with grey areas indicating no flow (b), long- term daily groundwater levels (c).

FIGURE 3    |    Plan view of the DMC catchment showing the hydroge-
ology model and boundary conditions, and grey areas indicate inactive 
units.
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3.3   |   Boundary Conditions

In order to simplify the model, we set all lateral and lower (base 
moraine clays) boundaries of the model domain as no- flow 
boundaries. It was recognised that this would introduce un-
certainties regarding potential lateral subsurface flow out of, 
or into, the flat catchment area and possible deeper seepage. 
However, in the absence of more detailed information, this was 
deemed suitable for a first approximation of the groundwater 
flow system, given the low flow/storage properties of the basal 
moraines.

Applied weekly recharge to MODFLOW across the domain of 
the catchment groundwater model was computed using four 
land use- related implementations of the LUMPREM model 
(Doherty 2020) to account for unsaturated zone evapotranspira-
tion losses. These areas are depicted in Figure S2 and comprise 
four land uses (agriculture, forest, grass and urban). LUMPREM 
operates on a daily time step. It takes daily values of rainfall and 
potential evaporation from weather stations as input. From this, 
cumulative weekly estimates of recharge were applied to the top 
layer of MODFLOW cells, which were dependent on rainfall 
inputs, evapotranspiration outputs and the capacity of the soil- 
moisture store. LUMPREM takes potential evapotranspiration 
as a sequence of daily inputs. However, the rate at which plants 
actually evapotranspire is dependent on the volume of water 
within the soil moisture store and the effects on stomatal con-
ductance for different vegetation. The rate of water loss through 
evapotranspiration is calculated using the equation:

where Ep is potential evaporation; f can be considered as a crop 
factor (agriculture: 0.8, forest: 0.85, grass: 0.7 and urban: 0.4); v′ 
is the relative volume of water in the soil moisture store and γ is 
a fitting parameter.

In addition, the MODFLOW evapotranspiration package (EVT) 
was applied to simulate any additional effects of plant transpi-
ration uptake or direct evaporation from the saturated zone 
(McDonald 1988). These losses all draw from the topmost active 
cell and we set the extinction depth to 3 m. The EVT package 

also operates with different parameterisations for each of the 
four land uses, and potential evapotranspiration calculated 
by LUMPREM provides the maximum ET input for the EVT 
package.

The drain package (DRN) was applied to simulate the ground-
water inflow into the stream network, where the depth of the 
drain (drain elevation) was set to 2, 0.5 and 1.5 m from upstream 
to downstream depending on field- measured values, and a con-
ductance value was adjusted during model calibration. When 
the head in the aquifer is above the drain elevation, the ground-
water discharges to the drain at a rate proportional to the differ-
ence in head. If the aquifer head falls below the drain elevation, 
then the drain has no effect on the aquifer. The rest of the cells 
also have the drain module set, but at a depth of 0 m in order to 
prevent the groundwater level from being higher than the sur-
face, particularly in riparian wetland areas.

The river package (RIV) was only set in the channel section 
below Demnitz Mill (Figure 3). On the one hand, this setup en-
sured a water level base for the model. On the other hand, the 
downstream is affected by a larger aquifer, and the river is per-
manent at the outlet. We simplified this to a rectangular river 
network, and the conductance can be computed as

where Kn is the hydraulic conductivity of the riverbed material, 
we set 1 m/d; Ln represents the length of the river as it crosses the 
node, 50 m; Wn is the river width; and Mn is the thickness of the 
riverbed layer. We set the river width to 1.5 m and the thickness 
of the riverbed to 1 m based on average observed values.

3.4   |   Observational Data and Calibration

The observational hydrometric data to aid groundwater mod-
elling in DMC comprise hydraulic head and stream discharge. 
Hydraulic head observations were available for a network of sites 
(Ying et  al.  2024), with 3 distributed observation wells being 
used for calibration (GW MS, GW 4 and GW WLV). (Figure 1). 
Gauging stations located at Peat North (PN), Peart South (PS), 

(1)E = f Ep
1 − e−�v

�

1 − 2e−� + e−�v�

(2)CRIVn=
KnLnWn

Mn

TABLE 1    |    Model parameters and ranges for calibration, values referenced from Freeze and Cherry 1979; Fetter (2018) and Adamo et al. (2021).

Name

Hydraulic 
conductivity 

Kh (m/s) Specific yield Sy (−)
Specific storage 

Ss (m−1)
Conductance 
Cd (m2/day)

Peat bog 1−8–1−2 0.10–0.45 10−5–10−3 —

End moraine 1−12–1−5 0.10–0.30 10−5–10−3 —

Deposits of glacial valleys 1−5–1 0.10–0.30 10−5–10−3 —

Glacial/fluvial deposits 1−5–1 0.10–0.30 10−5–10−3 —

Periglacial/fluvial deposits 1−8–1−4 0.10–0.30 10−5–10−3 —

Sandy peat 1−6–1−2 0.10–0.45 10−5–10−3 —

Base moraine 1−8–1−4 0.10–0.30 10−5–10−3 —

Drain — — — 10–1000
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Bruch Mill (BM) and the catchment outlet at Demnitz Mill 
(DM) measured stream discharge. The daily average discharge 
for the period 2001–2022 was 0.1 m3/s though this varies with 
climate (Figure 2b). Water table elevations in other wells (GW3, 
GW5 GWDA), stream discharge at PN and BM, along with 
tritium- derived water age estimates in groundwater and stream 
water, were used as “soft” data to evaluate the model results. 
In addition, a well installed at Allt Madlitz in 2023 provided a 
qualitative indication of groundwater levels in the west of the 
catchment, even though this did not coincide with the modelling 
period.

Parameters were Latin hypercubic sampled according to the 
ranges in Table  1 and transformed to a uniform distribution. 
Monte Carlo simulations were performed on the resulting set of 
100000 parameters. R2 and RMSE were calculated separately for 
each groundwater well, and weights were configured according 
to the number of samples.

3.5   |   Groundwater Budgets

The groundwater budgets were obtained from the MODFLOW 
listing file (Harbaugh 2005), and the zone budget of four land 
uses was extracted from the cell- by- cell flow file. Then the total 
groundwater budget equation can be defined as follows:

where △S is storage change, L3/T. QIN means inflow compo-
nents, including applied recharge into the model domain from 
precipitation (“recharge”), contribution to groundwater from 
rivers (“rivers recharge”). QOUT is groundwater outflow, in-
cluding groundwater discharge to rivers (“rivers discharge”), 
groundwater discharge to drains (“drains discharge”) and loss 
from evapotranspiration (“ET loss”) from the EVT package. In 
groundwater modelling, storage release (to meet water balance 
demands) is typically considered an inflow component, whereas 
storage intake (to replenish depleted aquifer storage) is consid-
ered an outflow component, although no actual transfer of water 
into or out of the groundwater system occurs with either of 
these processes (Anderson et al. 2015). A positive △S indicates 
water surplus and a corresponding rise in groundwater levels. 
Conversely, groundwater decreases with water deficit.

3.6   |   Particle Tracking

Based on the flow field computed by the calibrated groundwater 
model described above, a simple particle tracking analysis was 
performed using MODPATH7 to give a first approximation of 
the groundwater flow pathways. The results of this program rep-
resent the groundwater travel times and flow paths for advective 
transport only. To estimate the tracking times, an effective po-
rosity value was defined for each cell in the grid. We set the same 
porosity for the same geological unit according to a reference 
range (Fetter 2018), which is shown in Table S1. Forward and 
backward particle tracking was performed using MODPATH. 
A set of particle- starting locations that surround the cell con-
taining the groundwater wells was specified, along with random 

points throughout the catchment. Particles were tracked for-
ward to track dynamics that infiltrated water from the surface 
into the shallow aquifer and backward from the groundwater 
wells to locate the origin of the flow paths.

4   |   Results

4.1   |   Groundwater Levels

The model was driven at weekly time steps using the avail-
able hydroclimatic data, with losses estimated by using the 
LUMPREM, RCH and EVT packages (see annual summaries in 
Table 2). Net recharge to groundwater after accounting for these 
losses varied between 376 mm in the wet year of 2010 and just 
1 mm in the drought year of 2018.

The model could reproduce the general differences in ground-
water levels across the catchment (Figure 4). As an example, the 
free draining forested areas in the central catchment were sim-
ulated reasonably well at GW4, though recharge seemed under-
estimated in dry years, resulting in underprediction of summer 
peaks (see time series in Figure S3). Other calibration wells in 
the upper catchment at GWMS and lower catchment (GWWLV) 
were also reproduced quite well, along with the deeper ground-
water levels at GWDA. Additionally, uncalibrated shallow water 
table dynamics in the peatland (GW3 and GW5) were captured, 
though as the modelled levels did not allow for standing water 
(which was present in some winter wet- periods), systematic un-
derprediction is evident. Further, it was reassuring that an area 
where deeper water table levels were simulated (5–10 m deep) at 
Allt Madlitz in the east of DMC was consistent with deeper lev-
els recently at a new monitoring well that was installed in 2023, 
so not used in the modelling.

At the catchment scale, simulated groundwater elevations 
showed flow directions from north to south with decreasing 
water elevations. (Figure 5a). The generally shallow water table 
was reproduced with variations in the depth to water table pri-
marily reflecting topography, and the water table was around 
10 m deep in the northern and western catchment where the to-
pography is higher, and less than 1 m deep in the wetlands and 
riparian areas (Figure 5b). This general flow system was consis-
tent through the simulation period, with only local groundwater 
flow patterns, particularly close to the stream network, changing 
in response to wetter and drier periods. In wet years, the great-
est increase in groundwater levels was in the forested areas in 
the mid-  and lower parts of the catchment (~0.3 m) (Figure 5c). 
Across the rest of the model domain, the increase was between 
0.1 and 0.3 m. In dry years, the decline in groundwater is greater 
in the southern region, particularly in deposits of glacial valleys 
(Figure  5d). The counter- intuitive increase in groundwater in 
the upper catchment in 2018 reflects the effects of a wet winter 
in 2017/early 2018 and the greater recharge in non- forest areas. 
As shown below, these spatial patterns of storage change in rela-
tion to hydroclimatic variations reflected the integrated effect of 
the differences in storage capacity in contrasting sediments and 
the associated effects of land cover on evapotranspiration. These 
spatio- temporal changes in groundwater elevations and depth 
to the water table were shown in more detail in the animations 
shown for the entire simulation periods in Figures S4 and S5.

(3)
∑n

i=i
QIN,i−

∑m

i=i
QOUT,i=ΔS
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4.2   |   Groundwater Flow Rate

Modelled groundwater flow velocities in each cell showed that 
the areas of more intense and rapid water movement areas of 
faster flow occurred in fluvial and glacial/periglacial deposits, 
close to the channel network (Figure  6) and peak flow rates 
could exceed 300 m3/day. Flow vectors clearly show the spatial 
pattern of the flow field. These were particularly high in areas 
of topographic convergence in the upper north- east and central- 
eastern parts of the catchment. In the upper catchment, equiv-
alent flow rates were very low in the base moraine (< 3m3/day), 
consistent with the corresponding permeability coefficients. 
In this part of the catchment, shallow subsurface water was 
routed rapidly to the channel network via the DRN package. 
The close proximity of the most rapid groundwater fluxes to the 
channel network in the mid-  and lower catchment corresponds 
to the area where groundwater–surface water interaction was 
most sensitive to the seasonal wetting/drying cycles that govern 
stream flow generation.

4.3   |   Groundwater Budgets

When the average annual groundwater budgets for the 
model domain are examined (Figure  7a), the seasonal pat-
terns of groundwater drawdown and replenishment are clear. 
Recharge was the highest in the winter when storage intake 
also peaks. Recharge falls off in the spring and early summer, 
as evapotranspiration losses increase and storage release in-
creases. Summer storage release accounts for about 40% of 
the total inflow, whilst the contribution of river recharge was 
quite low and unaffected by seasonality. Evapotranspiration 
was the dominant loss from the model domain, accounting for 
43%, whilst drain discharge was relatively constant through-
out the whole year, though it was the highest in winter. The T
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FIGURE 4    |    Comparison of measured and simulated groundwater 
levels at different wells.
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8 of 15 Hydrological Processes, 2025

net result of these budgets on the seasonality of groundwater 
storage changes was very significant (Figure 7b). On average, 
water surpluses occurred from October of 1 year to February 
of the next year; during this period, storage increased with 
groundwater level rising, while deficits begin in March and 
reach a maximum value (21.5 mm) in June.

The simulated groundwater balance for individual years in 
DMC showed how strongly variation in recharge was driven 
by variability in rainfall, which have marked variability as 
recharge was the largest component of inflow (~76%), fol-
lowed by storage release (~21%), with river recharge coming in 
third (Figure 8a). For the whole catchment, the general trend 
for declining groundwater storage was shown in Figure  8b. 
Evapotranspiration was generally the dominant source of loss, 
though river flows can be high in wet years, which also have 
high storage intake. As a net result of these budget compo-
nents, between 2007 and 2022, there were only 6 years of water 
surplus corresponding to positive variations in storage with 
9 years of deficits, with the maximum occurring in 2018 and 
reaching 144 mm (Figure 8b).

4.4   |   Groundwater Storage Change

As a result of the water budgets, groundwater storage in the 
study area showed an overall decreasing trend from 2007 to 
2022, with an average decrease of about 2.1 mm each year. The 
maximum decline over a single calendar year occurred in 2018 
with a 20 mm decrease (Figure 9). Spatially, the main changes in 
groundwater storage are focused in the forested and agricultural 
areas in the upper and middle catchment, while wetter ripar-
ian areas are less affected by increased recharge from rainfall, 
especially in the central wetlands. This is particularly apparent 
when comparing the maximum storage change in any given 
year (Figure 9). The resulting simulations also generally match 
storage changes calculated from individual groundwater wells 
(Table 2).

4.5   |   Particle Tracking

For the initial 28 particles we input and tracked in the catch-
ment, nine particles were still active at the end of simulation; 

FIGURE 5    |    The long- term (2007–2022) average of groundwater elevation and depth, and distribution of differences in wet (2010) and dry (2018) 
years from the baseline (2007–2022 average water level).
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the remaining particles terminated at the stream network 
(Figure  10a). Most particles that end in the upper stream net-
work follow a short flow path length originating in the riparian 
areas. The trajectories of particles with longer flow path lengths 
were clearly shown in the water flowing from north to south, 
with geological heterogeneity having an effect. However, spa-
tial interpretation needs to be cautious as this affects projected 
flow paths, and some of the abrupt changes in particle trajec-
tories may reflect artefacts of the simple model domain, such 
as the no- flow boundaries and mapped boundaries between 
geological units. The delineation of the backward flow paths of 
particles was shown in Figure 10b, which shows that the river 
water mixed with older water from the surrounding aquifer, 
and groundwater recharge mainly came from relatively recent 
precipitation.

The travel time of groundwater from the recharge areas to ob-
servation wells (GW DA/4/8/WLV) was generally ~5 years, 
which is consistent with groundwater age results derived from 
tritium dating (Figure S6). Yet the river captures a range of vari-
ations, including much older water (i.e., decadal), especially in 
the lower catchment. However, given the importance of drain 
flow, the model suggests that the stream is likely dominated by 
younger water.

5   |   Discussion

5.1   |   Effects of Hydroclimate on the Water Balance 
and Groundwater Dynamics

Previous studies in the lowland, drought- sensitive DMC have 
used various hydrological models, calibrated on observational 
data (Smith, Tetzlaff, Kleine, et al. 2020), to better understand 
ecohydrological partitioning (Smith et  al.  2021), groundwater 

recharge (Luo et  al.  2024b), stream flow generation (Luo 
et  al.  2024a; Wu et  al.  2023) and water quality (Wu, Tetzlaff, 
Yang, et  al.  2022). Until the present study, none of this work 
had used a conventional physically based groundwater model, 
despite the important role that groundwater has in streamflow 
generation (Wu, Tetzlaff, Goldhammer, et al. 2022, 2023). The 
resulting catchment- wide numerical simulations produced by 
MODFLOW have therefore provided a more comprehensive 
understanding of the spatio- temporal dynamics of groundwater 
storage and flow dynamics in DMC, particularly in relation to its 
interaction with surface waters and sensitivity to hydroclimatic 
variations.

Using a model calibrated on wells in contrasting, spatially dis-
tributed hydrogeological units, we simulated both seasonal and 
long- term water table dynamics in the shallow groundwater sys-
tem and changes in the components of the groundwater balance. 
Because evapotranspiration demands are high relative to rain-
fall, shallow groundwater and streamflow generation in DMC 
are highly sensitive to hydroclimatic variations (Figure 2). On a 
seasonal basis, this generally results in recharge and aquifer re-
plenishment predominating between September and February, 
with depletion occurring in spring and summer (Figure 7). Over 
the longer term, rainfall variability is the dominant control on 
groundwater storage dynamics, with wetter years, like 2010, en-
abling greater replenishment of storage with 136 mm, but drier 
years, like 2018, driving depletion of storage. The recent run of 

FIGURE 6    |    The Groundwater velocity field, velocity vectors in-
dicate the direction and velocity of groundwater flow throughout the 
model presented as average linear velocity values. FIGURE 7    |    Modelled (a) seasonal groundwater budgets and (b) av-

erage monthly water surplus and deficits. Input components: Recharge 
refers to recharge from precipitation; rivers recharge is the contribution 
to groundwater from river leakage; storage release is the groundwater 
sustaining losses. Output components: River discharge is groundwater 
exfiltration to rivers; drains discharge is groundwater loss to drains; and 
ET loss is loss from evapotranspiration; storage intake is the replenish-
ment of groundwater.
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10 of 15 Hydrological Processes, 2025

dry years since 2018 resulted in a persistent decrease in storage 
which then accumulates significant groundwater deficits.

In wetter years, the biggest storage changes were modelled 
for the middle and lower catchment, where larger capacity is 
available in drier sandier soils underlying forests (Figure  9). 
Conversely, in drier periods, reductions in storage were more 
apparent in the arable and wetland soils, where the water table 
is closer to the surface and evapotranspiration draws down stor-
age disproportionately. This underlines the important influence 
of land use on groundwater recharge, because of the close link 
with water use by different vegetation covers. Previous work at 
DMC has shown how conifer forests, dominated by Scots Pine, 
have particularly high evapotranspiration rates due to high 
interception and a longer photosynthetic period for transpira-
tion (Smith, Tetzlaff, Gelbrecht, et  al.  2020). However, with a 
deeper root zone for water uptake and adaptations for stomatal 
control of transpiration when there is water stress, forests are 
more resilient to drought than shallower rooting crops, where 
soil evaporation can also be high (Luo et al. 2024a) (Figure S8). 

Grasslands occupying the wetter riparian soils have the highest 
resilience to drought.

5.2   |   Effects of Geological Structures 
and Topographic Features on Spatial–Temporal 
Patterns of Groundwater–Surface Water 
Interactions

Spatial patterns of groundwater flow paths and recharge are 
largely controlled by the distribution and arrangement of con-
trasting hydrogeologic units in relation to topography (Fan 
et  al.  2023). The main geological structures of the catchment 
reflect the glacial and periglacial legacy of the last glacia-
tion. However, the DMC lies in the northern part of the much 
larger depositional environment of the Warsaw–Berlin spill-
way (Zitzmann 2003). Modelling showed that most of the more 
rapid catchment groundwater movement is focused on the more 
permeable glacial/periglacial colluvium and periglacial/fluvial 
deposits in riparian areas (Figure 6). As these deposits overlay 

FIGURE 8    |    Modelled (a) annual groundwater budgets and (b) average yearly water surplus and deficits. Input components: Recharge refers to 
recharge from precipitation; rivers recharge is the contribution to groundwater from river leakage; storage release is the groundwater sustaining 
losses. Output components: River discharge is groundwater exfiltration to rivers; drains discharge is groundwater loss to drains; and ET loss is loss 
from evapotranspiration; storage intake is the replenishment of groundwater.
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11 of 15

FIGURE 9    |    Distribution of differences in long- term (2007–2022) averages of storage change between each year and the baseline. The values 
shown are average annual change [mm] and standard deviations.

FIGURE 10    |    The particle flow paths in the modelled area using (a) forward tracking and (b) backward tracking.
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12 of 15 Hydrological Processes, 2025

low- permeability clay- dominated ground moraine deposits that 
impede deeper leakage, they also provide the main conduits for 
down- valley groundwater flows (Figure 10).

The interaction of the drift distribution, low topography and 
shallow water table also provides the dominant control on 
groundwater–surface water interactions and stream flow gen-
eration. Close to the stream, valley fluvial deposits were the 
areas of most intense groundwater–surface water exchange 
during the winter period when the water table was the high-
est (Figure 6). These shallow, relatively short flow paths deliv-
ered relatively young groundwater to drainage. Both modelled 
(Figure 10) and tritium- dating (Figure S6) indicate an average 
age of around ~5 years for the groundwater that provides the 
main sources of stream flow (Figure  S6). This is in line with 
other isotope- informed ecohydrological modelling studies in 
the catchment (Smith et al. 2021). The deeper flow paths were 
longer and mostly controlled by the north–south orientation of 
the catchment scale topography and alignment of drift depos-
its. The age of these simulated deeper flow paths was decadal, 
similar to evidence from tritium samples in the catchment and 
other groundwater ageing studies elsewhere in Brandenburg 
(Massmann et al. 2009).

Seasonal streamflow variations were reproduced by the model, 
though these were generally over- estimated, probably as a re-
sult of evapotranspiration being underestimated (Figure  S8). 
Groundwater is the primary control for streamflow generation. 
Using the DRN package could capture this winter response of 
increasing runoff. However, because the DRN package allows 
only for drainage and does not allow for channel infiltration, the 
spring and summer leakage from the upper channel network 
(Wang et  al.  2025) will be underestimated (McDonald  1988). 
In the lower catchment where the RIV package was used, there 
can be reversals of hydraulic gradients as a transmission loss 
through the streambed can be significant because of the same 
conductance; however, the boundary conditions in the lower 
catchment mask this effect by maintaining high water tables 
(Harbaugh 2005).

5.3   |   Spatio- Temporal Patterns of Groundwater 
Sensitivity to Recovery

In the context of recent increases in the longevity and inten-
sity of droughts in Europe, groundwater is vital to maintain-
ing water supplies and freshwater habitats during periods of 
negative rainfall anomalies (Imbery et  al.  2023). In Germany, 
groundwater recovery to precipitation following droughts can 
involve several years of delay, especially in lowland aquifers 
(Hellwig et al. 2020). The modelling work at DMC showed that 
the shallow aquifers in the catchment have a high sensitivity to 
drought. Because of the high evapotranspiration and shallow 
nature of the groundwater, even in wet years, storage replen-
ishment is limited, and streamflow losses increase (Figure  8). 
This is consistent with findings from groundwater elsewhere 
in the North German Plain (Ebeling et al. 2024). However, in 
a sequence of drier years, such as since 2018, groundwater de-
pletion can become cumulative, though this may have been 
over- estimated by the model. Because of travel times through 
the unsaturated zone over much of the catchment, responses of 

groundwater after drought can be relatively rapid in wet win-
ters (Smith et al. 2022); however, because of ongoing losses to 
stream flow and evapotranspiration, it will take many years of 
above- average rainfall to return groundwater levels to those 
prior to 2018 (Luo et al. 2024b). In this sense, DMC is like other 
parts of the world where groundwater recharge has been most 
sensitive to climate changes, especially in areas where poten-
tial evapotranspiration exceeds precipitation, and even mod-
erate droughts can substantially reduce groundwater recharge 
(Berghuijs et al. 2024; Woldeamlak et al. 2007).

Given the hydroclimate and high evapotranspiration losses rela-
tive to rainfall, the water balance of DMC is also highly sensitive 
to land use (Luo et al. 2024a). As shown in Figure S10, the water 
use of different vegetation impacts groundwater depletion and 
recovery times. As noted above, tree cover, especially conifer-
ous forests, reduces recharge through high evapotranspiration 
losses, and the effects of ongoing transpiration under prolonged 
drought conditions can exacerbate impacts on groundwater 
storage (Peterson et al. 2021). In the short term, shallow ground-
water storage can buffer tree water stress under changing water 
supply/demand balance where shallow groundwater connec-
tions exist, though not indefinitely. When the climate continues 
to warm, high evapotranspiration continues to deplete ground-
water (Condon et al. 2020). Notably, wetland restoration in DMC 
has raised groundwater levels, which probably increased resis-
tance to drought (Erwin 2009; Wu et al. 2021).

5.4   |   Wider Implications

MODFLOW is one of the most commonly used groundwa-
ter models and has a wide range of applications in describing 
groundwater dynamics (Reeve et al. 2001). However, it also has 
some problems such as uncertainties of parameters at small 
scales and an effective large- scale nonlinear equations solver 
(Demissie et al. 2009). In the present study, the geophysical sur-
veys and some basic exploration boreholes helped us to define 
the flow domain more accurately. In addition, data from bore-
holes in the catchment characterised groundwater dynamics 
and aided calibration. However, the simulations still depended 
on assumptions about the groundwater system, most notable 
in terms of lateral and lower boundary conditions of the model 
domain and the hydraulic parameters for the various complex 
drift deposits, which had to be calibrated (Sun et al. 2022). This 
results in uncertainty in the modelling results, which can only 
be viewed as a first approximation and are in need of further 
development.

Although data- driven groundwater modelling has important 
practical implications in water management, improvements are 
needed to aid management at a time when climate change is 
likely to further reduce the amount and reliability of recharge 
due to increased variability in rainfall, warmer temperatures 
and more frequent droughts. A particularly pressing need in 
cases like DMC is better coupling of ecohydrological models of 
evapotranspiration under different land covers and groundwa-
ter flow models. Of course, this is challenging given that evapo-
transpiration losses may be derived from root water uptake in 
both the unsaturated and saturated zones. This limitation would 
affect other more sophisticated groundwater models, such as 
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Parflow and Hydrogeosphere, which have great potential for 
fine simulation of surface groundwater exchange processes 
(Kollet and Maxwell 2006). However, limited data availability 
hampers the application of complex models at the regional scale 
and loosely coupled schemes are more widely applied (Barthel 
and Banzhaf 2016). The establishment of more refined models to 
analyse groundwater recharge and groundwater–surface water 
interactions in drought- sensitive catchments can provide a sci-
entific basis for groundwater management and help alleviate 
the pressure on water resources due to climate change. In the 
meantime, current limitations underline the value of ensemble 
modelling approaches, using different models with contrast-
ing strengths and weaknesses to better understand catchments 
where water security issues are arising.

6   |   Conclusions

Application of MODFLOW to the data- rich DMC catchment 
provided a preliminary quantitative understanding of spatio- 
temporal patterns of seasonal and long- term aquifer storage 
dynamics and groundwater–surface water interactions. It pro-
vided a useful framework for integrating data and insights 
into the function of this drought- sensitive catchment where 
shallow groundwater provides the main source of stream flow. 
MODFLOW produced results broadly consistent with other 
conceptual, ecohydrological and water quality models applied 
at DMC. It underlined the sensitivity of groundwater recharge 
to rainfall variations in an environment where evapotranspira-
tion is high. It also further highlights the important influence 
of vegetation water demands on recharge. However, the mod-
elling also provided new insights into where groundwater flow 
paths provide the main sources of stream flow and the ages of 
these younger fluxes, as well as insights into deeper flow paths 
and their ages through particle tracking. Uncertainties in the 
modelling mainly stem from unknown boundary conditions 
around the flow domain and the spatial distribution of hydrau-
lic properties in the diverse glacial and post- glacial drift depos-
its that dominate the catchment. The study also demonstrated 
weaknesses in the model structure, particularly in relation to 
evapotranspiration estimates, as well as the limitations of the 
DRN package in not allowing channel infiltration. This shows 
the need for better integration of ecohydrological models and 
groundwater models. At the same time, this demonstrates the 
complementarity of ensemble models in catchment studies as 
learning tools for integrating knowledge and generating com-
peting hypotheses of hydrological function. These in turn can 
guide future empirical monitoring for hypotheses testing and in 
order to strengthen future modelling. This remains an impera-
tive to provide a scientific evidence base for integrated land and 
water management in drought- sensitive lowland catchments.
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