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ARTICLE INFO ABSTRACT
Keywords: Study region: The study uses 78 groundwater head time series across 10 European countries with
Groundwater recharge various geological and hydrological settings.

Lumped modelling
Time series analysis
Europe

Study focus: The estimation of groundwater recharge using time series analysis and lumped
modelling based on groundwater head time series is a low-cost and practical method. However,
lumped recharge estimation models based on groundwater level variations are uncertain, and
successful applications are known to depend on both climate and hydrogeological setting. Here,
we assess the suitability of three different models to estimate recharge (Metran - Transfer
Function-Noise model, AquiMod - groundwater level driven hydrological model, and GARDENIA -
lumped catchment model).

New hydrological insights: Results showed that while all three models generally did well during the
modelling of groundwater heads, the resulting recharge estimations from the models were
different. The analysis showed that the transfer-noise modelling of groundwater heads with
recharge and evapotranspiration in Metran is not generally applicable for recharge estimation.
The addition of physical information in AquiMod improved the recharge estimations, but the
reliability was still limited without control of the water balance due to non-uniqueness. By adding
discharge information to the modelling, GARDENIA can provide more reliable recharge values.
Thus, recharge estimation from groundwater head time series without water balance information
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must be considered uncertain with low precision, but applicability can be improved when
including knowledge of the local system.

1. Introduction

Knowledge about groundwater recharge and potential changes in a future climate is important for water resource management and
the assessment of a sustainable use of groundwater (e.g., Alley et al., 2002; Margat and van der Gun, 2013; Pulido-Velazquez et al.,
2020). This includes assessments of the water balance, water availability, contaminant transport, nutrient loadings, and groundwater
quantitative and chemical status according to European directives and guidance (European Commission, 2000, 2006, 2009). These
aspects are all important to the implementation of the UN sustainable development goals and to improve our understanding of the
limits to the human use of groundwater without causing ecological damage (Steffen et al., 2015; Gleeson et al., 2020).

Measuring and estimating groundwater recharge is not straightforward (Alley et al., 2002). A large variety of methods exists for
recharge assessment (Custodio, 2019), e.g., in situ lysimeters, water budget calculations (including streamflow separation techniques),
analysis of groundwater head time series (such as water table fluctuation methods, lumped models or transfer noise modelling),
unsaturated zone modelling, and integrated hydrological modelling (Scanlon et al., 2002; Healy, 2010; Sibanda et al., 2009).

Because groundwater head time series are widely available, analysis of groundwater head time series for recharge estimation has
been applied extensively in the literature (e.g. Healy and Cooke, 2002). The methods often required very little data and can thus be
setup in countries and locations where data coverages are lacking or insufficient for more data intense methods (e.g., integrated
modelling approaches), while being very fast to create and deploy. A fairly simple method is the water table fluctuation method (e.g.,
Crosbie et al., 2005), which requires information on the specific yield, which may not be known accurately. Other methods using
groundwater heads can take into account boundary conditions and other processes (e.g., abstraction) that may affect the groundwater
levels (e.g. Peterson and Fulton, 2019). Uncertainties in recharge estimations based on heads are, however, often substantial (Delin
et al.,, 2007; Nimmo et al., 2015) if head are influenced by other factors.

While recharge is highly dependent on climate, it is also dependent on surface and sub-surface conditions. Thus, the recharge
estimate will depend not only on the input data, but also on the recharge conditions and mechanisms, and whether the selected model
can represent these mechanisms satisfactorily (Lafare et al., 2021). de Vries and Simmers (2002) recommend that water resources
practitioners identify important features that influence recharge for a given location first and then apply a recharge calculation model
that is suitable to actual field conditions. It is possible that some model types may not be applicable under certain conditions or
settings, and therefore both governing features for recharge creation and appropriate model type may be difficult to immediately
identify. Therefore, (de Vries and Simmers, 2002) recommend applying and comparing multiple independent approaches to the same
case study.

The focus of this paper is to investigate the potential use of recharge estimates from three structurally different groundwater head-
driven models across different climatic, hydrological, and geological settings in Europe. Two of these models have been chosen as they
have been used for seasonal groundwater head forecasts (e.g. Prudhomme et al., 2017) and can be potentially used, therefore, to
undertake recharge forecasts. These models are the groundwater level-driven hydrological model, AquiMod (Mackay et al., 2014a),
and the lumped catchment model, GARDENIA (Thiéry, 2015a). In order to apply a third different model type, it was chosen to test the
recharge produced by a Transfer Noise model, Metran (Zaadnoordijk et al., 2019), because this type of model is widely applied and it
has been suggested that it can provide useful recharge estimates (Collenteur et al., 2021; Obergfell et al., 2019). The objective of this
paper is to investigate if the successful model calibration and simulation of observed groundwater head fluctuations are sufficient
indication of reasonable groundwater recharge estimates, and to explore possible limitations of their use. We focus on diffuse recharge
from precipitation and present a taxonomy based on literature nomenclature to classify the calculated values to enable a proper
comparison. Due to lack of in-situ measurements of recharge at the sites to verify or reject the recharge estimations, the head-driven
model estimates are compared to recharge generated by other methods, e.g., local and national hydrological or integrated models and
a machine learning-based European Recharge map (Martinsen et al., 2022).

The head-driven models employ contrasting approaches to assess recharge using groundwater heads, precipitation, and potential
evapotranspiration as input and optionally surface water discharge and groundwater abstractions. The concept of recharge considered
by the various tools and approaches is not always the same, making a comparison of results problematic (Flint et al., 2002; Barthel
etal., 2021). Therefore, this study also presents a taxonomy based on literature nomenclature for classifying the recharge estimates and
identifies the different recharge types estimated by the applied tools. It should be noted that the models estimate diffuse recharge,
occurring from infiltrating excess precipitation through the soil and unsaturated zone, thus this recharge type is the focus here, and
return irrigation and repellency of soils on flat surfaces are not considered.

The paper is structured as follows; first is the method Section (2.), including an overall description of the study sites across Europe
(2.1), followed by a description of the recharge taxonomy used in the paper (2.2), and the description of the models applied (2.3). The
next section describes the calibration of and the experiences from four selected case studies (3.1), followed by the overall results of all
the case studies investigated in the paper (3.2 and 3.3). The final sections of the paper include the discussion (4.) and conclusions (5.).
The discussion and conclusions will be focused on first, a comparison of the model’s recharge estimations and performance; and
secondly, identifying limitations and recommendations for models and approaches. This work has been conducted by a group of
European Geological Surveys during the GeoERA TACTIC project (TACTIC, 2021D).
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2. Materials and methods
2.1. Study sites

The study sites are distributed across Europe (Fig. 1), where time series of groundwater heads in 56 monitoring wells are included.
Nine of these are multi-screen wells and have groundwater head time series from multiple depths, yielding a total of 78 time series for
the analysis. The sites have very different characteristics in terms of climate, geology, and hydrology; an overview of the overall
characteristics can be seen in Table S1 in the electronic supplementary material (ESM). The groundwater head time series have been
chosen based on the availability of adequate data in terms of resolution, length, data gaps, as well as representativity of the regional
aquifer system (instead of e.g. local pumping or surface water) and availability of precipitation and evapotranspiration data. No actual
evapotranspiration was available, and it was assumed that differences in determination of evapotranspiration values are accounted for
by the models in the translation to actual evapotranspiration and do not influence the estimated recharge.

The study sites span a range of climatological settings. Each site has been assigned to a climatic zone and together they cover five
out of the six climatic zones proposed by Schneider et al. (2013). The Mediterranean group (Climatic zone - M, Table S1) is charac-
terized by high summer temperatures and mild winters; often, precipitation is predominantly during winter. The four study sites in this
group have a very high potential evapotranspiration (>1000 mm/y), with examples of both high (Italy) and low precipitation areas
(Spain). The next group is the temperate oceanic (Climatic zone — TO). Here, the proximity to the coast means the precipitation is high
for most of the year, with mild winters and warm summers. This group consists of the largest set of sites, 47 in total. The sites generally
have precipitation between 800 and 900 mm/y and experience potential evapotranspiration in the order of 600 mm/y. The temperate
zone situated away from the oceans is the temperate continental zone (Climatic zone — TC), which generally has a larger contrast
between winter and summer temperatures and precipitation occurring mainly during wintertime. The four study sites located here
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Fig. 1. Overview of study site locations, boxes indicate models used at least at one borehole at the location. Black dots indicate borehole location.
UK borehole locations: British Geological Survey © UKRI.
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have lower precipitation than in the oceanic area, with precipitation around 600-700 mm/y with one outlier of 850 mm/y (Drava
Mura). This group generally experiences potential evapotranspiration in the order of 700 mm/y, with over 900 mm/y for Serbia. One
study site lies in between these two temperate zones, in the temperate transitional zone (Climatic zone — TT), and this zone is a mix of
the preceding two zones — i.e., with high seasonal contrast but precipitation occurring during all seasons.

Geologically, the aquifers at the sites are also very diverse (Table S1). Most of the aquifers in this study are sedimentary aquifers
comprising of porous media like silt, sand and gravel or fissured sedimentary aquifers. This accounts for 25 of the 56 sites. Four sites are
alluvial aquifers with sand or gravel media, and eight represent karstic environments with limestone. Observations from both un-
confined and confined groundwater settings are present among the 78 groundwater head time series, with a prevalence of unconfined
times series (48 out of 78). The hydrology of the sites is generally not very affected by surface runoff, tile drainage or rivers (~20% of
the sites are affected by one or more of the three). For the sites where stream discharge data are available, it was included in the
modelling for ten site and not used for two sites, where the applied tool does not use discharge or it is not relevant to include.
Groundwater abstractions are present at only 6 sites and are always included in the modelling.

2.2. Definition of recharge types

In a broad sense, groundwater recharge is water that is added to the saturated zone (Meinzer, 1923). More specifically, recharge can
be defined as the downward flow of water reaching the water table adding to groundwater storage as suggested by e.g., Healy (2010a,
2010b). More loosely, recharge is also sometimes defined as the downward flux of water towards the water table (e.g. Healy, 2010a,
2010b and Fitts, 2013). It is often divided into diffuse recharge from precipitation or irrigation and localized recharge from surface
waters and wadis (Scanlon et al., 2002). We focus on diffuse recharge from precipitation.

Throughout the vertical migration of water in the soil column, multiple subsurface processes influence the downward flux of water,
e.g., by storage change or evapotranspiration, and change the amount of water accessible for further infiltration. Thus, the recharge
will differ depending on where in the subsurface the infiltrating water is considered as recharge, and this taxonomy may therefore be
unclear or imprecise (Staudinger et al., 2019). None of these definitions include flow between groundwater systems, where one aquifer
may provide recharge to another.

To facilitate the interpretation and comparison of the recharge results from the tools used in this study and other sources, this paper
distinguishes three types of recharge based on the specific location in the hydrogeological system, and linked to the water flow process
involved before or at that location: potential recharge, recharge (based on the definition by Healy, 2010a, 2010b) and inter-aquifer
leakage. The three types are illustrated in Fig. 2 with the associated fluxes in the subsurface. The vertical (green) arrows are the
different recharge types, decreasing if storage increases and water moves away with lateral flow.

The red box symbolizes losses near the surface due to processes such as surface runoff, evapotranspiration (including root uptake,
interception, and soil evaporation) affecting the soil moisture deficit. Together with precipitation, these losses determine the potential
recharge leaving the root zone. Potential recharge is equal to the water surplus arising from precipitation and irrigation after actual
evapotranspiration and reducing the soil moisture deficit and surface runoff to surface water systems. Potential recharge has many
terms in the literature and is also called percolation, net infiltration or drainage (see e.g., Hendrickx and Walker, 1997).

Some of this potential recharge will be captured by the unsaturated zone storage, restricting soil layers and interflow. The
remainder of the potential recharge reaches the groundwater table and becomes part of the saturated zone. This recharge type is simply
referred to as recharge. The recharge is thus the gross amount of water that recharges the upper phreatic aquifer through the water
table.

In a groundwater aquifer system with one or more confining layers, there may be recharge to confined aquifer due to downward
flow through an overlying confining aquitard. This recharge type is termed inter-aquifer leakage, and will have a different hydraulic
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Fig. 2. Definition of the three recharge types, (potential recharge, recharge and inter-aquifer leakage) used in this study.
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head response than the recharge type defined above. This type covers all aquifers in the system that are underneath an aquitard and are
not phreatic.

In a multi-aquifer system, there may be multiple recharge locations (in case of perched conditions) and multiple inter-aquifer
leakages (in the case of multiple confined aquifers)In that case it is necessary to specify the depth the recharge is associated with.

Depending on the spatial resolution, the schematisation of Fig. 2 does not capture all small-scale processes, especially small surface
water bodies (e.g. streams or gullies) or tile drainage. In that case, infiltrating water may be drained to surface water. Depending on the
method of evaluation it may then be impossible to separate the related fluxes from the surface runoff (for potential recharge) or the
interflow (for recharge).

2.3. Recharge estimation models

Three models are applied in this study to estimate the recharges: Metran, AquiMod and GARDENIA. In Table 1 a general overview is
shown for the three models; these time series or zero-dimensional models are also introduced in subsections 2.3.1, 2.3.2, and 2.3.3,
respectively. Table 2 provides a summary of the conceptual representation of processes included in these models together with the
number of parameters to be identified during calibration. Recharge estimates from these models are compared to results of mea-
surements or models already present at the sites; therefore, a brief overview of the methods is included in Section 2.3.4.

2.3.1. Transfer noise (Metran)

Metran is a software program for modelling groundwater head time series using a Transfer Function-Noise approach with pre-
cipitation and reference evapotranspiration data (Zaadnoordijk et al., 2019). The precipitation transfer function is a three-parameter
function based on the gamma distribution, which is a unimodal function with a wide range of possible shapes (see the parameters in
Table 2). The transfer function for the reference evapotranspiration is the same, except for a multiplication factor, referred to as the
evapotranspiration factor (fo). The noise-model is an autoregressive model with a single parameter. The five resulting parameters of the
applied Metran models (total size of precipitation response, two shape parameters of the precipitation response, evapotranspiration
factor and decay parameter of the noise model) have no direct physical meaning that can be used to evaluate the calibration.

Metran runs on a webserver to provide models explaining the variation of groundwater heads in the Dutch national database
(http://www.grondwaterstandeninbeeld.nl). It can also be used offline and with different explanatory variables and time series in
various formats.

Obergfell et al. (2019) proposed a recharge (R) estimate based on such a time series model which is equal to the rainfall (N) minus
the reference evapotranspiration (E) multiplied by the evapotranspiration factor (f.):

R=N-(f. *E) (€9)]

This was found to give a reasonable estimate of the long-term average recharge in an area with a phreatic aquifer without surface
runoff and interflow (Obergfell et al., 2019). In that case, the potential recharge, recharge, and inter-aquifer leakage recharge all have
the same value. The evapotranspiration factor f, was smaller than one, indicating that the actual evapotranspiration was smaller than
the reference evapotranspiration.

Usually, it is safe to assume that the actual evapotranspiration is not greater than the reference evapotranspiration. This leads to the
interpretation that a value of the evapotranspiration factor greater than one indicates loss of water e.g. due to drainage, surface runoff,
or interflow to surface waters. In this situation, the factor f, is interpreted as the reduction of the precipitation contribution to recharge,
while the actual evapotranspiration is assumed to be equal to the reference evapotranspiration. The latter assumption seems
reasonable if the groundwater table is so close to the surface that drainage and surface runoff are important. This gives the following
approximation for recharge:

Table 1
Overview of components included and data inputs and outputs from the three models. x — Included in the model; a - please see footnote.
TYPE DATA Metran AquiMod GARDENIA
INPUT DATA Precipitation X X X
Temperature o X
Potential evapotranspiration X X
Groundwater abstraction X X X
Groundwater levels X X X
Stream Discharge X
SURFACE OUTPUT DATA Surface runoff X
Actual evapotranspiration X X
Snowmelt X
Stream discharge * X
SUB-SURFACE OUTPUT DATA Groundwater levels X X X
Potential recharge
Recharge X X X
Inter-aquifer leakage X

* * Metran can be used with temperature instead of evapotranspiration, but this requires special adaptation in the calculation of recharge.
& AquiMod model produces aquifer discharges. Under certain conceptualisation, these discharges can be considered as stream discharges.
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Table 2
Overview of parameters and conceptualisation of the three models.
Aquimod GARDENIA METRAN
Conceptualisation e Uses three modules (soil zone, e Three modules (surface reservoir, e Based on a Transfer Function-Noise
unsaturated zone, saturated zone) intermediate reservoir, and approach use with here only pre-
e Soil zone module: Account for soil groundwater reservoir) cipitation and evapotranspiration as
moisture changes based on the use e Surface reservoir: accounts for the input.
of the root constant, soil moisture evapotranspiration and snow fall e Precipitation and
at full saturation and soil moisture e Intermediate reservoir: Takes the evapotranspiration transfer function
at wilting parameters. effective precipitation calculated in based on the gamma distribution
e Unsaturated zone: Applies the the surface reservoir and accounts for e The transfer function for the
Weibull function to smooth and fast flow (interflow) reference evapotranspiration is
delay the water leaving the soil e Groundwater reservoir: Takes equal to the precipitation function
zone percolation or recharge from the except for a multiplication factor
e Saturated zone: can be made of intermediate reservoir and calculate e AR(1) noise modelRecharge is
one or multiple compartments groundwater slow flow. It may have estimated by deducting the
based on the geological multiple orifices to account for evapotranspiration multiplied by
complexity of the aquifer groundwater flows with different the evapotranspiration factor from
velocity. rainfall
Number of e Soil zone module (three e Surface reservoir: A parameter that e Three parameters for the
PalfimEters to parameters): root constant, defines the shape of the curve precipitation transfer function.
calibrate

depletion factor, soil moisture at
full saturation and soil moisture at
wilting parameters.

Unsaturated zone (two
parameters): k and lambda
parameters that are defining the .
shape of the Weibull distribution
Saturated zone (for each
compartment): base elevation,
hydraulic conductivity (k) and
storage coefficient (S).

controlling the calculation of both the
effective precipitation and the
evapotranspiration

Intermediate reservoir: A parameter
used in a non-linear equation.
Groundwater reservoir: One
parameter controlling the exponential
equation used to empty the saturated
volume. If this compartment is
emptied using two routes, two
parameters will be used.

One parameter for the
evapotranspiration factor.

One noise decay parameter in the
noise model.

Total of five parameters

R=N-(f*E) (. <1

R=N/A)-E (. > 1)

2.3.2. Groundwater level based hydrological model (AquiMod)
AquiMod is a lumped numerical model that was originally developed to investigate the behaviour of a groundwater system. The

(2
(3)

aim is to predict missing historical groundwater levels and calculate future groundwater levels (Mackay et al., 2014a). The model
captures the conceptual understanding of a groundwater system using three numerical modules. These represent the soil zone, the
unsaturated zone, and the saturated zone.

Water infiltration into the soil zone is calculated using the FAO Drainage and Irrigation Paper 56 (FAO, 1998) approach as modified
by Griffiths et al. (2006). The first module accounts for actual evapotranspiration from crops and the soil moisture deficit to calculate
excess water from rainfall. The excess water is split into infiltration and runoff. The delay of infiltrated water movement within the
unsaturated zone is controlled by the second module using a two-parameter Weibull probability density function. Finally, the fluc-
tuation of groundwater levels is simulated by the third module representing the saturated zone using an explicit numerical form of the
mass balance equation. The saturated zone can be represented by several vertically arranged aquifers to capture the conceptual un-
derstanding of the site. A full description of the mathematical equations used to simulate the movement of water in these three zones is
detailed by Mackay et al. (2014a) and Mackay et al. (2014b). This study focuses on the amount of water infiltration into the aquifer,
consequently, the recharge estimated from AquiMod is considered recharge or inter-aquifer leakage.

The model is calibrated by changing the hydraulic parameter values included in the three modules, an overview of the parameters
can be seen in Table 2. In AquiMod all the hydraulic parameters have a physical meaning such as the root constant, soil moisture at
wilting point and at saturation, hydraulic conductivity and storage coefficient values of each compartment representing the saturated
part of the aquifer. Only the flow with the unsaturated part of the aquifer is simulated using a mathematical equation which replicates
the impact of the unsaturated zone on the groundwater flow. The calibration is done using a Monte Carlo approach that produces
several simulations that are equally acceptable. These acceptable simulations are all used to calculate uncertainty bounds around the
estimated recharge values.
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2.3.3. Lumped catchment model (| GARDENIA)

The computer code GARDENIA (modele Global A Réservoirs pour la simulation des Débits et des Niveaux Aquiferes) is a lumped
hydrological model for the simulation of relationships between time series of stream or spring flow data at the outlet of a watershed,
and/or groundwater level data at an observation well situated in the underlying aquifer (unconfined aquifer) and the rainfall received
over the corresponding catchment. Groundwater abstractions can be considered if necessary.

The behaviour of an aquifer system is represented by a series of interconnected tanks. Non-linear transfer functions improve the
capability of this representation to simulate a complex system. GARDENIA simulates the water cycle through a series of 3 or 4 con-
nected tanks that represent respectively:

1. The top few decimetres of soil that are subjected to the influence of evapotranspiration (root zone);
2. An intermediate zone of rapid flow or quick flow;
3. One or two aquifer zones of delayed, slow flow.

The outflow from one reservoir to another is controlled by simple laws, specific to each reservoir; these laws are governed by the
model parameters (active storage, duration of outflow, overflow threshold, etc.).

GARDENIA determines the hydrological balance for the basin: actual evapotranspiration, runoff, infiltration, and recharge. The
hydrological balance can be used for the evaluation of groundwater recharge to the groundwater table (recharge). GARDENIA also
provides river flow, groundwater level or recharge data over the period for which precipitation and potential evapotranspiration data
are known.

One or two series of observations can be considered: river flows at the basin outlet and/or representative groundwater levels at an
observation well located in the basin, also taking impacts of groundwater or river abstraction into account.

Calibration is done in a semi-automatic way. The user provides an initial set of parameters and indicates which parameters should
be optimised (see an overview of parameters in Table 2). Gardenia’s hydraulic parameters have also a physical meaning, similarly to
AquiMod but there are also linear equations that are used to control the movement of water in the subsurface and the parameters of
which are optimised during calibration. The model uses a non-linear optimisation algorithm for calibration adopted from the Rose-
nbrock method (Rosenbrock, 1963). The model varies the chosen parameters (within a range of values defined by the user) and
searches for the set which gives the best fit between observed and simulated values.

2.3.4. Performance evaluation

As the three models are different, so are the ways their performance is evaluated. The performance of a Metran model is expressed
by three scores of 0, 1 and 2 based on the model evaluation criteria given by Zaadnoordijk et al. (2019). A score of 0 indicates the model
is not acceptable, 1 that it is acceptable (potentially useful), and 2 that it fulfils additional criteria (good). The criteria are related to the
explained variance, independence of the noise part from the transfer part, and the chance of overfitting. The inability to fit an
acceptable model can be due to any or all of the following conditions: 1. A variable with an important influence on the groundwater
heads was not included, e.g., abstraction; 2. Non-representative input data e.g., inadequate precipitation or evapotranspiration data; 3.
Insufficient information in the calibration data or errors in groundwater heads; 4. a linear response with the gamma response function
cannot provide an adequate approximation of the groundwater system. However, to aid the comparison of the three models, the
Nash-Sutcliffe Efficiency (NSE; see Nash and Sutcliffe, 1970) of Metran’s groundwater level simulation have also been calculated.

The performance of AquiMod is routinely evaluated using standard performance criteria such as the Root Square Mean Error
(RMSE) and the Nash-Sutcliffe Efficiency (NSE; see Nash and Sutcliffe, 1970) performance measures, while NSE is used in GARDENIA
to evaluate the performance of both groundwater heads and river discharge.

While many studies set criteria that relate the goodness of calibration to the NSE values (Moriasi et al., 2007; Kalin et al., 2010;
Kouchi et al., 2017), there exist no standard values of NSE used for the acceptance/failing of AquiMod simulations. An NSE value of 1.0
indicates a perfect match between the observed and simulated data. In this study we consider AquiMod simulations that achieve an

Table 3
Additional methods/models from which results are used for comparing with the recharge estimations.
TYPE MODEL RESOLUTION REFERENCE COUNTRY RECHARGE
(PILOT/-S) TYPE
MEASUREMENT Lysimeter Point Patrcevic (1995) Croatia (36) 2
SOIL STORAGE MODEL ZOODRM National Mansour et al. (2018) UK (all UK) 1
HYDROLOGICAL MODEL NAM Local Nielsen and Hansen (1973) Denmark (3-5) 2
HYPE National Lindstrom et al. (2010) Sweden (1,2) 2
SACRAMENTO Local (Pérez-Sanchez et al. 2019) Burnash Spain (40) 2
et al. (1973)
INTEGRATED HYDROLOGICAL MARTHE Local Amraoui et al., (2004, 2019) Somme (34) 1,2,3
MODEL MIKE SHE National Hgjberg et al. (2013) Denmark (3-5) 1,2,3
Refined NHI-LHM / Local TACTIC (2021a) Netherlands (21) 1,2,3
iMOD
NHI-LHM / iMOD National De Lange et al. (2014) Netherlands (21) 1,2,3
MACHINE LEARNING TACTIC EU Recharge Europe Martinsen et al. (2022) Europe (all) 1
map
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NSE score higher than 0.7 as good simulations that can capture the observed data behaviour. Those with NSE score of 0.5 are still
included as they simulated groundwater level time series show acceptable reflection of the observed ones. For the GARDENIA model,
previous work (Bouanani et al., 2012; Jeannin et al., 2021) and experience the performance of GARDENIA have showed that NSE, is
deemed acceptable when it is above 0.7, good when above 0.8 and very good for NSE values above 0.9 This criterion is also imple-
mented here and GARDENIA simulations that produce NSE values greater than 0.7 are accepted for analysis.

2.3.5. Other results used for comparison

Recharge results from models and measurements from other studies were also collected and used in this study for comparing and
assessing recharge estimates. The models are mostly from national modelling studies, but some site-specific model results are also
available. The model types are both hydrological and integrated hydrological models. An overview of the additional results used is
shown in Table 3. The models will be described briefly in the following section, but for more detailed information the reader is referred
to the references given in Table 3.

In Croatia recharge was estimated from lysimeter measurements (Patrcevic, 1995) and water balance analyses (Urumovic et al.,
1981; Brkic, 1999). This recharge estimation has also been used as input in a MODFLOW (Harbaugh et al., 2000) model (Brkic¢ et al.,
2021). MODFLOW is a groundwater flow simulation program and needs groundwater recharge as input either as a calibration
parameter or an input value/ time series, instead of climate input (e.g., precipitation, pot. evapotranspiration).

Three additional hydrological models are used: NAM, SACRAMENTO, and HYPE. The NAM model (Nielsen and Hansen, 1973) is a
lumped conceptual catchment model based on four water storage compartments where water is moved through the system using nine
empirical parameters. Recharge is calculated as the water moving from the root zone storage to the groundwater storage and only
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Fig. 3. Overview of the performance of the different models after calibration. A: Metran performance shown for NSE, the model is however
evaluated by a score of either Best= 2, OK= 1 and not accepted= 0; B: AquiMod model performance evaluated on NSE from groundwater levels. C
and D: Performance of GARDENIA simulations on groundwater level (C) and stream discharge (D) evaluated on NSE. Models are sorted based on
Metran performance. The dotted lines indicate the acceptable performance level. Contains numerical data: British Geological Survey © UKRI 2023.
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represents recharge to the saturated zone (TYPE2). The model was set up and calibrated for three catchments containing the Danish
sites within the TACTIC project (TACTIC, 2021a). HYPE is a semi-distributed conceptual hydrological model, which was developed in
Sweden, and is now used as the national Swedish hydrological model for discharge and nutrient loads, S-HYPE (Stromqvist et al.,
2012). The S-HYPE model is used extensively in Sweden and multiple uses have been well documented. In this study, the recharge in
HYPE reflects percolation to the groundwater table (TYPE2), where the calculation of net precipitation employs a generalised
empirical relationship for evapotranspiration that has been calibrated for the national model (involving a water balance of c. 400
catchments). The SACRAMENTO model was used in Spain, where it provided the input of groundwater recharge (TYPE2) to the local
MODFLOW model setup for the Upper Guadiana Basin (Collados-Lara et al., 2021; Surge, 2018).

The national recharge estimation tool the Zooming Object Oriented Distributed Recharge Model (ZOODRM) is used in United
Kingdom (Mansour et al., 2018). The model calculates recharge using characteristics of plant growth and water uptake, as well as
information on soil characteristics and climatic conditions. The model operates on grid basis and covers the entire British Mainland.

The hydrodynamic model of the chalk aquifer of the Somme basin uses a finite difference groundwater modelling approach
implemented in BRGM’s MARTHE code (Thiéry, 2015b; Thiéry et al., 2018). Groundwater is the primary water resource for water
supply in the French Somme Department. Hydrodynamic modelling of the Somme basin (Amraoui et al., 2004) is used to study the
impacts of climate change on groundwater recharge to the chalky aquifer, piezometric level fluctuations and streamflow to the
drainage network (Amraoui, 2019). Like MODFLOW, MARTHE is a groundwater flow simulation program that needs groundwater
recharge as input. Integrated hydrological models also form the basis of the national water resources model of Denmark (based on
MIKE SHE) and the Netherlands (based on MODFLOW for groundwater (de Lange et al., 2014)). Common to these models is the in-
tegrated calculation of unsaturated zone, surface water and groundwater fluxes, and they can therefore estimate all three recharge
types. Water fluxes in the unsaturated zone are calculated based on e.g., Richard’s equation (MARTHE) or a 2-layer solver (MIKE SHE).
The saturated zone fluxes are calculated by finite-difference solving Darcy equations for 3D groundwater flow. The national appli-
cation of the models is well documented in previous publications for the Netherlands (de Lange et al., 2014), and Denmark (Hgjberg
et al., 2013; Stisen et al., 2019). Also included is a local high-resolution version of the Dutch national model run for the catchment of
DeRaam (TACTIC, 2021a).

The last tool used for comparison of recharge is a machine learning aided approach developed in the TACTIC project for the
calculation of potential recharge (TYPE1) at a pan-European scale (Martinsen et al., 2022). The machine-learning algorithm uses
gridded national model estimates of infiltration coefficients as training data, applying a range of explanatory variables to establish the
governing variables for infiltration across Europe. The resulting infiltration coefficient map is then multiplied onto a European net
precipitation map generated from the E-Obs precipitation dataset at 0.1° resolution and satellite data for evapotranspiration (Cornes
etal., 2018). In this study, potential recharge is obtained for the grid location of the study sites. More information on the method can be
acquired from TACTIC (2021b).

3. Results
3.1. Calibration results

The performance of the models after calibration from the different study sites is presented in Fig. 3. As not all study sites have all
three tools, some areas are left blank on the graphs.

The Metran model is applied for all 78 time series. As seen in Fig. 3A, 35 out of 78 time series have the best performing model fit
(score = 2), while 31 are acceptable (score = 1). For a small group of 12, it was not possible to calibrate a usable Metran model for the
site (score = 0). For comparative reasons NSE is shown by the bar height in the fig.

ure. As can be seen a high NSE is not always a guarantee for a good score and vice versa, due to the two-stage nature of the standard
performance evaluation. Overall, 31 of the Metran models have NSE values above 0.75. AquiMod is applied to 40 time series in 37
study sites (Fig. 3B). Most of the model runs (28 time series) produce very high NSE values (>0.70) for the groundwater level, while 7
sites produce NSE values between 0.5 and 0.7. Poorer performance was found for five sites in Serbia, Denmark and Ireland. GARDENIA
is used for 30 groundwater head time series (Fig. 3C). Sixteen sites of these include stream discharge (Fig. 3D). Generally, performances
are good, with 19 time series for groundwater heads and ten time series for stream discharges having NSE values larger than 0.70 and
eight time series for groundwater heads and two time series for stream discharges with NSE above 0.50 but below 0.70. Performance
deteriorates for four sites in Ireland and in Spain.

The calibration of the different models shows that there is not always a correspondence between when the models succeed or fail.
For time series where all three models are applied (22 time series), 32% of the time series show that all succeed in making a reasonable
calibration target. For 10 time series, one model fails to produce a reliable result, while four time series only have one model suc-
ceeding out of three. For the time series where two models are applied (29 time series), both models are successful in 62% of the cases.
One of the two models fails in 11 of the cases. There is, thus, seldom a correlation between the poor performance of the models. There is
also no clear tendency that it is always the same model that fails, generally, Metran and AquiMod have a fail rate of 15% and 10%,
respectively, while GARDENIA fails in 37% of all applications.

3.2. Selected case studies

To illustrate the modelling of recharge using the three models, four case study sites are described in more details. Each case study
illustrates and highlights different structural differences or limitations of one or all three models. The case studies have been chosen
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both to illustrate important challenges with applying the models and to cover a range of geologies and climatologies across Europe. It
should be noted that both AquiMod and GARDENIA provide recharge time series, while Metran provides mean annual values of
recharge. A total of four contrasting cases are included here: Spain, Serbia, Ireland and Sweden. These will be briefly introduced in
each section.

3.2.1. South - Upper Guadiana, Spain (Time series 78)

The Campo de Montiel aquifer covers an area of nearly 2200 km? located within a semiarid region in the Upper Guadiana Basin
(Spain). It is mainly composed of limestones and Jurassic carbonate formations. Its altitude varies between 800 and 1000 m asl. The
mean annual temperature is about 14 °C. Annual precipitation varies between 400 and 500 mm. The predominantly dry climate and
the prevalence of irrigated agriculture mainly supplied with groundwater resources has led to a high and permanent conflict between
agriculture and ecosystem conservation, with significant impacts on the wetlands (protected RAMSAR sites) and aquifers (quantity and
quality) in the past (Baena-Ruiz et al., 2021; Baena-Ruiz and Pulido-Velazquez, 2020).

GARDENIA, AquiMod and Metran modelling tools were employed to estimate groundwater recharge based on more than 35 years
of available data (from April 1978 to — October 2015) in one piezometer. The groundwater head time series (Fig. 4A) are from an
unconfined aquifer and are related to recharge. The mean recharge values (Fig. 5A) obtained with GARDENIA, AquiMod and Metran
are 69.4 mm/year, 69.8 mm/year, and 421 mm/year, respectively. The differences between the mean recharge estimated by applying
GARDENIA or AquiMod with respect to site-specific model (66.2 mm/year) (Table 1) are not significant (maximum of 5.6%),
meanwhile the mean recharge obtained with Metran is significantly greater. Metran was run for 10 time series in the basin but only
succeeded in producing a model for one. Even though this model passed the statistical test, it has been also dismissed as it has almost no
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are shown for the four selected case studies: Spain (A), Serbia (C), Ireland (E), and Sweden (G).

evapotranspiration response indicating that groundwater fluctuations are independent of evapotranspiration.

The long time series make it possible to perform a sensitivity analysis of the results for the period of data employed to calibrate and
validate the GARDENIA and AquiMod models. Three calibration scenarios were carried out using the entire dataset and 70% and 50%
of the period, while the rest of the dataset was reserved for validation. Table 3 shows the mean recharge in the period 1978-2015 and
the goodness of fit in the simulated groundwater levels obtained for different calibration scenarios. Both models provide similar mean
recharge values and acceptable results in groundwater level forecast. In this case study, most AquiMod models provide a slightly better
simulation of groundwater level than GARDENIA, although the estimated recharge provided by GARDENIA is more similar to the site-
specific model. Table 4.

Fig. S1 of the electronic supplementary material (ESM) shows the observed and simulated groundwater levels obtained with the
different calibrated models in the period 1978-2015. It shows that both models, GARDENIA and AquiMod, have the ability to
reproduce groundwater levels within the different validation periods. Therefore, in addition to assessing groundwater recharge, they
can be employed as tools for short-term groundwater level forecasting.
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Table 4

Mean recharge (mm/year) and goodness of fit of groundwater level simulations with GARDENIA and AquiMod (in parentheses the percentage of
period simulated) in Campo de Montiel (Spain). Cali = Calibration period; Vali= Validation period. R2 = r-squared, NSE=Nash Sutcliffe coefficient,
RMSE= Root Mean Square Error, ME= Mean Error.

GARDENIA (50%) GARDENIA (70%) GARDENIA (100%)
MEAN RECHARGE 69.1 mm/year 69.4 mm/year 66.9 mm/year
PREFORMANCE (GWL) CALL VALL CALL VALL CALL VALL
R2 0.62 0.67 0.54 0.77 0.76
NSE 0.57 0.07 0.46 0.50 0.57
RMSE 3.18 5.17 3.30 4.17 3.39 -
ME 0.00 -3.40 0.08 -2.54 0.25 -
AQUIMOD (50%) AQUIMOD (70%) AQUIMOD (100%)
MEAN RECHARGE 68.9 mm/year 69.8 mm/year 69.8 mm/year
PREFORMANCE (GWL) CALL VALL CALL VALL CALL VALL
R2 0.62 0.88 0.62 0.72 0.78 -
NSE 0.43 0.59 0.59 0.37 0.55
RMSE 3.67 3.43 2.90 4.66 3.45
ME 1.28 -1.43 0.52 -1.80 -0.06

3.2.2. East - Posavina, Serbia (Time series 76): Borehole affected by river stage

The pilot area (Posavina) is situated in the Sava River Basin in Serbia and is mostly covered with Quaternary sediments. This area
stretches from the border with Croatia on the West to Belgrade in the East, and from Fruska Gora Mountain in the North to Cer
Mountain in the South. The territory covers an area of about 5250 km?, and the Sava River catchment size is 9057 km2. The major
groundwater reserves are accumulated in thick Quaternary sediments where high yield intergranular aquifers are formed. The aquifer
is recharged from precipitation and groundwater inflow. However, the main inflows to this aquifer are from surface waters. The
analysis of the groundwater regime indicates that the influence of the river on the groundwater table weakens with distance from Sava
River. To simulate groundwater recharge and prediction of future groundwater levels, AquiMod and Metran models were applied.

AquiMod represents the groundwater system as a closed homogeneous medium, with no impact from any outer boundary or
feature, whether physical or hydrological. With the significant influence of river stages on groundwater heads, it was therefore not
possible to obtain a good AquiMod model (Fig. 4C). Metran, on the other hand, succeeded in capturing the groundwater dynamics
(Fig. 4C) but only when the river water levels were added as an additional input signal.

3.2.3. West — Ireland (Time series 15, 16, 17, 18, 20, 31, 33 & 34): Aquifer complexity

The boreholes are placed in the southeast part of Ireland and where the river basins of the Suir, Nore, Barrow and Slaney rivers, as
well as a number of smaller coastal river catchments are located. The main aquifers of interest are diffusely karstified limestone
aquifers and extensive glacio-fluvial sand and gravel aquifers. Groundwater from these regionally important aquifers provides up to
90% of the public water supply in some counties, is important for agricultural and industrial uses, and supports many small private
supplies. Groundwater-surface water interaction is significant, and baseflows are high where rivers cross the principal aquifers. The
karst aquifers occupy the valleys and lowlands and are generally unconfined. Permeability varies with depth due to fracturing and
karstification. Sands and gravels occur mainly along the major rivers, but also form extensive ‘domes’. Groundwater is generally
unconfined, and flow pathways are simple. The remainder of the area is underlain by poorly productive fissured bedrock aquifers. The
karstic and fissured bedrock aquifers have low effective porosity and very limited storage, which renders them vulnerable to altered
winter recharge patterns and extended dry periods. Effective rainfall is lowest in southeast Ireland and there are currently concerns
about water resources availability and demand, and it is anticipated that this area will become progressively water stressed under
future climate change scenarios.

AquiMod and Metran were applied to all eight groundwater level monitoring records (Fig. 3), while six were simulated by
GARDENIA. Detailed examples are shown on Fig. 4E/Figure F and Fig. S2B & C/S3B &C (ESM). The 30-year average (1981-2010)
groundwater recharge for catchments to the eight boreholes were also estimated using the updated Irish National Recharge map
(Hunter Williams et al., 2021). NSEs for AquiMod historical simulations range from 0.36 to 0.86, and — 0.24-0.8 for GARDENIA. A
lower limit of 0.5 was chosen for acceptance. Six of eight AquiMod simulations, and four of six GARDENIA exceed that lower limit.
Four of eight Metran models have the highest acceptance, one was acceptable, and three were insufficient.

Metran recharge estimates are consistently higher than AquiMod, GARDENIA and the national model. AquiMod estimates tend to
be lower or the same as the national model, with no systematic pattern for GARDENIA results. The reasons for differences or difficulties
in calibrating are likely to be multiple, and different depending on the site. Metran seems to be most applicable to gravel aquifers and
more straightforward karst groundwater systems. At two sites, riverine influence on groundwater level is suspected, Metran does not
calibrate without the river stage as explanatory variable. Using GARDENIA requires river flow data for the most robust simulations.
Due to the lateral heterogeneity within Irish catchments, it is possible that the groundwater level variations are not representative of
the nearest gauging stations, which encompass a much larger catchment. GARDENIA also requires a full calendar year of data and does
not allow missing head data while the other models do.

Overall, AquiMod seems to be most suited to simulation of groundwater levels in the Irish aquifers included. However, it should be
noted that the more complicated karst and fractured bedrock aquifers required two-layer models at least to better represent the
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groundwater flow systems, and more remains to be done in this regard. Clearly, a good historical model fit will not guarantee pre-
dictive power in future climate change scenarios, since different recharge dynamics, timings and groundwater stages are likely to
interact non-linearly with the heterogeneous aquifers.

3.2.4. North - Boda & Kinda, Sweden (Time series 1 & 2): Snow cover projections

In rural areas of Sweden, the supply of drinking water typically relies on private wells drilled in crystalline bedrock, which drain the
storage of the overlying soil layers (typically, up to a few meters of till). In many areas, groundwater storage is limited by low effective
porosity and compartmentalised (fragmented) soil coverage. This limited storage implies that the drinking-water consumption must be
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Fig. 6. Recharge estimations by the three models: A — Metran (green), B — AquiMod (blue), and C — GARDENIA (red). Pilots are sorted by Metran
performance like shown in Fig. 5. Q (plot C) indicates that the GARDENIA model was calibrated with both groundwater level and stream discharge.
D - Comparison of recharge estimations by the three models (Metran, AquiMod and GARDENIA) with results from already established models at the
pilot either national (black) or local (grey); and potential recharge estimated by the European recharge map (grey bars, Martinsen et al., 2022). E -
Comparison of inter-aquifer leakage estimations by the AquiMod model with results from already established models at the pilot either national
(black) or local (grey). Contains numerical data: British Geological Survey © UKRI 2023.
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in close balance with the recharge, not only in terms of the long-term means but — more importantly — with seasonal drought patterns,
otherwise the groundwater aquifers are in risk of depletions. Seasonal droughts are periods when the recharge is negligible, such that
any water consumption relies on drainage of groundwater storage. The groundwater storage determines, therefore, the upper bound
for consumption during the drought period and the vulnerability to the length of the drought period; in turn, this implies that the main
concern of the ongoing climate changes is the signs of longer seasonal droughts.

At present, the consumption from private wells is adapted to two types of seasonal droughts: 1) winter drought, when precipitation
is stored as snow (dominates in the north), and 2) summer drought when interception and evapotranspiration exceed precipitation
(dominates in the south). In areas of substantial snow storage, compared to soil storage, the snowmelt has the important role of re-
filling the storages prior to the onset of the summer drought.

Climate change is expected to shift the balance of seasonal patterns from winter drought towards longer summer drought.
Moreover, the role of snowmelt for re-filling the soil storage will weaken, particularly in the south of Sweden, as the snow storage will
diminish (more precipitation will fall as rain during winter) and the snowmelt will advance to an earlier date (thereby elongating the
summer drought). On the brighter side, climate change may shorten the winter drought in northern Sweden. Simulations for the
Swedish pilots demonstrate the need to account for a retreating snow cover in climate change projections on future recharge and water
supply.

Three tools were tested and compared: AquiMod (which does not account for snow storage) and GARDENIA and HYPE (which does
account for snow storage). All tools could be reasonably well calibrated for the present-day situation (Figs. 4G and 5G; Fig. S2A and
S3A of the ESM); the fit for AquiMod was NSE = 0.59 and 0.61 for two pilots, whereas it was NSE = 0.73/0.64 and NSE = 0.81/ 0.67
for GARDENIA and HYPE, respectively. Obviously, this signifies that data calibration is not undisputed evidence of model validity as
the conceptual model also needs to capture the key processes involved. A classical dilemma of models is that of equifinality (Beven,
1993), where the model produces the “right output™, but for the “wrong reasons”. Thus, if the models are to be used for the projection
of future conditions, it is vital that the models are able to correctly represent the processes that are expected to change in the future, e.
g., in this case, that the projection model includes a snow storage module.

3.3. Recharge estimations

The recharge estimation for all the sites is shown in Fig. 6 by each of the models Metran (A), AquiMod (B) and GARDENIA (C), again
as not all study sites have applied all three models, some areas are left blank on the graphs. Recharge results for models with inferior
performance are not shown, this means that Metran results are only shown for a performance of 1 or 2. Negative recharge estimations,
which may be due to local discharge, are left out of the plot but are found by Metran for the boreholes NL_14 and NL 45 (time series
26-30 & 49-51). One well is in an area that can be connected with an area with artificially managed water levels, so here there may be
upwelling discharge, however this is not the case for the other well, there is therefore no physical explanation to this value and the
estimate is therefore discarded. As mentioned earlier, a poor score by Metran may indicate that the input time series does not hold
enough information to describe the groundwater level fluctuations in the observed time series. Thus, in these cases it is potentially not
possible to estimate recharge using the groundwater level data (with the available climate and abstraction data), and therefore any
modelling efforts by AquiMod and GARDENIA could be disregarded. However, in this case we have chosen to only disregard model
results due to the model’s own performance. Therefore GARDENIA results are shown for simulations with NSE> 0.7 for both
groundwater levels and discharge, and AquiMod results are shown for all models except for sites where the model performance was
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deemed unacceptable as mentioned in the section above (4, 6, 9, 20 and 76). As the models are sorted by Metran performance (the
same sorting as Fig. 5), the AquiMod and GARDENIA models with failed Metran score= 0 are easily identified as the models with
missing columns to the right on Fig. 6.

Fig. 6D and E show a comparison between the results from the three models. The time series may both be from unconfined and
confined aquifers, and thus for AquiMod the recharge estimation is sometimes not recharge (Fig. 6D), but inter-aquifer leakage
(Fig. 6E). Looking across the results where all three models are used, and performance was accepted (22 time series), there are very
little general agreements between the three models, in relation to recharge estimates. For some timeseries, recharge estimations differ
in the order of 700 mm/y, while much better agreement is reached in others. Often Metran recharge values are higher than the other
two tools, but not always. For the unconfined aquifers (11 time series) Metran estimates recharge with a mean of 530 mm/y. For the
same boreholes, AquiMod estimates a mean of 220 mm/y, while GARDENIA estimates a mean of 290 mm/y. Thus, the uncertainty of
recharge estimations is generally high, and while multiple methods for assessing recharge exist, as these three tools applied here, their
assumptions and results often deviate substantially, as also found by e.g., dos Santos et al. (2021) and Walker et al. (2018). This is
supported by a study by Walker et al. (2018), applying nine different recharge methods on a catchment in Ethiopia; they found that the
range of recharge estimations could be reduced substantially when correctly identifying the recharge type (minimum, potential,
actual), the appropriate scale of the estimation and accounting for the uncertainty of the method.

3.4. Comparing recharge estimations to local and national tools

The true values of recharge for the sites are unknown, therefore in order to try to identify reliable recharge estimates, the recharge
estimated by the three tools is compared with local and national model results whenever possible (Fig. 6D and E). For 32 time series,
there are recharge estimations from other tools, a table of the annual recharge estimates for the 32 sites are available in the ESM,
Table S2.

A comparison between the three models and the already established local and national results can also be seen in Fig. 7A. From the
scatter plot in Fig. 7A, there is an inclination for Metran recharge to be higher than the local and national tool estimates (above the 1:1-
line). For AquiMod and GARDENIA points are on both sides of the 1:1-line. Thus, for most of these sites, AquiMod and GARDENIA
estimates were fairly close to the local and national model results, with a mean absolute deviation of 38% and 46%, respectively, for
the GARDENIA run where discharge is used in the objective function deviation is 29%. Metran recharge estimations generally were
higher, with mean absolute deviation of 90%. Taking out all runs but AquiMod and GARDENIA, where Metran failed gave similar
deviations of 41% and 48%, respectively (and for GARDENIA with discharge 27%). Thus, the bias of Metran is quite higher than for the
other models. An investigation of the correlation of the estimates show that the models have similar correlation. Metran has a cor-
relation (Pearson) of 0.60 to recharge estimates by other tools, while AquiMod and GARDENIA correlation are 0.55 and 0.6
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respectively.

To investigate this high bias further, recharge values estimated using a larger number of time series in the Netherlands by Metran
are compared to the outputs from the integrated Dutch National Hydrological model (http://nhi.nu/, De Lange et al., 2014).

The comparison shows that Metran estimates do not compare well with the results from the integrated model (Fig. 8), and there is
no visible pattern in the locations with reasonable performance (green), underestimation (yellow), or overestimation (blue), Fig. 8b.
Metran only uses precipitation and evapotranspiration; however, its application does not give a reliable estimate of recharge values
(either net precipitation or net precipitation minus runoff and local drainage). This suggests that special conditions or additional
information are required to obtain reliable recharge estimates from groundwater head time series in combination with precipitation
and evapotranspiration. Obergfell et al. (2019) applied a similar method with the additional constraint that the seasonal harmonic of
the observed head matches the sum of the transformed seasonal harmonics of the input variables in the time series model for a specific
area, to obtain results that compared well with independent estimates. However, the validity and consequences of this constraint are
unknown.

This study does, thus, point to AquiMod and GARDENIA being appropriate methods for estimation of recharge, when considering
the uncertainties inevitably attached to the estimation of groundwater recharge from hydraulic head measurements. However, it is
only possible to validate with other (local and national) modelling results also prone to uncertainties, making this deduction only
indicative. Furthermore, this study focuses on diffuse recharge, while indirect recharge from streams, lakes, and rivers are not
considered; however, indirect recharge type are dominant in arid or semidry (semi-arid) areas and if omitted, the recharge to the entire
aquifer may thus be underestimated for these climatologies.

3.5. Comparing recharge estimations to Pan-European estimate

Fig. 6D also includes potential recharge values obtained from the Pan-Eu recharge map (Martinsen et al., 2022). Two limitations
should be noted in this comparison. First, the Pan-Eu recharge map is created using the national hydrological model’s infiltration
coefficient combined with other spatial variables in the machine learning algorithm. These are the same national models (applied in
Spain, France, Ireland, Denmark and the Netherlands) for which a subset of estimated recharge values was used for comparison to the
recharge estimate in the previous section. Thus, these two datasets for comparisons are not entirely independent. Secondly, the values
from the recharge map are of potential recharge, i.e., infiltration recharge leaving the soil zone. They are not, therefore, directly
comparable to the previous recharge and inter-aquifer leakage estimations. However, this means that Pan-EU recharge estimation
should be equal to or larger than the other estimations, as interflow, drainage and runoff to surface water have not been removed.
Furthermore, the map is generated at EU scale, and must therefore be assumed to be less accurate than local models, and models like
GARDENIA where the calibration data are used to complete the hydrological balance. Nonetheless, some tendencies in the recharge
distribution at some of the sites are replicated, e.g., lower potential recharge in Sweden and Ireland than in Denmark, high variability
in potential recharge estimates in the UK, and lower potential recharge values in France and Spain. From the scatter plot of the three
models and the Pan-EU recharge map in Fig. 7B, it can be clearly observed that there is a tendency for Metran recharge to be above the
1:1-line, meaning the recharge values are generally overestimated in relation to the Pan-EU map. For AquiMod and GARDENIA the
points are more scattered, but with most points being below the 1:1-line as expected noting that the type of recharge calculated by
these models is either recharge or inter-aquifer leakage rather than the potential recharge provided by the Pan-Eu map. The statistics
for mean absolute deviation and correlation (given in parenthesis) are here for AquiMod and GARDENIA deviation of 50% (0.41) and
51% (0.76), respectively, with GARDENIA with discharge 22% (0.68) and Metran 112% (0.72).

4. Discussion
4.1. Applicability and limitations of the time series models

Recharge estimation based on groundwater head time series are valuable tools as they require very little data and can be easily and
widely applied. Time series models are a subset of these tools, and they, however, cover a range of different approaches and their
applicability, limitations and precision are not always well known. For some recharge estimation is a by-product of the tool, and the
credibility of this recharge estimation is often uncertainty.

Time series models like Metran use precipitation and evapotranspiration (combined with abstraction) as input for calculating
recharge. For Metran, it was shown that there are several problems in using this tool to assess recharge. The simulated groundwater
head levels may be reasonable or good, and close to the measurements for a site. The average long-term recharge from Metran was
shown to have a high bias but to correlate fairly well with local and national recharge estimates for the study sites used in this study,
but on further investigation concerningly low correlation, and lack of systematics in the estimations was found when comparing to
results from the distributed National model in the Netherlands. That implies that a reliable estimation of recharge is not possible using
Metran, and this possibly also applies to similar transfer-noise models. These shortcomings will increase the uncertainty even further if
the model is used to predict climate change impact.

In contrast, Metran was shown to effectively model groundwater head levels and is therefore a powerful and fast tool for assessing
groundwater level. The Metran model was also successfully used to identify periods of time within a time series where the noise ratio
was low, thereby assisting in the setup of other recharge estimation models as in boreholes in Italy. The flexible setup of the model also
made it possible to adjust the model to sites where special conditions were governing the hydrology, e.g., at the Serbian site near the
Sava River.
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A more physical description of the recharge process combined with a subsurface representation as in AquiMod can help to improve
the recharge estimates (Collenteur et al., 2021; Peterson and Fulton, 2019). Depending on the available information, the choice of
representation of the saturated zone may be arbitrary and parameter values may be hard to check. For the AquiMod model it was found
that for several time series it was difficult or not possible to obtain a calibrated model (where the other models succeeded). In some
cases, this was related to special conditions at the site that could not be simulated by the model, e.g., river influence in Serbia. In other
cases, the model seems to be very sensitive to gaps in the dataset, and the quality of the input/calibration data. This meant in some
cases that obtaining a calibrated model was only possible when using part of the dataset, e.g., in Italy. Obviously, the lack of a snow
module means that the model is less appropriate to apply in snow dominated areas, especially for projections into future climate. It is
the only model of the suite tested that allows the modeller to directly incorporate (hydro)geological understanding of the area, and to
investigate inter-aquifer leakage to deeper aquifers. The model was also found to have good predictive capability regarding
groundwater levels, as shown in the case of Spain.

The deviations and correlations to local and national models were acceptable for AquiMod, however despite the inclusion of a
physical description of the subsurface, AquiMod did not always assure the simulation of meaningful recharge estimates in spite of good
calibration performance for groundwater levels. This is due to the non-uniqueness of the problem, where equally good groundwater
level performance can be obtained by scaling the recharge estimate and/or aquifer storage, as the water balance is not contained in the
modelling framework. This issue may to some degree be addressed by investigating all successful AquiMod runs during a calibration,
providing a variation in the recharge estimate that may be further constrained by prior or expert knowledge on recharge magnitudes
(other tools, simple groundwater flow (Darcy) evaluation, field measurements). It is therefore found that it is preferable to have an
additional tool for comparison, when applying AquiMod for recharge estimation. When these limitations are kept in mind, AquiMod
may be used as an informative tool for recharge estimation, where percentiles (25th percentile, 50th percentile, 75th percentile) of the
estimated recharge values can be calculated based on the accepted model runs.

The non-uniqueness can only be eliminated if the water balance is directly accounted for in the model. This is possible in
GARDENIA that can use surface water discharge observations to constrain the recharge, depending on knowledge of the surface area of
the catchment and the other terms of the water balance. Determining the true magnitude of the water balance terms for a lumped
catchment may be challenging. This is especially the case in lowland areas where groundwater and surface water catchment areas may
not coincide. Also, in wetlands where there may be multiple surface water connections with varying flow directions. For well-defined
groundwater systems, boundary fluxes have little influence if the area is large enough, but the relative importance of groundwater
abstractions depends on the local situation. For karstic system, GARDENIA offers different options depending on the behaviour of the
basin. There is the possibility of adjusting the area of the watershed or introducing external flows inside the hydrological system or
even introducing an external exchange factor. For this, a robust conceptual model is needed. The size of the contribution area of
groundwater recharge is generally a very sensitive parameter in GARDENIA calculations. For the different modelled sites in this study,
only one rain gauged station was used. But GARDENIA does offer the possibility of adjusting the climatic input parameters (rain and
PET) to correct the deviation especially for large surface basins.

Generally, the GARDENIA had relatively low bias and fairly good correlation to the national and local models, however like for
AquiMod, application of GARDENIA is problematic without river discharge information to guide the storage term. This was observed at
various sites, where low recharge, to large surface runoff estimates, was compensated by a change in the storage coefficient. The joint
use of groundwater level and discharge data allows a more robust model less subject to the problem of equifinality. And investigating
the performance of the simulations where discharge was included in the objective function compared to the national and local model
showed a similar correlation as for all simulations but a clear improvement in bias. Thus, GARDENIA is a robust and easy-to-use model,
especially with a good knowledge of the hydrological system and reliable data, and calibration is quite straightforward with
GARDENIA because of the automatic calibration.

The study showed very varying estimates of recharge at the different sites, and as the true value is unknown, it is not possible to
firmly identify the model giving the correct recharge. Nevertheless, GARDENIA was closest to the available national local estimates for
the sites especially when discharge was included in the calibration. Thus, the dataset is too limited to draw any firm conclusions and
the study should be regarded as the initial steps in identifying the usefulness and precision of these tools for different settings.
Additionally, it is found that using long time series (>20 years) is preferable to improve the confidence in the model results.

Generally, results points to that the time series models are especially useful for locations were other factors like abstraction or
surface waters influence the water table observations, but that very complex and heterogeneous study sites such as karstic areas are
problematic/difficult to simulate with all models, and here more detailed integrated modelling is needed.

4.2. Can adequate prediction of groundwater level guarantee correct recharge estimation?

The study shows very varying estimates of recharge at the different sites for models that all have very good performance during
calibration. Thus, it is possible to reproduce the observed behaviour of groundwater levels but to perform poorly in the calculation of
recharge. This may be due to failure of the predictive power or non-uniqueness of the model as mentioned above, or due to application
in hydrological or geological settings that they cannot appropriately represent (limitations in model structure). The model structure
deficiency may get compensated by hydraulic parameter values that are not representative of the hydrogeological system charac-
teristics. Consequently, the user knowledge of the complexity of the hydrogeological system can therefore limit the robustness of the
model output, and errors are easily made and difficult to identify if only one model is applied. Therefore, applying more than one
model on a case is recommend as also mentioned by e.g., de Vries and Simmers (2002).

This study was limited to three, conceptually very different, groundwater level models used to estimate groundwater recharge.
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However, while several similar and different approaches exist, results from this study may not always be directly transferable.
Although the study covers a large and diverse selection of cases in Europe, it was not possible to cover all climate types and geological
settings. A valuable next step in this process would therefore be to expand this study by including a large set of tools and sites, and
thereby, developing a formulation of a rigorous scheme for the selection of appropriate recharge estimation tools based on overall
study site/data characteristics. This would be especially useful if the different models and approaches can be integrated and bench-
marked against each other and additional independent methods to reduce the overall uncertainty in recharge estimation procedures, as
demonstrated by Crosbie and Rachakonda (2021), where recharge from chloride mass balance estimates were constrained using
remote sensing.

The calibration performance of the AquiMod and GARDENIA models, and whether the models are deemed acceptable/adequate or
not, are in this case based on expert judgement and best practice, even though the applied methodology relies on an automated
approach to optimise the solution. For example, the election of a stricter or relaxed performing measure threshold may lead to different
model results being used. The evaluation of the model is, therefore, also a contributor to the uncertainty of the results. It is possible that
if water balance could somehow be constrained in the AquiMod model more runs would succeed, as the optimization results could be a
different parameter solution.

In this study, the reason for a failure of any of the models to provide reasonable results is sought in specific conditions/quality/
setting of the data and study site. However, as is true for all modelling work, uncertainties are also depended on the choices, approach,
and experience of the modeller. Thus, combining the scheme for the selection of appropriate tools with a more elaborate framework for
evaluating whether or not when a model’s performance is acceptable or not, is a necessary next step when moving forward.

4.3. Recharge taxonomy

In this study, we have tried to divide recharge into different recharge types in order to compare the same type of recharge with each
other. The taxonomy adopted here is coarse and may not always be applicable. As mentioned in Section 4.1, due to small-scale
processes it may not always be possible to make a clear distinction between potential recharge and recharge. Also, in multiple
aquifer systems recharge and inter-aquifer recharge may occur at multiple depths, and the depth of the aquifer is, in that case,
important.

4.4. Limitations in the comparison to other methods

A major limitation in the study is the fact that no “true” values for recharge are known at any of the sites. Recharge estimations from
the three models can therefore only be compared to other modelling (numerical or machine learning) results, which may not represent
the correct recharge at the site and are therefore uncertain. Additional conditioning of the modelling results could be undertaken by
obtaining recharge from independent estimations by in situ measurements, like chloride mass balance based on deposition from the
atmosphere (Custodio, 2010) where a long term recharge can be established or age tracers. These measurements were unfortunately
not available at the study sites but could potentially be used for evaluating model performance when compared to model estimates.
Other methods like lysimeters also allow direct measurement of recharge. However, depending on the location of the lysimeter and the
variability of the landscape around it, the transferability of the measured values to regional water balance or groundwater model will
vary because of the typical variability of soil cover and land use (Fitts, 2013; Witte et al., 2019). The representativity of the measured
recharge also varies because of the impact of some land uses and the associated soil treatments on lysimeter functioning (Voortman
et al., 2015).

Furthermore, modelling results from local or national models are not available at all sites. Studies like the investigation done in the
Netherlands for the Metran model utilizing a very high number of sites, could be a potential way to improve and test the reliability of
the models, even though such a study will be extremely time consuming for models like GARDENIA and AquiMod, where knowledge of
the geology and hydrology are essential to build into the setup.

5. Conclusions

This study compared and analysed results and limitations of three conceptually different groundwater time series models for
recharge estimation (Metran, AquiMod and GARDENIA) explored across different climatic, hydrological, and geological settings. To
facilitate this comparison a recharge taxonomy was developed, where recharge is defined in three types: 1. Potential recharge; 2.
Recharge (reaching the phreatic aquifer); 3. Inter-aquifer leakage.

In lack of true measurements of recharge, the groundwater level recharge models are compared to estimation by local and national
models for the different sites. Here it was shown that AquiMod and GARDENIA show deviations of 38% and 46%, while Metran was
somewhat higher 90%, the correlation coefficient were similar for the three models, but highest for GARDENIA, and here the bias
greatly improved when incorporating discharge in the simulation. The transfer noise model (Metran), based on groundwater head
measurements driven by precipitation and evapotranspiration, was shown to be a powerful model for assessing groundwater levels,
data noise and for incorporating site-specific conditions. But due to the high bias in combination with a poor correlation seen for a
larger sample of Dutch boreholes, it was found that such Transfer Function-Noise models are potentially inaccurate recharge esti-
mation tools and should be used with care.

The groundwater level driven hydrological model (AquiMod) and the lumped catchment models (GARDENIA), both based on
climate input, and calibration of governing parameters to hydraulic head measurements, were generally shown to be successful at
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simulating groundwater levels. However, it was shown that special care must be taken, when estimating recharge with a model setup
without water balance constraints (discharge data), as in AquiMod. The non-uniqueness means that the best procedure when using
these types of models would be to use an ensemble of successful model runs and thereby include an estimation of uncertainty of the
recharge estimate and/or confine results with alternative information on recharge magnitudes.

It was found that when water balance is accounted groundwater levels time series models can be very relevant tools for relatively
simple study sites where boundary conditions (abstraction, river) affect head fluctuations, but for complex and heterogeneous sites
more detailed integrated modelling is needed. Furthermore, in light of the uncertainties of the methods, applying multiple methods on
a site is recommended.

Overall, as there is generally a lack of on-site recharge measurements for validation of these tools, a multiple tools approach is
recommended to capture uncertainty ranges, when estimating recharge from groundwater heads. The large uncertainty of the recharge
estimated by any of the tools must, thus, be considered when applying any of these models for recharge estimation or future prediction.
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