










spring hydrograph database (Fig. 4). A 27-year-long record of
monthly karstic recharge simulations was produced by the
preliminary global model.

Soil-moisture observations at the grassland and
forest sites

Starting between April and August 2018, all sites already col-
lected more than 1.5 years of soil-moisture observations.
Depending on the site location and the land cover type, they
show different patterns in their variability (Fig. 5). The obser-
vations at the Puerto Rican site show the highest values of soil
moisture correlate to grassland compared to all other sites.
However, it is also the site with the lowest soil-moisture
values pertaining to forest plots, which is almost similar to
the Australian site. The soil moisture is increasing with depth
at both vegetation type plots. In particular, at the lowest depth
of the forest plot (5 cm), the values of soil moisture are lower
in comparison to the Australian site. On the other hand, the
deepest probes show values two times higher than the deepest
probes in Australia. Considering all depths together, the
Australian site shows the lowest soil-moisture values without
significant differences between grassland and forest plots. The
same is true when considering the soil-moisture variations
over different depths.

The soil-moisture variability at the Spanish site is similar to
the UK site, however with lower minimum values. The forest
and grassland plots do not show significant differences in
general, and for all depths considered separately. At the
Spanish site, soil moisture tends to increase with depth, which
is most visible regarding the grassland plot. At the forest plot,
a decrease of average soil moisture is only from 5 to 10 cm,

while the soil-moisture variability of the 10 cm and the bottom
depth probes are very similar. At the UK site, the soil moisture
increases with depth at both sites. The German site shows the
highest soil-moisture values after the Puerto Rican grassland
plot. At the forest site, soil-moisture values are increasing
between the 5 and 10 cm depth and decreasing between
10 cm and the bottom. At the grassland site, the soil-
moisture values are decreasing continuously from the surface
to the bottom. At both the German grassland and the forest
sites, the deepest probes show the largest spread in their soil-
moisture dynamics. More information about the temporal dy-
namics of soil moisture at the different sites is provided in Fig.
S1 of the electronic supplementary material (ESM).

Collected karst spring hydrographs data

Through the established data collection framework and a com-
bined community-effort, the WoKaS database presently ar-
chives more than 400 karst spring-discharge observations
globally (Olarinoye et al. 2020). The length of the datasets
ranges from a few months up to 120 years with a median
record length of 14 years (Table 2). In all, 50% of the datasets
contain discharge records sampled at a daily or subdaily fre-
quency but datasets in upper quartile have an observation
temporal resolution of 4 days and above, most of which are
datasets with longer data records. On average, 95% of the
datasets in the WoKaS database provide continuous discharge
records.

The average discharge of collected karst springs for the five
elevation classes spreads across 10−4 to 102 orders of magni-
tude (Fig. 6). Larger springs are located at lower elevations up
to 1,200 m. (elevation class L1, L2 and L3). Most springs

Fig. 4 Location of soil moisture monitoring plots and collected karst
spring hydrographs (combined and adapted from Berthelin et al. 2020a,
b; Olarinoye et al. 2020) over the karst regions of the world (Chen et al.

2017; Goldscheider et al. 2020). AU Australia, GB United Kingdom
(UK), DEGermany, ES Spain, PR Puerto Rico
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located at higher elevations (<1,200 m, H1 and H2) have
lower discharges. Springs located at lower elevations (L1,
L2 and L3) show higher CVs compared to those located at
higher elevations (H1 and H2) with less variability among
different springs. From the recharge model described in sub-
section ‘Setup of a preliminary global karst recharge model to
quantifywater availability’ recharge values from approximate-
ly 300 spring locations were obtained. Therefore, the recharge
rate and recharge area analyses (Fig. 6c, d) are provided for the
subset of WoKaS datasets for which recharge values have
been estimated. The recharge rates range from low to very
high values. A systematic pattern between recharge rates and
elevation is found. High recharge rates of up to 70% are ob-
served among L1, L2 and L3 springs (Fig. 6c). In all, 50% of
the low-elevation springs (L1–L3) have a recharge rate higher
than 45%, while the high-elevation springs (H1–H2) within
the same quantile have recharge rates >30%. Irrespective of
the elevation, the estimated values show a high variability in
the recharge rates. In Fig. 6d, extreme ranges of recharge areas
from values <1 km2 to larger areas of up to 104 km2 are
shown. Unlike for the recharge rates, there is no systematic

pattern or order found between the recharge area and eleva-
tion; however, all spring classes have an almost similar range
of median values which is slightly less than 100-km2 recharge
area. About a quarter or slightly more of the recharge areas at
all classes are <10 km2, and at least the upper quartile or even
more have areas >100 km2.

Global groundwater recharge simulations

The mean annual recharge volumes derived for the period
1992–2019 resemble the meteoric water availability in the
different regions in the world (Fig. 7a). Rainy regions such
as Scotland and Ireland, coastal regions and monsoonal re-
gions are also characterized by recharge volumes close to
1,000 mm/year or more. On the other hand, regions that are
characterized by aridity show average recharge volumes as
low as just few mm per year such as in Northern Africa,
central Northern America, the Middle East or the Himalayas.
In the same regions, model uncertainty tends to larger values,
with standard deviations as large or even larger than the aver-
age annual recharge (Fig. 7b), while uncertainty remains low
in the wetter regions.

Evaluation of the global model with the soil moisture
and spring-discharge observations

The simulations of soil saturation of the global karst recharge
model are compared with the observed soil-moisture dynam-
ics at the five sites. At its present state, the model tends to
overestimate the monthly average soil saturation at Austrian,

Fig. 5 Variability of observed soil moisture at the different sites for forest and grassland, for all depths together and for the three different depths
separately (the bottom depth is defined as the depth where soil meets the epikarst, which varies between 20 and 80 cm among all the profiles)

Table 2 Attributes of datasets from the WoKaS database

Quartile Time span (years) Temporal
resolution (days)

Completeness (%)

1st quartile 4 1 100

Median 14 1 100

3rd quartile 29 4 100
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German and UK sites regardless of the land types (Fig. 8). For
Puerto Rico, the soil saturation of forest is overestimated, as

well. Generally, linear relationships with varying slopes be-
tween observed and simulated monthly average soil saturation

Fig. 7 aMean annual recharge volumes and b their uncertainty expressed by the coefficient of variation CV obtained by the preliminary uncalibrated model

Fig. 6 a Distribution of average spring discharges, b their coefficients of
variation, c their recharge rates, and d estimated recharge areas over
different elevation classes. Note the natural-logarithmic scale of the ver-
tical axis for discharge Q, coefficient of variation CV, and the estimated

recharge areas (a, b, d), respectively. L1, L2, L3, H1 and H2 are spring
elevation classes with the ranges L1 ≤ 400 m, 400 m < L2 ≤ 800 m,
800 m < L3 ≤ 1,200 m, 1,200 m < H1 ≤ 1,600 m, and H2 > 1,600 m,
respectively
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for forest and grassland at different depths are observed, but
the strength of the linear correlation differs significantly
among them (Table 3). In addition, soil saturation shows dif-
ferent variability. Especially at Puerto Rican sites, it spreads in
different soil saturation ranges with forest <0.4 and grassland
between 0.4 and 0.8 (Fig. 8).

Overall, the correlation coefficients r of the monthly ob-
served and simulated soil saturation reach values up to 0.94.
Weak relationships, r < 0.45, go along with insignificant

correlation (Table 3). Forest and grassland show different
strengths of correlation, with stronger correlation for the forest
as compared with that of grassland (except for the UK site).

The correlations between the monthly observed karst spring
discharge and the corresponding monthly simulated recharge
(Fig. 9) show that 47 and 59% of the springs show a correlation
coefficients r ≥ 0.5 without and with consideration of time de-
lay from recharge to discharge, respectively. The larger the
value of r, the more significant the correlation is observed. As
expected, the correlation between recharge and discharge can
represent how strong the recharge is linked to the discharge. It
can also be seen that the time delay from recharge to discharge
helps to obtain a better correlation for some regions (Fig. 9).
Few negative correlations between recharge and discharge sug-
gest that local conditions of springs, e.g. the topography, could
substantially affect this relationship.

Discussion

A better characterization of karstic recharge
processes by soil-moisture dynamics

The dynamics of the collected soil-moisture observations al-
low for preliminary interpretation and new region-specific and

Table 3 Correlation coefficients (r) between the monthly simulated and
monthly observed soil saturation at three depths of the five sites. To
correlate with nomenclature given in publications elsewhere, the data
are presented by ISO alpha-2 country codes (AU Australia, GB United
Kingdom (UK), DE Germany, ES Spain, PR Puerto Rico)

Land type Depth AU GB DE ES PR

Forest 5 cm 0.46 0.83 0.42 0.92 0.74

10 cm 0.38 0.8 0.49 0.93 0.76

Bottom 0.29 0.76 0.33 0.93 0.72

Grassland 5 cm 0.38 0.88 0.29 0.9 0.13

10 cm 0.22 0.86 0.29 0.9 0.21

Bottom 0.12 0.79 0.1 0.94 0.3

Note: significance level for the non-marked values (p < 0.05), values in
italic (p > 0.05)

Fig. 8 Comparisons between the monthly observed and monthly
simulated soil saturation at three depths for two land types. The
observed soil saturation is derived as the ratio of the soil moisture over

the maximum value. Here the observed soil saturation at each depth
represents the mean of all the measurements of 7–15 probes. The dashed
lines show the linear regressions
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land use-specific insights (Fig. 5). A strong linkage of climate
and soil moisture is found. For instance, the highest soil-
moisture values occur at the site with a tropical climate at
the grassland plot reflecting the wet tropical climate condi-
tions. At the forest plot, rather low soil-moisture values can
be explained by the dense network of tree roots and small
amount of soil that can store the infiltrating water. High values
of soil moisture are also measured at the German site, where
high annual volumes of precipitation prevail. On the other
hand, the low soil-moisture values measured at the
Australian site are coherent with the semiarid local climate
conditions. Despite their different climatic regions, the
Spanish site (Mediterranean climate) and the UK site (oceanic
climate) show similar variability of observed soil-moisture
dynamics. This is probably due to their similar annual precip-
itation volumes of 760 and 815 mm/year for the Spanish and
UK site, respectively, and to their mean annual temperatures
of 14 °C (ES) and 5.4–14 °C (UK) yet occurring with different
strength of seasonality (Berthelin et al. 2020b).

The control of climate on soil-moisture dynamics, and
vice-versa, is well-known (Seneviratne et al. 2010) but in or-
der to derive improved concepts of groundwater recharge pro-
cesses from soil-moisture dynamics, more parameters have to
be considered such as soil texture, antecedent moisture condi-
tions, vegetation, and the epikarst (e.g., Perrin et al. 2003;
Heilman et al. 2014; Fu et al. 2015; Martos-Rosillo et al.
2015). Comparing the evolution of soil moisture with depth,
the probes at 5-cm depth present the lowest values at every
site, and soil moisture is increasing with depth. This is most
probably linked to evaporation processes that have a stronger
impact on shallow soil-water storage (Martini et al. 2015;
Sprenger et al. 2016). Only the German site presents soil-

moisture values that decrease with depth indicating rapid shal-
low subsurface flow paths (Chifflard et al. 2019), which may
be favored by the strong slopes of this site and its location in
the mountains.

Yet, the comparison between sites, different soil depths and
land cover types remains qualitative and preliminary. The
three main parameters explored in the preceding (climate, land
cover and depth) are not the only ones that influence soil-
moisture dynamics. In addition, the climate could affect soil-
moisture dynamics differently in different seasons (Berthelin
et al. 2020b) and might be dependent on precipitation amount
as well as intensities. The influence of antecedent soil-
moisture conditions on recharge initiation could be revealed
by considering a larger number of extracted soil-moisture
events and their pre-event soil storages (Demand et al.
2019). At those sites, where observations of groundwater, or
of related fluxes like stream, discharge, spring discharge or
drip in caves are available, methods to estimate recharge from
soil-moisture observations by simple models (Baker et al.
2020) or data-driven approaches can be explored (Arnold
et al. 2020). Those approaches may be supported by analysis
of stable isotopes in soil water as already proven to be useful
in non-karstic settings by Sprenger et al. (2015). Overall, with
another 18–24 months of monitoring at the five sites, a dataset
will be provided to advance the conceptual understanding of
karstic recharge and evapotranspiration processed both quali-
tatively and quantitatively.

Pathways to upscale local understanding by the
WoKaS database

TheWoKaS database tends to contain larger springs located at
lower elevations (Fig. 6). Hydrologically, springs at lower
elevations are located at or close to catchment outlet; there-
fore, they drain a larger catchment area producing the large
discharge volumes (Kresic and Stevanovic 2009). Similarly, a
higher and wider range of CV values is associated with spring
discharges at lower elevations. This implies that springs at
higher elevation have more consistent discharge variability
throughout the data record period, which may be due to the
seasonality produced by snow accumulation and snow melt
(Chen et al. 2018). Since springs at lower elevation drain a
larger catchment area, the recharge area is consequently large
with variable recharge sources. This and other climate vari-
ables could be attributed to the higher discharge variability of
springs at lower elevation.

The high recharge rates up to 70% found at WoKaS springs’
locations is no surprise. Groundwater recharge is known to be
higher in karst areas compared to other landscapes (Hartmann
et al. 2017) where more large fractions of the total precipitation
volume can infiltrate into groundwater (Bonacci 2001; Fiorillo
et al. 2015b). Usually, higher elevations receive more
precipitation and higher recharge rates would be expected as

Fig. 9 Distributions of the correlation coefficients r between the monthly
simulated recharge and monthly observed karst spring discharge (from
WoKas, Olarinoye et al. 2020). Blue and orange bars represent the cor-
relation without and with time delay from recharge to discharge,
respectively
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well. This was found, e.g., in the Swiss Alps by Malard et al.
(2016) or the Italian Apennines by Allocca et al. (2014); how-
ever, an increase of recharge rates with elevations does not occur
in the global dataset as it also covers mountain ranges in very dry
climate regions such as Central Northern America, the Middle
East and Southern Australia (Fig. 7a). Considering the range of
the corresponding recharge areas (obtained bywater balance, see
section ‘Creation of a global database of karst spring discharges
to analyses karstic groundwater dynamics’), similar variability
and averages for all elevations is found, indicating that the
dataset is not biased towards different scales of karst systems at
different elevations.

The present analysis only gives an overview of the attributes
and characteristics of karst springs by exploring the collected
datasets. The database still provides lots of potentials yet to be
explored. In future analysis, the dynamics of karst springs in
different regions will be explored to see how local factors in-
fluence discharge and recharge variability. The expected out-
come of this analysis will enable us to identify important local
drivers and even predict spring behavior in regions with
nonreliable or no observation records. Also, the estimated re-
charge areas could be a first step for their spatially explicit
delineation (Malard et al. 2015). As springs also reflect the
dynamic behavior of karst aquifers, important information such
as recession parameters derived from the large datasets could be
used to infer the dominance of conduit and matrix contributions
in different regions. Presently, the WoKaS datasets are is avail-
able for download in an online stationary repository, but efforts
will be made to provide the datasets directly through a web
platformwith a graphical user interface. Such development will
allow for continuous growing of the database, adding other
complementing datasets and a web tool for instant analysis.

Model deficiencies revealed by evaluation with the
newly collected observations

The simulated mean annual recharge volumes mostly reflect
the regional climatic conditions (Fig. 7a), a result which is
very similar to its previous continental-scale application over
Europe Northern Africa and the Middle East (Hartmann et al.
2015). Small differences in simulated average recharge vol-
umes are most probably due to a new delineation of karst
areas—global model:WOKAM, Chen et al. (2017); continen-
tal model: “Global distribution of carbonate rocks”, Williams
and Ford (2006)—and different simulated time periods (glob-
al model: 1992–2019; continental model: 2002–2012).
However, when looking at the simulation uncertainties (Fig.
7b), the preliminary character of the global model is more
obvious. Especially in arid regions, the simulation uncertainty
exceeds 100% making simulations of karstic groundwater re-
charge basically useless for water management in those re-
gions. Yet, simulation uncertainty strongly reduces in semiar-
id wetter regions where even these preliminary simulations

could be useful for water managers and water governance.
In those regions, the fractions of precipitation turned into re-
charge are substantially higher compared to arid regions mak-
ing precipitation itself a good predictor of groundwater re-
charge and reducing the relative impact of the uncertain pre-
liminary model on the mean annual recharge estimates.

Through the comparison between observed and simulated
soil saturation (Fig. 8), an obvious deviation of simulations of
the global model and the observations can be seen, mostly
expressed through an overestimation of soil saturation by the
model. This deviation is influenced by several aspects. The
simulated soil saturation is averaged over a large grid that
represents the integral response for this large area, while the
observed soil saturation is measured at a specific point that can
differ a lot because of heterogeneities of soil properties and
land cover from site to site, i.e., there is a problem of incom-
mensurability (Beven 2018). Considering the coefficient of
correlation between simulations and observations as a mea-
sure of model performance (similar to Hartmann et al. 2015;
Sarrazin et al. 2018), this problem is partially circumvented as
r is not affected by differences of effective porosities.
Comparing the coefficients of correlation for the different sites
and different land cover types (Table 3), it can clearly be seen
that the model performs well for the Spanish forest and grass-
land sites and the Puerto Rican forest site. Bad correlations
that are sometimes both even significant, are found at the
Australian and German sites for both land covers, and the
Puerto Rican grassland site. The different performances be-
tween grassland and forest point towards the very simplified
representation of land cover in this preliminary model
(Sarrazin et al. 2018). While the weak performance at the
German site, which is located at ~1,450 m above sea level,
is most probably due to the neglecting of snow processes in
the model, the model deficiencies at the Austrian site could be
due to general uncertainty of the gridded input data for this
region as already discussed by Baker et al. (2020).

Considering the correlation between simulated monthly re-
charge and observedWoKaS spring discharge, a large number
of relatively high r values are found, despite the preliminary
state of the model (Fig. 9). However, there are also a substan-
tial number of springs with weak linear relationships and even
negative correlations between simulated recharge and ob-
served discharge. This could be explained by the limited con-
sideration of the location and size of the recharge area in the
model. Since it is not possible to delineate the real recharge
area of every spring, the simulated recharge of the grid cell
where the spring is located is used as the recharge of this
spring. However, the recharge area ranges across several grid
cells, which may differ strongly from its topographic area (Le
Moine et al. 2007; Longenecker et al. 2017; Le Mesnil et al.
2020). Due to this difference, the correlation for these springs
can be biased. Another, even more probable reason for the
weak correlations is the lack of groundwater processes in the
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preliminary model. This is confirmed by the improved corre-
lations between recharge and discharge that is obtained after
allowing for the time delay from recharge to discharge.

Towards reliable simulations for (inter) national water
governance in karst regions

The comparison of simulated and observed soil moisture
clearly indicates that land cover has significant influence on
soil moisture as well as evapotranspiration mentioned already.
Land cover affects the partitioning of precipitation into evapo-
transpiration, soil moisture, and surface runoff. This highlights
the importance of including explicit land use types to improve
global karst recharge modelling, allowing to investigate im-
pacts of land use change on the recharge and discharge
(Sarrazin et al. 2018). The poor performance at the mountain
site in Germany shows the need to add a snow model in order
to include karst regions located in mountain regions (Chen
et al. 2018). More recent global input datasets such as
MSWEP V2 (Beck et al. 2019) will help to improve the re-
charge simulations at dry sites such as the Australian site. A
need to include a karstic groundwater model is revealed
through introducing a time delay between recharge and dis-
charge (Fig. 9). The improved correlation between simulated
recharge and observed discharge after introducing such delay
suggests that, despite the fast karstic flow paths, also slow
groundwater transmission and storage takes place in the phre-
atic zone. Adding a groundwater routine that considers system
properties such as the distribution of the conduit networks,
and the permeability of the matrix, will provide a better rep-
resentation of the delayed response of karst springs to a re-
charge signal (Geyer et al. 2008; Covington et al. 2009).

The recharge area of karst aquifers is the most common
spatial unit to investigate and model karst springs; however,
larger river basins that drain karst regions are often partially
covered by nonkarstic areas. Water management at these ba-
sins therefore needs to understand the combined behavior of
both systems. Only few studies (e.g., Rimmer and Salingar
2006; Chen et al. 2018) have considered both karstic and
nonkarstic components in catchment-scale modeling.
Challenges remain for modeling such systems such as inter-
catchment groundwater flow can cross the topographic
boundary of a catchment and result in unclosed water balances
(Le Mesnil et al. 2020). Neglecting this disagreement of sur-
face and subsurface catchments will limit the representation of
karstic and nonkarstic hydrologic processes in combined
modelling systems. Therefore, identification and quantifica-
tion of inter-catchment groundwater flow is of great impor-
tance. This may be achieved by diagnostic signatures based on
independent datasets and water balance (e.g., Liu et al. 2020)
and new approaches to integrate this information into regional
models with combined karstic and nonkarstic processes
representations.

Conclusions

This paper shows themost recent advances in developing a glob-
al karst modeling system using a global soil-moisture monitoring
program and a global database of karst spring hydrographs.
Comparing the simulations of a preliminary version of the first
global karst recharge model with the soil-moisture observations
reveals that improvements of the soil and epikarst processed in
the model are still necessary to obtain a better representation of
different land cover types and snow processes. The comparison
of observed spring discharge with the simulated recharge values
strongly points towards the need to incorporate groundwater dy-
namics including the interplay of partially overlapping surface
and subsurface catchments and the influence of nonkarstic units
in karst-dominated river basins. Consequently, the comparison of
the preliminary model with the newly collected soil-moisture
data and spring-discharge observations provides detailed and ex-
plicit directions to make important advancements towards the
first global karst simulation model. Such modeling system will
not only provide information about water availability in the sim-
ulated catchments. Karst aquifers provide drinking water for a
large part of the world population (Ford andWilliams 2013) and
are among those groundwater resources that are far from being
overexploited (Stevanović 2019). Applied at a global scale and
fed by climate projections, the model will also allow to identify
hot spots of current or future water scarcity in the karst regions
around the globe and where karst aquifers may mitigate water
shortages. That way, it can support national to international water
governance to develop regional and local mitigation measures to
successfully tackle the impacts of climate change, land use a
change and population growth.
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