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Abstract:
A pragmatic and simple approach for estimating the groundwater recharge of karst aquifers in mountainous regions by
extrapolation of the hydrological regimes of gauged and well-documented systems is presented. Speciﬁc discharge rates are
derived using annual precipitation and spring measurements by taking into account catchment size and elevation, which are
assumed to be the dominant factors. Reference sites with high data reliability are used for calibration and regional extrapolation.
This is performed with normalized values employing spatial precipitation deviations and correlation with the elevation of the
catchment areas. A tiered step procedure provides minimum and maximum normalized gradients for the relationship between
recharge quantity and elevation for karst regions. The normalized recharge can therefore be obtained and extrapolated for any
location using the spatial precipitation variability to provide an estimate of annual groundwater recharge.
The approach was applied to Switzerland (approximately 7500 km2 of karst terrain situated between 200 and over 4000 m a.s.l.)
using annual precipitation data from meteorological stations for the years 2000 to 2011. Results show that the average recharge
rates of different Swiss karst domains range from 20 to 46 L/km2s, which corresponds to an inﬁltration ratio between 0.6 and 0.9
of total precipitation. Despite uncertainties inherent in the approach, these results provide a benchmark for renewable karst
groundwater resources in Switzerland of about 8.4 km3/year. The approach can be applied to any other mountainous karst region,
that is, where a clear relationship between elevation, precipitation and recharge can be assumed. Copyright © 2015 John Wiley &
Sons, Ltd.
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INTRODUCTION
In Europe, karst aquifers represent nearly 35% of the land
surface, and numerous European cities are dependent on
these aquifers for water supply (Zwahlen, 2003).
Inﬁltrated water is stored in the epikarst and in the
vadose and the epiphreatic zones and is predominantly
discharged back to the surface via karst springs, or it can
directly inﬁltrate into adjacent or downstream aquifers, or
other hydrologic systems. According to the geometry and
the recharge of karst aquifers, groundwater reserves and
resources may be distinguished using the deﬁnition
provided by Castany (1962) where reserves are deﬁned
as the water volume stored in the aquifer, which can be
released by gravity. This volume includes permanent
reserves plus dynamic storage as introduced by Mangin
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(1970). Groundwater resources are considered to be the
exploitable part of these reserves in terms of availability,
withdrawal techniques and renewability. Figure 1 displays the different components for the deﬁnition of karst
groundwater resources as used in the present study:
• Recharge is deﬁned as the volume of water reaching
the groundwater body (effective inﬁltration);
• Dynamic storage is considered to be the amount of
water buffered in the epikarst and the epiphreatic zone
of the karst aquifer over a given period (i.e. recharge
event or seasonal recharge);
• Discharge refers to the volume of groundwater released
from the aquifer, concentrated at springs or over diffuse
exﬁltration zones;
• Withdrawal represents the groundwater abstraction
volume for water supply (through boreholes or spring
tapping);
• Ecological services provided by karst discharge include
the minimal amount of water required by the environment
downstream of the discharge zone, including
groundwater-dependent ecosystems.

A. MALARD, M. SINREICH AND P.-Y. JEANNIN

Figure 1. Components for the deﬁnition of groundwater resources in karst
aquifers

As dynamic storage can be neglected for long-term and
steady-state recharge assessment, the discharge from a
natural system is considered to be equal to the recharge
volume. Over the whole period of a hydrological cycle, it
therefore corresponds to the renewable groundwater
resources of given system.
The literature indicates that recharge in karst aquifers
may exceed 50% of the precipitation volume (Burger,
1959; Kessler, 1965; Tripet, 1972; Soulios, 1984;
LaMoreaux et al., 1984; Bakalowicz, 1995; Bonacci,
2001), which is signiﬁcantly higher than in most other
environments (except young volcanic rocks as highlighted by Charlier et al., 2011, among others). Under certain
conditions, effective inﬁltration rates may reach up to
80% of raw precipitation (Wildberger, 1981). Classically,
groundwater recharge may be deduced from the water
balance, taking into account precipitation, evapotranspiration and runoff. However, it is difﬁcult to directly assess
karst recharge as local-scale experiments would have to
be performed (Gregory et al., 2009; Meeks and Hunkeler,
2015). The concept of using elevation-dependent precipitation in conjunction with spring measurements for
estimating karst recharge at catchment scale has been
studied, that is, for given hydro-climatic conditions
(Soulios, 1984; Bonacci, 2001; Fiorillo et al., 2015). At
this scale, additional data on the geometry of the
catchment area, the soil-cover (including thickness), the
snow depth and temperature variations and others is
always required. As illustrated by Fiorillo et al. (2015),
discrete processes must be addressed over the whole
catchment in order to determine the effective inﬁltration
(real evapotranspiration, aquifer storage, eventual runoff,
etc.). As a consequence, assessing recharge at the
catchment scale needs the development and relevant
calibration of a distributed model to quantify spatial and
temporal variations of these processes (Weber et al.,
2011; Bailly-Comte et al., 2012; Ladouche et al., 2014;
Lauber et al., 2014).
Copyright © 2015 John Wiley & Sons, Ltd.

However, it has not yet been possible to reliably
extrapolate recharge estimates from the catchment scale
to the regional scale. The present approach therefore uses
well-characterized reference sites with good monitoring
in order to calibrate a relationship between precipitation
and karst spring discharge, taking into account site
elevation, catchment size and local meteorological
parameters. A ﬁrst approximation of recharge can then
be determined for any point of a karst region based on its
elevation and the regional characteristics. This approach
was developed within the framework of the Swisskarst
project (part of the NRP61 National Research Program)
and addresses mountainous regions with temperate
climate conditions, such as Central Europe. Documented
sites in Switzerland were considered in various contexts
(Tabular Jura, Folded Jura, Prealps, Helvetic Alps and
Austroalpine domain) and sites in neighbouring regions
of France (Jura, Doubs, Bauges, Saône and Ain),
Germany (Swabian Jura) and Italy (Dolomites). These
systems represent different catchment sizes, elevations
and recharge characteristics (allogenic and/or autogenic
components) and are located in various hydro-climatic
regimes.

APPROACH
In mountainous regions with temperate climatic conditions, the precipitation distribution is heavily dependent
on elevation (Lavanchy et al., 1988) and regional factors,
such as regional climatic characteristics, or more local
aspects such as ﬂank exposure, valley orientation and
others. In most developed countries, the national
meteorological agencies provide maps featuring the
amount and distribution of annual precipitation; this is
the basic information for performing recharge assessment.
Assuming that recharge of such systems increases with
precipitation rate and that the annual discharge of karst
systems is close to the annual recharge (i.e. excluding
changes in inter-annual storage), the concept of the
proposed approach involves assessment of the speciﬁc
relationship between annual discharge and precipitation
for known and gauged karst systems and the use of
precipitation distribution in order to assess karst recharge
in areas without gauged systems. In summary, for the
presented approach, the main assumptions made to
justify the hypothesis of the precipitation-discharge
equivalent are the following: (i) precipitation increases
signiﬁcantly with elevation in mountainous regions; (ii)
allogenic components feeding karst aquifers are not
signiﬁcant on a regional scale with respect to the surface
of the autogenic recharge zones; and (iii) inter-annual
(dynamic) storage is considered to be negligible over the
long term. These assumptions must be considered as
Hydrol. Process. (2016)

KARST GROUNDWATER RECHARGE: APPROACH AND APPLICATION

signiﬁcant generalizations compared with the actual
recharge processes at work, which are more complex,
but initially this is deemed appropriate given the scale of
this study.
Put another way, the proportion of recharge with
respect to discharge is assessed for individual systems and
this serves as calibration for larger regions. Figure 2
illustrates the workﬂow of the approach, which is
thereafter speciﬁed by its application in Switzerland.
The procedure contains the following nine steps, with
data processing generally performed in a geographic
information system:

Step 5

Step 6

Step 7
Step 1 Delineation of the entire karst-recharge area (at
least limestone outcrops) within the considered
region;
Step 2 Calculation of the mean annual precipitation grid
over the entire territory;
Step 3 Delineation of the karst-recharge area into elevation
classes (e.g. interval of 100 or 200 m), depending on
the variation in elevation of the area and the
distribution of meteorological stations and data
availability for which the mean annual precipitation
(mm) is computed;
Step 4 Establishment of the spatial precipitation deviation
(mm) around the mean annual value of the
corresponding elevation class (combination of the

Step 8

Step 9

grids from steps 1 and 3) within the karst-recharge
area and for each elevation class;
Allocation of an average and a related spatial
precipitation deviation value (± % of the expected
average value for each elevation class and
grid-cell);
Selection of gauged (reference) karst ﬂow systems
(representative of the range of climatic and
geographic contexts within the relevant region)
and determination of their annual speciﬁc discharge
rates based on existing studies or measurements
(one average value for each system);
Normalization of the speciﬁc discharge rates of
the systems by considering a mean deviation
factor for the regional grid over the respective
catchment areas (step 5);
Establishment of normalized minimum and maximum gradients for speciﬁc discharge rates (i.e. speciﬁc
recharge rate) with elevation. These gradients
may be adjusted by the user, according to the
reliability of the data of the respective reference
sites. Two gradients will be considered as the
reference gradients (minimum and maximum
scenarios) for extrapolation over the entirety of
the karst areas;
Computation of the speciﬁc discharge grids at the
scale of the entirety of the karst areas using the

Figure 2. Workﬂow of the recharge assessment approach, which is divided into nine steps as described in detail in the text
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normalized minimum and maximum gradients
(step 8) and the spatial deviation grid (step 5).
APPLICATION IN SWITZERLAND
Distribution of karst-recharge zones

Karst terrains are distributed in Switzerland mainly
along the Jura Mountains and the Alpine chain. Karst
recharge zones cover 20% of the territory, that is, some
7500 km2 (step 1 in Figure 2). At this scale, karst terrains
refer to carbonate outcrops where recharge is assumed to
be autogenic. These are located at elevations between 200
and over 4000 m, with 90% situated between 500 and
2500 m a.s.l. (Figure 3). Two elevation ranges predominate: 460 to 600 m a.s.l. (northern Tabular Jura) and 900 to
1300 m a.s.l. (Folded Jura and Prealps). Elevations between
1500 and 2300 m a.s.l. are still well represented, although
the signiﬁcance of karst decreases markedly above
2300 m a.s.l. with very few outcrops above 3000 m a.s.l.
Effective precipitation characteristics

The main characteristics of the precipitation distribution
in Switzerland have been discussed by Sevruk (1997). In the
framework of the present study, precipitation has been
analysed using the ofﬁcial annual grids RhiresY from the
years 2000 to 2011 (MeteoSwiss, 2013). These grids feature
discretization of the annual raw precipitation at a resolution
of 1 km2 (step 2). The provided data is then transformed into
variability values and a regional precipitation deviation grid
established accordingly (steps 3 and 4). Figure 4 displays the
spatial variability of the annual precipitation for each cell
with respect to the calculated average value (2000–2011)
per 200 m elevation interval integrated over the whole

territory (step 5). For each individual class (e.g. 400–600,
600–800, …, 2800–3000 m, etc.), some areas may exhibit
an annual precipitation deﬁcit of up to 50% compared with
the average value (red shading in Figure 4), whereas other
areas exhibit an annual precipitation excess of up to 50%
(blue shading in Figure 4). The spatial variability of the
annual precipitation for a given elevation class may
therefore exceed 100%. It is vital to consider such regional
disparities in order to assess groundwater recharge.
In addition to this spatial variability, inter-annual
variability for the same location must also be considered.
For the period 2000–2011, the average annual precipitation over the entire Swiss territory was 1350 mm for a
hydrological year, with variability ranging from 25%
(1018 mm in 2003) to +30% (1710 mm in 2002). The
year-on-year variation in annual precipitation could
therefore reach 60%. Moreover, two years with the same
average precipitation could exhibit very different spatial
distributions. In an extreme case, a relatively dry year
could nonetheless result in a precipitation excess in some
karst regions, providing even more recharge than a
wetter year, with the reverse also true. In reality, the
recharge processes are heavily dependent on the
seasonal variations and distribution of the raw precipitation (winter snows, summer storms, etc.) which are
not addressed here. Another assumption is that the
computed variability of the precipitation is the same as
for effective recharge.
Selection of reference sites

To apply the approach, 35 sites were selected as
reference sites within Switzerland together with a further
7 sites located in neighbouring countries although within

Figure 3. Karst terrain outcrop in Central Europe with principle domains in Switzerland (left) and elevation distribution compared with the whole Swiss
territory (right)
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Figure 4. Spatial variability (in %) of precipitation in Switzerland with elevation distribution taken into account. Calculations based on precipitation data
of the years 2000–2011 (MeteoSwiss, 2013); contours represent karst terrains

the same (peri-)alpine domains relatively close to the
Swiss border (step 6, Table I). These sites are deemed to
cover the complete range of climatic and geographic
contexts of the region (temperate pluvial to glacial
regime, at elevations ranging from 500 to 2500 m a.s.l.).
Selection criteria for the sites were data availability in
relation to system catchment and spring discharge (i.e.
reasonable delineation of the catchment boundaries and
regular monitoring of the springs). However, there was
great disparity in data availability and precision between
the sites. As a result, a reliability indicator was assigned
to each site. For the present study, the main limitations in
relation to data were (i) catchment delineation, which is
not always thoroughly and accurately validated, (ii)
ﬂuctuation of catchment boundaries depending on ﬂow
conditions, which is not always taken into account, and
(iii) the discharge rate of the related springs, which is
often underestimated. High reliability (+++) was attributed to systems where both catchment and discharge
information were available in a consistent and accurate
manner. These systems were used as prime sites for the
evaluation of annual recharge. Moderate reliability (++)
was assigned to systems where only one of the two
criteria was fulﬁlled, while for systems of low reliability
(+) constraints had to be assumed for both catchment
characterization and discharge measurement. As the
number of well-documented sites is quite limited and as
data from sites of low reliability may still provide
insightful information, the latter ones are nonetheless
taken into account rather than being discarded.
Copyright © 2015 John Wiley & Sons, Ltd.

In general, reduced data reliability tends to underestimate rather than over-estimate speciﬁc discharge
rates. Indeed, gauged sites of low-to-moderate reliability
exhibit a presumed under-estimated regime compared
with what would be expected considering the size and
elevation of the catchment area. Such under-estimation
is quite frequently a result of the monitoring of the
discharge regime of karst springs and is due to a variety
of reasons: (i) low-ﬂow regimes of the spring are often
not well-measured and are frequently underestimated
(ﬂow by-passing gauging weirs); (ii) overﬂow springs
are usually not measured; and (iii) catchment delineation
is often performed for high water stages and is therefore
over-estimated. Although preliminary screening provided
a relatively high number of 42 promising sites across
the concerned region (with either catchment or discharge characteristics, or both, described), only half of
these were conﬁrmed appropriate, that is, more rigorous
data analysis indicated high reliability. Within the limits
of availability, data included in the period 2000–2011
have been preferably chosen for the assessment of the
speciﬁc discharge rates in order to match precipitation
data; otherwise, older data have been considered by
default.
Computation of speciﬁc discharge rates

For each site, the value of the speciﬁc discharge rate
Qspec is calculated (step 6), which is deﬁned as the annual
mean discharge of the system divided by the size of its
Hydrol. Process. (2016)
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Table I. Characteristics of the 42 alpine and peri-alpine groundwater ﬂow systems selected as references sites for karst recharge assessment in
Central Europe, classiﬁed as high (+++), moderate (++) and low (+) data reliability (see text for detailed explanation of the rating)
Elevation (m a.s.l.)
No

Maximum

Minimum

Mean

Speciﬁc discharge
rate Qspec (L/km2s)

Reliability

Reference
Luetscher and
Perrin, 2005
GEOLEP, 1987
ABA-GEOL, 1997
FOEN, 2013a
Kiraly, 1973
Maréchal et al., 1997

1

Aubonne, CH

1676

764

1337

32

+++

2
3
4
5
6

2421
2789
1550
1463
2044

1195
1702
768
429
515

1893
2320
1199
1060
1427

16
9
37
34
45

++
+
+++
+++
++

7
8
9
10
11
12
13
14
15
16

Bornels, CH
Lue-Mou, CH
Orbe, CH
Raisse-Dia, CH
Granchamps (Conﬁn du
Renard/Repremier), CH
Roc-à-Ours, CH
Wyssbachhoehle, CH
Geltenbach, CH
Voyeboeuf-Bonnefontaine, CH
Beuchire-Creugenat, CH
Milandrine, CH
La Batte-Lavoir, CH
Blattenheid, CH
Dou-Torrent-Raissette, CH
Bez, CH

2488
2749
3609
879
912
600
608
1823
1291
1572

1202
2154
1554
439
418
510
459
1029
715
710

1832
2510
2704
583
574
550
564
1456
1085
1211

23
6
2
19
21
17
5
7
43
18

++
+
+
+++
+++
+++
+
+
++
+

17

Gore Virat, CH

1302

1028

1184

6

+

18
19
20
21
22
23
24
25
26

Areuse, CH
Serrière, CH
Lag Tiert-Tunnel, CH
Tarschlims, CH
Noiraigue, CH
Lutzelquelle, CH
Lizettes, CH
Coussy, CH
Villard-Dessous-etVillard-Bony, CH
Avants, CH
Grand Moilles (Gros-pre), CH
Covatannaz, CH
Auges (Fulateire), CH
Blanches-Fontaines, CH
Nozon, CH
Domont, CH

1330
1450
3025
2884
1300
691
2128
2107
2002

793
472
1250
1647
750
392
444
1400
1408

1115
1060
2184
2321
1101
565
1530
1799
1711

36
28
51
50
29
15
10
14
23

+++
+++
+++
+++
+++
+++
+
++
++

1752
1629
1581
1461
1276
1187
607

1029
1313
779
874
577
944
406

1429
1486
1201
1188
984
1082
534

30
12
27
16
13
25
8

++
+
+++
+
+
++
++

980
2320

533
638

780
1622

19
63

+++
++

885
600
1699
1550
380
2935

400
275
640
1010
224
1380

700
400
1225
1300
280
2250

29
12
27
47
11
32

+++
+++
+++
+++
+++
+

850

450

720

15

++

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Seyon, CH
Hölloch
(Schlichenden Brünnen), CH
Lison, F
Arcier, F
Bange-Eau-Morte, F
Revard Doria, F
Champdamoy, F
Centonia, I

42

Blautopf, D

catchment area (expressed as L/km2s). This is plotted in
Figure 5 for each system versus the mean elevation of the
catchment.
Copyright © 2015 John Wiley & Sons, Ltd.

MARIC, 2001
SISKA, 2012
Gerber, 1991
Grétillat, 1998
Grétillat, 1998
Perrin et al., 2003
—
Wanner, 2002
Wicht, 1995
Kellerhals and
Haefeli AG, 1996
Kellerhals and
Haefeli AG, 1984
FOEN, 2013b
Mathey, 1978
SISKA, 2007
SISKA, 2011
Pronk, 2008
Auckenthaler, 2004
Blanc, 1991
MARIC, 1997
Canton Fribourg
(pers. comm.)
Maréchal et al., 1997
—
Audétat et al., 2002
—
Piquerez, 2014
Perrin, 2002
Kovács and
Jeannin, 2003
Mathey, 1978
FOEN, 2013c
Jauffret, 2005
Reilé, 2010
Mathevet, 2002
Hobléa et al., 2008
Nicod, 2010
Borsato, 2001
(and pers. comm.)
Schwarz et al., 2009;
Lauber et al., 2013

There is a discernable pattern for the systems
considered to be of high reliability according to Table I,
indicating a relationship between recharge and mean
Hydrol. Process. (2016)
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Figure 5. Speciﬁc discharge rates Qspec of the 42 selected karst systems as
a function of their mean catchment elevation; datasets are distinguished
according to their degree of reliability

catchment elevation. These data are distributed between
divergent boundaries, with a minimum gradient (ΔQspec =
+1.7 L/km2s for Δz = 100 m) and a maximum gradient
(ΔQspec = +3.4 L/km2s for Δz = 100 m) respectively. It is
assumed that the divergence of the curves mainly reﬂects
the spatial variability of the precipitation and local factors
(e.g. exposure and inﬂuence of glacier melting), in
addition to monitoring uncertainties. Three domains can
be distinguished within (Figure 5): the low-elevation
Tabular Jura (450–800 m a.s.l.) where Qspec ranges from
approximately 10 to 20 L/km2s, the elevated Folded Jura
and Prealps (1000–1400 m a.s.l.) with Qspec between 25
and 45 L/km2s and the Helvetic Alps and Austroalpine
domain (>1500 m a.s.l.) where Qspec is over 45 L/km2s.
The highest speciﬁc discharge rates are observed in alpine
karst ﬂow systems with the highest precipitation rates (site
35) or sites that are partially fed by one or several glaciers
(sites 20 and 21). In the latter case, rates may be
overestimated because of a recharge surplus as a result of
glacier-melting under changing climatic conditions (although
a low speciﬁc discharge rate is observed for system no. 41,
which is also partially fed by a glacier, although measurements seem less reliable). In contrast, the lowest values are
observed for less-elevated karst systems of moderate extent
and only moderate variation in elevation. This relationship is
also valid for some of the systems with data of only moderate
reliability (sites 6, 15, 23, 27, 32 and 35). The other moderatereliability sites, together with all systems of low reliability, do
not exhibit elevation-dependent speciﬁc discharge (data
enclosed in the ellipse). This dispersed distribution is
assumed to be due to a signiﬁcant under-estimation of
Copyright © 2015 John Wiley & Sons, Ltd.

annual discharge (or an over-estimation of the catchment
area) compared with the sites with more accurate data.
In the following (step 7), the spatial variability of the
speciﬁc discharge rates for the reference systems is
corrected by applying the deviation grid over their
respective catchment areas in order to derive a normalized
gradient for Switzerland (from regionalized values to
normalized ones). During this step, the values computed
for the seven systems outside Switzerland (sites 36 to 42)
are based on mean precipitation data found in the
literature – and consistent with the measurement periods –
that are normalized with the deviation grid computed for
Switzerland. The result is displayed in Figure 6.
It appears that data of high reliability is aligned along a
band, whereby the lower and upper boundaries can be
considered as the minimum and maximum gradients of
normalized speciﬁc discharge with elevation. At this
stage, it should be noted that only 22 of the 42 previously
selected systems (18 of high reliability, 4 of moderate
reliability) conform to this trend; these include the most
documented sites. The equations of the trend lines are
Qspec = 0.0146z + 7 for the minimum and Qspec = 0.0146z + 19
for the maximum (Step 8), yielding a mean trend of
Qspec = 0.0146z + 13. Again, most of the sites with reduced
data reliability exhibit normalized speciﬁc discharge rates that
appear to be under-estimated compared with the expected
values. Conversely, two systems of moderate reliability
(6 and 15), with good monitoring in the medium term but

Figure 6. Speciﬁc discharge rates Qspec of the selected systems as a
function of elevation (from Figure 5), normalized using the previously
established regional deviation grid related to precipitation distribution
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with suspected under-sized catchment delineation, appear
to be over-estimated with respect to their hydrogeological
context.
In order to attempt validation, Figure 7 displays the
computed mean Qspec values (using the mean scenario
trend and following regionalization) versus the measured
values for the 42 systems. The distribution of the values
appears as follows: (i) all high reliability sites have a
distribution close to the 1 : 1 ratio line ‘measured
Qspec = mean computed Qspec’. A slight deviation may
be observed for both the lower values (<25 L/km2s) and the
higher values (>35 L/km2s) that tend to deviate from the
line, indicating that the trend may not be strictly linear over
the whole elevation range; nonetheless, most of the reliable
sites fall within the conﬁdence interval (grey band), which
represents the deviation between the minimum and
maximum trends (±6 L/km2s compared with mean trend);
(ii) some data of moderate reliability are distributed close to
the median line (e.g. sites 23, 42, 32 and 27) suggesting that
they may be more reliable, whereas the remainder are
distributed above and below the median line, indicating that
their extent may be over-estimated (sites 6, 15 and 35) or
under-estimated (sites 33, 7, 25, 2, 26 and 41); (iii) not
surprisingly, low-reliability data are grouped above the trend
line where computed Qspec > measured Qspec, suggesting
that the measured discharge rates of the ﬂow systems are

Figure 7. Computed speciﬁc discharge rates Qspec for the 42 ﬂow systems
using the mean trend function (after regionalization) of their respective
measured Qspec. The 1 : 1 ratio line represents a perfect match between
measured and computed values using the mean trend while the grey band
represents the conﬁdence interval between minimum and maximum trends

Copyright © 2015 John Wiley & Sons, Ltd.

under-estimated in relation to the size of the delineated
catchment. The ﬁgure highlights the fact that even for highreliability data, use of only the mean trend for measured
versus computed Qspec cannot encompass the diversity of
the sites.
As uncertainties are still pronounced, minimum and
maximum normalized gradients will be used as reference
trends rather than simply using the mean trend. These are
extrapolated over the whole region in order to assess the
speciﬁc discharge rates for all karst-recharge areas. Then,
the resulting values are regionalized again by applying the
deviation grid in the opposite direction (from normalized
to regionalized, step 9). These values are assumed to
reasonably represent the range of recharge values for karst
systems in Switzerland.

RESULTS AND DISCUSSION
Annual recharge of Swisskarst aquifers

Application of the minimum and maximum gradient
scenarios and its extrapolation to Swiss karst-recharge
areas yields the results shown in Figure 8 (step 9).
For the minimum scenario, the speciﬁc recharge rates
range from 6 to 92 L/km2s depending on location and
elevation with an average of Qspec = 29 L/km2s. According
to this scenario, the northern Jura Mountains, Prealps and
Austroalpine domain are characterized by low Qspec values
(<25 L/km2s). Conversely, the southern Jura Mountains
and Alpine domains are characterized by higher values
(25–75 L/km2s). The highest rates (>75 L/km2s) are
restricted to a few high-elevation massifs in central
Switzerland.
For the maximum scenario, the speciﬁc recharge rates
range from 10 to 115 L/km2s with an average of 42 L/km2s.
According to this scenario, the northern Jura domain (low
elevation) and a few sectors of the Alps exhibit low Qspec
values (<25 L/km2s). The elevated Folded Jura, Prealps and
Austroalpine domain are characterized by higher rates
exceeding 25 L/km2s, and even >50 L/km2s along the
Helvetic Alpine chain. The highest rates (>80 L/km2s) are
obtained for most of the high-elevation massifs in the
Helvetic Alps because of higher precipitation.
These results refer to single grid cell pixels and
therefore include extreme values. Speciﬁc discharge rates
for entire karst systems are more balanced. Furthermore,
rates can be grouped for the different domains (average
values of Qspec from 20 to 46 L/km2s) and for the whole
karst terrain in Switzerland, as performed in Table II. The
annual resources deduced in this way, that is, annual
mean discharge Qmean expressed in cubic meter per
second, are a function of the karst outcrop area of each
domain. The ﬁndings also highlight the differing
relationship between annual discharge and annual
Hydrol. Process. (2016)
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Figure 8. Annual speciﬁc recharge rates (Qspec in L/km s) for minimum and maximum scenarios determined for all karst terrains in Switzerland

precipitation, that is, the inﬁltration ratio, which ranges
from an average of 0.6 in the Tabular Jura and Folded
Jura to 0.8–0.9 in the Helvetic Alps and Austroalpine
domain. This ratio derived from precipitation as input
component is classically calculated from the water budget
if evapotranspiration and runoff components are known.
As these are often not available or difﬁcult to assess, the
present estimate provides a useful alternative approach.
Water budget calculations nonetheless represent an
appropriate means for validation of the presented results
on a catchment scale. Computed values here are
consistent with previous local studies that consider an
effective inﬁltration of 0.4 of the precipitation in the
Tabular Jura (Jeannin and Grasso, 1995), of 0.7 in the
Folded Jura (Burger, 1959) and up to 0.8 in the Alps
(Wildberger, 1981) as the evapotranspiration component
decreases signiﬁcantly with elevation and because the
soils become thinner.
The difference between recharge volumes derived from
the minimum and maximum gradients can extend to 40%,
depending on the considered domain (especially for the
Tabular Jura). This discrepancy could be seen as the
uncertainty inherent in the approach and includes: (i)
model approximation, (ii) data quality and (iii) interannual disparities in the recharge process. In fact, annual
precipitation may ﬂuctuate between 70% and +150% of
the average value depending on the domain and by up to
±60% from one year to the next. Given these conditions,
it is difﬁcult to provide a better estimate of karst
groundwater recharge at this scale. However, benchmark
values provided by the proposed approach are nevertheless very useful for management of resources and for
providing a means of preliminary assessment of the size
of a catchment area for a given karst system in a given
domain if the annual discharge regime of the spring is
known, and vice-versa to deduce spring yield once a
preliminary catchment delineation of the system has been
performed.
Copyright © 2015 John Wiley & Sons, Ltd.

Despite these uncertainties, the following results can be
outlined in relation to the different elevation levels in
Switzerland:
• Low-elevation karst systems (<700 m a.s.l.), mainly
located in the northern Jura, represent 15% of the whole
karst recharge area of Switzerland and less than 8% of
the annual karst recharge;
• Mid-elevation karst systems, mainly located in the
Folded Jura and in the Prealps domain (between 800
and 1500 m a.s.l.) represent 43% of the karst outcrops
although only 32% of the annual recharge;
• Alpine-karst systems for which the mean elevation
exceeds 1500 m a.s.l. represent 42% of the karst
recharge areas in Switzerland although 60% of the
annual recharge. Recharge of karst areas located above
2500 m (i.e. 8% of the karst territory) are obviously
underestimated as many systems are partially fed by
glacier-melt (which is an increasing phenomenon
because of climate change) and do not strictly reﬂect
the rainfall regime (e.g. Gremaud et al., 2009). It is
expected that speciﬁc recharge rates in these regions
will increase over coming decades because of progressive glacier melting.
All over Switzerland, groundwater recharge feeding
karst aquifers is assessed as ranging between 6.9 and
9.9 km3/year, depending on the scenario and trend, which
were taken into account (Table II). The average of both
scenarios therefore provides a benchmark recharge of
8.4 (±1.5) km3/year, yielding a total discharge from Swiss
karst springs of some 270 m3/s, which corresponds to the
average annual renewable karst groundwater resources of
the country. Compared with other aquifer types (Sinreich
et al., 2012), that is, unconsolidated and ﬁssured aquifers
respectively, karst spring recharge/discharge represents
nearly 40% of the total renewable groundwater resources
of Switzerland. This is relatively high, because karst
Hydrol. Process. (2016)
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Table II. Synthesis of karst groundwater recharge assessment (renewable resources) for Switzerland
Minimum scenario

Maximum scenario

Average

14.5
0.4
9

26
0.7
16

20
0.6
13

22
0.5
44

34
0.7
68

28
0.6
56

31
0.6
34

45
0.8
49

38
0.7
36

Tabular Jura
Surface area: 600 km2
Annual precipitation: 35 L/km2s
Annual speciﬁc recharge rate Qspec (L/km2s)
Inﬁltration ratio ( )
Annual ∑Qmean (m3/s)
Folded Jura
Surface area: 2040 km2
Annual precipitation: 45 L/km2s
Annual speciﬁc recharge rate Qspec (L/km2s)
Inﬁltration ratio ( )
Annual ∑Qmean (m3/s)
Prealps
Surface area: 1090 km2
Annual precipitation: 54 L/km2s
Annual speciﬁc recharge rate Qspec (L/km2s)
Inﬁltration ratio ( )
Annual ∑Qmean (m3/s)
Helvetic Alps
Surface area: 2630 km2
Annual precipitation: 55 L/km2s
Annual speciﬁc recharge rate Qspec (L/km2s)
Inﬁltration ratio ( )
Annual ∑Qmean (m3/s)
Austroalpine domain
Surface area: 1140 km2
Annual precipitation: 35 L/km2s
Annual speciﬁc recharge rate Qspec (L/km2s)
Inﬁltration ratio ( )
Annual ∑Qmean (m3/s)
Switzerland
Surface area: 7500 km2
Annual precipitation: 48 L/km2s
Annual speciﬁc recharge rate Qspec (L/km2s)
Inﬁltration ratio ( )
Annual ∑Qmean (m3/s)
Swiss karst groundwater recharge (km3/year)

terrains cover only about 20% of the territory but is a
logical consequence of the relative high inﬁltration ratio.
This available volume of water, however, must be
balanced against the ecological services required from
karst discharge, as displayed in Figure 1. The sustainable
yield, that is, renewable resources that could be used in a
sustainable manner and that were assessed using a
different approach (Sinreich et al., 2012), is estimated
to be less than half of the total renewable resources. This
discrepancy is particularly high, although is consistent
with observations that for many karst areas springs may
contribute the majority of the discharge of local streams,
ensuring ecological services. Regarding the effectively
used withdrawal volume from karst aquifers, the latter
actually provide 18% of the Swiss drinking water supply
(Spreaﬁco and Weingartner, 2005), mainly from springs.
This is still less than 10% of the sustainable resources and
less than 5% of the total renewable resources, as
Copyright © 2015 John Wiley & Sons, Ltd.

39
0.7
102

53
1
139

46
0.8
121

29
0.8
31

37
1
42

33
0.9
37

29
0.6
220
6.9

42
0.9
314
9.9

36
0.7
267
8.4

determined in the present study, and highlights the
considerable future potential for groundwater use from
karst aquifers in Switzerland.
These values are provided according to the annual
timescale. In detail, it should be mentioned that – because
of rapid underground circulation in karst aquifers –
system regimes are characterized by high seasonal or
even daily variability. A large part of the estimated
groundwater resources ﬂows out of the aquifer over short
periods of time and will therefore not beneﬁt society. In
other words, groundwater resources should be available
in a timely manner, which matches water requirements
in order to be actively considered for potential uses.
Strengths, constraints and challenges of the approach

Because of simpliﬁed assumptions and the limited
availability of data, the presented results cannot be
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considered as accurate values but instead represent a
benchmark, which could be further reﬁned once more
karst systems have been well documented in the
respective region. In relation to the three basic assumptions of the approach, their validity may be debatable in
some cases, and numerous examples might be used as
counter-arguments. For instance, the assumed increase in
precipitation with elevation may not hold for highelevation plateaus, where precipitation rates are higher on
the steep ﬂanks than on the top. Furthermore, the fact that
allogenic surfaces – although these can contribute
signiﬁcantly to system recharge (e.g. Dörﬂiger et al.,
2009; Mayaud et al., 2014) – could be disregarded also
represents a signiﬁcant simpliﬁcation at this stage. To
take these surfaces consistently into account would
require precise mapping over the entire region of the
non-carbonate areas, which partially or completely feed
karst aquifers.
Uncertainties are mainly related to the general
assumptions of the approach, the disparity between
minimum and maximum assessment scenarios and – for
some areas – the underrepresentation of highly reliable
reference sites. In the present case of Switzerland, given
the extreme diversity of karst aquifers, a minimum of
nearly 20 well-characterized karst systems with high data
reliability is reasonable for application of the approach at
the national scale. Additional sites with catchment areas
located at 800–1000 and 1500–2000 m a.s.l. in particular
would be of high priority for the presented assessment as
these actually correspond to systems with the least
documentation in Switzerland. Further documentation is
in progress and will close this gap.
Reference sites density is also a function of the study
scale. The extent of a considered region may range from
some hundreds up to several thousands of square
kilometres. In extremis, the approach – or rather the
ﬁrst part of the approach (steps 1–6) excluding the
regionalization – could be applied to a single catchment, as
per Fiorillo et al. (2015). The larger the region, the more
sites are required, particularly if different domains with
speciﬁc precipitation characteristics are involved. In
practice, the presented application in Switzerland can be
used to infer recharge and discharge information for any
ungauged catchment within the considered domains
(including neighbouring countries) using speciﬁc discharge rates from Table II.
Thorough characterization of reference sites is vital for
application of the proposed approach. However, it must
be noted that such a set of sites with high data reliability,
both in terms of catchment delineation and spring
behaviour, is not always available. In many cases, Swiss
karst system characterization is based on application of
the KARSYS approach (Jeannin et al., 2013), which
entails collecting all necessary data of a reliable
Copyright © 2015 John Wiley & Sons, Ltd.

assessment and explicitly develops a model of the karst
ﬂow system and its associated catchment area (Malard
et al., 2015). Switzerland therefore represents one of the
few regions for conducting this approach on a national
scale – although with limited precision. Nonetheless,
karst allogenic recharge areas (non-karst terrains feeding
karst aquifers) and covered karst (lying below glaciers or
signiﬁcantly covered by surﬁcial deposits) are not explicitly
distinguished at that scale. This constraint can be reduced
over time by reﬁning the description of recharge processes
for each ﬂow system. In the process, the higher the density
of the available reliable stations, the more domains can be
subdivided with increasing speciﬁcation.
Although the approach is valid in a general way, a new
calibration is needed for each region. From a monitoring
perspective, this requires meteorological data and longterm spring discharge data. The beneﬁt of the present
approach is the derivation of speciﬁc discharge rates that
can be compared with results from other applications.
Similar uncertainties can be expected for these values,
and a large number of sites with high data reliability
would be required to reduce uncertainty. Again, uncertainty is generally related to this part of the approach, and
the use of data of reduced reliability may produce
misleading results.
Given the availability of reference sites, the applicability of the approach is restricted to mountainous karst
regions where precipitation dominates recharge. In level
regions where the variation in elevation is low, elevation
may not be the most signiﬁcant factor affecting recharge,
which restricts application of the approach in its current
form. The approach may also be less well-adapted to the
following karst contexts:
• Regions with more arid climates and where the regime
of the karst springs may be subjected to little transitory
surface ﬂooding (Lange, 1998), to dominant evaporation processes (Hartmann et al., 2014) or to condensation in the unsaturated zone (Dublyansky and
Dublyansky, 1998).
• Regions where the regime of the karst springs may be
partially subjected to a slow emptying of the reserves
(inter-annual dynamic), for example, in deep karst aquifers
due to long vertical transits, large storage volumes or
upwelling from deeper ﬂow paths (e.g. Moore et al., 2009).
• High-elevation regions (i.e. >2500 m a.s.l) where steep
slopes, permafrost and extended permanent ice cover may
form a signiﬁcant obstacle preventing water inﬁltration.
Precipitation may ﬂow out of the catchment through
surface runoff in the form of water and snow. Despite
abundant precipitation, karst systems may then exhibit
low speciﬁc recharge rates. Consequently, the linear
relationship between precipitation and recharge may
diminish for elevation exceeding 2500–3000 m.
Hydrol. Process. (2016)
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It should also be mentioned that annual recharge in some
high-elevated systems is a function not only of annual
precipitation but also of glacier-melting. This does not affect
recharge volume under stable climatic conditions but clearly
provides additional water, independently of annual precipitation. The approach explicitly does not consider the
potential recharge surplus corresponding to glacier melt,
which may represent a signiﬁcant input in the wake of alpine
climate warming (for Switzerland up to 1 km3/year; FOEN,
2012). Actual rates of glacier melting should be taken into
appropriate account for these sites in order to reﬁne the
recharge assessment. Furthermore, future scenarios in
relation to climatic conditions and precipitation, respectively, could be applied. For Switzerland, no signiﬁcant changes
are predicted for total annual precipitation (FOEN, 2012).
However, complementary data processing in terms of
seasonal variations would make it possible to assess – by
means of the presented approach and given precipitation
scenarios for the sites referenced to date – the potential effect
of climate change on karst groundwater recharge.

CONCLUSIONS
A pragmatic approach for assessing karst groundwater
recharge at large scale was developed for mountainous
regions and applied to Switzerland. It indicates that annual
recharge of karst aquifers is approximately 8.4 km3, which
corresponds to the renewable karst groundwater resource.
This in turn represents nearly 40% of the total annual
groundwater recharge in Switzerland, although karst
outcrops cover only 20% of the country’s territory and
thereby underlines the importance of karst groundwater for
both drinking water supply and ecological services.
The presented approach can be applied to mountainous
karst systems provided that there are data about the spatial
distribution of precipitation over a long timescale. The
approach has the advantage of providing a reasonable
assessment at regional scale without the need for very
detailed documentation or analysis of each individual karst
system. It is highly empirical and should be restricted to
annual assessment; otherwise, real evapotranspiration and
runoff processes should be addressed in a more precise
way, requiring more sophisticated models and data. The
simple nature of the approach includes the assumption that
the elevation of the autogenic recharge areas (considered as
the average elevation of the catchment area) is the most
signiﬁcant factor affecting annual recharge together with
precipitation distribution, which is a valid assumption for
mountainous regions but not for more level regions.
The novel features of the approach are the monitoringbased calibration using reference sites with high data
reliability and the regional generalization. The results
therefore enable estimation of a benchmark of total annual
Copyright © 2015 John Wiley & Sons, Ltd.

recharge over a whole region in addition to deduction of
recharge/discharge information for any additional karst
system in the given region. The presented application of
the approach in Switzerland demonstrated its feasibility
and contributed to system characterization of Swiss karst
aquifers by providing speciﬁc recharge rates between 20
and 46 L/km2s for the geological domains within the
region, corresponding to inﬁltration ratios between
approximately 0.6 and 0.9. The procedure can be
transferred to many other mountainous karst regions.
Regarding water availability and considering the large
number of factors inﬂuenced by karst groundwater
recharge, new and more integral assessment and management schemes must be developed in the future. These will
probably require the adjustment of existing methods and
regulations. Approaches as the presented are believed to
make useful contribution in that ﬁeld.
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