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CATCHMENT IN KARST
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Catchment area, drainage area or drainage basin
- the area of land bounded by watersheds draining
into a river basin, spring or reservoir;
- the entire geographical area drained by a river and
its tributaries, and by spring;
- an area characterized by all runoff being conveyed
to the same outlet.

The determination of the catchment
boundaries and the catchment area is the
starting point in all hydrological analyses and
one of the essential data which serve as a
basis for water resources protection,
management, understanding and modelling4 of
water circulation through karst massif.

Definition of karst catchment or basin area and boundaries
belongs to the one of greatest problems of karst hydrology
and hydrogeology, not adequately solved until now.
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• A catchment in karst represents a complex system
composed of numerous (generally unknown) and
extremely different surface and underground karst
formations. Due to its heterogeneity and anisotropy,
unexpected water circulation may occur in such a space.
An additional problem regarding catchment boundaries
and area definition is the fact that connections between
surface water and groundwater can change very fast in
time and space as a result of both natural processes and
anthropogenic interventions. These changes can be either
occasional or permanent. Discovery and quantification of
these connections is in many cases impossible, which
present the main reason why the definition of exact
catchment in karst is an extremely complex task, very
often unsolvable. For a karst aquifer, the traditional
concept of the term “ground-water basin” is somewhat of a
misnomer in that it minimizes the highly interconnected
nature of surface and subsurface waters and the role of
concentrated stormwater runoff as a significant source of
recharge.
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• Numerous and extremely different surface and
underground karst forms make possible unexpected
connections of water in karst medium space which
changes in time. Changes of underground flow path during
the time are caused by: (1) different recharges from
different parts of surface area mainly caused by variable
distribution of areal precipitation; (2) different groundwater
levels in karst aquifers and their fast changes in time and
space; (3) anthropogenic influences; (4) exogenic and
endogenic forces.
• The differences between the topographic and hydrologic
catchments in karst terrain are, as a rule, so large that data
about the topographic catchment are useless in practice.
Determination of a karst catchment is an unreliable
procedure due to unknown morphology of underground
karst features and their connections with surface karst
forms. The variability, in time and space, of karst aquifer as
well as conduit parameters make this process extremely
sensible and complex.
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A relatively simple example of GWL changes in karst aquifer.

?

In situation 3 the depressions in karst (mostly poljes) are flooded. Karst spring is
designated with, A. The swallow-hole (ponor), B, during the flood can act as
spring. In this case it is an estavelle. Catchment boundaries are very fast
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changeable in time and space.

Example of the GWL influence on the
changes of karst spring catchment area and
boundaries
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Schematic presentations of a few possible connections
between two neighbouring karst spring aquifers
10

Water from the spring, b, can
flow by surface stream to the
catchment, A, or to any other
catchment. Water sinking in the
swallow-hole located in the
catchment B can reappear in the
same catchment or in the
catchment, A, as well as in any
other catchment. Water sinking
in swallow-holes located in the
catchment, A, can reappear in
the same catchment or in any
other catchment excluding the
catchment, B.

An attempt to present schematically all possible relationships of water circulation
11 (A,
between two karst springs (a, and, b) and their topographic catchment areas
and, B)

An attempt to schematically
expose a few possible
relationships between the aquifers
of two karst springs, a, and, b
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Three possible type of flow: (1) flow under pressure in karst
conduit; (2) flow with free surface in karst conduit and (3)
flow through karst matrix

In most cases all three types of flow exist at the same time what depends on
structure of contact area and appearance of large karst underground features in it.
Along a karst conduit the shape and diameter of its cross-section can vary 13
significantly.

Connection between two neighbouring
karst spring aquifers

Discharge from the spring, b, aquifer to the spring, a, aquifer, Qb-a, depends on
dimension of area through which groundwater flow, hydrogeological and
hydraulic characteristics of this area and slope of the groundwater piezometic
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line, i

Žrnovnica karst spring
The example of the catchment area definition for
the karst spring Žrnovnica catchment in Dinaric
karst
Two simple hydrological methods are used in
order to calculate its hydrologic-hydrogeologic
catchment: (1) relationship between mean annual
discharges and annual rainfall falling on the
catchment, (2) Turc method. Topographic
catchment area of the Žrnovnica Spring has 8.4 km2.
It is estimated that hydrologic-hydrogeologic
catchment area of the Žrnovnica karst spring is
much larger and very probably ranges between 60
15
2
2
km and 80 km .

ŽRNOVNICA SPRING
1990-2013
Qmean=1.81 m3/s
Qmax= 19.2 m3/s (18 Dec. 2004)
Qmin= 0.215 m3/s (9, 10, 11, 14 Sep. 1993)
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Location map of the Žrnovnica karst spring showing
topographic catchment boundaries and some features crucial
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for further analysis

Hypsometric curve of the topographic catchment
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Three time series of the Žrnovnica Spring characteristic annual
discharges for the period 1990-2013: (1) mean annual, QAV (violet colour);
(2) maximum annual, QMAX (red colour); (3) minimum annual, QMIN (dark
20
blue colour)

Three time series of the Žrnovnica Spring characteristic mean daily
discharges for the period 1990-2013: (1) mean, QAV (violet colour); (2)
maximum, QMAX (red colour); (3) minimum, QMIN (dark blue colour)21

P0 = -168 mm = -0.168 m

The linear regression between the mean annual Žrnovnica Spring discharges, QAV,
and annual precipitation measured at the Bisko rain gauging station, P, during the
1990–2013 period
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The high value of the coefficient of linear correlation
r=0.928 proves strong dependence between
discharges, QAV, as the dependent variable and
precipitation, P, as the independent variable. A
feature requiring additional explanation is that the
regression line crosses the abscissa at the point
P0=-168 mm, which physically means that outflow
from the spring exists when there is no precipitation
in the analysed catchment area. From the
hydrological point of view, it is not possible and can
be explained by the fact that the Žrnovnica Spring is
fed from another broader area.
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The equation (QAV=1.0957×P+0.1845) can be used to calculate catchment
area of the Žrnovnica Spring. Mean annual discharge, QAV, expressed in m3/s,
can be defined by the equation (QAV×t =P×A×c), where, t, represents
number of second in year, P, annual precipitation expressed in m, A,
catchment area expressed in m2, and, c, is dimensionless annual effective
infiltration coefficient (runoff coefficient).
Inserting the second equation in the first one it is possible to define equation

A = (t/c) × [1.0957 + (0.1845/ P)]
which can serve for determination of catchment area, A, expressed in m2.
In this equation the only unknown parameter is annual effective infiltration
coefficient, c. In Dinaric karst it varies in relatively narrow range between 0.4
and 0.6. Average annual precipitation measured in Bisko rain gauging station
during the period 1990-2013 is 1.487 m. Using this equation and this value of
annual precipitation and three values for the annual effective infiltration
coefficient (0.4, 0.5 and 0.6) it is possible to calculate catchment area of the
Žrnovnica Spring as follow: (1) A=64 km2 for c=0.6, (2) A=77 km2 for c=0.5,
(3) A=96 km2 for c=0.4. It must not be neglected that areal precipitation could
be different than this which is used in previous calculation. Calculated values
should be considered as rough assessment. They show that hydrologichydrogeologic area of the Žrnovnica Spring is much larger than topographic
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catchment area.

TURC method (1954)
The Turc equation for calculation of annual runoff deficit, D, expressed in mm is

D= P/[0.9+(P2/L2)]0.5
P, is annual precipitation in the catchment area expressed in mm, and, L, is

L=300+(25×T)+(0.05×T3)
T, is the average annual air temperature of the catchment area, expressed in ºC.
Using these equations it is possible to calculate annual runoff expressed in mm
for each year

QT=P-D
Annual effective infiltration coefficient defined by Turc equation

cT= QT/P
Catchment area, AT, which respond to effective infiltration coefficient defined by
Turc equation can be calculated with the following formula:

AT=(Q×t)/(P×cT)
where, AT, is Turc catchment area expressed in m2, Q, is measured mean annual
discharge expressed in m3/s, t, is number of second in year, P, is annual
precipitation expressed in m, and, cT, is dimensionless effective infiltration
coefficient defined by Turc equation.

Using this procedure it is calculated that the average
catchment area in the 1990-2013 period of the Žrnovnica
25
Spring A=68.52 km2

Two time series of the Žrnovnica Spring mean annual discharges for the
period 1990-2013: (1) measured, QAV-M (dark blue colour); (2) defined by
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Turc method, QAV-T (red colour)

The mean annual measured discharges, QAV-M, lower than average value
of the whole analysed period (Q=1.81 m3/s) are higher than mean annual
discharges defined by Turc method, QAV-T. The mean annual measured
discharges, QAV-M, higher than average value are lower than mean annual
discharges defined by Turc method, QAV-T. Measured mean annual
discharges described real state of the analysed karst spring catchment,
while discharges calculated by Turc method represent logical
hydrological behaviour of process of transformation rainfall to runoff. In
wet years there are more overflow from the Jadro Spring and/or Cetina
River karst aquifers to the Žrnovnica Spring catchment than during the
dry years. The catchment area of the Žrnovnica Spring is variable. The
value of A=68.52 km2 should be consider as an average.
The both explained methods do not guarantee a high degree of accuracy,
but are applicable in engineering practice as indicator.
The previously given analyses should be confirmed and/or corrected by
detailed investigations based on much more reliable continuously
measured different hydrological, hydrogeological, chemical, isotopic etc.
parameters based on GWL measured in dense network of deep
27
piezometers.

The coefficient of linear
correlation is high r=0.932

The linear regression between the mean annual discharges
calculated by Turc method, QAV-T, and measured discharges,
QAV-M, for the period 1990-2013
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Two linear regressions between annual runoff coefficients (cM calculated with measured annual discharges; cT - calculated with annual
discharges defined by Turc method) and annual precipitation measured
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at Bisko rain gauging station, P, for the period 1990–2013

The Žrnovnica Spring average mean daily discharge duration
curve for period 1990-2013 drawn on log-normal probability
30
paper

Figure shows the Žrnovnica Spring average mean daily
discharge duration curve for the period 1990-2013 drawn
on log-normal probability paper. It can be seen two break
points on the duration curve at the following discharges:
(1) 0.6 m3/s, (2) 7.9 m3/s. These breaks can be explained by
the influence of karst features on the karst spring
hydrological regime. The breaks point to the change
(increasing or decreasing) in the karst spring catchment
area. It seems that the catchment area of the Žrnovnica
Spring increases two times after reaching two discharges
(0.6 m3/s and 7.9 m3/s). These increases can be explained
with groundwater overflow from other catchments.
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Man’s influence on the water
regime in the karst terrains

32

Zrmanja River catchment

Adriatic
Sea

33

A highly particular
hydrological-hydrogeological
behaviour of the karst river
Zrmanja
The Zrmanja River is a typical
karst river in the deep and
well-developed central part of
the Dinaric karst. The total
length of the open stream
flows running from the spring
to the mouth in the Adriatic
Sea is about 70 km. Since 1985
the reversible or pumpedstorage hydroelectric power
plant Velebit has been in
operation. Its development and
operation have suddenly and
strongly influenced the natural
hydrological-hydrogeological
regime of the river, altering it
significantly.
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The water belonging to the two sinking rivers, Ričica and
Žižinka and flowing through the eastern part of the
Gračac Plateau reappears in many karst springs located
on the right bank of the Zrmanja River. The altitude of
the Gračac Plateau varies between 510 and 590 m a.s.l.
Water flowing from the Opsenica sinking river located in
the western part of the Gračac Plateau rises in its natural
state in the coastal Adriatic Sea karst springs.
Two artificial reservoirs are constructed in the Gračac
Plateau. The Razovac Reservoir is located on the
Zrmanja River. The Opsenica Reservoir (A) redirects
water to the Štikada Reservoir (B). Part of the water,
which sinks and reappears in the coastal karst springs
of the Adriatic Sea, was redirected to the Zrmanja River.
35

A schematic presentation
of the main components
of the RHEPP Velebit

Installed Q
turbine = 60 m3/s
pump = 40 m3/s
General longitudinal
cross-section
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A longitudinal cross-section of the Zrmanja River indicating the river
bottom, minimum GWL, locations of the Razovac Reservoir and the nine
hydrological gauging stations
The datum planes of each station are given in the brackets. The red line
indicates a supposed minimum GWL. This part of the Zrmanja River
watercourse represents the suspended or hanging section, with a length
of about 30 km. During the driest years the Zrmanja River dries up for a
maximum length between 10 and 15 km.
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The annual precipitation data series measured from 1960 to 2013 at the
Gračac meteorological station (altitude 560 m a.s.l.)
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The data series of the mean annual air temperature taken from 1960 to
2013 at the Gračac meteorological station
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Two time data subseries of the mean annual discharges measured at the
Mokro Polje gauging station for the two subperiods: (1) 1952-1984,
before the construction of the RHEPP Velebit and (2) 1985-2013, after its
construction
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Two time data subseries of the mean annual discharges measured at the
Jankovića Buk gauging station for the two subperiods: (1) 1953-1984,
before the construction of the RHEPP Velebit and (2) 1985-2013, after its
construction
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A drop in the average annual discharges in the subperiod starting from 1985, has
been noted at all nine available hydrological gauging stations along the Zrmanja
River. Figure presents the average mean annual discharges, Qme-av, measured at
nine hydrological gauging stations along the Zrmanja River water course, L, in the
two subperiods: (1) 1975-1984 (dark blue) and (2) 1985-2013 (violet). In all nine
cases differences are statistically significant.
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• A very reasonable explanation for a sudden drop in the
average mean annual discharges starting from 1985 is the
construction and operation of two reservoirs in the Gračac
Plateau in combination with the development of the RHEPP
Velebit. They caused a sudden and statistically significant
decrease of mean annual discharges at eight hydrologic
gauging stations set up along the Zrmanja River from
Zrmanja Vrelo to Berberov Buk. This shift is partly, but very
probably to a lesser extent, caused by natural influence,
i.e. by an increase in the air temperature from 1988
onwards and a decrease in the annual precipitations from
1983.
• A relatively small drop in percent of the mean annual
discharges at the Jankovića Buk station can be explained
by the decrease in precipitation and increase in air
temperature due to the fact that practically all water
collected at the two reservoirs located in the Gračac
Plateau is diverted to the Zrmanja River into the Razovac
Reservoir, that is located upstream of the Jankovića Buk
gauging station.
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The average minimum annual discharges, Qmin-av, measured at eight hydrological
gauging stations along the Zrmanja River water course, L, in the 1975-2013 period
There are no changes in the regime of minimum discharges before and after the
development of the RHEPP Velebit. During the summer period all open
streamflows in the Gračac Plateau dry up, and discharge in the Zrmanja River
depends on the groundwater from aquifer which exists around its watercourse
and has no connection with water from the Gračac Plateau.
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Two time data subseries of the minimum annual discharges measured at
the Jankovića Buk gauging station for the two subperiods
A significant drop of 1.47 m3/s in the average minimum annual discharge can be
explained by the operation of the RHEPP Velebit. During dry summer periods
practically all water is used for production of hydroenergy and only a very small
quantity is released from the Razovac Reservoir into the lower part of the Zrmanja
River.
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The average maximum annual discharges, Qmax-av, measured at nine
hydrological gauging stations along the Zrmanja River water course, L, in
the 1975-2013 period
The hydrological regime of the maximum annual discharges is not
influenced by the operation of the RHEPP Velebit.
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The linear regressions between the mean annual discharges measured at
the Mokro Polje station, Q, and annual precipitations measured at the
Gračac station, P, during two subperiods: (1) 1960-1984 (dark blue ) and
(2) 1985-2013 (violet)
The regression lines are practically parallel
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• In case of all other hydrological gauging stations
along the Zrmanja River excluded Jakovića Buk
the results are practically identical. In case of
these eight stations the regression lines for the
recent subperiod lie below the regression lines for
the subperiod when the RHEPP Velebit was not in
operation. The reason is that in the recent
subperiod the mean annual discharges are lower.
In all analysed cases relationship between the
mean annual discharge and precipitation during
the recent subperiod, after the development of the
RHEPP Velebit, are stronger. The coefficients of
linear correlations are higher than in the previous
subperiod.
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The linear regressions between the mean annual discharges measured
at the Jankovića Buk, Q, and annual precipitations measured at the
Gračac, P, during two subperiods
In case of the Jankovića Buk the regression line for the recent subperiod lies
above the regression line for the subperiod when the RHEPP Velebit was not
constructed. This can be explained by the fact that water collected at two
reservoirs located in the Gračac Plateau is diverted to the Zrmanja River into the
Razovac Reservoir, that is located upstream of the Jankovića Buk gauging
station. It means that in the Jankovića Buk profile inflows more water than in
natural state.
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Rumin Veliki and Rumin Mali
karst springs
Any human intervention in karst terrains can unexpectedly,
suddenly, strongly and, generally, dangerously change a local
and/or a regional hydrological-hydrogeological regime.
The operation of two reservoirs in Livanjsko Polje (Bosnia
and Herzegovina) at an altitude between 716 m a.s.l. and 701
m a.s.l. and hydroelectrical development of the Cetina River
system started in 1973. This year marked a drastic and
practically instantaneous change in the regional hydrological
regime. A significant drop in the characteristic (minimum,
mean and maximum) annual discharges of two neighbouring
karst springs, Rumin Mali and Rumin Veliki (Croatia), was
caused by this anthropogenic construction.
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Cetina Spring

source: plongeesout.com

Spring of the Cetina River, a submerged
cave
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Cetina River catchment

Catchment areas of the
karst springs Rumin Veliki
and
Rumin
Mali,
constituting
a
greater
catchment area of the
River Cetina.
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The Buško Blato Reservoir (V=782×106 m3, Hmax=716.40 m a.s.l.)
The Lipa Reservoir (V=1.38×106 m3, Hmax=703.50 m a.s.l.).
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SMALL SPRING

BUŠKO BLATO RESERVOIR
14 Nov. 2011

LARGE SPRING
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Location map of
two analysed karst springs
with discovered part of the Rumin
Veliki karst conduit system
These two springs are not
hydrogeologically connected
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Photograph of the Rumin Veliki Spring with the position of automatic
water level gauging station
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Cave map of the Rumin Mali Spring

Cave map of the Rumin Veliki Spring
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Study area hypsometric map

Geologically and
geomorphologically
analysed study area
spreads over a
predominantly karst
zone of the Dinara
Mountain and a
smaller area of the
Kamešnica
Mountain.
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Geological map
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Cross section between ponor zone in Livanjsko polje and the Rumin Veliki
Spring
Livanjsko Polje, located in the north-eastern part of the study area,
presents an allogenic part of the system of the analysed karst
catchment areas
62

Characteristic average discharges (minimum annual, Qmin,
average annual, Qmean, maximum annual, Qmax) in the
following two subperiods: (1) in natural state 1950-1972; (2)
after system development 1973-2013. In last column the
results of t-test are given. Red bold numbers designate
statistically significant difference.

Subperiod

Qmin

Qmean

Qmax

Rumin Mali
1950-1972

0.010

2.74

11.74

1973-2013

0.004

1.72

8.48

t-test

0.1698

2.97608E-05

6.43624E-07

Rumin Veliki
1950-1972

0.943

19.21

74.0

1973-2013

0.207

7.03

65.8

t-test

1.95614E-01

2.63E-19

0.008121
63

The maximum measured discharges at the Rumin
Mali and Rumin Veliki Springs have never
exceeded 19.2 m3/s and 106 m3/s respectively,
despite the fact that the precipitation in the area is
very intensive and abundant during the wet and
cold period of the year. In last columns of Table
the data indicating average annual maximum
discharges confirm that differences in the two
subperiods for both karst springs are smaller than
for the mean annual discharges. This can be
explained with their limited maximum outflow
capacity, which causes groundwater overflow
and/or storage in epikarst zone.
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Two time data subseries of the mean annual discharges measured at the
Rumin Veliki gauging station, RVQav, for the two subperiods: 1. 1950-1972,
before the beginning of the operation of the Buško Blato Reservoir; and 2.
1973-2013, after its operation.
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Two time data subseries of the mean annual discharges measured at the
Rumin Mali gauging station, RMQav, for the two subperiods: 1. 1950-1972,
before the operation of the Buško Blato Reservoir; and 2. 1973-2013, after
its operation.
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The dependence between mean annual discharges of the Rumin Veliki,
RVQav, and the Rumin Mali, RMQav, with linear regression lines and the
linear correlation coefficients, r, defined for the two subperiods: 1. 19501972 (dark blue and green); and 2. 1973-2013 (violet and red)
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-In both subperiods linear correlation coefficients are relatively high. This
is the proof of similarities in their hydrological regime. The linear
correlation coefficient for the recent subperiod is much higher than
during the first subperiod.
-Similarity in the hydrological regime of two neighbouring karst springs is
a normal consequence of their similar geological settings and identical
regional climatological characteristics of their catchments. In the first
subperiod two linear regression lines, cross the ordinate at the 10.1 m3/s
and 3.11 m3/s. From the hydrological point of view, this is unusual
behaviour. For non-karst terrains it is expected that the regression lines
for two neighbouring springs or rivers with catchments developed in
similar geological and climatological conditions pass through a coordinate point of departure or close to it. In karst terrains the fact that
they do not pass through a co-ordinate point of departure can be
explained with occasional recharge from other neighbouring catchments
(from Livanjsko Polje).
-In the second subperiod two linear regression lines, cross the ordinate at the 1.01
m3/s and -0.245 m3/s. The regression lines practically pass through a co-ordinate
point of departure. Due to the system operation, the springs recharge from
Livanjsko Polje is strongly decreased and it occurs only for a short time and after
extremely intensive precipitation which may cause flood in some parts of
Livanjsko Polje. The system operation reduced the catchment areas of both
analysed springs.
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The linear regressions between the mean annual discharges, RVQav,
measured at Rumin Veliki and annual precipitations, P, measured at the
Sinj gauging station during two subperiods: 1. 1950-1972 (dark blue); and
2. 1973-2013 (violet)
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The regression line for the first subperiod crosses
the abscissa at the point P0=-49 mm. This can be
explained by the fact that the Rumin Veliki Spring
in this subperiod is fed with water coming from an
occasional overflow from Livanjsko Polje. In the
second subperiod the regression line crosses the
abscissa at the point P0=548 mm, which indicates
that the overflow from Livanjsko Polje is either
interrupted or significantly reduced. It should be
noted that the linear correlation coefficient for the
second period (r=0.822) is significantly higher than
is the case in the first period (r=0.582), which
supports previously mentioned conclusion.
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The linear regressions between the mean annual discharges, RMQav,
measured at Rumin Mali and annual precipitations, P, measured at the
Sinj gauging station during two subperiods: 1. 1950-1972 (dark blue); and
2. 1973-2013 (violet)
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In the first subperiod regression line crosses the
abscissa at the point P0=473 mm, whereas in the
second, it crosses at the point P0=561 mm. The
values for the second subperiod for both analysed
springs are practically the same (548 mm and 561
mm).The linear correlation coefficient for the
second period is (r=0.796) higher than in the first
period (r=0.624).
It can be concluded that the Rumin Mali Spring in
its natural state was fed by water from Livanjsko
Polje horizon in a very small quantity (if any),
especially in comparison with the case of the
Rumin Veliki Spring.
72

Catchment area of the Rumin Mali Spring, RMA, and Rumin Veliki Spring,
RVA, calculated using relationship between mean annual discharges and
annual rainfall falling on the catchment
Rumin Mali
RMA

(km2)

1950-1972

1973-2013

c = 0.4

180

117

c = 0.5

144

93

c = 0.6

120

78
Rumin Veliki

2
RVA (km )

1950-1972

1973-2013

c = 0.4

1261

468

c = 0.5

1009

375

c = 0.6

841

312
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These values should be considered as a rough
assessment. It must not be neglected that the
areal precipitation could be different from the one
used in previous calculations. The calculated
values show that the catchment areas of both
analysed karst springs decreased. The catchment
area of the Rumin Mali and Rumin Veliki Springs
decreased by about 35 % and 63 % respectively.
Furthermore, it can be concluded that the system
operation has had lower influence on the
hydrological regime of the Rumin Mali Spring
than it has had on the Rumin Veliki Spring.
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CONCLUSION
• The effects of dams and HEPP-s on changing (mostly
decreasing) streamflow seems to be universal. It is
especially strong and hardly predictable in karst regions.
• The need for better understanding of deep and long lasting
interrelationship between human activities and natural
processes in karst terrains is of crucial importance in order
to achieve their real sustainable development. Because of
these unique hydrogeologic characteristics, data
requirements for the hydrogeologic characterization of
karst aquifers are somewhat more intensive and difficult to
obtain than those for aquifers in most other types of
hydrogeologic settings.
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I prefer
simple and logical
(hydrological) approach based on
water budget principles!

Why !?
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Thank you
for your
kind
attention!
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