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1 Introduction

The present report presents activities and results of the action A.3.2. Numerical hydrological modelling,
performed by Geological Survey of Slovenia within the project INCOME (LIFEO7 ENV/SLO/000725). The
main objective of the project is long-term effective management of aquifers and preservation of the
quality of these water resources for future generations. The project INCOME is co-financed by the
European Commission, Municipality of Ljubljana and the Ministry of the Environment and Spatial

Planning.

The objective of the action A.3.2 was to construct reliable physically-based hydrological model, based on
groundwater/surface water integrated modelling system which will enable accurate simulation of the
groundwater dynamics and transport of pollutants in the aquifer. Previous models, also the most
advanced one, constructed in year 2000 (Kristensen et al., 2000) and updated in 2005 (Janza et al.,
2005), showed big uncertainty in the simulation of occurred TCE pollution transport in the aquifer (Janza

et al., 2005). Therefore special attention was paid to the transport modelling.

Hydrological conditions in the model area are characterised by interaction between surface and
groundwater, therefore modelling system which can take into account exchange of groundwater and
surface water is recommended. MIKE SHE enables integrated modelling of groundwater, surface water,
recharge and evapotranspiration. Fully coupling with MIKE 11 that has advanced description of river
processes represents one of the most advanced hydrological modelling tools. In the project INCOME
integrated MIKE SHE/MIKE 11 (v. 2011) was implemented. The constructed model covers time period
from 1984 to 2009.
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2 Code description

MIKE SHE is a deterministic, generally physically based, and distributed modelling system that is able to
describe the most important flow processes in the land phase of the hydrological cycle (DHI, 2005;
Graham and Butts, 2005). It can be linked with the river hydraulic model MIKE 11 (DHI, 2004), which
makes an integrated surface water and groundwater modelling system.

The code is divided into components or modules, each dealing with separate parts of the hydrological
cycle. The modules can be used separately or integrated, which is assured by the exchange of water
between the modules.

Simulation of actual evapotranspiration Ea in the model is based on the Kristensen and Jensen model
(Kristensen and Jensen, 1975). It uses crop characteristics, land-use, potential evapotranspiration Ep, and

empirical parameters as input data.

The snow melt process in the model is calculated on the basis of a simple degree-day method, which only
requires air temperature T, a degree-day factor DDF and a threshold melting temperature To as input. If
the air temperature is above the threshold melting temperature, the snow will melt at the rate specified
by a degree-day factor (the amount of snow that melts per day for every degree the air temperature is

above the threshold melting temperature).

The water flow in the unsaturated zone is described in MIKE SHE by the one-dimensional Richards’
equation (Richards, 1931). This requires information about two hydraulic functions, hydraulic conductivity
function (partially saturated hydraulic conductivity versus water content) and the soil moisture retention
curve (capillary pressure versus water content). Bypass (macropore) flow is the part of infiltrated water

that is routed directly to the groundwater table. It is described by a simple empirical function:

Qbypass = PN : byp alOIB5O (mm/h)

where Py (mm/h) is the net rainfall rate, byp (-) is the maximum fraction of the net rainfall which can
bypass the matrix (under wet conditions), and a;o (-) and Bsy (-) are variables between 0 and 1, reducing
the total bypass fraction under more dry conditions. The variables a;p and S5, depend on the actual water
contents of the unsaturated zone 10 cm and 50 cm below the ground surface. Calculation of al10 and B50
is made internally by MIKE SHE, using linear relationship. Variables vary between 0 and 1, when the water
content is between user defined 8; and 6,. If the water content is below 6,, a;o and Bs, equal 0. If the water

content is above 8;, a;p and 5, equal 1.

Groundwater flow in the saturated zone is simulated by solving the governing equation for three-

dimensional flow:
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where K

X' Kyy and K, (m/s) are hydraulic conductivity along x, y, z axes; h (m) is the hydraulic head;

Q. (s!) is the volumetric flux per unit volume representing source/sink term and S¢ (m™) is the specific

storage coefficient. The equation is solved numerically by an iterative implicit finite difference technique.

3 Model construction

The basis for the model were made within the project Water Resources Management Model for
Ljubljansko Polje and Ljubljansko Barje, financed by VO-KA public utility and performed by DHI and
partners (Kristensen et al., 2000).

Conceptual model used for construction of hydrological model is described by Janza et al. (2011). Larger
changes were made for Barje model that is based on new conceptual model. In the model new approach
of connecting karst area (Krimsko-Mokrisko pogorje) with the alluvial aquifer was implemented and
according to the new borehole data and well logging data (see Janza et al., 2011) adjusted layers

boundaries.

3.1 Model area

Model area is defined by recharge area of Ljubljasko polje and Ljubljansko barje aquifers - main
groundwater resources exploited for the public water supply of the capital city Ljubljana. Due to the
different hydrogeological conditions and limited exchange of water between them, they were treated

separately by two models (Figure 1).
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Figure 1: Extent of integrated MIKE SHE/MIKE 11 model areas (left: Barje, right Ljubljansko polje).

3.2 MIKE SHE boundaries

The boundaries of the model were adopted from conceptual model (Kristensen, 2000). Improvements
were implemented in the SW part of Ljubljansko polje, in area between Ljubljanski grad and Roznik and
between Sidenski hrib and Sentvigki hrib, boundary of the aquifer is not closed and inflow into the aquifer
is assumed. In order to achieve more realistic boundary conditions, time dependent head boundary was
introduced. Defined oscillations of the heads in the boundaries are based groundwater level
measurements in the closest observation wells. For the boundary between Sigenski hrib and Sentvigki
hrib measured data in observation well OP-12 and for the boundary between Ljubljanski grad and Roznik
measured data in KT-3/08 were used (Figure 2). Due to the short observation period in those wells, head
oscillations in the boundaries were generated with the use of Sujica-Razori stream discharge that covers
the whole modelling period. Relation between stream discharge and groundwater levels (GWL) in the
observation wells was determined and later used to calculate GWL in the boundaries for the whole

modelling period.
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Figure 2: Locations of the observation wells OP-12 and KT-3/08.

Correlation coefficient between observed and generated groundwater levels in OP-12 observation well for
time period 1. 1. 2005 - 31. 12. 2009 is R=0.82 (Figure 3) and for the case of observation well KT-3 for
time period 9. 10. 2009 - 31. 12. 2009 R=0.88 (Figure 4).
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Figure 3: Comparison of observed and generated GWL in OP-12 observation well.
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Figure 4: Comparison of observed and generated GWL in KT-3/08 observation well.

3.3 River model

3.3.1 MIKE 11 boundaries

For Barje surface water model (MIKE 11) new boundary conditions were created - NAM models for
Gradasdica and Ljubljanica which cover period from 1984-2009.

NAM model for Gradascica was constructed for catchment upstream from Dvor measurement station (80
km?), where discharge measurements are available. They were used for model calibration (1997-2006)
with autocalibration method (Figure 5). Later the NAM model was extended to Bokalci measurement
station which is a boundary condition (inflow) to MIKE 11 model and covers 110 km? catchment. For the
point source inflow to Gradasc¢ica from Horjulddica (Sujica) at Razori discharge measurements at this
station were implemented.

PANKE 1

B e ——— P 113

Figure 5: Comparison of simulated (blue line) and observed (black line) discharges at Dvori (Gradasc¢ica) measurement
station.
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For the inflow of Ljubljanica river at the boundary of MSHE Barje model new NAM model was constructed
that uses the same approach as existing model. NAM model was calibrated against Ljubljanica discharge
at Moste measurement station (Figure 6) taking into acount all catchmement in the size of 1762 km?.
After the autocalibration the size of the catchment was reduced to 1510 km? and modeled discharge was
used as point source inflow to Ljubljanica at the entrance to the MSHE Barje model. Equaly weighted
(0.33) rainfall data from Vrhnika, Crna vas and Sveti Vid and temperature and potential
evapotranspiration data from Bezigrad meteorological station were used.

oo | 2 2001 200z 003 004 F00S 3006 2007

R T N SR Va3 RIS S B B L U AN A MERTE . atst Fage 151

Figure 6: Comparison of simulated (blue line) and observed (black line) discharges at Moste (Ljubljanica)
measurement station.

For the Ljubljansko polje model for the catchments Raca, PSata, Kamniska Bistrica and Gameljs¢ica NAM
models, constructed in the updates of the existing models (Janza, 2005) were used.

3.3.2 River cross sections

The bed topography of surface streams in the model is defined with cross sections. The existing cross

sections were updated with new set of data.

For river Sava 21 cross sections which were made in year 1997 were used. Data was received from
Environmental Agency of Slovenia in Auto Cad “dwg” format (Figure 7). Because some of received data
were already implemented in the model (Kristensen, 2000), comparison of locations and visual inspection
of new and existing cross sections was done. Out of 21 cross sections, 6 cross sections were new and 15

were already in the model.

Figure 7: Received cross section in Auto Cad.
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New cross sections were exported from Auto Cad file to Excel spread sheet and converted in form which
was implemented in MIKE 11 model. Coordinates of initial and final points of cross sections were obtained

from the map of cross sections in Arc Map software.

For the update of bed topography of surface streams in Barje LIDAR digital elevation model (DEM) and

cross sections, received From Municipality IG were used (Figure 8).

For ISka river 138 cross sections were processed, for ISCica river 52 cross sections, for stream MlisCica 5
cross sections, for stream Drascica 29 cross sections, for stream Smoligojnik 13 cross sections, for
stream Zelimeljé¢ica 19 cross sections, for stream Dremavscica 24 cross sections and for stream
Strajanov breg 21 cross sections were processed. Procedure of exporting cross section from Auto Cad

into input form for MIKE 11 was same as described for Sava river.

\

B Received cross section

Legend

LIDAR DEM

Value
- High : 728.372

p— 0 0,751,5 3 km
- Low : 286.795 | 1 ] ] ]

Figure 8: LIDAR and Cross sections.

In the areas where no cross sections were available, LIDAR DEM was used to define shape of the

channels. For river ISka 66 cross sections were defined this way.

In the area not covered with LIDAR data Digital Elevation Model, cell size 5 m, was used. For river ISka
created 73 cross sections, for river ISCica 58 cross sections and for artificial channels at Barje 51 cross

sections were defined this way (Figure 9).
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Figure 9: Map where cross section from LIDAR or DEM 5m was made.

Procedure for extracting cross sections of channels from LIDAR DEM or DEM 5 m was made in Arc Map

software. Cross sections were defined with polyline (Figure 10) which were converted into 3D polylines
to which elevation data from DEM were assigned (Figure 11).




Figure 10: Polylines over the stream.
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Figure 11: Cross section in Arc Map from 3D polyline.

3.4 Ljubljansko polje bedrock

Since the last interpretation of pre-quaternary bedrock of the Ljubljansko polje aquifer, new boreholes
have been drilled which enabled update of the bedrock (lower boundary condition) in the hydrological
model. Data set consist of archive data and new data from the boreholes which were drilled within the
INCOME project. It contains basic borehole information (location, surface and bedrock altitude. All the
data has been compiled in Excel spreadsheet and imported into Arc Map software (Figure 12).
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Figure 12: Locations of the used boreholes.

Entire correction procedure of pre-quaternary bedrock was done with the use of Arc Map software. As an
input we used existing raster with cell size 200 m, which contains pre-quaternary bedrock elevation data
and boreholes depth data. Pre-quaternary bedrock was compared with borehole data and at the areas of
inconsistency manuall correction was done. By the interpretation also boreholes deeper than 50 m, which

did not reach the bedrock were taken into account. After the manual correction digitalization of contours
was done (Figure 13).
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Figure 13: Digitalized contours.

To compile corrected contours with existing bedrock raster data, both files were transformed into point
information layer. Points from existing raster have been selected at the area with 200 m buffer, where
they intersected with points from corrected contours. Selected points have been deleted. Filtered points
were joined and new raster information layer with cell size 25 m was created which contains information
of pre-quaternary bedrock elevation (Figure 14). Interpolation method ordinary kriging was used. The

difference between old and new pre-quaternary bedrock raster data could be seen in Figure 15.
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Figure 14: New interpolated pre-aquaternary bedrock of Ljubljansko polje aquifer, 3D view.

A

N

{Legend
= Rivers
| Ljubljana polje
Corrected bedrock
Difference (m)
-43--38
-37--35
-34--25
-24--16
-15--10
-9--5
-4--3

IEEEEEEEEEREEENDN

0 1.5 3 6km
J

Figure 15: Difference between old and new pre-quaternary bedrock raster data.
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3.5 Data

3.5.1 Abstraction

Abstraction data for the update (2005 - 2010 for Polje and 1998 - 2010 for Barje) were received from
VO-KA. For abstractions in industrial wells for the period after the year 2004 no reliable were available,
therefore last available pumping amounts from 2003 were used. For some industrial wells (Union-
3,4,6,8; Klicevo karton v-1, v-2, Helios Domzale v-1, v-2; TE Tol v-1, v-2, P-1, P-2; Belinka B1, B2L,
B2D, B3-V1, B3-V2, B3-V3) yearly abstraction amounts were available. They were converted into daily
amounts and used in the modelling.

3.5.2 Groundwater level measurements data
Groundwater level measurement data were received from VO-KA and were combined with existing data

into one database for time period 1984 - 2010. In the INCOME area there are 130 groundwater
monitoring stations which were included into modelling (Figure 16).
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Figure 16: Groundwater level measurement locations.
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3.5.3 Hydrological data

Hydrological data are used for boundary conditions of the river model (MIKE 11) and for the validation of
the model. Data for the previous modelling period were combined with new one which makes all available
hydrological time series for the period 1984 - 2009. Data were provided by the Environmental Agency of
the Republic of Slovenia.

3.5.4 Meteorological data

The driving force in a hydrological model is the precipitation in terms of rain and snow. Precipitation
data on daily basis from 9 stations distributed in the model area was collected and corrected for wind
and wetting effects. Gaps in the time series were filled with data from nearby stations taken the
differences in annual precipitation into account. The precipitation was distributed over the Ljubljansko
polje using simple Thiessen polygon method (Kristensen et al., 2000). Due to complex spatial pattern of
distribution of meteorological variables in Barje model area, grid-based interpolation method, described

in the following chapters, was implemented. Meteorological data cover the period 1984 - 2009.

3.5.5 Spatial Interpolation of meteorological data in model area of
Ljubljansko Barje area

Spatial interpolation of precipitation daily time series in the Ljubljansko Barje model area was made,
while the amount of precipitation varies in the area. Spatial interpolation of temperature daily time series
is not so demanding while primary dependence of temperature is on altitude. For the spatial interpolation
of meteorological time series a module of the grid-based Water Flow and Balance Simulation Model
WaSiM-ETH (Schulla et al., 2007) was chosen. Model WaSim-ETH provides 11 various methods for
interpolation of climate data. For interpolation of precipitation in high mountain areas Schulla et al.
(2007) suggested ID 11 method, which is a linear combination of IDW (Inverse Distance Interpolation)
and EDRINT (Elevation Dependent Regression with Internal Processing). Method is suitable for data that
depend only partly on elevation, e.g. precipitation in high mountain areas. Linear combination of IDW and
EDRINT method described Schulla (2009).

Spatial interpolation of meteorological data in Ljubljansko Barje was performed for the period from 1983
to 2011.
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3.5.5.1 Method

Method ID 11 was used, module in model WaSim-ETH, for spatial interpolation of meteorological time
series. It is most suitable model for high mountain areas (Schulla et al., 2007). Method enables a linear
combination of IDW and EDRINT methods.

3.5.5.1.1 Inverse distance weighting (IDW)

IDW interpolation method takes into account all stations within a specified search. If all stations have
identical values, the interpolation is skipped and the constant value is taken instead. The interpolation
result is the sum of all contributing weighted station data. WaSiM-ETH offers the possibility to change
some parameters: a maximum distance d.x as well as two parameters specifying the anisotropy (slope

of the anisotropy-ellipsis, ratio short to long axis of anisotropy-ellipsis) (Schulla et al., 2007).

The interpolation result is the sum of all contributing station data (Schulla et al., 2007):

OEDNCIRECH)

with w, :;l and C= z; follows ZWj =1.0.
d(uu,;)’ C 7 du,u;)’ J

Z(u) .... interpolated value at location u;

Wi .. weight of the observed value at station j;
z(u;) ... observed value at station j;

d(u,u;) distance to the station j;

P Weighting power of the inverse distance (between 1 and 3, 2 is recommended).

3.5.5.1.2 Elevation dependent regression (EDR)

Method interpolation result is estimated using the altitude dependence of a variable. Elevation dependent
regression method is estimated using the elevation dependence of a variable. If there are data of more
than three stations available, an additional trend surface is estimated in order to correct shifts in the
horizontal directions. The trend surface uses only the residuals of the elevation dependent regression.
The altitudinal gradients can be given for at maximum three variable ranges separated by (lower and
upper) inversion from each other (Schulla et al., 2007). For the Ljubljansko Barje model area only one
inversion is determined, where cross section of both regressions is between lower and upper (theoretical)

inversion.

The interpolation of specified spot in the model is done by (Schulla et al., 2007):
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T(h,) =a,;+b,; h,

o PO altitude (m above sea level),
T.... variable (temperature, precipitation),
[T index for lower, medium resp. upper regression (i=1..3),

ar;,br; parameter of the respective regression,

with a.; (for data of more than 3 stations):

a,; =u, +vVix, +v,y,

Arj s trend surface through the residuals of the regression,
Ur, Vi, V2 ees regression parameter,
Xy Vi eevveerveniens coordiantes.

3.5.5.1.3 Linear combination of IDW and EDR

Method (method 11) is a linear combination of method IDW and EDR, using internal regression
preprocessing. WaSim-ETH uses prepared data time series in defined textual format and control file
(defined textual format) with all parameters needed for interpolation.

In control file some important parameters have to be set. Regression coefficients (Schulla et al., 2007):
— 1%t parameter: lower inversion in m
— 2" parameter: upper inversion in m
- 3" parameter: tolerance

— 4™ parameter: bolean value, 0 for strictly separating both elevation ranges, 1 for following an

overlap
— 5™ parameter: minimum elevation spread for the stations in one elevation range to be really used
for a linear regression.
All five parameters are set to values, which enables only one linear regression.
For the combination of IDW and EDR interpolation also relative weight for IDW, maximal distance of
station, slope of the anisotropy ellipsis and ration short to long axis of anisotropy ellipsis is necessary. In

the interpolation, IDW weight 0.5 was chosen (0.5 for IDW and 0.5 for EDR). Slope of the anisotropy
ellipsis is 0 and ration short to long axis of anisotropy ellipsis is 1.
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3.5.5.2 Meteorological data

Meteorological data of daily precipitation and air temperature were provided by Environmental Agency of
the Republic of Slovenia (ARSO). Measured time series of meteorological data, used in the interpolation

model, are for the period from the year 1983 to 2011.

3.5.5.2.1 Measured meteorological data

For the spatial interpolation in Ljubljansko Barje model area, we chose 11 precipitation station (Table 1)
and 3 temperature stations (Table 2). Measured temperature data are average daily temperatures of air

on 2 meters height in °C. Measured precipitation data are 24 hour sum of precipitation at 7 am in mm.

Table 1: Precipitation stations and periods of measurement.
PERCIPITATION STATION

PERIOD OF MESAURMENT

Tomiselj 1.1.1983-31.1.2008
Cerknica 1.1.1983-31.12.2011
Rob 1.6.1983-31.12.2007
Sveti Vid 1.1.1983-31.3.2007
1.1.1983-30.9.1994,

Borovnica 1.2.1995-28.21999;
1.1.2000-31.10.2003;
1.12.2003-31.12.2003

1.1.1983-8.4.1987;

Sodrazica 1.1.1988-26.2.1992;

1.1.1993-31.12.2011

Ljubljana-Dobrunje

1.1.1983-31.12.1989;
1.11.1990-31.12.2011

Zdenska vas

1.2.1983-31.12.2011

1.1.1983-3.12.2010;

Zelimlje
5.12.2010-31.12.2011
- 1.1.1983-31.12.2005;
Pokojisce
1.4.2006-31.12.2011
v 1.1.1983-30.9.1992;
Crna vas

1.11.1992-13.12.2011
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Table 2: Temperature stations and periods of measurement.

TEMEPERATURE STATION PERIOD OF MESAURMENT
Nova vas na Blokah 1.1.1983-31.12.2011
Ljubljana-Bezigrad 1.1.1983-31.12.2011

Lipoglav 1.1.1983-31.12.2011

Missing values on precipitation stations with missing data in different sections were replaced on a base of
data from the other station in the area (Figure 17). For calculation of missing values linear regression
method was used. It determines the relation of daily precipitation values between pair of stations with

the highest determination coefficient (Figure 17).
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Figure 17: Relation of daily precipitation data among station pairs used for calculation of missing data.

Measuring of precipitation are underestimated because of various effects. Therefore the correction of
precipitation data was made. Correction factors were calculated, considering the effect of the wind, the

precipitation intensity and the wetting of the rain gauge (Bat et al., 2008).

In the precipitation correction the average correction factors for individual station from (Bat et al., 2008)

were used (Table 3).
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Table 3: Correction factors for precipitation stations (Bat et al., 2008).

MEASURED MEAN YEAR CORRECTED MEAN YEAR
PRECIPITATION CORRECTION
PRECIPITATION 1971- PRECIPITATION 1971-
STATION FACTOR
2008 (mm) 2008 (mm)
Tomiselj 1474 1556 1,06
Cerknica 1659 1732 1,04
Rob 1643 1700 1,03
Sveti Vid 1552 1652 1,06
Borovnica 1498 1575 1,05
Sodrazica 1406 1466 1,04
Ljubljana-Dobrunje 1291 1354 1,05
2e|im|je 1372 1430 1,04
Pokojisée 1525 1616 1,06
Crna vas 1385 1473 1,06

3.5.5.3 Potential evapotranspiration

Potential evapotranspiration (PE) is calculated with a simple formula proposed by Oudin et al. (2005).
Formula uses mean daily air temperature as only input and global extraterrestrial radiation (a function of
the Julian day and latitude) calculated as proposed by Morton (1983). Proposed is simple formula

according to the following equation (Oudin et al., 2005):

_R T, +5
4, 100

if 7.+5>0,

PE =0 otherwise,

PE ... potential evapotranspiration (mm/day),
Re ... extraterrestrial radiation (MJ/m? day),
A latent heat flux (MJ/kg),

I density of water (kg/m?),

T; .... Mean daily air temperature (°C).
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3.5.54 Validation

Spatial interpolation of point data always brings approximations. For validation of interpolated daily
precipitation data, method leave one out was used. Validation was made with simple linear correlation

between measured and interpolated data for 4 stations that are in the area of interpolation (Figure 19).

For validation purpose, 4 separate interpolations were made and compared the results of measured and
interpolated data. Every interpolation one station was excluded. Figure 18 represents four example
graphs of stations that were not included in the interpolation model and Table 4 coefficients of
determination (R?). Correlation shows good agreement between measured and interpolated daily

precipitation data.
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Figure 18: Correlation between measured and interpolated daily precipitation on stations Zelimlje, Sveti Vid, Crna vas
and Tomiselj.

Table 4 represent also coefficients of determination for station included in the interpolation and show

very good agreement between measured and interpolated daily precipitation data.
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Table 4: Comparison of determination coefficients on precipitation stations.

e . Stations included Stations not
Precipitation .. . . .
station in interpolation - included in
R? interpolation - R?

Crna vas 0.99 0.92
Tomiselj 0.99 0.93
Sveti Vid 0.99 0.90
Zelimlje 0.99 0.91

Validation for interpolate temperature data was not performed, because no temperature station is in the
interpolation area. Available data on daily temperature time series are on three stations, which are

spread outside the interpolation area (Figure 20).

3.5.5.5 Results

Interpolation results of daily meteorological data are daily time series averaged on defined areas,
spatially distributed annual averages and spatially distributed averages for the period of interpolation
(Figure 19, Figure 20).
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Figure 19: Mean precipitation (mm/year) for the period 1983 to 2011 in the Ljubljansko Barje model area with
precipitation stations.

Average yearly precipitation estimated by described method for the period 1983 to 2011 on Ljubljansko
Barje model area is 1484,5 mm/year. For the rough comparison, the average precipitation for the period
1961 to 1990 (Kolbezen et al., 1998) is 1461 mm/year.

Deviation of interpolated from measured precipitation (mm/year) for the period 1983 to 2011 on stations
in the model area is represented in Table 5. The highest deviation was detected on station Sveti Vid
(8,5.%), with negative deviation (interpolated value was lower than measured). Significant was also
deviation on station Zelimlje (3,4%), with positive deviation (interpolated value was higher than

measured).
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Table 5: Deviation of interpolated from measured precipitation.

o i Deviation (%) of interpolated from
Precipitation stations on the L
measured precipitation for the

period 1983-2011

model area

Crna vas -1,3
Tomiselj -1,7
Sveti Vid -8,5
Zelimlje 34

Average yearly temperature estimated by described method for the period 1983 to 2011 on Ljubljansko
Barje model area is 9,7°C (Figure 20). For the rough comparison, the average temperature for the period
1961 to 1990 (Kolbezen et al., 1998) is 8,3 °C.
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Figure 20: Mean temperature (°C) for the period 1983 to 2011 in the Ljubljansko Barje model area with temperature
stations.
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3.6 Heterogeneity of the aquifer

In the Ljubljansko polje model heterogeneity of the aquifer, defined with geostatistical model (Janza,
2009), was implemented. Realizations of geostatistical model, presenting aquifer’s heterogeneity by
spatial distribution of four sedimentological/hydrogeological units (30 layers, consisting of grid cells

200X200 m) was made (Figure 21). Procedure for transformation of these results into numerical model
Mike SHE was established.

Figure 21: Schematic presentation of procedure of transformation of results of geostatistical modelling into numerical
model Mike SHE.

3.7 Perched aquifers

Based on the results of drillings it has been known that perched aquifer could found in the Western part
of Ljubljansko polje, but their lateral extension was not known. In the model spatial distribution of low

permeable lenses of clay made by Sram (2011) is implemented.
It was made in flowing steps:

- collecting lithological data from different available archives,

- processing collected data into joined data base and

- geostatistical interpolation of data in Jewel Suite 2011 software.

All available reports in archive of Geological Survey of Slovenia about perched aquifers at Ljubljansko
polje were collected and reviewed. It was found that perched aquifers occur in the Western part of
Ljubljansko polje (Figure 22).
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Figure 22: Determined area where perched aquifers occur.
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At the selected area all available lithological data from drilled boreholes were gathered (Figure 23).
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Figure 23: Lithological data from boreholes.
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Data contains information about lithology and the depth where it appears. All together data for 1138
boreholes were classified into 37 classes, based on Arthur Casagrande classification and organised into

one uniform data base.

For development of perched aquifers two main conditions must be fulfilled. First, sediment layer must
have low hydraulic conductivity and second, area of the layer/lens must be large enough. To determine
layers with low hydraulic conductivity, reclassification of lithological data into four hydrofacies which
contain lithological classes with common sedimentological and hydrological characteristic were made
(Janza, 2009):

1. Gravel (gravel, sandy gravel, sorted sand),

2. Clay and silt with gravel (silty gravel, silt or clay with gravel),

3. Silt and clay (silt, clay, poor sorted sand),

4. Conglomerate (conglomerate, conglomerate with sand or gravel lenses),

5. Everything else which does not correspond to first four groups.

These classes where imported to Jewel Suite 2011 software for further processing.
3.6.1.1 JEWEL SUITE 2011

Jewel suite 2011 is highly capable software for structural and geological modelling. Primarily it is
developed for oil and gas industry, but with appropriate data can be used for other purpose, such as

lithological modelling as well.

To create spatial distribution of 5 hydrofacies at Ljubljansko polje, 3D structural model of the area had to
be created. Digital elevation model (DEM, cell size 12.5 m) and raster data set, which contains elevation
data of pre-quaternary bedrock of Ljubljansko polje aquifer (cell size 200 m) (Figure 24) were used for
this purpose. DEM represents upper boundary and pre-quaternary raster represents lower boundary of
3D model. Based on two layers and defined area of investigation, 3D structural model was made (Figure
25).

Smarna gora - by $mama gora e TS
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Figure 24: Digital elevation model (left) and pre-quaternary bedrock (right) at Ljubljansko polje (Z exaggeration is
5x).

33/45



452000 454€£l:| 4566]]1 458000
Smarna g|ora
110000
108000
106000
104000
Legend
(#darvascn)
102000 +—— 700 m
Sisenski hri
100000 {— —
350 m S
Grajski hrib|
98000 | |
200m

452000 454000 456000 455000 460000 -lBZEm 454000 466000

Figure 25: 3D structural model at Ljubljansko polje (Z exaggeration is 5x).

3.6.1.2 Geostatistics

Geostatistics is one of the branches of statistics and it is used to estimate unknown values of regional
dependent variables. There are many methods for calculating unknown values between regional
dependent variables, one among them is also kriging (Davis, 2002, Internet 1).

Kriging is an interpolation method which provides unknown value on the larger area with relative little
known values. Values are calculated based on the know values around the unknown value and on the

appropriate semivariogram as well (Webster, 2007).

Semivariance describes relation between two regional dependent variables. It is calculated for each pair
specially and plotted on the graph. Given scatter plot is called experimental semivariogram. The
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relationship between the semivariance and distance from the central point will depend on the amount of
regional dependence (Figure 26) (Mckillup, 2010).

Once the experimental semivariogram has been plotted, a smoothed line of best fit called the theoretical

semivariogram is fitted through the points (Figure 26) (Mckillup, 2010).
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Figure 26: Semivariogram ( a) No regional dependence, b) Strong regional dependence) (Mckillup, 2010).

Kriging is based on the assumption that the mean is not known. If we consider punctual estimation first,

then we estimate Z at a point o by ("'A:'), with the same support as the data, by (Webster, 2007):
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where " are the weights.

3.5.1.2.1 Indicator kriging

Indicator kriging makes one step further than ordinary kriging. Beside the interpolated values we can also
estimate if the value exceed or no the set threshold. For that we use indicator variable often called
- aex’}

“indicator” ( ) (Webster, 2007):

iyt = fLiz{x} =z
T ptherwetse

3.6.1.2.2 Sequential Indicator Simulation

Sequential indicator simulation (SIS) is based on a sequential simulation approach. This includes all data
available within a neighborhood, including the original data and all previously simulated values (Figure
27) (Juang et. al, 2004).
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Figure 27: Flow chart illustrating the procedure of Sequential indicator simulation (Juang et. al., 2004).

3.6.1.3 Interpolation

Interpolation method Sequential Indicator Method was used for spatial distribution of hydrofacies at
Ljubljansko polje. Hydraulic conductivities were assigned to each lithological unit, which are based on
literature data and results of pumping tests. Constructed hydrogeological model enables presentation and
extraction of areas, where layers with low hydraulic conductivity appear and can form perched aquifers
(Figure 28, Figure 29).
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Figure 28: Cross sections from 3D hydraulic conductivity model at Ljubljansko polje.
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Figure 29: Cross sections from 3D hydraulic conductivity model at Ljubljansko polje (Z exaggeration is 5x).

For determination of areas of potential perched aquifers, two criteria were used:
e cell must have hydraulic conductivity lower than K = 10°® m/s and
e area with low hydraulic conductivity must be larger than 0,07 m?2.

Results of the model show that there are two main areas with higher occurrence of modelled perched
aquifers i.e. North side of Sigenski hill and between Sigenski hill and Castle hill. At those areas layers
appear at several altitudes, from foot hills to the depth around 30 m. Layers with low hydraulic
conductivity but in smaller presence appear also in the other parts of modelled area (Figure 30, Figure
31)
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Figure 31: Layers with lower hydraulic conductivity - potential perched aquifers (view 2) (Z exaggeration is 25x).

In the past Sava river has flown at the entire Ljubljansko polje area. In the Figure 32 are shown paleo
channels of Sava river which are not older than 200 years. At the entire Ljubljansko polje area are also
found gravel sediments transported by Sava in Quaternary. Layer with low hydraulic conductivity can be
interpreted as old river channels of river Sava or its flood plains (Figure 32). One of the reasons why
layers with low hydraulic conductivity are not continuous is a heterogenic processes developed at the
Ljubljansko polje i.e. old flood plain could be eroded or cut by younger channel of Sava river.
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Figure 32: Paleo-channels of river Sava and appearance of layers with low hydraulic conductivity.

3.8 Model Calibration and Validation

In a calibration phase values of parameters which give good agreement of observations and model
simulations were defined. The optimised values of the most sensitive model parameters (hydraulic
conductivity, specific yield of geounits and river bed leakage coefficient) have been searched with
procedure that combines automatic and manual calibration. Time series of piesometric groundwater

levels (2004 - 2006) were used as calibration target (Appendix 1).

In the validation procedure the model results were verified with the observations that weren’t used in the
calibration procedure. Groundwater level time series for the period 2007 - 2009 (Appendix 1), river Sava
water level at measuring station Sentjakob (Figure 33) and chemical analysis of TCE pollution in
groundwater (Figure 34, Figure 35).
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Figure 33:Comparison of river Sava water level at measuring station Sentjakob.
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Figure 34: Comparison of observed TCE polution (midle) and simulated with MIKE SHE 2000 (left) and MIKE SHE
INCOME (right).
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Figure 35: Comparison of observed and simulated (MIKE SHE -INCOME) concentration of TCE.

3.9 Uncertainty assessment

Hydrological and water quality modelling is associated with uncertainty which arises from different
sources. One of the most important is related to the spatial variability of the hydrological parameter
values. It has been tested with the use of results of geostatistical modelling (Janza, 2009). Four equally
probable realisations of heterogeneity of the aquifer, defined by distribution of

sedimentological/hydrogeological units were used.

In the calibration phase values of hydrological parameters of hydrogeological units which result
reasonable agreement between simulated and observed groundwater levels were defined. Calibrated

values assure comparable agreement for all four models, using different geostatistical realisations.

Water movement results of four models were used as a basis for water quality (advection dispersion)
simulations. The source of pollution was located in the central part of Ljubljansko polje and
concentrations were extracted 3000 m downstream from the source location. Figure 36 shows
comparison of simulated concentrations which indicates uncertainty in water quality simulation which is
related to heterogeneity of the aquifer. It shows that simulated maximum concentrations differ up to 10
% and time lag increases with time, up to 25 days (8 %).
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Figure 36: Simulated concentrations (3000 m downstream from source), using four different geostatistical realisations.

Simulated range of spatial distribution of pollution spreading from a constant source is presented on
Figure 38 and Figure 39.

Figure 37: Simulation of pollution spreading from constant source, using four different geostatistical realisations.
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Figure 38: Simulation of pollution spreading from constant source, using four different geostatistical realisations.
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Figure 39: Range of simulated pollution spreading (combination of four different geostatistical realisations).
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Appendix 1

Groundwater level time series for the period 2004 - 2009
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