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ABSTRACT 
 
The aim of the study was to develop a 3D-model that calculates the overall water 
balance components of Olkiluoto Island in the present-day condition utilizing the 
existing extensive data sets available.  The model links the unsaturated and saturated 
soil water in the overburden and groundwater in bedrock to a continuous pressure 
system.  The parameterization of land use and vegetation was done in such a way that 
the model can later on be used for description of the past evolution of the overburden 
hydrology at the site and overburden’s hydrological evolution in the future.   
 
Measured groundwater level in overburden tubes, pressure heads in shallow bedrock 
holes, snow depth, soil temperature, frost depth and discharge measurements were used 
in assessing the performance of the models in the calibration period (01.05.2001-
31.12.2005).  Computed groundwater level variation can be characterized by variables 

HMEAS and HCOMP, which are the difference between maximum and minimum 
measured and computed groundwater level value during the calibration period. Average 

HMEAS for all tubes located in fine-textured till soil was 1.99 m and the corresponding 
computed value HCOMP was 1.83 m. Average HMEAS for all tubes located in sandy till 
soil was 2.12 m and the corresponding computed value HCOMP was 1.93 m.  The 
computed results indicate that in future studies it is necessary to divide the two most 
important soil types into several subclasses.   
 
In the present study the uncertainty and sensitivity analysis was carried out through a 
parameter uncertainty framework known as GLUE.  According to the uncertainty 
analysis the average yearly runoff was around 175 mm a-1 and 50 % confidence limits 
were 155 and 195 mm a-1.  Measured average yearly runoff during the calibration period 
was 190 mm a-1. Average yearly evapotranspiration estimate was 310 mm a-1 and the 50 
% confidence limits were 290 and 330 mm a-1. Average value for recharge through the 
bedrock system was 1.7 % from the long term yearly precipitation and 50 % confidence 
interval was 1.5 - 1.9 %.  These values imply that average recharge is around 10 mm a-1.  
 
Keywords: Precipitation, surface hydrology, runoff, evapotranspiration, infiltration, 
recharge, discharge, groundwater, uncertainty 
 
 



 
 

Olkiluodon saaren pintahydrologian malli 

TIIVISTELMÄ 
 
Projektissa laadittiin 3D-malli, jolla voidaan laskea Olkiluodon saaren vesitaseen kom-
ponentit ONKALOn rakentamista edeltävissä olosuhteissa.  Mallin kehittämisessä käy-
tettiin olemassa olevia aineistoja ja aiemmin tehtyjä tutkimuksia. Mallissa lasketaan 
maakerrosten veden virtaus osittain kyllästymättömässä vyöhykkeessä ja pohjavesien 
liike kallioperässä.  Mallin parametrisoinnissa hyödynnettiin saaren alueella tehdyn 
metsäkuvioiden luokitteluprojektin tuloksia. Maankäyttö- ja maaperäluokitus suun-
niteltiin sen tyyppiseksi, että mallilla on myöhemmin mahdollista arvioida maankäytön 
ja maaperän muutosten vaikutus saaren pintahydrologiaan.  
 
Mallilla laskettuja arvoja verrattiin pohjavedenpinnan korkeuden havaintoihin, matalis-
sa kallioperän putkissa mitattuihin paineen arvoihin, virtaamamittauksiin, sekä lumen 
paksuuden, roudan syvyyden ja maan lämpötilan havaintoihin. Malli kalibroitiin 
ajanjaksolle 01.05.2001-31.12.2005.  HMEAS ja HCOMP kuvaavat pohjavedenpinnan 
vaihteluväliä kalibrointijaksolla (maksimiarvo-minimiarvo). Käytettävissä oli 29 pohja-
vesiputkesta mitatut havainnot. Keskimääräinen HMEAS kaikissa hienorakeiseksi luo-
kitelluilla moreenimailla oli 1.99 m ja vastaava laskettu arvo HCOMP oli 1.83 m. Hiek-
kamoreeniksi luokitelluilla mailla kaikkien putkien mitattu keskimääräinen pohja-
vedenpinnan vaihteluväli oli 2.12 m ja vastaava laskettu arvo oli 1.93 m. Mallin tulosten 
mukaan jatkotutkimuksissa on tarpeen jakaa nykyinen hiekkamoreeni ja hienorakeinen 
moreeni useampaan luokkaan.  
 
Epävarmuusanalyysi ja parametrien herkkyyden arviointi tehtiin GLUE menetelmällä.  
Tulosten mukaan vuosivalunta oli kalibrointijaksolla keskimäärin  175 mm v-1 ja sen  50 
% luotettavuusrajat olivat 155 ja 195 mm v-1.  Mitattu vuosivalunta oli 190 mm a-1 ja 
arvio perustuu kerran viikossa tehtyihin virtaamahavaintoihin, joten mittausarvon epä-
varmuus on suuri. Todellinen haihdunta oli keskimäärin 310 mm v-1 ja sen 50 % luo-
tettavuusrajat olivat 290 ja 330 mm v-1. Suotauma maakerroksista kallioperään oli mal-
lin mukaan keskimäärin 1.7 % alueen pitkäaikaisesta vuosisadannasta (550 mm v-1). 
Suotauman 50 % luotettavuusväli oli 1.5 - 1.9 %.  Näiden tulosten perusteella keski-
määräinen suotauma maakerroksista kallioperään oli n. 10 mm v-1.  
 
Avainsanat: Sadanta, hydrologia, valunta, haihdunta, infiltraatio, suotauma, virtaama, 
pohjavesi, epävarmuus  
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1   INTRODUCTION 
 
1.1  Background  
 
The present working report is a new contribution to the very big effort being 
continuously developed by the OMTF (Olkiluoto Modelling Task Force) aimed at 
understanding and predicting the conditions prevailing now and in the future at the 
repository site ONKALO and its surroundings (Posiva Report 2007-03, Olkiluoto Site 
Description 2006).  Deep groundwater flow — i.e., the groundwater flow within the 
repository host rock block — is driven by the infiltration from the water precipitating at 
ground surface. In this sense it is one critical parameter for hydrogeological flow 
models being developed by the OMTF.  In future modelling studies it is very important 
to be able to quantify both spatial and temporal distribution of recharge on Olkiluoto 
Island.  Recharge is one component of the overall water balance of the soil layers above 
the bedrock.  Quantification of spatial and temporal variation can be done by developing 
surface and near-surface hydrological models of Olkiluoto Island.   
  
The hydrological model of Olkiluoto Island is needed e.g. in the following specific 
studies: 

 calculation of spatial and temporal variation of the pressure heads to be used as 
boundary conditions in the existing hydrogeological model 

 influence of land uplift on water balance components on long term basis (5 000-
10 000 years) 

 construction of the underground ONKALO-facilities should not influence the 
vegetation at the disposal site: this needs to be evaluated by a model that links 
groundwater level and  soil water content to  transpiration and growth of 
vegetation   

 geochemical evolution of the groundwater is strongly affected by the infiltration 
from the surface water: geochemical modelling necessitates that a detailed 
models exists for calculating flow of water in the unsaturated-saturated soil 
layers above the bedrock. Moreover, Korvensuo reservoir might influence the 
geochemical evolution of the deep bedrock groundwater; possible pathways of 
intrusion of the fresh water from the Korvensuo reservoir to the ONKALO must 
be examined and actions must developed to prevent this leakage 

 

1.2  Objectives  
 
The aim is to develop a 3D-model that calculates the overall water balance components 
of Olkiluoto Island in the present-day condition utilizing the existing extensive data sets 
available. The most important outcomes of the project during 2007 were: 

1) Estimation of various components of the overall water balance: corrected 
precipitation, actual and potential evapotranspiration, infiltration at soil surface, 
surface and subsurface runoff, recharge (deep infiltration) and discharge out of 
the system through the bedrock. 

2) The first estimates of the spatial and temporal patterns of infiltration and 
recharge rates on the island and site scale to be used as boundary condition in 
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the existing hydrogeological model. The model version developed during 2007 
will be calibrated against existing measurements, i.e. model will be valid for the 
present climate and based on current land use types.  

3) Calculation of spatial and temporal variation of the pressure heads to be used as 
boundary conditions in the existing hydrogeological model. 

4) Development of a site scale 3D-model that links near surface hydrology and 
deep bedrock flow.  

5) Calculation of model based estimates of the most typical pathways from 
hydraulically significant deep bedrock features in island scale. 

 

1.3   Quality assurance of the model 
 
Modelling has been generally accepted as one tool that can and has been used 
successfully in several studies related e.g. to surface hydrology systems.  Work is still 
needed to have a commonly accepted procedure for quality assurance (QA) of models.  
HarmoniQuA (Harmonising Quality Assurance in model based catchment and river 
basin management, 2002-2005, http://harmoniqua.wau.nl/ ) can be considered as one of 
the first internationally accepted research projects that has provided user-friendly 
guidance and quality assurance framework that will contribute towards enhancing the 
credibility of catchment and river basin modelling. HarmoniQuA was a research project 
supported by the European Commission under the Fifth Framework Programme.  
According to principles of HarmoniQuA quality assurance (QA) is defined as protocols 
and guidelines to support the proper application of models.  
 
In the modelling study related to the surface and near-surface hydrological model of 
Olkiluoto Island the framework suggested in the HarmoniaQuA-project has been 
adopted. Model credibility can be enhanced by:  

 monthly meetings with the modelling group where Posivas representative(s) 
attend 

 rigorous validation tests against independent data  
 uncertainty assessments 
 reviews of a model at various stages throughout its development 

  
The key instrument in quality assurance of the models is to fill the task list suggested in 
the HarmoniQuA-project and update this list all the time during the modelling study.  
The task list is shown in Appendix A and this list includes totally 48 subtopics.   
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2  MATERIAL AND METHODS 

2.1  Data  
 
Data processing and data conceptualisation have been described in detail in Appendix A 
in connection with the quality assurance of the surface hydrology model.  Therefore, 
only brief summary of the data used in the model calibration will be given in this 
Chapter. 

Land use data  
 
Land use data has been delineated as patches from the data provided by Posiva (see 
Rautio et al. 2004 and Fig.2-1). Patches are homogenous units in terms of land use type, 
vegetation, soil type etc. and they allow handling of spatial patterns of hydrological 
variables.  Patches form homogenous units in terms of hydrological processes above the 
soil (throughfall from precipitation, potential evapotranspiration, interception, snow 
processes). Moreover, patches provide a framework which enables the model to be used 
for description of the past evolution of the overburden hydrology at the site and 
overburden’s hydrological evolution in the future (5 000-10 000 years ahead). 
 

 

Figure 2-1.  The patches identified in Olkiluoto Island (Rautio et al. 2004). 

 

Digital elevation model 
 
The digital elevation models for soil surface and bedrock are the basis of the 3D-model: 
soil surface elevation and bedrock elevation must be interpolated to grid corner and 
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centre points. Digital elevation data must be combined with the drainage network 
system that provides the fastest pathway of surface and groundwater to the sea. Soil 
surface and forest ditch network are shown in Fig. 2-2 (ditches lifted to soil surface to 
visualize them).  The ditches take water from the grid if groundwater level computed by 
the model is above the bottom of the ditch.   
 
Basic assumption for ditch depth can be given as input data but ditch depth can also be 
given separately for each section if data is available.  In this study forest ditch depth was 
assumed to be 0.9 m. 

Meteorological data 
 
The meteorological data needed in the hydrological models are precipitation, air 
temperature and potential evapotranspiration rate (PET) for different kind of surfaces.    
The evapotranspiration model used here is Penman-Monteith-equation (e.g. (Karvonen 
and Varis 1992), which is the most often used method to calculate PET if all the 
necessary data for applying the model are available.   
 
All the meteorological data needed as input data are available from the period 1992-
2006 (Ikonen 2002, 2005 and 2007).  Only exception is global radiation: only monthly 
sums were available and daily values were estimated from theoretical radiation 
equations based on day of the year and latitude (Karvonen and Varis 1992).   During 
1992-2003 wind speed was measured only at three levels (20, 60 and 100 m) and in the 
model wind speed should be available close to evaporating surface.  Logarithmic wind 
profile theory was used to transmit the wind speed measured at 20 m to 2 m above the 
surface.   

 

Figure 2-2.  Soil surface elevations of Olkiluoto Island.  Forest ditch network has been 
lifted from their assumed depth (0.9 m) to soil surface.   
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Soil and bedrock data 
 

The forest classification defined by Rautio et al. (2004) included also soil type for all 
patches.  In the present version this classification was used as the spatial input data to all 
computational grids. Totally 15 different soil types were identified in the field.  List of 
the soil types is shown in Table A-4 in Appendix A (Task T.4.5).  In the present study 
most of the simulations were carried out in 100x100 m2 grid.  With this resolution the 
soil types distribution of the grid cells was as follows: 62.6 % fine-textured till (soil 
type 3), 20.1 % sandy till (soil type 2), 1.5 % gravelly till (soil type 1), 1.1 % sedge peat 
(soil type 10), 0.2 % sphagnum peat (soil type 11), 0.2 % mull (soil type 13), 12.8 % 
urban areas, power plant areas, roads, or bare rock areas, and 1.2 %  agricultural areas 
(till soil). 
 
The parameters needed in the hydrological model of the overburden soils are also given 
in Table A-4: saturated water content S, residual water content R, parameters  and  
of the van Genuchten function (van Genuchten 1980) and saturated hydraulic 
conductivity K. Parameters of the soil water retention curve were estimated using 
pedotransfer functions developed by Jauhiainen (2004).  Grain size distribution curves 
needed in the pedotransfer function were obtained from Huhta (2007). Saturated 
hydraulic conductivity values were taken from the slug test results carried out in the 
shallow PVP-tubes. The procedure for selecting the parameter values for different soil 
types is given in Appendix A in Task 4.5.  
 
Bedrock hydraulic data for computations was taken from the Olkiluoto Site Description 
2006 (Posiva 2007): Table 6-2 for the hydrogeological zones (HZ-zones) and Table 6-3 
for the hydraulic conductivity of the rock mass between hydrogeological zones. In the 
uncertainty and sensitivity analysis the cumulative plots of transmissivities measured in 
the bedrock and distances between transmissive features in the bedrock were utilized 
(see Fig. 6-45 and 6-46 of the Olkiluoto Site Description 2006).  The parameter values 
are also shown in Appendix A in Task 4.5.  Location of the hydrogeological zones 
included in the model is shown also in Fig. 2-3 (elevation of zones has been lifted 500 
m from their true position to visualize them in the Google Earth). 
 
Soil heat balance parameters needed are the specific heat capacity of the soils CS, 
parameters of the thermal conductivity of soil (KT/P1, KT/P2 and KT/P3), bulk density D 
and parameter that defines the fraction of unfrozen water content as a function of soil 
temperature Tice were taken from literature (Karvonen 1988 and Rankinen at al. 2004).  
The procedure for selecting the parameter values is given in Appendix A in Task 4.5. 
 

Snow depth, soil temperature and frost depth  
 

Snow depth measurements started at the end of year 1999.  The location of the snowline 
is shown in Fig. 2-4.  Snow depth is measured at 20 points in four different vegetation 
types: no vegetation (open areas), pine forests, spruce forests and mixed forests.   Frost 
depth has been measured in 11 locations and location of the measurement points is 
shown in Fig. 2-3.  Most of the frost measurement points are located close to the 
snowline.  Soil temperature measurements were started in autumn 2004 and data from 
one site was available for calibrating the model.  Measurements sensors were installed 
at 0.1 m interval to the depth of 0.9 m. (0.1, 0.2,…, 0.9 m).   
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Figure 2-3.  Hydrogeological zones included in the surface and near-surface hydro-
logical model of Olkiluoto Island (elevation of zones has been lifted 500 m from their 
true position to visualize them in the Google Earth). 
 

Discharge  
 

Discharge measurements started in spring 2003 and four overflow weirs were installed 
(OL-MP1-4).  These have been so far monitored manually once a week. 
 

Groundwater level in the overburden 
 

There are totally 29 groundwater level measurement tubes located on Olkiluoto Island.  
Most of them are located in the centre part of the island (see Fig. 2-4).  Groundwater 
level has been monitored approximately once a month during the calibration period of 
the model (1.5.2001-31.12.2005).  
 

Pressure head in the shallow bedrock tubes   
 

There are totally more than 50 shallow or deep bedrock tubes located on Olkiluoto 
Island.  Most of deep ones are located in the centre part of the island around the 
ONKALO area.  Pressure heads have been monitored approximately once a month 
during the calibration period of the model.  In this study measurements in the PP- and 
PR-tubes were utilized.   
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Figure 2-4.  Location of the measurement points.  Q=discharge measurement, S=snow 
measurement, F=frost depth, T=soil temperature, Blue tubes=overburden groundwater 
level (PVP), Red tubes= shallow bedrock pressure head (PP), Green tubes =shallow 
bedrock pressure head (PR).   
 

2.2  Description of models 
 
The Olkiluoto surface hydrology model includes the following sub models: 

 snow accumulation and snow melt using degree-day model 
 soil heat balance including computation of frost depth 
 evapotranspiration and interception  module 
 calculation of soil water content in the overburden for calculation of spatial and 

temporal distribution of infiltration and surface runoff  
 subsurface runoff flow in the shallow overburden soil system as a solution of 

3D-unsatured/saturated flow (Richards equation) 
 open channel flow in ditches solved with a simplified form of the Saint Venant 

equations  
 recharge from overburden soils to the underlying bedrock: flow from 

overburden to bedrock caused by pressure head difference between the lowest 
node in the overburden and uppermost node in the bedrock 

 flow in the bedrock system solved with a 3D-submodel where bedrock and 
fracture zones have been calculated separately   

 
The overall model combines all the sub models into one computer program.  The reason 
for linking all the sub models is that the processes are coupled so closely with each 
other that it would not be possible to solve them.  The models of different sub processes 
have been described briefly in Appendix A in Task T.2.4.   
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3  RESULTS 
 

The surface and near-surface hydrological model of Olkiluoto Island calculates the 
components of the overall water balance: corrected precipitation, actual and potential 
evapotranspiration, infiltration at the soil surface, surface and subsurface runoff, 
recharge (deep infiltration) and discharge out of the system through the bedrock.  The 
bedrock makes the system much more complicated compared to standard hydrological 
models. Model calculates both the spatial and temporal distribution of all the variables.   
The computational period in the calibration phase is 01.05.2001-31.12.2005.     
 

3.1  Snow accumulation and snow melt 
   
Measured and computed snow depth 
 

Results of snow model calibration are shown in Figs. 3-1 for the four different 
vegetation types.  Snow accumulation and snow melt are very well described with the 
degree-day model originally developed by Vehviläinen (1992).  A more complicated 
energy balance model might be useful to develop at later stage of the surface hydrology 
studies if new measurements or some other evidence indicate that air temperature does 
not explain snow processes well enough in future climate.   
 
 
 

 
 
Figure 3-1. Measured and computed snow depth for open areas, pine forests, spruce 
forests and mixed (deciduous) forests. 



12 
 

3.2  Soil temperature and frost depth 

Soil temperature  
 

Soil heat balance model solves both soil temperature and frost depth.  Soil temperature 
is very closely linked with soil moisture and therefore water balance and heat balance 
models are coupled together.  The solution of the heat balance is complicated by the 
latent heat caused by freezing and thawing of soil water.  In the freezing phase a lot of 
energy is released when soil water is frozen and in spring an equivalent amount of 
energy is needed to melt the ice.   
 
Soil temperature measurements were started in autumn 2004 and data from one site was 
available for calibrating the model.  Measurements sensors were installed at 0.1 m 
interval to the depth of 0.9 m. (0.1, 0.2,.. 0.9 m).  During the measurement period the 
highest soil temperatures were lower than usually measured in Finnish soils (e.g. 
Rankinen et al. 2004).  This might be due to thick organic layer in the measurement site.  
Organic layer is an efficient insulator and tends to dampen the amplitude of the 
temperature variations.  Measured and computed soil temperatures at three depths (0.2, 
0.6 and 0.9 m) are shown in Fig. 3-2. Computed peak values are around 2-3 °C higher 
than the measured values at the depth of 0.2 m.  At greater depths computed and 
measured soil temperature values are in much better agreement with each other.  
Calibration of the heat balance parameters was carried out manually since the 
measurement period was so short. In future projects it will be necessary to apply 
automatic searching routines for parameters when more measurement sites and longer 
observation period will be available. 
 

Frost depth 
 

Simulation of frost depth comes from the solution of combined water and heat balance 
equations.  Frost depth is interpolated in the model as the level where soil temperature 
falls below the freezing point T0 (usually 0 °C). The mid points of the cells were located 
at depths z = 0.05, 0.2, 0.45, 0.9, 1.9 and 3.6 m (see Task T3.1 in Appendix A).  The 
resolution should be higher if very accurate simulation of frost depth is needed.  In the 
present study a compromise between accuracy and computer time needed to do the 
uncertainty analysis had to be done.  
 
Computed and measured frost depths in forested areas, open areas and peat forests are 
shown in Fig. 3-3.  Computed values are in quite good agreement with measured with 
the exception of those periods when frost depth is deeper than 0.45 m (midpoint of cell 
k=3). The midpoint of the next cell is at depth 0.9 m and grid resolution in the vertical 
direction is too low to allow good simulation of frost depth between depths z=0.45 and 
0.9 m. Denser grid has to be used in future projects to ensure more accurate frost depth 
simulation. 
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Figure 3-2.  Measured and computed soil temperature at depths 0.2, 0.6 and 0.9 m. 
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Figure 3-3.  Measured and computed frost depth in forested areas, open areas and peat 
forests. 
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3.3  Groundwater level in the overburden 
 
There are totally 29 groundwater level measurement tubes located on Olkiluoto Island.  
Most of them are located in the centre part of the island.  Groundwater level has been 
monitored approximately once a month during the calibration period of the model 
(1.5.2001-31.12.2005).  Yearly and seasonal variation in the groundwater level 
elevation is dependent on precipitation, evapotranspiration, thickness of the overburden 
layer, vertical and horizontal hydraulic conductivity, shape of the soil water retention 
curve (parameters  and , and lateral fluxes that transport water to other areas or 
towards ditches.  In the model groundwater level is obtained as the interface where soil 
water pressure head h is zero (h<0 in the unsaturated zone and h>0 in the saturated 
zone).  The timing error between measured and computed groundwater level rise or fall 
is mainly caused by shape of the water retention curve and thickness of the overburden 
soil layers.  
 
Soil type classification for the whole island was taken from Rautio et al. (2004) and this 
delineation was used without any modification.  Seventeen tubes are located on fine-
textured till (soil type 3): PVP3A and B, PVP4A and B, PVP5A and B, PVP6A and B, 
PVP7A, PVP11, PVP12, PVP13, PVP14, PVP15, PVP16, PVP19 and PVP20. Nine 
tubes are located on sandy till soil (soil type 2): PVP-tubes PVP1, PVP2, PV8A and B, 
PVP9A, B, and C, PVP18A and B are located on soil type 2 (sandy till).  Tubes 
PVP10A and B are located on sedge peat soil (soil type 10) and tube PVP17 on 
sphagnum peat (soil type 11).   
 
The fact that more than half of the tubes are located on the same soil type makes it 
difficult to calibrate the parameters of soil type 3 in such a way that measured and 
computed groundwater levels would be in very good agreement in all the PVP-tubes 
located on fine-textured till soil.  Nine tubes are on sandy till soil (soil type 2) so that 
totally 26 tubes out of 29 are situated on two major soil types classified on Olkiluoto 
Island.   
 
Measured and computed groundwater level in different tubes is shown in Figs. 3-4 and 
3.5.  Computed groundwater level variation can be characterized by a measure HCOMP, 
which is difference between maximum and minimum value during the calibration 
period. In fine-textured till HCOMP was too big in tubes PVP3A, PVP3B, PVP4A and 
PVP4B and too small in tubes PVP5A, PVP5B and PVP6A and PVP6B compared to 

HMEAS.  Computed groundwater level variation HCOMP for sandy till was greater than 
measured HMEAS in tubes PVP1 and PVP8A and smaller than computed in tubes PVP2 
and PVP9A.  Average HMEAS for all tubes located in fine-textured till soil was 1.99 m 
and the corresponding computed value HCOMP was 1.83 m. Average HMEAS for all 
tubes located in sandy till soil was 2.12 m and the corresponding computed value 

HCOMP was 1.93 m.  
 
In future studies it is necessary to divide soil types 2 and 3 into several subclasses since 
it seems unlikely that the soils would be so homogenous on the Olkiluoto Island. 
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Figure 3-4.  Measured and computed groundwater level in six different tubes.  
Tubes PVP1 and PVP2 are on sandy till soil and the other tubes on soil classified as 
fine-textured till. Computed values shown as continuous lines. 
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Figure 3-5.  Measured and computed groundwater level in six different tubes.  
Tubes PVP8A and PVP9A are located on sandy till soil and the other tubes on s fine-
textured till. Computed values shown as continuous lines. 
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3.4  Pressure heads in shallow bedrock tubes 
 
There are totally more than 50 shallow or deep bedrock tubes located on Olkiluoto 
Island.  Most of the deep ones are located in the centre part of the island around the 
ONKALO area.  Pressure heads have been monitored approximately once a month 
during the calibration period of the model.  In this study measurements of 21 shallow 
PP- and PR-tubes were used for comparing computed and measured pressure heads in 
the bedrock.   
 
Eleven shallow bedrock tubes were located on areas where the overburden soil type was 
classified as fine-textured till (soil type 3): PP1, PP3, PP6, PP7, PP9, PP10, PP36, PP37, 
PP38, PP39, PR3.  The overburden soil type was sandy till (soil type 2) in nine shallow 
bedrock tubes: PP2, PP5, PP8, PP31, PP32, PP34, PP35, PR1 and PR4. In one tube, 
PR2, the overburden soil was classified as gravelly till (soil type 1). 
 
The overburden and bedrock pressure heads are in a continuous pressure system.  The 
pressure head difference between maximum and minimum value during the calibration 
period, HS,MEAS and HS,COMP are almost the same than the corresponding values for 
the overburden groundwater levels. Average HS,MEAS for all tubes located in areas 
where the overburden soil is fine-textured till was 1.69 m and the corresponding 
computed value HS,COMP was 1.83 m. Average HS,MEAS for all tubes located in areas 
where overburden soil is  sandy till was 1.99 m and the corresponding computed value 

HS,COMP was 2.01 m.  
 
Measured and computed pressure heads in the shallow bedrock tubes are shown in Figs. 
3-6 and 3-7.  For tubes located above fine-textured till soil the computed variation 

HS,COMP was too big in tubes PP3, PP6 and PP7 and too small in tubes PP1 and PP9. 
For tubes located above sandy till soils measured variation HS,MEAS was bigger than 
computed variation in tubes PP5 and PP8 and smaller than computed in tubes PP1 and 
PP9.  
 
In future studies it is necessary to divide soil types 2 and 3 into several subclasses since 
variation in the overburden groundwater level influences in a very straightforward way 
to the pressure heads in the shallow tubes.  The present grid resolution is too coarse to 
allow comparison of the gradients between overburden PVP-tubes and shallow bedrock 
tubes.   
 
A very interesting and important research project is to compare measured and computed 
gradients between overburden and shallow bedrock tubes.  This will give more 
information about the vertical hydraulic conductivity needed to transmit the recharge 
from overburden to bedrock.  This seems to be one way to evaluate if there is anisotropy 
in the bedrock hydraulic conductivity values in the uppermost rock layers.  This kind of 
analysis necessitates that a much denser grid has to be developed around the ONKALO 
area where most of the tubes are located.  
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Figure 3-6.  Measured and computed pressure head in six shallow bedrock tubes.  
Tubes PP1, PP3, PP7 and PP39 are located on area where the overburden soil type has 
been classified as fine-textured till (soil type 3).  Overburden soil type is sandy till for 
tubes PP2 and PP5. Computed values shown as continuous lines.  
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Figure 3-7.  Measured and computed pressure head in six shallow bedrock tubes.  
Tubes PP6, PP9 and PR3 are located on area where the overburden soil type has been 
classified as fine-textured till (soil type 3).  Overburden soil type is sandy till for tubes 
PP8 and PR1 and PR4.  Overburden soil type is gravelly till for tube PR2. Computed 
values shown as continuous lines.    
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3.5  Discharge in measurement weirs 
 
Discharge measurements started in spring 2003 and four overflow weirs were installed 
(MP1,.. MP4).  These have been so far monitored manually only once a week and this 
causes a great uncertainty in the measurements.  Moreover, the weirs have probably 
been leaking and this creates additional errors in the overall water balance estimates.  
Discharge measurements are the most import source of uncertainty in the water balance 
computations. The ditch network located from the maps, Google Earth images and field 
trips shows that there are altogether at least 15 catchments on Olkiluoto Island and so 
far only four of them have been monitored. Some of these catchments are very small 
and need not be measured but at least six or seven most important ones should be 
monitored. 
 
Due to the fact that measurements were carried out only once a week it was decided that 
automatic calibration routines will not yet be used.  Therefore, in the calibration of the 
soil parameters discharge values were of minor importance and more weight was given 
to the measurements of the overburden groundwater level and pressure heads in the 
shallow bedrock tubes.  The same soil parameters that influence the groundwater level 
variation do also have strong effect on the computed discharge curve.  
 
Computed versus measured discharge is shown in Fig. 3-8. The uncertainty in timing 
and peak values is still very big and in future studies the soil types 2 and 3 (sandy till 
and fine-textured till) have to be divided to several sub classes so that computed 
discharge is in better agreement with the measured ones.  
 
Average runoff estimated from the existing measurements for the whole island was 
around 190 mm a-1.  The corresponding computed value was 175 mm a-1. 

 

3.6  Recharge from overburden to bedrock 
 
In the Olkiluoto surface hydrology model recharge R from overburden to bedrock is 
estimated by solving simultaneously the overburden pressure head and bedrock pressure 
head values in the same x,y-grid.  The overburden and bedrock pressure groundwater 
are assumed to be in continuous exchange with each other.  The details of the 
computation have been explained in Appendix A in Task T.2.4.  
 
Discharge through the bedrock is calculated using the 3D-model.  K-values of the 
bedrock and transmissivities of the fracture zones were taken from the Olkiluoto Site 
Description 2006 (Posiva 2007) and these values were not calibrated in this project. The 
only difference in the K-values of the bedrock between the existing hydrogeological 
model and the model of this study is that vertical hydraulic conductivity was assumed to 
be same than horizontal K.  The validity of this assumption has to be examined 
thoroughly in future studies.  This task will be closely linked with the research need 
described in Section 3.4: comparison of measured and computed gradients between 
overburden and shallow bedrock tubes.   
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Figure 3-8.  Measured and computed discharge head in four measurement weirs.  
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Recharge computations carried out with the methods described in Appendix A in Task 
T.2.4 revealed that the Olkiluoto bedrock groundwater system is transport-limited, i.e. it 
cannot transmit all the surface water available for recharge.  It can be said that there is 
more supply of water in the overburden than the system can transport.  This reduces 
considerably the uncertainty in the estimation of the recharge. Recharge from 
overburden to bedrock needs not be estimated as the residual term of the overall water 
balance but it can be taken as the amount of water the bedrock system can convey via 
the matrix and the hydrogeological zones (HZ-zones).   
 
Overburden groundwater system is supply-limited: more precipitation would imply 
more runoff and evapotranspiration.  However, additional precipitation does not 
influence very much the amount of recharge and discharge through the bedrock since 
the bedrock is transport-limited.  The errors in the estimation of runoff and 
evapotranspiration influence the uncertainty in recharge estimates only through the 
change in the hydraulic gradient dH/dL between the island interior and the sea 
surrounding the Olkiluoto Island. Total discharge to the sea is linearly related to dH/dL.  
E.g. 50 mm error in the estimation of actual evapotranspiration influences dH 
approximately 0.3-0.5 m based on shape of the soil water retention curve and this 
causes around 3-5 % change in the total discharge through the bedrock (Hmax in the 
island is around 11-12 m). 
 
Recharge from overburden to bedrock and discharge through the bedrock to the sea was 
first approximated with a steady-state solution of the 3D-bedrock model described in 
equation (A-8) in Appendix.  In this calculation overburden pressure heads were taken 
from the solution of equation (A-1).  The results of the steady state calculation was that 
recharge is around 1.9 % from the average yearly precipitation 550 mm a-1, i.e. around 
10-11 mm a-1.   

Recharge feedback mechanism 
 

A very important process that needs to be studied more closely in future projects is a so 
called recharge feedback mechanism.  This implies that when water is taken from the 
bedrock (pumping or flow to ONKALO) additional recharge around the pumping areas 
will tend to resist the decline in the bedrock groundwater level (pressure heads).  The 
feedback theory is also closely linked to the anisotropy problem discussed in Sections 
3.4 and 3.6.  
 

3.7  Spatial recharge values at various depths 
 
Combined solution of overburden soil water model and bedrock groundwater model 
was used to calculate infiltration (recharge) rates at various levels in the bedrock 
system.  The results are shown in Figs. 3-9 for depths z = -100, -50 and -25 m and in 
Fig. 3-10 for depths z = -10 m and -2 m.  At depth z = -100 m the recharge pattern is 
relatively homogenous and infiltration values are close to zero indicating that fluxes are 
very small at that depth before the construction of the ONKALO. At depth z = -50 m 
the influence of hydrogeological zones can be seen and this effect is more visible at 
depth z = -25 m.     
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Figure 3-9.  Computed recharge rates (% from precipitation) at various depths in the 
bedrock (z = -100, -50 and -25 m).  Location of some of the hydrogeological zones is 
shown (HZ001, HZ003, HZ008, HZ19A, HZ19B, HZ19C, HZ20AE and BFZ099). 
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Figure 3-10 .  Computed recharge rates (% from precipitation) at various depths in the 
bedrock (z = -10  and -2 m).  Location of some of the hydrogeological zones is shown 
(HZ001, HZ003, HZ008, HZ19A, HZ19B, HZ19C, HZ20AE and BFZ099). 
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The influence of the fracture zones cannot be seen very clearly at depths z = -10 m and 
z = -2 m (see Fig. 3-10).  The local topography bends the flow lines towards lower areas 
or to those grid cells where water is taken by the ditch network.  Recharge cells are 
shown in red colour and discharge cells are marked with blue colour.  The results for 
depth z = -2 m show that there are very many local discharge cells also inside the island 
(the graphs do not show recharge values in the whole island but in a selected section 
around the ONKALO area).  
 
The importance of the ditch network can be clearly seen from Fig. 3-11, which shows 
the location of the ditches together with the computed recharge rates (% from 
precipitation). According to Fig. 3-11 a very big proportion of discharge cells coincide 
with the ditch network cells.   
 

 

Figure 3-11.  Computed recharge rates at depth 2 m below the bedrock surface. Red 
coloured nodes are recharge areas and blue cells are local discharge areas that are 
most often located either in ditch cells or in areas where soil surface slope big.  
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4  UNCERTAINTY AND SENSITIVITY ANALYSIS 

4.1  Introduction 
 
Hydrological models have uncertainties arising from a number of sources: I) the error 
due to the model structure, II) uncertainty caused by parameter values, III) the error due 
to input data and IV) the error due to poorly defined boundary conditions. Several 
researchers (e.g. Beven, 1989, 1996, 2001;  Romanowicz et al. 1994; Rankinen et al. 
2006) have pointed to the limitations of the current generation of rainfall-runoff models 
and argued that the possible way forward must be based on a realistic assessment of 
predictive uncertainty. Good modelling practice requires the modeller to provide an 
evaluation of the confidence in the model predictions, possibly assessing the 
uncertainties associated with the outcome (response) of the model itself. Uncertainty 
Analysis (UA) and sensitivity analysis (SA) are prerequisites for model building in any 
field where models are used. UA allows assessing the uncertainty associated with the 
model response as a result of uncertainties in the model input. SA is aimed at 
establishing how the variation in the model output can be apportioned to different 
sources of variation, in order to establish how the given model depends upon the 
information fed into it. 
 
In the present study the uncertainty and sensitivity analysis was carried out through a 
parameter uncertainty framework known as GLUE (Beven and Binley 1992; 
Romanowicz et al. 1996, 2000; Ratto et al. 2000a and 2000b).  GLUE has been 
developed from an acceptance of the possible equifinality of models, i.e. different set of 
parameters may result in the same mean model output. It works with multiple sets of 
factors, typically via Monte Carlo sampling, and applies likelihood measures to estimate 
the predictive uncertainty of the model. Model realisations are weighted and ranked on a 
likelihood scale via conditioning on observations and the weights are used to formulate 
a cumulative distribution of predictions. Parameter sets with almost zero likelihood can 
be classified as non-behavioural and can be rejected. 
 
Equifinality of models means that different sets of parameters result in the same mean 
model output.  There are basically two options for trying to solve the equifinality 
problem: 

 solution I: better methods for identifying optimal parameter values 
 solution II: optimal parameters are not identifiable and one has to live with the 

equifinality and use the GLUE method to evaluate uncertainty caused by 
different parameter sets  

 
Very many hydrological studies carried out since 1990’s have shown that equifinality 
cannot be completely avoided in the models (Beven, 1996, 2001;  Freer et al. 1996; 
Romanowicz et al. 1994, 1996 and 2000; Rankinen et al. 2006). However, this does not 
mean that model results would not be useful.  Equifinality can be interpreted in such a 
way that different parameter combinations can give realistic simulations of the system 
and by taking into account the acceptability of each simulation it is possible to utilize all 
the behavioural simulations to produce confidence limits of the model outputs. 
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4.2  Brief description of GLUE 
 
The GLUE procedure is based upon making a large number of runs of a given model 
with different parameter sets, chosen randomly from specified a priori distributions. 
Different sets of initial and boundary conditions, model input data or model structures 
can also be considered. On a basis of comparing predicted and observed responses, each 
parameter set is assigned a likelihood of being a simulator of the system.  Runs that 
achieve likelihood below a certain threshold may then be rejected as ‘non-behavioural’. 
The likelihoods of these non-behavioural parameterisations are set to zero and are 
thereby removed from the subsequent analysis. The selection of the a priori distribution 
for each parameter is subjective. However, it is possible to update the parameter 
distributions using the GLUE method, and therefore the original choice the distribution 
is not very crucial in the application of the procedure.    
 
Following the rejection of non-behavioural runs, the likelihood weights of the retained 
runs are rescaled so that their cumulative total is 1.0. At each time step, the predicted 
output from the retained runs are likelihood weighted and ranked to form a cumulative 
distribution of the output variable from which chosen quantiles can be selected to 
represent the model uncertainty. 
 
 

4.3  Calculation of likelihood in the Olkiluoto case 
 
While GLUE is based on a Bayesian conditioning approach, the likelihood measure is 
achieved through a goodness of fit criterion as a substitute for a more traditional 
likelihood function.  The likelihood value is associated with a particular set of parameter 
values within a given model structure.  The likelihood associated with a particular 
parameter value may therefore be expected to vary depending on the values of the other 
parameters and there may be no clear optimum parameter set.  Interaction between 
parameter values will be reflected implicitly in the likelihood values associated with the 
parameter sets. Multiple model structures may also compete to be considered acceptable 
within this framework.   
 
In very many hydrological applications the likelihood is based on how well the model 
reproduces the measured discharge series.  In the Olkiluoto case the discharge time 
series is short and Q has been measured once a week.  Therefore, acceptance of 
different parameter sets can be only partly related to the measured discharge.  In the 
present study a more important criteria for selecting behavioural models is to use the 
overburden groundwater level measurements and observed pressure heads in the 
shallow bedrock tubes.   
 
The likelihood functions selected in this study are shown in Fig. 4-1.  Three different 
criteria can be used: 1) ratio of computed and measured groundwater level variation 
during the calibration period (01.05.2001-31.12.2005), HCOMP/ HMEAS, 2) ratio 

HS,COMP/ HS,MEAS in the shallow bedrock tubes and 3) average yearly runoff during the 
period when discharge measurements have been available (04/2003-12/2005).  
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Figure 4-1.  Estimation of the likelihood of model acceptance. a) ratio HCOMP over 
HMEAS, where H is the difference between the maximum and minimum computed (or 

measured) groundwater level during the calibration period (01.05.2001-31.12.2005), 
b)average total runoff (mm a-1) during the calibration period (lower graph).  
 
The likelihood functions are in this case so called soft criteria (e,g. Rankinen et al. 
2006). The basic idea is that for all the three criteria mentioned above there is some 
optimum area where it is assumed that likelihood is 1.0.  For criteria HCOMP/ HMEAS, 
and criteria HS,COMP/ HS,MEAS  the optimum area is between 0.85 and 1.15.  These 
limits imply that if measured groundwater level variation is e.g. 2.0 m, then all 
parameter combinations that give the computed HCOMP value between 1.70 m and 2.30 
m are considered fully acceptable.  If the ratio is less than 0.3 or higher than 1.7, the 
parameter combination is consider non-behavioural and this parameter set will be 
rejected from the further analysis.  The optimum area for total runoff was quite large 
due to the uncertainty included in the measurements.  Likelihood related to a parameter 
set was assumed to be 1.0 if the computed average runoff was between 150 mm a-1 and 
230 mm a-1 (measured average value was 190 mm a-1). The limits for non-behavioural 
combination were 120 mm a-1 and 270 mm a-1. 
 
The optimum areas for different criteria are definitely subjective although real 
measurements can be used to set up the limits.  Soft criteria can be considered to be 
“expert opinions” about the behaviour of the system.  Use of soft data is a good choice 
in the case that real measurements, “hard data”, is not accurate enough or measured  
time series are too short.  
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4.4  Generation of parameter combinations for GLUE 

Overburden parameters 
 

The GLUE procedure is based upon making a large number of runs of a given model 
with different parameter sets, chosen randomly from specified a priori distributions. In 
the GLUE method it is necessary to define a priori distributions for all the parameters. 
In the overburden model 16 parameters were included in the GLUE analysis (see Table 
4-1). Uniform distribution was assumed for K is saturated hydraulic conductivity (see 
Fig. 4-2), and parameters  and  of the van Genuchten function.  The five most 
important soil types were included in the uncertainty analysis: soil type 1 is gravelly till, 
soil type 2 is sandy till, soil type 3 is fine-textured till, soil type 10 is sedge peat and soil 
type TOP is the very permeable top soil in the forested areas.  
 
In the GLUE analysis it is also possible to take into account the influence of uncertainty 
in input data.  In the present study the most uncertain input data is the potential 
evapotranspiration rate PET.  Relative value for potential evapotranspiration rate RPET 
was included in the GLUE analysis.  RPET was allowed to get values between 0.8 and 
1.2 (20 % error in PET estimation). 
 
  

 

Figure 4-2.  Measured hydraulic conductivity in the overburden PVP-tubes (results 
from slug tests). Maximum measured value is around 10 m d-1(left) or1.2*10-4 m s-1 

(right)  (Tammisto and Hellä 2005). Uniform a priori distribution between 0.1 and 10 
10 m d-1was used in the GLUE analysis. 
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Table 4-1.  Parameters used in the GLUE analysis and their minimum and maximum 
values. K is saturated hydraulic conductivity,  and  are the parameters of the van 
Genuchten function.  Soil type 1 is gravelly till, soil type 2 is sandy till, soil type 3 is 
fine-textured till, soil type 10 is sedge peat and TOP refers to very permeable top soil in 
the forested areas. RPET is relative value for potential evapotranspiration rate 
(uncertainty related to input error). 
 

 
 

Bedrock hydraulic properties 
 

Bedrock hydraulic conductivity K and transmissivity of the hydrogeological zones were 
included in the GLUE analysis.  The distributions for the K-values of the rock matrix 
were taken from the cumulative probability distribution functions reported in the 
Olkiluoto Site Description 2006 (Posiva 2007, Figs. 6-45, 6-46).  The same data is 
shown here in Fig 4-3. Random numbers for generated from uniform distribution 
between 0-1.0 and these numbers were converted to T- and deff-values from the 
distributions shown in Fig. 4-3.  Transmissivity T and deff  were generated for each cell 
in the grid using depth dependent cumulative distributions. The effective hydraulic 
conductivity of the bedrock (Keff) was calculated as Keff=T/deff  
 
Transmissivity of the hydrogeological zones together with the uncertainty involved in 
the measurements is shown in Table 4-3 (Table 6-2 in the Olkiluoto Site Description 
2006).  Samples from T-values were generated from log-normal distributions using the 
standard deviation of log(T) given in Table 4-3.  Maximum and minimum values for 
log(T) were also defined as input data.  
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Figure 4-3. a) Cumulative distribution functions (cdf) of log(T) at various depths (upper 
graph) and b) cumulative distribution functions of distances between transmissive 
features in the bedrock, deff. Bedrock effective hydraulic conductivity value is calculated 
for each sample using equation Keff=T/deff.  
 

 

4.5  Scatter plots for parameter values 

Sensitivity of model output to soil parameters 
 

Scatter plots (scattergrams) are one tool provided by the GLUE analysis for checking 
how sensitive the model output is to each parameter.  In scattergrams x-axis is the a 
priori distribution of the parameter and y-axis is the likelihood related to one criteria or  
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Table 4-2.  Transmissivity of the hydrogeological zones (log(T), m2 s-1), standard 
deviation std of log(T) (m2 s-1), maximum and minimum value for log(T) allowed in the 
GLUE analysis, and upper limit z-upp (m) and lower limit z-low (m) for different zones. 
 

 
 
 
some combination of the likelihood-criteria discussed in Section 4.3.  In scatter plot 
each simulation is plotted as one dot. If the dots are distributed evenly to the plotting 
area it can be concluded that there are several parameter combinations which give the 
same results (equally acceptable solutions).   
 
Scattergrams showing the sensitivity of model output (groundwater level in overburden 
tubes) to parameter values are shown in Figs. 4-4..4-7. The most important parameters 
are the K,  and  of fine-textured till (soil type 3) and sandy till (soil type 2).  The 
likelihood shown in Figs. 4-4..4-7 has been calculated from computed and measured 
data of the specific PVP-tube.  The sensitivity of model output to error in input data 
(evapotranspiration) has been shown in Figs. 4-8 for three different groups of PVP-
tubes (A and B tubes at the same position) and in Fig. 4-9 for six different tubes. 
 
Scattergrams shown in Fig. 4-4 indicate that for tube PVP4B there is a very narrow 
optimal range for parameters K3 and 3 whereas good values for parameter 3 can be 
found in wide area.  For the tube PVP5B good parameter values (likelihood 1.0) can be 
found from very wide area for K3 and 3, but from much narrower scale for parameter  

3.  
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In the present soil type classification it is assumed the fine-textured till has the same 
hydraulic properties around tubes PVP4 and PVP5. However, the results shown in Fig. 
4-4 indicate different parameter values should be used around these tube groups. Soil 
type “fine-textured till” should be divided to several sub classes and GLUE analysis 
provides some information how the new delineation of soil types should be done. 
 

 

 

 

Figure 4-4.  Scatter plots of likelihood measures for overburden tubes PVP4B and 
PVP5B versus parameter values of fine-textured till (soil type 3). Each dot represent 
one simulation with a randomly generated parameter set: K3 is the saturated hydraulic 
conductivity of fine-textured till (m d-1),  Alfa3 and Beta3 are the parameters of the van 
Genuchten function. Total number of simulations is 1 100. 
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The scattergrams shown in Fig. 4-5 indicate that the model is not very sensitive to 
parameters of soil type 3 around tubes PVP6B and PVP7A.  Likelihood is 1.0 in a very 
wide range for all the three parameters of fine-textured till (K3, 3 and 3) indicating 
equifinality with respect to these parameters when model output in tubes PVP6B and 
PVP7A is considered.  These tubes are located at higher elevation than tubes shown in 
Fig. 4-4 and this explains why the variation of the groundwater level in tubes PVP6B 
and PVP7A is higher than in tubes PVP4A and PVP4B. 
 
 

 

 

 

Figure 4-5.  Scatter plots of likelihood measures for overburden tubes PVP6B and 
PVP7A versus parameter values of fine-textured till (soil type 3). Each dot represent 
one simulation with a randomly generated parameter set: K3 is the saturated hydraulic 
conductivity of fine-textured till (m d-1),  Alfa3 and Beta3 are the parameters of the van 
Genuchten function. Total number of simulations is 1 100. 
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Scattergrams shown in Fig. 4-6 indicate that model output for tubes PVP11 and PVP12 
seems to be very sensitive to all the three parameters of fine-textured till soil (soil type 
3).  These results will help in delineating the present fine-textured till soil to sub classes 
that take into account the local heterogeneity of the overburden soils.  
 

 

 

 

Figure 4-6.  Scatter plots of likelihood measures for overburden tubes PVP11 and 
PVP12 versus parameter values of fine-textured till (soil type 3). Each dot represent 
one simulation with a randomly generated parameter set: K3 is the saturated hydraulic 
conductivity of fine-textured till (m d-1),  Alfa3 and Beta3 are the parameters of the van 
Genuchten function. Total number of simulations is 1 100. 
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Scattergrams showing model output sensitivity to parameters of sandy till soil (soil type 
2) are shown in Fig. 4-7.  The results indicate that soil type around tube PVP8B should 
be different from the soil around tube PVP9B.  Optimal value for hydraulic conductivity 
is much smaller for soil around PVP8B.  This means that the present soil type “sandy 
till” has to be divided to several sub classes in the future projects.  
 
 

 

 

 

Figure 4-7.  Scatter plots of likelihood measures for overburden tubes PVP8B and 
PVP9B versus parameter values of fine-textured till (soil type 3). Each dot represent 
one simulation with a randomly generated parameter set: K2 is the saturated hydraulic 
conductivity of sandy till (m d-1), Alfa2 and Beta2 are the parameters of the van 
Genuchten function. Total number of simulations is 1 100. 
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Sensitivity of model output to errors in input data 
 

Scattergrams of model output sensitivity to uncertainty in potential evapotranspiration 
rate are shown in Figs. 4-8 and 4-9.  The results given in Fig. 4-8 are for tube systems 
PVP3A and 3B, PVP4A and 4B and PVP5A and 5B. A and B tubes are located close to 
each other in such a way that the perforated section is at deeper level in A-tubes.  The 
purpose of Fig. 4-8 is to examine if uncertainty in potential evapotranspiration 
influences likelihood in a different way in A and B tubes.  
 
The results show that model output is most sensitive to uncertainty in PET in tubes 
PVP4A and PVP4B.  There cannot be seen any clear difference between the responses 
in A and B tubes in any of the three tube groups. 
 
 

 

 

 

Figure 4-8.  Scatter plots of likelihood measures for overburden tubes PVP3A and B, 
PVP4A and B and PVP95A and 5B versus relative potential evapotranspiration rate 
(uncertainty in model input data). Total number of simulations is 1 100. 
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The results given in Fig. 4-9 also show that there is equifinality in parameter values 
regarding the potential evapotranspiration rate.  This is obvious since the total water 
balance will be maintained:  runoff is increased if evapotranspiration is decreased and 
the other way around.  Uncertainty and equifinality can be reduced only by getting more 
accurate discharge measurements. 
 
 

 

 

 

Figure 4-9.  Scatter plots of likelihood measures for overburden tubes PVP2, PVP7A, 
PVP13, PVP14, PVP8A and PVP3B versus relative potential evapotranspiration rate 
(uncertainty in model input data). Total number of simulations is 1 100. 
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Sensitivity of runoff on soil hydraulic properties 
 

Scattergrams given in Fig. 4-10 show that the same computed  runoff can be obtained 
with very many different kind of parameter combinations.   The results holds both for 
soft data criteria defined for runoff in Section 4.3 (see Fig. 4-1) and for computed yearly 
runoff (mm a-1).  Uncertainty in model output can be reduced by more accurate 
discharge measurements. 
 

 

 

 

Figure 4-10.  Scatter plots of likelihood measures for runoff soft criteria (0..1) and 
computed runoff (mm a-1 versus parameter values of fine-textured till (soil type 3). Total 
number of simulations is 1 100. 
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4.6  Estimated water balance components 
 
GLUE analysis provides a way to estimate the cumulative distribution functions of 
different output variables of the model.  In the present study the key output variables are 
runoff, actual evapotranspiration, infiltration close to soil surface and recharge from 
overburden to bedrock.  On long term discharge through the bedrock equals the 
estimated recharge rate.   
 
The procedure is such that the likelihood mass of all accepted simulations is scaled in 
such a way that the cumulative probability mass will be 1.0.  Output values of the model 
are then sorted in ascending order with regard to different output variables and the 
associated cumulative probability mass is calculated.   

Runoff and evapotranspiration  
 

The results for runoff and actual evapotranspiration (mm a-1)  are shown in Fig. 4-11).  
According to the GLUE analysis the average yearly runoff was around 175 mm a-1 and 
50 % confidence interval was 155 – 195 mm a-1.  Measured average yearly runoff 
during the calibration period was 190 mm a-1. Runoff was measured once a week and 
there is considerable uncertainty included in measured average runoff. Average yearly 
evapotranspiration estimate was 310 mm a-1 and the 50 % confidence limits were 290 
(25 %) and 330 (75 %) mm a-1. The uncertainty included in runoff and potential 
evapotranspiration rates can be reduced most efficiently with more accurate discharge 
measurements.   
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Figure 4-11.  Cumulative distribution function of computed runoff and evapo-
transpiration (mm a-1).  Average yearly runoff is around 175 mm a-1 and measured 
average yearly runoff during the calibration period was 190 mm a-1. Average yearly 
evapotranspiration estimate is 310 mm a-1.     
 

Infiltration close to soil surface 
 

Cumulative distribution functions of computed infiltration rate close to soil surface 
(depth 0.05 m) are shown in Fig. 4-12. Infiltration measurements started in 2005 but the 
suction lysimeters did not function properly during the first measurement year.  
Measured values from three lysimeters from years 2006 and 2007 are shown as a 
comparison for the computed results.  Average computed value during the calibration 
period was 295 mm a-1.  Measured and computed values cannot be compared directly 
since the computed values represent the average over the whole island whereas 
measured ones are located at specific points below the canopy.  Measured and computed 
infiltration rates will be compared with each other in future studies.  



43 
 

 

 

Figure 4-12.  Cumulative distribution function of computed infiltration rate close to soil 
surface (depth 0.05 m) (upper graph) and measured infiltration at depth 0.05 m during 
years 2006 and 2007 (not included in calibration period).     
 
 

Recharge from overburden to bedrock  
 

Samples from bedrock hydraulic conductivity Keff and transmissivity of the hydro-
geological zones were taken from the distributions shown in Fig. 4-3 and in Table 4-2.  
1 100 simulations were carried out and the average recharge from overburden to 
bedrock was computed.  Likelihood of the associated simulations was calculated from 
the overburden and shallow bedrock tube criteria (see Fig. 4-1). Cumulative probability 
of computed recharge values was calculated in the same way than for overburden output 
components.  The results are shown in Fig. 4-13.  Average value taken from the peak 
value of the probability density function was 1.7 % from the long term yearly 
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precipitation, which is 550 mm a-1.  25 % confidence limit is around 1.5 % and 75 % 
limit is 1.9 %.  These values imply that average recharge is around 10 mm a-1.  
 

Water balance components of Olkiluoto Island 
 

Results of total water balance components can now be summed up together with their 
confidence intervals from the results of the GLUE analysis (see Table 4-3).  There are 
still great uncertainty related to average actual evapotranspiration and total runoff.  The 
accuracy of these values cannot be improved significantly without new discharge 
measurements.  The most important result is that discharge through the bedrock is less 
than 2 % from total precipitation.  The small value can be explained by the fact that the 
bedrock-system is transport-limited and it cannot convey significant amount of water.  
The recent estimate is based on the same bedrock K-values and fracture zone T-values 
that are used in the existing hydrogeological model described in the Olkiluoto Site 
Description 2006 (Posiva Report 2007-03).   
 
Table 4-3.  Average yearly values of the water balance components of Olkiluoto Island 
based on the GLUE analysis. Precipitation is average value from the calibration period 
(long term average P is 550 mm a-1).     

 
 
The calibrations show that the fraction of overland flow in forested areas is significant 
only locally in the exposed bedrock areas. Overland flow to ditches, drains and directly 
to the sea can be observed on paved surfaces (e.g. roads, parking places and power plant 
areas) and some exposed bedrock areas along the shoreline.   
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Figure 4-13.  Probability density function (pdf) and cumulative distribution function  
(cdf) of computed recharge rate from overburden to bedrock (average value over 
Olkiluoto Island, % from long term average precipitation, 550 mm a-1).    
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5  CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 
 
The first version of the surface and near-surface hydrological model of Olkiluoto Island 
has been developed in this study.  The purpose of this Chapter is to discuss methods to 
increase the reliability of the modeling system, outline model improvement needs and 
discuss the possibilities to link the models developed in the hydrogeology and 
hydrogeochemistry group with the modeling tools of the biosphere assessment group.  
The specific models that can support biosphere group are the existing hydrogeological 
model described in the Olkiluoto Site Description 2006 (Posiva 2007), and the surface 
and near-surface hydrology model developed in this study. 
 
For the first, the uncertainty analysis carried out using the GLUE method revealed very 
many points where the model set-up and model parameterization can be improved.  
These topics will be listed in this Chapter. For the second, a specific goal during the 
next years is to verify the most uncertain process descriptions of the surface and near-
surface hydrological model with efficient use of all existing measurements and with 
carefully planned new measurement campaigns.  The most important processes needing 
more evidence will be described in this Chapter.  For the third, it is necessary to reduce 
the uncertainty involved in the model output variables.  The possible ways of reaching 
this goal will also be treated here.   For the fourth, the results of the hydrogeology and 
hydrogeochemistry group can support the biosphere assessment group.  During 2008 it 
is necessary to recognize the interfaces between the existing hydrogeological  and 
hydrological models and modeling tools available in the biosphere assessment group.  
For the fifth, the actual modeling work for linking the models of the hydrogeology and 
hydrogeochemistry group with the models of the biosphere assessment group has to be 
started.  These tasks will also be outlined in this Chapter.  
 

1) How to improve model set-up and parameterization? 
 
Influence of ONKALO on groundwater flow and pressure heads 
 
The present version of the model does not yet include the influence of ONKALO at all.  
The coordinates of the tunnels leading to the final repository site have to be included in 
the model set-up.  Inflow to ONKALO can be taken into account by giving the 
discharge as input data and treating the ONKALO as a system of multiple sinks located 
at the cells which the tunnels intersect.    
 
Number of soil types and soil hydraulic properties 
 
Seventeen PVP-tubes out of 29 are located on fine-textured till and nine tubes are 
located on sandy till soil so that totally 26 tubes out of 29 are situated on two major soil 
types classified on Olkiluoto Island.  Therefore, it is difficult to calibrate the parameters 
of two most important soil types in such a way that measured and computed 
groundwater levels would be in very good agreement in all the PVP-tubes.  It is 
necessary to divide the present two most important soil types into several sub classes 
with different hydraulic properties.  The results of the GLUE analysis provide a way for 
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doing this delineation.  Automatic calibration methods and new uncertainty analysis can 
then be applied for tuning the parameter values.  
 
Grid resolution  
 
The grid resolution will have a strong impact on most of the processes in the surface 
and near-surface hydrology model.  Specific goal during the next modelling phase is to 
carry out a sensitivity analysis of the influence of cell size on different model output 
variables.   How does grid resolution influence average water balance components 
(yearly values) and how big is the effect on peak values of discharge?   
 
Ditch network  
 
The results of the present study showed the importance of the ditch network both in 
conveying surface water rapidly to the sea and in bending the local flow paths towards 
the ditches in the overburden soil and shallow bedrock. According to computed results a 
very big proportion of discharge cells coincide with the ditch cells. The location of the 
ditch network was checked visually in central and western parts of the island during 
summer 2007.   The same type of visual tour has to be carried out in the eastern part of 
the island around the Olkiluodonjärvi area. 
 
Soil thermal properties 
 
Simulation of frost depth comes from the solution of combined water and heat balance 
equations.  Frost depth is interpolated in the model as the level where soil temperature 
falls below the freezing. The vertical resolution of the overburden soil should be higher 
if very accurate simulation of frost depth is needed.  In the present study a compromise 
between accuracy and computer time needed to do the uncertainty analysis had to be 
done.  
 
The soil temperature and frost depth network should be examined and special attention 
should be paid to evaluate how well each measurement tube represents the surrounding 
area. For example location of the measurement point too close to roads or other 
structures where the thermal conductivity is much higher than in the natural soil may 
cause errors in measured frost depth.   
 

2) What are the most uncertain process descriptions? How to verify them? 
 
What is the role of anisotropy in calculating recharge from overburden to bedrock? 
 
The hydraulic properties have been determined based on measured transmissivities in 
boreholes. Due to a relatively large number of such measurements, the derived, 
representative values of the bedrock hydraulic properties on the site scale can be judged 
to be properly established. However, the possibility of having greatly anisotropic 
vertical components of the hydraulic conductivity has not been verified yet.  In the 
present version of the surface hydrology model no anisotropy was assumed.  In the 
existing hydrogeological model the vertical hydraulic conductivity is 50 times smaller 
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than the horizontal components.  The big difference between the vertical components in 
the two models can partly be explained by the treatment of the upper boundary 
condition.  However, it is crucial to find more evidence to support either of these 
theories or to prove that different type of handling the upper boundary condition can 
explain the results.  
 
The suggested method to reduce the uncertainty in the process description of recharge is 
to compare measured and computed gradients between overburden and shallow bedrock 
tubes. This will include a thorough examination of the time dependent changes in PVP- 
and shallow bedrock holes located close to each other. The data provided by the 
infiltration experiment starting during 2008 will also produce new measured data. This 
kind of analysis necessitates that a much denser grid has to be developed around the 
ONKALO area where most of the holes are located.   
 
What is the spatial pattern of infiltration at different depths? 
 
Hydraulic conductivity and transmissivity vary spatially very rapidly and it can be 
expected that this variability is also reflected in the spatial pattern of infiltration.  The 
role of the overburden characteristics and topographical sloping complicate the picture.  
The infiltration rates calculated at different depths with the present model version 
provide a good starting point for the analysis.  However, it is necessary to calculate 
explicitly the flow paths at different parts of the island at various depths.  How deep do 
the flow lines go especially around the ONKALO area? What are the estimated vertical 
and horizontal fluxes (% from total) in the overburden and at various depths in the 
uppermost 50-100 m of the bedrock? 
 
The suggested way to approach this problem is to develop a smaller scale version of the 
present surface hydrology model around the ONKALO area (grid size 5x5 or 10x10 m2) 
and link it with the existing larger scale model.  Flow lines will be calculated using the 
3D velocity field provided by the model.  Moreover, particle tracking method will be 
used to calculate the flow paths of hypothetical particles as they are transported by 
water flow within the model volume. The particles will be located initially to the 
overburden soil at various depths.  In addition, it is necessary to add a particle flux at 
the soil surface to mark the influence of new water.  
 
What is the role of hydrogeological zones in recharge computations and in contributing 
inflow to ONKALO?  
 
The infiltration pattern described above is additionally complicated by the hydro-
geological zones.  According to existing observations carried out in the overburden 
PVP-tubes and in shallow bedrock holes, the construction of ONKALO has not caused 
any changes in groundwater level.  The effects on head deeper in the bedrock have been 
both short-term and long-term.  Is it possible that hydrogeological zones can transport 
water from the overburden to the ONKALO without influencing the groundwater level 
in the overburden?  Does this feedback mechanism exist and much can it influence on 
recharge rate? 
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One possible way to study the effect of this mechanism is to add hydrogeological zones 
to the particle tracking algorithms.  This causes additional difficulty since the bedrock 
system is truly three dimensional whereas the HZ-zones as 2D sheets crossing the rock 
matrix.  Algorithms need to be developed that can handle particle tracking reliably both 
in the bedrock and in the hydrogeological zones.  
 
What are the flow patterns around the Korvensuo reservoir? 
 
Korvensuo reservoir might influence the geochemical evolution of the deep bedrock 
groundwater. Possible pathways of intrusion of the fresh water from the Korvensuo 
reservoir to the ONKALO must be examined and actions designed to prevent this 
leakage.  
 
The suggested method to study the effect of Korvensuo reservoir is to extend the new 
small scale surface hydrology model far enough to allow calculation of flow field both 
in the overburden and shallow bedrock around the Korvensuo reservoir. Particle 
tracking and tracer movement modelling will also be used (e.g. 18O) to give estimate of 
the origin of waters around the ONKALO.  These calculations will be carried out in a 
much larger scale than the geochemical models aimed to be developed by VTT in 
analyzing the results of the infiltration experiment.  Hopefully these approaches will 
help each other. 
 

3) How to reduce the uncertainty involved in model outputs? 
 
Runoff and evapotranspiration 
 
Discharge measurements started in spring 2003 and four overflow weirs were installed.  
Until the end of year 2007 these have been monitored manually only once a week and 
this causes a great uncertainty in the measurements.  Moreover, the weirs have probably 
been leaking and this creates additional errors in the overall water balance estimates.  
Discharge measurements are the most import source of uncertainty in the water balance 
computations. Logger systems have been installed to four measurement weirs and this  
will reduce the uncertainty in the runoff estimates. 
 
The new soil type delineation will reduce the uncertainty included in runoff and 
evapotranspiration estimates. The same soil parameters that influence the groundwater 
level variation do also have strong effect on the computed discharge curve.   
 
Recharge to bedrock 
 
The task suggested in topic 2) will help to reduce the uncertainty involved in the 
recharge computations.   
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4) What are the interfaces between the hydrogeology and hydrogeochemistry 
group and the biosphere assessment group? 

 
For the future evolution of the site, the computations carried out with the existing 
hydrogeological model accomplished so far indicate that discharge points of flow routes 
originating from the repository host rock are located outside the current landmass of the 
island. At Olkiluoto, in particular, the long-term evolution is affected by the ongoing 
post-glacial land uplift. The withdrawal of the shoreline from the site will uncover 
topographical lowlands to appear as candidates for such discharge. Furthermore, the 
future overburden hydrology will be strongly affected by the climate change that will 
inevitably take place within the next few thousands of years. Thereby, the description of 
the long-term evolution of the entire hydrogeological system would benefit from a more 
detailed knowledge of the overburden’s hydrological evolution in the future (Ikonen 
2007b).  
 
During 2008 it is necessary to recognize all the possible interfaces where the existing 
hydrogeological, DFN-models and surface and near-surface hydrological model could 
provide input data to the modeling tools developed in the biosphere assessment group. 
What are the specific ways to import data from hydrological models to biosphere 
models?  Do the biosphere models utilize constant value boundaries or flux-based 
boundaries?  How important is the dynamic aspect in importing the data?  How to treat 
water fluxes and particle fluxes? What kind of input data is needed to transfer from 
biosphere group to the surface hydrology model? 
 

5) Development of the framework for linking surface hydrology models with 
the tools developed in the biosphere assessment group 

 

The simulation time scale of the biosphere assessment is from the start of operation of 
the repository to several thousand years into the future (likely 6 000-8 000 years). 
During that time the land uplift alters the landscape. Concerning the relatively large area 
of interest (about 390 km²), it is practical to divide it to the repository area (Olkiluoto 
area), where the connection with the deep groundwater largely influences the 
assessment, and the larger “semi-regional” area, where the releases are transported 
mainly in the surface waters downstream of the repository (Ikonen 2007b).    
 
Concerning the processes involved in the smaller area, the focus is on areas where the 
groundwater from the repository might exit the bedrock volume of relatively few 
hydraulically significant features, or the model representing the flow paths as discrete 
entities. Thus, modelling of the entire area bordered by large bedrock lineaments likely 
to form a hydrological unit in the future, with a proper groundwater model is needed. 
For the “semi-regional” area, less detailed information is required. The discharges of 
releases from the repository will very likely remain within the “semi-regional” area, but 
on the surface they will be further transported in the surface (and near-surface) water 
systems downstream to the sea. In this area, the needed outputs from the hydrological 
modelling are the main mass (water) flows in the river and lake systems as well as to 
them from their catchment areas, and the groundwater level at relatively coarse level, 
e.g. annual averages and the approximate range of variation (Ikonen 2007b).     
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Considering the needs discussed above, a possible starting point for linking the surface 
hydrology models with the tools developed in the biosphere assessment is to create a 
framework that can transport data in both directions. It is probable that several iterations 
are needed at various stages of the biosphere assessment task and therefore, a practical 
framework that enables fast transfer of data and results should be developed. For the 
first, it is necessary to transfer input data from the biosphere group to the surface and 
near–surface hydrological models. The obligatory data needed for the hydrological 
model are future evolution of land use, surface vegetation type and soil type.  For the 
second, the output variables of the hydrological models developed at various scales 
must be exported to the biosphere group.   
 
The goal is to develop the first versions of the hydrological model to be used in the 
prediction of the overburden’s hydrological evolution in the future (5 000-10 000 years 
ahead).  Models will be developed at three different scale: Site, Olkiluoto area and 
“semi-regional” scale during 2008.  Moreover, the framework needed to transfer data 
will be set up.   The first scenarios can be calculated during 2008.  The models and 
predictions need to be updated later on. 
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6  SUMMARY 
 
The aim of the study was to develop a 3D-model that calculates the overall water 
balance components of Olkiluoto Island in the present-day condition utilizing the 
existing extensive data sets available.  Due to the importance of the deep groundwater in 
bedrock it is necessary that the model can solve the interaction between overburden 
groundwater and groundwater in bedrock.  The surface and near-surface hydrological 
model developed in this uses precipitation and potential evapotranspiration as upper 
boundary condition. Groundwater level is a variable computed by the model and it has 
been compared with the measured groundwater levels.  The model links the unsaturated 
and saturated soil water in the overburden and groundwater in bedrock to a continuous 
pressure system.  Both systems are solved using 3D numerical solutions with a finite 
volume method and coupled solution is carried out using iterative methods.   
 
The parameterization of land use and vegetation was done in such a way that the model 
can later on be used for description of the past evolution of the overburden hydrology at 
the site and overburden’s hydrological evolution in the future (5 000-10 000 years 
ahead). In this study land use in Olkiluoto Island was divided spatially into patches. 
Patch is a relatively homogenous area in terms of vegetation and/or land use type and 
patches can be utilized in the hydrological modeling.  With the help of patches the 
spatial patterns of hydrological variables can be handled.  Saturated hydraulic 
conductivity was different soil types was taken from the results of slug tests carried out 
in previous studies.  Soil water retention curves were taken from pedotransfer functions 
developed specifically for Finnish forest soils.  
 
The obligatory data needed in the hydrological models is the stream network, which 
conveys runoff from catchment areas to the sea.  In Olkiluoto case the drainage network 
is totally composed of man-made forest ditches, ditches aside the roads or agricultural 
drains.  Therefore stream network cannot be taken from DEM but it has to be defined 
explicitly from existing maps.  All the ditches shown in the maps were digitised by 
placing the map images in Google Earth.  Totally 15 catchments ending to the sea were 
digitised.   
 
The most important time dependent variables for comparing measured and computed 
values were groundwater level in overburden tubes, pressure heads in shallow bedrock 
holes and discharge measurements carried out in four overflow weirs.  Discharge was 
monitored manually once a week during the calibration period (01.05.2001-31.12.2005) 
and this causes a great uncertainty in the measurements.  The performance of the model 
was also tested against snow depth, soil temperature and frost depth measurements.  
 
Seventeen PVP-tubes out of 29 are located on fine-textured till and nine tubes are 
located on sandy till soil so that totally 26 tubes out of 29 are situated on two major soil 
types classified on Olkiluoto Island.  Therefore, it is difficult to calibrate the parameters 
of two most important soil types in such a way that measured and computed 
groundwater levels would be in very good agreement in all the PVP-tubes.  Computed 
groundwater level variation can be characterized by variables HMEAS and HCOMP, 
which are the difference between maximum and minimum measured and computed 
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groundwater level value during the calibration period. Average HMEAS for all tubes 
located in fine-textured till soil was 1.99 m and the corresponding computed value 

HCOMP was 1.83 m. Average HMEAS for all tubes located in sandy till soil was 2.12 m 
and the corresponding computed value HCOMP was 1.93 m.  The computed results 
indicate that in future studies it is necessary to divide the two most important soil types 
into several subclasses.   
 
Recharge computations carried out with the models developed here revealed that the 
Olkiluoto bedrock groundwater system is transport-limited, i.e. there is more supply of 
water in the overburden than the system can transport.  This fact reduced considerably 
the uncertainty in the estimation of the recharge.  Overburden groundwater system is 
supply-limited: more precipitation would imply more runoff and evapotranspiration.   
 
Combined solution of overburden soil water model and bedrock groundwater model 
was used to calculate infiltration (recharge) rates at various levels in the bedrock 
system.  At depth z = -100 m the recharge pattern is relatively homogenous and 
recharge values are close to zero. At depth z = -50 m the influence of hydrogeological 
zones can be seen and this effect is more visible at depth z = -25 m.   The influence of 
the fracture zones cannot be seen very clearly at depths z = -10 m and z = -2 m.  The 
local topography bends the flow lines towards lower areas or to those grid cells where 
water is taken by the ditch network.   
 
In the present study the uncertainty and sensitivity analysis was carried out through a 
parameter uncertainty framework known as GLUE.  Totally 1 100 simulations were 
carried out with different parameter sets, chosen randomly from specified a priori 
distributions. Influence of uncertainty in potential evapotranspiration on model output 
was also considered.  Overburden soil parameters, bedrock hydraulic conductivity and 
transmissivity of the hydrogeological zones were included in the GLUE analysis.    
 
Scatter plots (scattergrams) are one tool provided by the GLUE analysis for checking 
how sensitive the model output is to each parameter.  According to the results of the 
sensitivity analysis fine-textured till and sandy till should be divided to several sub 
classes and GLUE analysis provides information how the new delineation of soil types 
should be done.  The results of the uncertainty also show that there is equifinality in 
parameter values regarding the potential evapotranspiration rate. Uncertainty and 
equifinality can be reduced only by getting more accurate discharge measurements. 
 
Results of total water balance components can be summed up together with their 
confidence intervals from the results of the GLUE.  According to the GLUE analysis the 
average yearly runoff was around 175 mm a-1 and 50 % confidence interval was 155 – 
195 mm a-1.  Measured average yearly runoff during the calibration period was 190 mm 
a-1. Average yearly evapotranspiration estimate was 310 mm a-1 and the 50 % 
confidence limits were 290 and 330 mm a-1. There are still great uncertainty related to 
average actual evapotranspiration and total runoff.  The accuracy of these values cannot 
be improved significantly without new discharge measurements.  Average value for 
recharge through the bedrock system was 1.7 % from the long term yearly precipitation 
and 50 % confidence interval was 1.5 - 1.9 %.  These values imply that average 
recharge is around 10 mm a-1.  
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APPENDIX A:  MODEL QUALITY ASSURANCE FRAMEWORK  
   

Introduction 
 
HarmoniQuA was a project funded by the EU  (http://harmoniqua.wau.nl/).  The 
purpose of the project was to provide guidelines towards enhancing the credibility of 
modelling projects.  The framework consists of a task list that has five major topics and 
altogether 48 subtopics.  Originally HarmoniQuA was designed to be followed during 
catchment and river basin modelling studies.  The framework can be applied with small 
modifications to vary many type of modelling studies.   
 
The main topics (tasks) are: 

 T.1  Model study plan (7 subtopics) 
 T.2  Data and Conceptualisation (5 subtopics) 
 T.3  Model set-up (13 subtopics) 
 T.4  Calibration and validation (12 subtopics) 
 T.5  Simulation and Evaluation (11 subtopics) 

 
The quality assurance framework provided by the HarmoniQuA-project has been 
adopted in the present modelling study. In the development of the surface hydrological 
model of Olkiluoto Island the task list will be updated all the time during the project.  
The framework provides a check-list of the project advancement for both Posiva and the 
consultant. 
 
Supplementary tasks not originally included in the HarmoniQuA task list have been 
added:   

 Identify greatest sources of uncertainty in data and models 
 List suggested actions to reduce the uncertainty 
 List and update continuously the actions carried out to reduce the uncertainty  

 

T.1  Model Study Plan   

T.1.1 Describe Problem and Context    
 
The present project is a new part of the very big effort being continuously developed by 
the OMTF (Olkiluoto Modelling Task Force) aimed at understanding and predicting the 
conditions prevailing now and in the future at the repository site ONKALO and its 
surroundings (Posiva Report 2007-03, Olkiluoto Site Description 2006).  Deep 
groundwater flow — i.e., the groundwater flow within the repository host rock block — 
is driven by the infiltration from the water precipitating at ground surface. In this sense 
it is one critical parameter for groundwater flow models being developed by the OMTF.  
In future modelling studies it is very important to be able to quantify both spatial and 
temporal distribution of recharge on Olkiluoto Island.  Recharge is one component of 
the overall water balance of the soil layers above the bedrock.  Quantification of spatial 
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and temporal variation can be done by developing surface and near-surface hydrological 
models of Olkiluoto Island.   
  
The hydrological model of Olkiluoto Island is needed e.g. in the following specific 
studies: 

 calculation of spatial and temporal variation of the pressure heads to be used as 
boundary conditions in the existing hydrogeological model 

 influence of land uplift on water balance components on long term (5 000-10 
000 years) basis 

 building of the underground ONKALO-facilities should not influence the 
vegetation at the disposal site: this needs to be evaluated by a model that links 
groundwater level and  soil water content to  transpiration and growth of 
vegetation   

 geochemical evolution of the groundwater is strongly affected by the infiltration 
from the surface water: geochemical modelling necessitates that a detailed 
models exists for calculating flow of water in the unsaturated-saturated soil 
layers above the bedrock  

 Korvensuo reservoir might influence the geochemical evolution of the deep 
bedrock groundwater; possible pathways of intrusion of the fresh water from the 
Korvensuo reservoir to the ONKALO must be examined and actions must be  
developed to prevent this leakage 

 
  

T.1.2 Define Objectives    
 
The aim is to develop a 3D-model that calculates the overall water balance components 
in the present-day condition utilizing the existing extensive data sets available. The 
most important outcomes of the project during 2007 are: 
 

1) Estimation of various components of the overall water balance: corrected 
precipitation, actual and potential evapotranspiration, infiltration at soil surface, 
surface and subsurface runoff, recharge (deep infiltration) and discharge out of 
the system through the bedrock. 

2) The first estimates of the spatial and temporal patterns of infiltration and 
recharge rates on the island and site scale to be used as boundary condition in 
the existing hydrogeological model. The model version developed during 2007 
will be calibrated against existing measurements, i.e. model will be valid for the 
present climate and based on current land use types.  

3) Calculation of spatial and temporal variation of the pressure heads to be used as 
boundary conditions in the existing hydrogeological model. 

4) Development of a site scale 3D-model that links near surface hydrology and 
deep bedrock flow. Development of tools to link models of different scale 
resolution (ONKALO, Site, Olkiluoto area, Semi-regional, biosphere). Linking 
of Olkiluoto Island and site scales will be tested during 2007. 

5) Calculation of model based estimates of the most typical pathways from 
hydraulically significant deep bedrock features in island scale. 
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T.1.3 Identify Data Availability  
 
Extensive data sets have been collected in the previous studies related to the Olkiluoto 
Site (see Posiva Report 2007-03) and the existing data enables the first version of the 
3D surface hydrology model to be developed. 
   

T.1.4 Determine Requirements    
 
The surface and near-surface hydrological model must be capable of calculating all the 
water balance components of Olkiluoto Island and provide both spatial and temporal 
distribution of these components.  Due to the importance of the deep groundwater in 
bedrock it is necessary that the model can solve the interaction between overburden 
groundwater and groundwater in bedrock.  The existing hydrogeological model (see 
Posiva Report 2007-03, Chapter 6) uses overburden groundwater level as the upper 
boundary condition.  The surface and near-surface hydrological model must be capable 
of using precipitation and potential evapotranspiration as upper boundary condition. 
Groundwater level must be a variable computed by the model and it has to be compared 
with the measured groundwater levels.   
 
The model must link the unsaturated and saturated soil water in the overburden and 
bedrock to a continuous pressure system.  
 
The structure of the model must be flexible in such a way that it can handle the area at 
different scales (ONKALO, Site, Olkiluoto area, Semi-regional, biosphere) flexibly. It 
must be possible to link the models at different scale with each other.   
 
The parameterization of land use and vegetation must be done in such a way that the 
model can be used for description of the past evolution of the overburden hydrology at 
the site and overburden’s hydrological evolution in the future (5 000-10 000 years 
ahead). 
 

T.1.5 Prepare Terms of Reference    
 
These tasks have been carried out together with Posiva in May 2007. 
 
 

T.1.6 Proposal and Tendering    
 
These tasks have been carried out together with Posiva in May 2007. 
 

T.1.7 Agree on Model Study Plan and Budget    
 
The project is divided into eleven phases and intermediate reports will be provided two 
times during the project (20.08.2007, 20.10.2007) and the final report will be available 
15.12.2007. 
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The eleven phases of the project are shown below:  
a. Collection of all the existing data needed in the surface and near-surface 

hydrological models 
b. Delineation of the modelling domains and 3D-modelling grids 
c. Interpolation of soil surface/sea bottom elevation, bedrock elevation to 

the computational grids; interpolation of land use data for the grids; 
estimation of soil water retention curves and hydraulic conductivity 
functions for the 3D-grids 

d. Estimation of the water balance components based on measurements 
e. Development of the first version of the surface and near-surface 

hydrological model at island scale 
f. Linking of surface runoff module and 3D-groundwater module; 

calibration of models against measured pressure heads and elevation of 
groundwater levels 

g. Coupling of models at different scale 
h. Computation of water balance components in the present situation as 

described in the general description of the project 
i. Sensitivity analysis; evaluation of uncertainty using the GLUE-analysis 
j. Evaluation of new data needed and production of a measurement plan 

based on modelling results and uncertainty analysis  
k. Report 

 
a)-e) 20.08.2007, intermediate report 
f)-h) 20.10.2007,  intermediate report 
i)-k) 15.12.2007, final report 

 

T.2  Data and Conceptualisation   
 

T.2.1 Describe System and Data Availability   
 
The most recent update of the system and data availability has been given in the 
Olkiluoto Site Description 2006 (Posiva 2007-03), which is the second version of the 
Olkiluoto Site Report, produced by the OMTF (Olkiluoto Modelling Task Force).  This 
report updates the Olkiluoto Site Report 2004 (Posiva 2005) with the data and 
knowledge obtained up to December 2005. 
 

T.2.2 Collect and Process Raw Data     
 
Most of the basic data needed in the surface water model has been taken from the 
POTTI database, which is a compilation of all the data collected by the OMTF.   The 
basic data is not presented in detail in this task list.  Only the processing of this data to 
model input data will be described. 
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T.2.2.1 Meteorological data 
 
The meteorological data needed in the hydrological models are precipitation, air 
temperature and potential evapotranspiration rate (PET) for different kind of surfaces.  
The spatial and temporal distribution of PET is very difficult to measure and 
computational methods are used to estimate PET from air temperature, radiation 
(cloudiness), relative humidity, wind speed, and surface height and roughness.  The last 
two are related to land use type and vegetation type.  The evapotranspiration model used 
here is Penman-Monteith-equation, which is the most often used method to calculate 
PET if all the necessary data for applying the model are available.   
 
All the meteorological data needed as input data are available from the period 1992-
2006.  Only exception is global radiation: only monthly sums were available and daily 
values were estimated from theoretical radiation equations based on day of the year and 
latitude.   During 1992-2003 wind speed was measured only at three levels (20, 60 and 
100 m) and in the model wind speed should be available close to evaporating surface.  
Logarithmic wind profile theory was used to transmit the wind speed measured at 20 m 
to 2 m above the surface.  Logarithmic wind profile has proven to give good results in 
cases when friction velocity, roughness length z0 and zero plane displacement D are 
known.   Friction velocity was calculated here from the logarithmic wind profile by 
finding such values for roughness length and zero plane displacement that gave the best 
fit between measured wind profile (20, 60 and 100 m) and the profile calculated.    
 
Sources of uncertainty in meteorological data 

 Daily values of global radiation were not available from the whole calibration 
and validation period 

 Uncertainty involved in estimating roughness height and zero plane 
displacement for different type of vegetation 

 Uncertainty in wind speed estimates at open areas surrounded by forests 
 
Suggested actions to reduce uncertainty in meteorological data 

 Daily values of global radiation must be acquired from the Finnish 
Meteorological Institute 

 Make a literature review concerning the relationship between height of forest 
and  roughness length z0 and zero plane displacement D 

 
Actions carried out to reduce uncertainty in meteorological data 

 none so far 
 

T.2.2.2 Land use data 
 
The most important land use data available has been described in the report Forest 
resources on Olkiluoto Island (Rautio et al. 2004).  In this study land use in Olkiluoto 
Island was divided spatially into patches. Patch is a relatively homogenous area in terms 
of vegetation and/or land use type and patches can be utilized in the hydrological 
modelling.  With the help of patches the spatial patterns of hydrological variables can be 
handled.  The patches enable the forecasting of the future evolution of hydrological 
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variables in (e.g. situation after 10 000 years) if it is possible to predict patch 
development.  
 
In the forest type classification carried out by Forest Research Institute 399 patches 
were identified.    
Five attributes were used in the model from each patch: 

 vegetation and habitat classification (117 classes) 
 land use type (8 classes) 
 soil description (7 classes) 
 development class of tree stand (dev. stage) (8 classes) 
 forest site type (20 classes)  

 
Additional patches were digitized from maps and Google Earth photos so that the patch 
data covers the whole island.   
 
The model makes a list of 11 different attributes for the computational grid based on the 
measured/digitised data:  
 1 = CORINE-land use (45 classes) 
 2 = Bottom soil type 
 3 = Top soil type 
 4 = Rock type 
 5 = Forest development stage 
 6 = Tree type 
 7 = Crop type (agric.) 
 8 = Drainage type 
 9 = Urban area type 
 10 = Fracture type (preferential flow type) 
 11 = Forest site type   
 
In the model it is not obligatory to have all the attributes for all the grids: minimum data 
needed in all grid are (1)..(4). Data needed for forests is the development stage (5) and 
tree type (6).  Forest development stage and tree type determine implicitly the crop 
height and maximum canopy cover (or leaf area index LAI), which are needed in the 
evapotranspiration module.   
 
The original classification composed of 117 classes solely for forests is so refined that it 
is not possible to parameterize the hydrological model for all these classes.  The existing 
117 classes were converted to CORINE land use classes.  
______________________________________________________________ 
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Table A-1. Description of CORINE land use types.  
 
Description 
1 1.1.1 Continuous urban fabric 
2 1.1.2 Discontinuous urban fabric 
3 1.2.1 Industrial or commercial units 
4 1.2.2 Road and rail networks and associated land 
5 1.2.3 Port areas 
6 1.2.4 Airports 
7 1.3.1 Mineral extraction sites 
8 1.3.2 Dump sites 
9 1.3.3 Construction sites 
10 1.4.1 Green urban areas 
11 1.4.1 Summer cottages (2005>) 
12 1.4.2 Sport and leisure facilities 
13 2.1 Arable land 
14 2.2 Permanent crops 
15 2.3.1 Pastures 
16 2.4.3 Land principally occupied by agriculture, with significant areas of natural vegetation 
17 3.1.1 Broad-leaved forest on mineral soil 
18 3.1.1 Broad-leaved forest on peat soil 
19 3.1.2 Coniferous forest, mineral soil 
20 3.1.2 Coniferous forest, peat soil 
21 3.1.2 Coniferous forest, bare rock areas 
22 3.1.3 Mixed forest, mineral soil 
23 3.1.3 Mixed forest, peat soil 
24 3.1.3 Mixed forest, bare rock areas 
25 3.2.1 Natural grassland 
26 3.2.2 Moors and heathland 
27 3.2.4 Transitional woodland/shrub cc less than10% 
28 3.2.4 Transitional woodland/shrub cc 10-30%, mineral soil 
29 3.2.4 Transitional woodland/shrub cc 10-30%, peat soils 
30 3.2.4 Transitional woodland/shrub cc 10-30%, bare rock areas  
31 3.2.4 Transitional woodland/shrub above coniferous forest line  
32 3.2.4 Transitional woodland/shrub under power lines 
33 3.3.1 Beaches, dunes, and sand plains 
34 3.3.2 Bare rock 
35 3.3.3 Sparsely vegetated areas 
36 4.1.1 Inland wetlands (marshes) on land areas 
37 4.1.1 Inland wetland (marshes) on water bodies 
38 4.1.2 Peatbogs 
39 4.1.3 Peat mining areas 
40 4.2.1 Marine wetlands on land 
41 4.2.1 Marine wetlands on water areas 
42 5.1.1 Water courses 
43 5.1.2 Water bodies 
44 5.2 Marine waters 
45 Other 
____________________________________________________________ 
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Table A-2.  Description of the patch types classified from Olkiluoto Island (Rautio et al. 
2004) and the equivalent CORINE land use class number. 

Patch 
type 

CORINE 
No Vegetation and habitat classification 

1 21 Vegetation of rock outcrops, slopes and terraces 
2 23 Reindeer moss (Cladina)-dwarf shrub rocks 
3 23 Nutrient-poor reindeer moss (Cladina)-dwarf shrub rocks 
4 23 Mesotrophic reindeer moss (Cladina)-dwarf shrub rocks 
5 21 Nutrient-poor grass rocks 
6 21 Pine stands growing on rocks 
7 24 Coniferous stands growing on rocks 
8 19 Pine forests 
9 19 Sub-xeric pine upland forest 
10 19 First successional stage 
11 19 Second successional stage 
12 19 Vaccinium type pine upland forest 
13 19 Mesic pine upland forestb 
14 19 First successional stage 
15 19 Second successional stage 
16 19 Myrtillus type pine upland forest 
17 19 Herb-rich pine upland forestc 
18 19 First successional stage 
19 19 Second successional stage 
20 19 Oxalis-Myrtillus type pine upland forest 
21 19 Spruce forests 
22 19 Mesic spruce upland forest 
23 19 First successional stage 
24 19 Second successional stage 
25 19 Myrtillus type spruce upland forest 
26 19 Herb-rich spruce upland forestd 
27 19 First successional stage 
28 19 Second successional stage 
29 19 Oxalis-Myrtillus type spruce upland forest 
30 19 Mixed coniferous forests 
31 19 Mesic coniferous upland forest 
32 19 First successional stage 
33 19 Second successional stage 
34 19 Myrtillus -type coniferous upland forest 
35 17 Deciduous forests 
36 17 Mesic deciduous upland forest 
37 17 First successional stage 
38 17 Second successional stage 
39 17 Myrtillus type deciduous upland forest 
40 17 Herb-rich deciduous upland forest 
41 17 First successional stage 
42 17 Second successional stage 
43 18 Oxalis-Myrtillus type deciduous upland forest 
44 18 Eutrophic xeric deciduous grovee 
45 18 First successional stage 
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46 18 Mesotrophic mesic deciduous grove 
47 18 First successional stage 
48 18 Oxalis-Maianthemum type deciduous grove 
49 18 Mesotrophic moist deciduous grove 
50 18 First successional stage 
51 18 Athyrium-Oxalis type deciduous grove 
52 18 Athyrium-Assimilis type deciduous grove 
53 18 Eutrophic moist deciduous grove 
54 18 First successional stage 
55 18 Oxalis-Filipendula type deciduous grove 
56 18 Mixed deciduous and coniferous forests  
57 18 Mesic deciduous and coniferous upland forest 
58 18 First successional stage 
59 18 Second successional stage 
60 18 Myrtillus type deciduous and coniferous upland forest 
61 18 Herb-rich deciduous and coniferous upland forest 
62 18 First successional stage 
63 18 Second successional stage 
64 18 Oxalis-Myrtillus type deciduous and coniferous upland forest 
65 18 Mesotrophic mesic deciduous and coniferous grove 
66 20 Forested mires 
67 20 Spruce miresf 
68 20 Herb-grass spruce mire 
69 20 Forest swamps 
70 18 Black alder swamp 
71 19 Sparsely forested and scrubland mires 
72 20 Pine miresg 
73 20 Herb-tall-sedge pine fen 
74 20 Thin-peated mires 
75 20 Tall-sedge hardwood-spruce fen 
76 23 Fens (open mires)  
77 23 Open wet surface fens 
78 23 Swamp feni 
79 23 Fens (open mires) 
80 23 Open moist surface mires 
81 23 Sedge herb swamp 
82 23 Horse-tail swamp 
83 23 Reed-rush swamp 
84 20 Peatland forests 
85 20 Pine peatland forests 
86 20 Dwarf shrub type pine peatland forest 
87 20 Myrtillus type pine peatland forest 
88 23 Mixed peatland forests 
89 23 Myrtillus type mixed deciduous and coniferous peatland forest 
90 19 REED, SPIKE RUSH, AND CLUB RUSH MEADOWS  5.2.2 
91 19 Bolboschoenus maritimus colonies 
92 19 Schoenoplectus tabernaemontani colonies 
93 19 Schoenoplectus lacustris colonies 
94 19 Phragmites australis colonies 
95 19 Equisetum fluviatile colonies 
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96 19 Eleocharis palustris colonies  
97 40 LOW RUSH, GRASS, AND SEDGE MEADOWS 
98 40 Eleocharis uniglumis - Agrostis stolonifera (Redtop) colonies 
99 40 C. mackenziei colonies 

100 40 Juncus gerardii - Festuca rubra- Carex glareosa colonies 
101 40 Juncus alpinoarticulatus colonies 
102 40 Agrostis canina - C. nigra colonies 
103 40 Blysmus rufus - Centaurium colonies 
104 40 Primula farinosa - Carex serotina colonies: In meadow patches between rocks 
105 25 HIGH MEADOWS  
106 25 Festuca arundinacea colonies 
107 25 Phalaris arundinacea colonies 
108 25 Calamagrostis canescens colonies 
109 26 Calamagrostis stricta colonies  
110 26 Eriophorum angustifolium - Potentilla palustris colonies 
111 26 Hierochloe odorata colonies  
112 26 Filipendula ulmaria colonies  
113 26 Deschampsia cespitosa colonies 
114 41 Shore scrubs  
115 41 Hippophae rhamnoides scrubs 
116 41 Willow-downy birch scrubs 
117 45 Other 

   
 
Sources of uncertainty caused by land use data   

 greatest sources of uncertainty are related to the parameterization of the land use 
types: how to estimate parameters of the interception, evapotranspiration, snow 
accumulation and frost depth modules based on land use type ? 

 many land use types identified in the classification of Olkiluoto Island (Rautio et 
al., 2004) are such that detailed hydrological studies have not been carried out in 
these kind of areas 

 conversion of the Olkiluoto land use types to CORINE land use classes is based 
on subjective interpretation 

 
Suggested actions to reduce uncertainty caused by land use data  

 thorough examination of the existing data sets collected by the OMTF 
(especially biosphere group) 

 parameterization based on studies carried out by TKK (Helsinki University of 
Technology, Laboratory of Water Resources), SYKE (Finnish Environment 
Institute) and METLA (Finnish Forest Research Institute) should be utilized in 
estimating different parameter values of the influence of land use type on 
interception, actual evapotranspiration and surface and subsurface runoff  

 Detailed measurements carried out by METLA in the experimental plots located 
on Olkiluoto Island should be utilized in the parameterization of the interception 
and evapotranspiration models 
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Actions carried out to reduce uncertainty caused by land use data  
 Results reported by Koivusalo  (2002) and Koivusalo and Kokkonen (2002) 

were utilized in the estimation of the fraction of interception and 
evapotranspiration in forested areas 

 Results provided by Koivusalo et al. (1999) and Tamm (2002) were used for 
checking the evapotranspiration module of the agricultural areas 

 
 

T.2.2.3 Digital elevation data  
 
Altogether around 163 000 soil surface elevation points were available in POTTI for 
calculating the soil surface for the computational grid.  In this case both the grid centre  
and corner point elevations were calculated.   
 
Around 2 700 points were available for the interpolation of the bedrock elevation data.  
 
Sources of uncertainty in digital elevation data   

 number of points in bedrock elevation data is not sufficient for interpolating a 
fully accurate data 

 bedrock elevation data is missing from the eastern part of the island 
 
Suggested actions to reduce uncertainty in digital elevation data  

 additional points for bedrock elevation data should be determined e.g. by 
comparing ditch data and areas where bedrock data is missing 

 indirect methods for estimating the bedrock elevation must be considered 
(seismic measurements, soil resistivity measurements, etc.) 

 sensitivity of the model results to bedrock elevation data must be done carefully; 
special emphasis must be addressed to areas close to ONKALO. 

 Additional bedrock elevation points should be measured in those areas where 
data is insufficient 

 bedrock elevation should be measured (estimated) when new soil samples will 
be taken 

 
Actions carried out to reduce uncertainty digital elevation data  

 additional bedrock points were digitised to those areas where forest ditches 
existed (bedrock at least at the depth of 1 m from the soil surface) 

 
 
T.2.2.4 Drainage (stream) network data 
 
The obligatory data needed in the hydrological models is the stream network, which 
conveys runoff from catchment areas to sea.  If catchment area is big enough – greater 
than 50 km2 - the standard procedure is to delineate the stream network from DEM 
using e.g. D8-algorithm.   In Olkiluoto case the drainage network is totally composed of 
man-made forest ditches, ditches aside the roads or agricultural drains.  Therefore 
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stream network cannot be taken from DEM but it has to be defined explicitly from 
existing maps.   
 
All the ditches shown in the maps were digitised by placing the map images in Google 
Earth.  In this way the data is defined both in KKJ1 system and as latitude/longitude.  
Totally 15 catchments ending to the sea were digitised.  The elevation of the bottom of 
the ditch was obtained by interpolating the soil surface to the poly line points forming 
the ditch network.  Algorithm was developed to join the single poly lines into a 
topological system which is needed in the hydraulic model of the ditch network. 
Topology defines the ditch network structure. 
   
Sources of uncertainty in drainage network data   

 Do all the ditches shown in the maps really exist?  
 Do the culverts conveying water across the roads exist? Are they open? 
 Do there exist ditches not shown in the maps? 
 Bottom elevation of the ditches has not been measured  

 
Suggested actions to reduce uncertainty in drainage network data  

 Check the location of ditches in the field 
 Measure the longitudinal cross-section of the ditches together with the exact 

location of the ditches (very big task since the total length of the ditches is more 
than 30 km)  

 
Actions carried out to reduce uncertainty in drainage network data  

 Visual checking of most the ditches in the field was done together with Posiva 
personnel in August 2007.  Ditches in the eastern part of island have to be 
checked (in the Olkiluodonjärvi area).  The ditches shown in the maps were also 
found in the field.  The culverts for conveying water across the roads were found 
with the exception of one. In the embankment of the ONKALO-fence the culvert 
has not been installed.   In this area seepage is the mechanism for conveying 
water through the embankment.  The same ditch passes the road leading to the 
harbour: here the culvert did exist and it was open. 

 

T.2.2.5 Soil and bedrock hydraulic properties  
 
Soil hydraulic properties 
 

The forest classification defined by Rautio et al. (2004) included also soil type for all 
patches.  In the present version this classification was used as the spatial input data to all 
computational grids.  Saturated hydraulic conductivity for different soil types was taken 
from the results of slug tests carried out in previous studies (Tammisto and Hellä 2005).  
 
Soil water retention curves were taken from pedotransfer functions developed 
specifically for Finnish forest soils (Jauhiainen 2004).  The pedotransfer functions can 
be used to determine the parameters of the van Genuchten-model parameters from 
particle size distribution curve (PSDC), bulk density and organic matter content. Grain 
size distribution curves needed in the pedotransfer function were obtained from Huhta 
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(2007). In the case that PSCD is not available it is possible to get an estimation of the 
parameters based on forest site type (VT, CT, MT and OMT).  The forest site type 
classification comes from the GIS-data described in Task T.2.2.     
 
Sources of uncertainty in soil hydraulic properties  

 Soil water retention properties are dependent both on texture of the soil (particle 
size distribution curve) and structure of the soil profile (bulk density, organic 
matter, root channels and other macro pores, stones etc.).   Measured curves 
would be extremely laborious and time-consuming task to carry out.   Moreover, 
measured curves do usually take into account only the texture of the soil and the 
influence of structure cannot be included in the curves. Therefore, pedotransfer 
functions provide a good approximation for the soil water retention curve.  

 
Suggested actions to reduce uncertainty in soil hydraulic properties   

 Measured depth to water table provides the most valuable indirect measurements 
which can be used to calibrate the shape of the soil water retention curve.   Van 
Genuchten function has two parameters that define the shape of the curve.   

 Measured groundwater level in the overburden PVP-tubes should be used as 
measurements to calibrate the parameters of the van Genuchten-model.  This 
provides regional values for the soil water retention curves.   

 It is suggested that soil samples should be taken every time when a new 
measurement tube or lysimeter is installed.  Soil type (classification), bulk 
density, organic matter content and particle size distribution curve should be 
measured.   

 
Actions carried out to reduce uncertainty in soil hydraulic properties   

 Parameters of the soil water retention curves were calibrated according to the 
principles described above 

 Sensitivity analysis of the most important soil types was carried out using the 
GLUE-analysis.  

 

Bedrock hydraulic properties 
 
One specific goal of the surface hydrology model is to estimate the magnitude of the 
components of the overall water balance.  Discharge through the bedrock is one 
important result of the model.  Bedrock hydraulic conductivity (K) and transmissivity 
(T) data are needed in computing the recharge from the overburden soil layers to the 
bedrock.  The 3D-bedrock model transports the recharge through the bedrock system.  
The principle of the recharge computation has been explained in Task T.2.4.   
 
The K-values of the bedrock and T-values of the fracture zones have been taken from 
the Olkiluoto Site Description 2006 (Posiva 2007, Tables 6-2 and 6-3) and these values 
have not been calibrated in the surface hydrology model.  
 
Sources of uncertainty in bedrock hydraulic properties  

 The main uncertainty is on the interaction between the overburden and bedrock, 
i.e. the vertical components of the bedrock K- and fracture zone T-values in the 
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uppermost part of the bedrock.  These hydraulic properties determine to a large 
extent the vertical recharge from overburden to the bedrock.   

 Very important is to be able to calculate the so called feedback-effect between 
overburden and bedrock.  This feedback is important if the bedrock tubes are 
pumped or there is a flow to ONKALO.  The feedback-effect is described in 
Task T.2.4.     

 
Suggested actions to reduce uncertainty in bedrock hydraulic properties   

 The strength of the feedback mechanism has to be estimated using dynamic 
measurements of overburden groundwater level and pressure heads in the 
bedrock tubes (PP-, PR- and KR-tubes) from those periods when there has been 
pumping from bedrock tubes or there has been flow from bedrock to ONKALO.   

 Site scale hydrological model is probably not accurate enough and a more 
detailed version has to be developed around the ONKALO and the pumping 
areas.    

 
Actions carried out to reduce uncertainty in bedrock hydraulic properties   

 Sensitivity analysis of bedrock K-values and fracture zone T-values (HZ-zones) 
was carried out using the GLUE-analysis (see details in Task T.4.6) 

 POSIVA is starting an infiltration experiment during year 2008.  The results of 
these experiments can be used to reduce the uncertainty related to the feedback-
mechanism.  

 

T.2.2.6 Discharge measurements 
 
Discharge measurements started in spring 2003 and four overflow weirs were installed 
(MP1,.. MP4).  These have been so far monitored manually once a week and this causes 
a great uncertainty in the measurements. 
 
Sources of uncertainty in discharge measurements 

 The weirs have probably been leaking and this creates additional errors in the 
overall water balance estimates.  Discharge measurements are the most import 
source of uncertainty in the water balance computations. 

 Discharge measurements have been carried out once a week and this is a very 
big source of uncertainty 

 The ditch network located from the maps, Google Earth images and field trips 
shows that there are altogether at least 15 catchments on Olkiluoto Island and so 
far only four of them have been monitored. Some of these catchments are very 
small and need not be measured but at least six or seven most important ones 
should be monitored. 
 

Suggested actions to reduce uncertainty in discharge measurements  
 Additional measurement weirs should be installed and as many as possible 

should be equipped with loggers that store the data with several times during an 
hour (10-15 min interval suggested). 
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Actions carried out to reduce uncertainty in discharge measurements 
 POSIVA has started the  implementation of  four loggers to monitor the most 

important catchments 
 
 
T.2.2.7 Elevation of groundwater level in the overburden 
 
There are totally 29 groundwater level measurement tubes located on Olkiluoto Island.  
Most of them are located in the center part of the island.  Groundwater level has been 
monitored approximately once a month during the calibration period of the model 
(1.5.2001-31.12.2005).  The basic network of overburden groundwater tubes is probably 
dense enough except at areas close to the fracture zones.  However, uncertainty is 
related to the fact that so far the ONKALO has not caused any decline in the ground-
water levels in the existing PVP-tubes.  One reason for this might be that the tubes are 
located too far from the areas where the fracture zones are close to the soil surface.  It is 
possible that fracture zones act as recharge pathways which transport enough surface 
waters from overburden the bedrock for compensating the discharge to the ONKALO.  
This feedback mechanism would so far keep the bedrock as transport-limited system 
(see Task T.2.4). 
 
Sources of uncertainty in the groundwater elevation measurements 

 tubes are located too far from the areas where the fracture zones are close to the 
soil surface.   

 
Suggested actions to reduce uncertainty in the groundwater elevation measurements   

 Additional measurements tubes should be installed at and close to the areas 
where the fracture zones are known to intersect soil surface layers (e.g. zones 
HZ19A and HZ19C).   

 More detailed surface hydrology model should be developed around the 
ONKALO to locate which areas might be supply-limited (see Task T.2.4).   

 Overburden groundwater level measurements should be done especially on 
supply-limited areas (see Task T.2.4). 

 
Actions carried out to reduce uncertainty in the groundwater elevation measurements   

 POSIVA is starting an infiltration experiment during 2008 and new overburden 
groundwater tubes will be installed close to the fracture zones HZ19A and 
HZ19C. 

  
 
T.2.2.8 Pressure heads in shallow and deep bedrock tubes 
 
There are totally more than 50 shallow or deep bedrock tubes located on Olkiluoto 
Island.  Most of deep ones are located in the center part of the island around the 
ONKALO area.  Pressure heads have been monitored approximately once a month 
during the calibration period of the model.   
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Sources of uncertainty in bedrock pressure head measurements  
 The uncertainty is related to the fact that so far the ONKALO has caused only a 

small decline in the shallow bedrock groundwater levels.   This might be due to 
the feedback mechanism discussed in T.2.4.  

 
Suggested actions to reduce uncertainty in bedrock pressure head measurements   

 The need for new bedrock tubes needs to be evaluated thoroughly since the basic 
network is dense enough.  New tubes might be needed for areas where the 
strength of the feedback mechanism could be measured directly from the 
transverse flow measurement tubes. 

 
Actions carried out to reduce uncertainty in bedrock pressure head measurements   

 None so far. 
 
  
 
T.2.2.9 Other measured data 

Snow depth 
 

Snow depth has been measured in 20 points along the snowline. Snow depth 
measurements started at the end of year 1999.  Measured data is available from open 
areas, pine, spruce and mixed forests.  The results of the measurement show that the 
biggest snow depth is measured in open areas and smallest in spruce forests.  These 
results support the earlier findings that snow interception can play a significant role (e.g. 
Koivusalo, 2002).  
 
Sources of uncertainty in snow data  

 Only snow depth measurements were available.  Snow density does not explain 
how much water the snow pack contains. Snow density multiplied by snow 
depth gives snow water equivalent (SWE), which is the variable that the 
hydrological submodel has to calculate in addition to snow depth.     

 
Suggested actions to reduce uncertainty in snow depth data  

 Snow water equivalent (SWE) is a very useful parameter for the hydrological 
models and therefore snow density measurements should be done at least once a 
month.  SWE can be obtained when snow depth and density have been 
measured. 

 
Actions carried out to reduce uncertainty in snow depth data  

 So far no actions have been carried out to reduce the uncertainty in the snow 
data. 

Frost depth 
 

Frost depth has been measured in 11 locations and location of the measurement points 
has been shown in Fig.2-3.  Most of the frost measurement points are located close to 
the snowline.  Additional frost measurement points have been installed in peat areas.  
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Sources of uncertainty in frost depth data  
 Frost depth is very much dependent on how natural the soil cover has been 

maintained around the frost measurement sticks.  Measured frost depth will be 
too big if surface soil has been packed and/or surface vegetation has been 
removed.   

 Moreover, the location of the measurement point too close to roads or other 
structures where the thermal conductivity is much higher than in the natural soil 
may cause errors in measured frost depth.   

 
Suggested actions to reduce uncertainty in frost depth data   

 The frost depth network should be examined and special attention should be 
paid to evaluate how well each measurement tube represents the surrounding 
area.    

 
Actions carried out to reduce uncertainty in frost depth data  

 None so far. 
 

Soil temperature 
 

Soil temperature measurements were started in autumn 2004 and data from one site was 
available for calibrating the model.  Measurements sensors were installed at 0.1 m 
interval to the depth of 0.9 m. (0.1, 0.2, …, 0.9 m).   
  
Sources of uncertainty in soil temperature data  

 Data was available from one site only which makes it difficult to generalize the 
measured data for other vegetated areas that forest. 

 Measured soil temperature values were several degrees lower than values 
measured in previous experiments in Finland (e.g. Rankinen et al. 2004) 

 
Suggested actions to reduce uncertainty in soil temperature data   

 Soil temperature is not the most essential parameter for the surface hydrology 
but it is important in biological and perhaps also in some geochemical processes.  
Additional measurement sites are needed.  

 Reason for low measured values in the existing site should be found.  
 
Actions carried out to reduce uncertainty in soil temperature data   

 Additional measurement sites have already been installed by METLA.  Data was 
not yet available. 

 

T.2.3 Sufficient Data?    
 
The data which is available is sufficient for the development and calibration of the first 
version of the model.   
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T.2.4 Model Structure and Processes    
 
The Olkiluoto surface hydrology model includes the following submodels: 

 snow accumulation and snow melt using degree-day model 
 soil heat balance including computation of frost depth 
 evapotranspiration and interception  module 
 calculation of soil water content in the overburden for calculation of spatial and 

temporal distribution of infiltration and surface runoff  
 subsurface runoff flow in the shallow overburden soil system as a solution of 

3D-unsatured/saturated flow (Richards equation) 
 open channel flow in ditches solved with a simplified form of the Saint Venant 

equations  
 recharge from overburden soils to the underlying bedrock: flow from 

overburden to bedrock caused by pressure head difference between the lowest 
node in the overburden and uppermost node in the bedrock 

 flow in the bedrock system solved with a 3D-submodel where bedrock and 
fracture zones have been calculated separately   

 
The overall model combines all the submodels into one computer program.  The reason 
for linking all the submodels is that the processes are coupled so closely with each other 
that it would not be possible to solve them separately.  E.g. soil temperature and frost 
depth calculations are influenced by soil water status.  Runoff is dependent on soil water 
content, frost depth and groundwater level in the overburden.  Recharge from 
overburden to the bedrock is dependent on pressure head difference between the 
overburden and bedrock.   
 

Snow accumulation and snow melt 
 

The percentage of snowfall in the annual precipitation is slightly under 30 % in southern 
and western parts of Finland.  The springtime runoff is caused by snowmelt and 
precipitation during the melting season.  Snowmelt runoff is approximately 100-200 
mm/a in southern Finland. Thus the share of springtime runoff in annual runoff is 40-50 
% in South Finland. Therefore, snow accumulation and snow melt have to be included 
in the surface hydrology model.  Moreover, prediction of future evolution of the change 
in hydrological variables necessitates that snow accumulation and snowmelt models are 
available to estimate e.g. the effect of global climate change on snow processes.   
 
Physically based models for snowmelt and accumulation are based on calculation of the 
energy and water balance of the snowpack (e.g. Koivusalo et al. 2002). The data needed 
in these type of models are hourly (or even shorter period) values of precipitation, air 
temperature, radiation, wind speed and relative humidity. This type of data was not 
available for the whole calibration period 01.05.2001-31.12.2005 and therefore only a 
so called temperature index snow model – degree-day model - has been so far used. The 
model is to a large extent based on the version described by Vehviläinen (1992).  The 
major new contribution is an addition of a routine that calculates snow density and snow 
depth.  The original version calculated only snow water equivalent.   
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Soil water balance in the overburden 
 
For the flow of water in saturated or unsaturated soil the solution of the 3D Richards 
equations was used: 
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where H is the hydraulic head (h+z) (m), h is soil water pressure head (m),  z is vertical 
coordinate (m), t is time (d), Kx(h), Ky(h) and Kz(h) (m d-1)  are the hydraulic  
conductivities of the soil. C(h) is differential water capacity (m-1), which is defined as 
the derivative of the soil water retention curve, C(h)=dθ/dh, where θ is volumetric soil 
water content (-), ST is sink term caused by evapotranspiration (m3m-3d-1) , QT is the 
term that takes into account flow to forest ditches and subsurface drains (m3m-3d-1)  and 
RT is sink term caused by recharge (infiltration) to bedrock  (m3m-3d-1) .  The numerical 
solution of this equation was done using the finite volume method. 
 
Evapotranspiration term ST is calculated using the Penman-Monteith equation (e.g. 
Tamm 2002).  Root depth was assumed to be 0.6 m and sink term assumes triangular 
distribution of roots indicating that a greater proportion of evapotranspiration is taken 
from the top soil.  
 
Flow to forest ditches, ditches aside the roads and agricultural drains (qT(t)) was 
calculated using a modified form of the Hooghoudt equation (Karvonen 1988): 
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where TB(z) and TT(z) are the transmissivities calculated by integrating the hydraulic 
conductivity from the bedrock level ZB to groundwater level (GWL) and separately 
from top soil elevation ZTOP to groundwater level.   
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ΔH=GWL-ZD  is the difference between the average water level in the grid (GWL) and 
elevation of the bottom of the ditch (ZD). Ditch bottom level elevation was computed 
from the digital elevation data by assuming that ditch depth was 0.9 m.   Flow to ditches 
is non-zero when ΔH>0.  If ΔH is negative, then qT(t) is zero.  
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Soil heat balance and frost depth 
 
The equations describing the combined heat and water flow  are given by Eqs. (A-4) 
and (A-5) (Karvonen 1988): 
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where z is a space coordinate (m),  t is time (d), T is soil temperature (°C), KT is soil 
thermal conductivity (J m-1 °C-1), LF is latent  heat of fusion of water (J kg-1), CS  is 
volumetric specific heat of soil (J m-3 °C-1), ρI and ρW are density of ice and  water (kg 
m-3),  respectively, CW is specific heat of water (J kg-1 °C-1),  qW is flow of water (m d-1) 
, I is volumetric ice content, h is soil water potential,  C(h) is differential moisture 
capacity (m-1) and  K(h) is unsaturated hydraulic conductivity of the soil matrix (m/d) 
and ST the sink term  representing the volume of water taken up by the roots.  Soil heat 
balance is calculated using 1D-solution for each grid, since the horizontal heat fluxes in 
the soil are negligible compared to vertical fluxes. 
  
A difficulty in the numerical solution of (A-4) and (A-5) is the inclusion of the ice term, 
since it generally dominates the solution (e.g. Karvonen 1988).  To avoid excessive 
numerical difficulties the assumption is often made that there exists a unique 
relationship between unfrozen water content θuf and soil temperature T in frozen soil.   
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where θS is the saturated water content, T0 is the freezing point for h=0 m (usually 0 °C) 
and TICE is a parameter, which defines the shape of the curve.  TICE is a small value for 
coarse soils (0.5-2) and a bigger value for silt/clay soils (2-4).  
 

Groundwater flow in the bedrock system  
 
Groundwater flow in 3D bedrock could be computed with an equation very similar to 
the Richards equation (A-1) used to calculate the overburden soil water flow. 
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where SB is storage coefficient in bedrock (m-1), t is time H is pressure head (m), KBx, 
KBy and KBz (m d-1) are the bedrock hydraulic conductivities, RT is the recharge from 
overburden to bedrock (positive downwards, negative upwards) and QTB (d-1) is a term 
that takes into account influence of pumping and flow to ONKALO. 
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However, hydrogeological fracture zones must be taken into account explicitly in the 
bedrock groundwater model. The difficulty in the solution is that flow in bedrock matrix 
is fully three-dimensional whereas the fractures are 2D sheets crossing the system.  In 
the present version of the model the equation to be solved is written in a form that is 
suitable for the numerical solution that uses the finite volume method: 
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where SB is storage coefficient in bedrock (m-1), V is volume of computational cell in 
the grid (m3), Qx, Qy and Qz are fluxes (m3 d-1)  through cell boundaries in x-, y- and z-
direction, respectively.  Fluxes are computed as the sum of bedrock matrix fluxes and 
fluxes in the hydrogeological zones. Bedrock 3D-fluxes can be computed using the 
bedrock hydraulic conductivities KBx, KBy and KBz (m d-1) and flow cross-sectional 
areas Ayz, Axz and Axy, which are the areas of the cell walls in y-z, x-z and x-y-
directions, respectively.  R(x,y) is the recharge from overburden to bedrock (m d-1, 
positive downwards, negative upwards) and QB (m3 d-1)  is pumping and flow to 
ONKALO (note that unit of QB is different from unit of QTB in Eq. (A-7)). 
 
Transmissivities Tf (m

2 d-1) have been measured for fracture zones and this means that 
characteristic lengths dx, dy and dz are needed for computation of water fluxes.  dx, dy 
and dz  represent the length, width or height of the fracture inside each grid.  The 
characteristic lengths are computed by the grid generation tools of the programs. The 
algorithm keeps track which are the nodes (cells) that the 2D hydrogeological fractures 
intersect and computes lengths in x-, y- and z-directions for all the cells in the grid.   
Due to the fact that the HZ-zones are sheet-like structures they normally pass each cell 
through four faces and flux through the two other faces will be zero.  In practise, the 
algorithm calculates fluxes and velocities only for those cell boundaries where fracture 
zone exist on both sides of the cell boundary.   
 

Estimation of recharge R  
 
In the estimation of the water balance components of a hydrological system the greatest 
uncertainty is usually included in the estimation of actual evapotranspiration E.  In the 
Olkiluoto case also the discharge measurements (runoff q) include a big source of error.  
Recharge R from overburden to the underlying bedrock soil could be estimated as the 
difference between total precipitation P, runoff and evapotranspiration (R=P-E-q).  If 
this would be the only way to estimate R it would include a very big source of 
uncertainty (see also Task 3.6).    
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In the Olkiluoto surface hydrology model recharge R is estimated by solving 
simultaneously the overburden pressure head and bedrock pressure head values in the 
same x,y-grid.  The overburden and bedrock pressure groundwater are assumed to be in 
continuous exchange with each other.   
 
Recharge R(x,y) is computed from equation  
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where the hydraulic conductivity value KBz (m d-1)  is taken from the bedrock since it is 
smaller than the overburden soil hydraulic conductivity (the smaller K-value of bedrock 
limits the magnitude of the flux).  Fracture zones do also contribute to recharge and the 
characteristic length dx is calculated in a similar way than explained above. In the 
present version of the model K-values are assumed to be the same in vertical and in 
horizontal directions.  Gradient dH/dz is computed between the lowermost node in the 
overburden (HOL(x,y)) and uppermost node in the bedrock (HBU(x,y)).  Locally the 
recharge is computed from Eq. (A-8) for each grid.  Daily recharge values depend on 
how much the bedrock transports water to the sea: the greater the discharge through the 
bedrock, the greater the recharge.  Discharge through the bedrock is calculated using the 
3D-model.  K-values of the bedrock and transmissivity values of the fracture zones were 
taken from the Olkiluoto Site Description 2006 and these values were not calibrated in 
this project. Only exception to this is the sensitivity analysis where samples of K-values 
and fracture zone T-values were generated from measured cumulative distributions (see 
details in Task T.4.6). 
 

Linking of overburden and bedrock models 
 
Overburden and bedrock models are both 3D numerical solutions of partial differential 
equations (Eqs. (A-1) and (A-8)).  The most important difference between these 
solutions is that overburden equation is very non-linear due to the C(h)- and K(h)-terms, 
whereas the bedrock system is linear.  Basically it would be possible to solve them in 
the same numerical routine but since the overburden model needs shorter time steps and 
several iterations within one time step it is preferable to solve the two equations 
successively during one time step.  In the computer program the overburden is 
calculated first by assuming that bedrock pressure heads are constant during one time 
step.  Recharge out of the overburden, R(x,y)-values,  are calculated for all cells as the 
flux through the bottom of the system by taking bedrock H-values from the previous 
time step.  These recharge values are used as upper boundary condition for the bedrock 
system for the next time step.  Time step length selection is automatic in the overburden 
model and number of time steps varies between four per day (Δt=6 hours) during rain 
free periods and can be up to 48 time steps per day (Δt=0.5 hours) for very heavy 
rainfall events.   
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Supply-limited and transport-limited groundwater systems 
 

Recharge computations carried out with the methods shown above revealed that the 
Olkiluoto bedrock groundwater system is transport-limited, i.e. it cannot transmit all the 
surface water available for recharge.  It can be said that there is more supply of water in 
the overburden than the system can transport.  This reduces considerably the uncertainty 
in the estimation of the recharge.   
 
Overburden groundwater system is supply-limited: more precipitation would imply 
more runoff and evapotranspiration. However, additional precipitation does not 
influence very much the amount of recharge and discharge through the bedrock since 
the bedrock is transport-limited. The errors in the estimation of runoff and 
evapotranspiration influence the uncertainty in recharge estimates only through the 
change in the hydraulic gradient dH/dL.  This is the overpressure inside the island 
compared to the sea level.  Total discharge to the sea is linearly related to dH/dL.  E.g. 
50 mm error in the estimation of actual evapotranspiration influences dH approximately 
0.3-0.5 m based on shape of the soil water retention curve and this causes around 3-5 % 
change in the total discharge through the bedrock (Hmax is around 11-12 m). 
 

Recharge feedback mechanism 
 

A very important process that needs to be studied more closely in future projects is a so 
called recharge feedback mechanism.  This means that when water is taken from the 
bedrock (pumping or flow to ONKALO) additional recharge around the pumping areas 
will tend to resist the decline in the bedrock groundwater level (pressure heads).  The 
feedback theory is supported by the fact that according to measurements carried out in 
shallow and deep bedrock tubes ONKALO has not yet influenced very much on the 
pressure heads in the bedrock.  In the overburden groundwater tubes the effect of 
ONKALO cannot be separated from the yearly variation.  
 
 

T.2.5 Model Parameters 
 
Most of the parameter values needed in the submodels were taken from existing 
measurements carried out in the previous studies (see Olkiluoto Site Description 2006) . 
Detailed list of the parameters and how their values were defined will be given in Task 
T.4. 
 

T.2.6 Summarise Conceptual Model and Assumptions    
 
The model is a full 3D-description of water flows in the overburden of the island and in 
the bedrock to the depth of 1 000 m. Overburden soil water flows in vertical and 
horizontal direction are calculated with a 3D-solution of the unsaturated-saturated flow 
equation (Richards equation).   Surface and subsurface water flows to the ditch network 
in those areas where the groundwater level is above the bottom of the ditches.  Flow to 
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ditches is assumed to be a line sink following the same principles that is used in 
agricultural areas (so called Hooghoudt equation).  Almost all the ditches in Olkiluoto 
area are man-made and therefore the treatment of forest ditches can be done by the well-
defined principles in agricultural areas.  
 
The overburden and bedrock pressure groundwater are assumed to be in continuous 
exchange with each other.  Recharge is positive when water is flowing from overburden 
to the bedrock and negative if the bedrock pressure head is greater that the pressure 
head in the overburden.  Gradient is computed between the lowermost node in the 
overburden and uppermost node in the bedrock.  K-value is taken from the bedrock.  
Fracture zones do also contribute to recharge. In the present version of the model K-
values are assumed to be the same in vertical and in horizontal directions.   
 
The overburden soil water balance is solved using variable time step length depending 
on the precipitation rate P.  As many as 48 time steps per day are needed when P is 
greater than 30 mm/d. Only four time steps per day are needed during dry periods.   
 

T.2.7 Need for Alternative Conceptual Models?    
 
In the original approximation only a 100 m deep bedrock layer was included in the 
model.  However, it appeared to be too shallow for estimating the discharge through the 
bedrock.  In the present version a 1 000 m layer of the bedrock is included in the model.   

 

T.2.8 Process Model Structure Data    
 
Both the overburden and bedrock groundwater systems have been solved using 3D 
models and therefore, this task has omitted in this study.  
 

T.2.9 Assess Soundness of Conceptualisation    
 
Both the overburden and bedrock groundwater systems have been solved using 3D 
models.  In the present study no simpler models were considered due to the complexity 
of the systems.  In future projects it is necessary to evaluate the effect of various cell 
sizes on the computed results.  
 

T.2.10 Code Selection    
 
The models used have been developed in the Helsinki University of Technology during 
the period 1988-2007.  The code verification has been done by comparing the numerical 
solutions with existing analytical solutions with simplified boundary conditions. The 
submodels have also been compared against the results of various field experiments. 
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T.2.11 Report and Revisit Model Study Plan (Data and Conceptualisation) 
   
This project was fully based on the extensive data sets that have already been collected 
on the Olkiluoto Island.  Detailed information about the data sets has been given in the 
Olkiluoto Site Description 2006 (Posiva 2007).  Therefore, it was considered that it was 
not necessary to revisit the model study plans for data and conceptualisation.  
 

T.2.12 Review Data and Conceptualisation and Model Set-up Plan    
 
The data and conceptualisation plans were fixed at the beginning of the project and they 
were kept essentially the same throughout this study.  Model set-up priorities were 
changed during the project (see Task T.3.4). 

 

T.3 Model Set-up   
 

T.3.1 Construct Model    
 
The first version of the 3D-model was constructed in a 100x100 m2 grid to allow fast 
computation time.  Some computer runs with a 40x40 m2 grid have been carried out. 
The uncertainty and sensitivity analysis was carried out using the GLUE-method, which 
is based on repeating the simulation very many times.  Therefore, the coarser grid was 
chosen for computations in the present study.  The aim is to create much denser grids 
(5x5-10x10 m2) during the next step of the surface hydrology modelling that will be in 
the study program during 2008. 
 
Total number of cells in the vertical direction was 20.  Six of them were in the 
overburden ( z=0.1, 0.2, 0.3, 0.6, 1.4 and 2.0 m).  The midpoints of the cells were at 
depths z=0.05, 0.2, 0.45, 0.9, 1.9 and 3.6 m.  The thickness of the bedrock cells was 2, 
8, 15, 25, 7x50, 100, 150 and 2x 200 m (total depth 1 000 m). Number of cells in the 
overburden saturated-unsaturated soil is a compromise between accuracy and 
computation time.  Numerical solution of the Richards equation in 3D grid is a time-
consuming calculation. In this study one specific goal was to carry out the uncertainty 
analysis with the GLUE-method which is based on solving the model very many times 
(1 100 simulations in this study) and therefore the time used for one simulation had to 
be less than one hour computer time.   
 

T.3.2 Test Runs Completed    
 
Test first test runs with the complete model were completed in September 2007. 
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T.3.3 Specify or Update Calibration and Validation Targets and Criteria 
   
The purpose of the first modelling phase was to calibrate the model for the period 
before the construction of the ONKALO.  Calibration period was altogether almost five 
years (01.01.2001-31.12.2005).   The validation will be in the study program during the 
year 2008.  Additional challenge for the validation will be that construction of  
ONKALO started in 2004.   
 
No exact calibration criteria were defined in this phase of the surface hydrology 
modelling project.  The purpose was to set-up the very complicated model that includes 
the coupled solution of  two overlying 3D grids – overburden and bedrock – and 
interaction with the models.  Most of the parameter values were taken from existing 
measurements and minimal amount of calibration was carried out.  The details of 
selection/calibration of the parameters values are given in Task T.4. 
 

T.3.4 Report and Revisit Model Study Plan (Model Set-up)    
 
Originally more emphasis was supposed to be devoted to computation of surface and 
subsurface runoff components than to estimation of recharge from overburden to 
bedrock system. Recharge to bedrock (=discharge through the bedrock to the sea) was 
expected to be a residual component of the water balance.  Due to the inaccuracy of the 
discharge measurements and uncertainty involved in estimating potential and actual 
evapotranspiration this kind of approach was not feasible.  Therefore, the model study 
plan was changed in such a way that the interaction between overburden and bedrock 
was raised to a key role.  This seems to be a very good choice also for future 
development since this interaction must be examined more thoroughly in the future 
projects.   
 
The model study plan was discussed in the monthly meetings of the Olkiluoto 
hydrogeology and hydrogeochemistry group.   
 

T.3.5 Review Model Set-up and Calibration and Validation Plan    
Two intermediate model progress reports (20.08. and 23.10.2007)  were written and 
sent to Posiva.  Model set-up was discussed and computed results were shown in the 
monthly meetings. 
 

T.4  Calibration and Validation   
 

T.4.1 Specify Stages in Calibration Strategy    
 
The calibration was divided to the following stages: 

1) calibrate snow accumulation and snow melt model for open areas and different 
forest types using automatic calibration algorithms (gradient methods) 
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2) select soil hydraulic parameters based on the soil type classification and the slug 
test results 

3) estimate parameters of the soil water retention curve from the particle size 
distribution curves 

4) select bedrock hydraulic conductivity from existing reports 
5) calibrate parameters of the soil water retention curve based on measured data in 

the overburden PVP-tubes 
6) calibrate soil hydraulic properties for those soils where slug test results did not 

exist 
7) calibrate soil heat balance parameters  

 

T.4.2 Select Calibration Method    
 
Automatic calibration of the snow model parameters and manual calibration for the rest 
of the parameters. 
 

T.4.3 Define Stop Criteria    
 
No definite stop criteria were defined. 
 

T.4.4 Select Calibration Parameters    
 
Shown in Task T.4.1. 
 

T.4.5 Parameter Estimation    

Snow model parameters  
 

Snow model has altogether 17 parameters but for most of them it is possible to get very 
well defined initial guesses from Vehviläinen (1992).  Gradient method was used to 
calibrate the parameters separately for open areas, pine forests, spruce forests and 
deciduous forests.  The calibrated parameter values are given in Table A-3. 
 

Soil hydraulic properties 
 

The parameters of the soil water retention curves of the soil types classified on 
Olkiluoto Island are shown in Table A-4. Saturated water content S and residual water 
content R were estimated using pedotransfer functions developed by Jauhiainen (2004).  
Initial values for the parameters  and  of the van Genuchten function were obtained 
from particle size distribution functions and manual calibration was used to find the 
values shown in Table A-4 . Saturated hydraulic conductivity was taken from the results 
of the slug tests carried out in previous studies (Tammisto and Hellä 2005) for soil types 
2, 3 and 10.  For other parameters values were calibrated using discharge and 
groundwater level measurements.  
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Table A-3. Calibrated values for the snow model parameters.  
 

 
 

Parameters of the soil heat balance model 
 

Initial values for the parameters of the soil heat balance model were taken from previous 
modelling studies (Karvonen 1988; Rankinen et al. 2004) and manual calibration was 
used to fit the parameters in such a way that computes soil temperatures and frost depths 
were reproduced reasonably well.  The parameter values are shown in Table A-5. 
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Table A-4.  The parameters of the soil water retention curves of the soil types classified 
on Olkiluoto Island. Saturated water content θS, residual water content θR, parameters 
α and β of the van Genuchten function and saturated hydraulic conductivity K (in units 
m d-1 and m s-1). 
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Air entry pressure = ha = 0.0 m was in this study. 
 

T.4.6 All Calibration Stages Completed?    
 
The first part of the modelling study was finished by the end of year 2007. 

T.4.7 Assess Soundness of Calibration    
 
Calibration results are shown in Chapter 3.  Snow model results were very good : 
coefficient of determination values (Reff)  were between 0.80-0.90.  Soil temperature 
simulation was successful with the exception of too high computed values during the 
summer period: computed soil temperature at depth z=0.2 m was 2-3 °C higher the 
measured value.  At deeper level (z=0.9 m) the computed and measured values were 
very close to each other.  Frost depth simulations were successful with the exception of 
the very narrow peak computed by the model for peat soils.  
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Table A-5.  The parameters of the heat balance model for  the soil types classified on 
Olkiluoto Island. Specific heat capacity CS, thermal conductivity parameter: 
KT=P1+P2 uf+P3I, uf is unfrozen water content and I is ice content, bulk density of soil 
and parameter TICE. 

 
 
 
Groundwater level variation in overburden was simulated relatively well but timing of 
peaks (rise and fall of groundwater level) was in some cases delayed or too early.  There 
can be several reasons for the timing problem:  1)  incorrect shape of the soil water 
retention curves, 2) too low resolution of the computational grid and 3) inaccuracy in 
the thickness of the overburden soil layers. Pressure head variation in the shallow 
bedrock tubes follows quite closely the groundwater level variations and therefore,  the 
same type of calibration problems were encountered  in PP- and PR-tubes than in the 
overburden PVP-tubes.  
 
Discharge measurements were carried out only once per month, which makes it very 
difficult to evaluate the goodness of the simulations.   
 

T.4.8 Validation    
 
Validation will be done in future project with the data sets starting at the beginning of 
year 2008. 
 

T.4.9 Assess Soundness of Validation    
 
Will be done in future projects during 2008.  
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T.4.10 Uncertainty Analysis of Calibration and Validation    
 
Uncertainty analysis was carried out using the GLUE-method (Beven and Binley 1992; 
Romanowicz et al., 1996; Rankinen et al. 2006).  The results of the analysis are shown 
in Chapter 4.  
 

T.4.11 Scope of Applicability    
 
The developed models can be used to calculate the water balance components of 
Olkiluoto island. 
 

T.4.12 Report and Revisit Model Study Plan (Calibration and Validation) 
   
Model study plan was not revisited in this study after calibration and validation. 
 

T.4.13 Review Calibration and Validation and Simulation Plan    
 
Calibration and validation plan was not revisited in this study after setting up the model. 
 

T.5 Simulation and Evaluation   
 
T.5.1 Set-up Scenarios     
 
Model was used to calculate the overall water balance components in the present-day 
condition utilizing the existing extensive data sets available.  
 

T.5.2 Simulations    
 
Corrected precipitation, actual and potential evapotranspiration, infiltration at soil 
surface, surface and subsurface runoff, recharge (deep infiltration) and discharge out of 
the system through the bedrock were computed in the present day conditions before the 
ONKALO has started to influence the water balance components. The first estimates of 
the spatial patterns of infiltration and recharge rates on the island at different depths 
were computed.  Calculation of model based estimates of the most typical pathways 
from hydraulically significant deep bedrock features in island scale was also carried out. 
 

T.5.3 Check Simulations    
 
Results of simulations and uncertainty analysis were checked against measured 
groundwater levels and pressure heads in the shallow bedrock.  Moreover, snow depth, 
soil temperature and frost depth observations were utilized.   
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T.5.4 Analyse and Interpret Results     
 
The results have been analysed in Chapters 3 and 4 of the report. 
 

T.5.5 Assess Soundness of Simulation    
 
This has been evaluated in Chapter 3 of the report. 

 
T.5.6 Uncertainty Analysis of Simulation    
 
Uncertainty analysis with respect to errors in input data and in parameter values has 
been carried out and the results of the analysis are shown in Chapter 4.   

 
T.5.7 All Scenarios Completed?    
 
All the agreed calculations have been carried out.  

 
T.5.8 Reporting of Simulation and Evaluation    
 
The modelling results have been reported in Chapters 3 and 4.  
 

T.5.9 Review of Simulation and Evaluation    
 
This task has been included in the final report of the study (Chapter 3 -5). 

 
T.5.10 Need for Post Audit    
 
It is necessary to continue the modelling study with the specific aims described in 
Chapter 5.  In the forthcoming studies it is necessary to validate the model with the most 
recent measurements.    
 




