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Abstract. In 1992, a joint EC-CIS team of experts started to develop a
hydrological module for the decision support system RODOS. A model chain was
outlined covering the processes such as run-off of radionuclides from watersheds
following deposition from the atmosphere, transport of radionuclides in river
systems and the radionuclide behaviour in lakes and reservoirs. The output from
the hydrological transport chain is used to calculate the main exposure pathways
such as the doses derived from the consumption of drinking water, of fish, of
irrigated foodstuffs and the external irradiation. Test and validation studies of the
whole chain as well as for individual models were performed on the basis of
experimental data from the basins of Dnieper and Rhine. A user friendly graphical
interface was developed to operate the individual models inside the hydrological
module.

1. Introduction

Within its Radiation Protection Research Programme, the Commission of the European
Communities has embarked on a major project aiming at the development of an integrated
and comprehensive real-time on-line decision support system (RODOS) for nuclear
emergencies in Europe[l]. The Chernobyl accident demonstrated the importance of the
aquatic pathways in the radiological assessment of environmental consequences of an
accidental release of radionuclides from a nuclear installation. After the Chernobyl
accident, the CIS countries gained a lot of experience in supporting decision makers by
modeling the radionuclide contamination of large water systems [2,3].

In 1992, a joint EC-CIS team of experts started to develop a hydrological module for
RODOS in the frame of the Joint Study Project (JSP-1) [4,5]. A model chain was outlined
covering the processes such as run-off of radionuclides from watersheds following
deposition from the atmosphere (RETRACE-1 for small watersheds and RETRACE-2 for
large watersheds), transport of radionuclides in river systems (RIVTOX) and the
radionuclide behaviour in lakes and reservoirs (LAKECO and COASTOX). The near range
transport and dispersion of radionuclides following direct releases into the river are
described by the COASTOX model. The module H-DOSE uses subsequently the output
from the hydrological model chain to calculate the main exposure pathways such as the
doses from the consumption of drinking water, fish, irrigated foodstuffs, and from external
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irradiation. Validation studies of the whole chain and of the individual models were
performed on the basis of experimental data from the basins of the rivers Dnieper and Rhine.
A user friendly graphical interface was developed to operate the individual models inside the
hydrological module. This publication summarizes these collaborative activities.

2. Modeling of Radionuclide Transport via the Hydrological Pathways

The evaluation of the radiological consequences of accidental releases of radionuclides
from various specific sites demonstrated a significant contribution from the contaminated
waterbodies to the dose of the population. This was e.g. clearly shown for the Clinch
River-Tennessee River basin (releases from Oak Ridge), for the Techa River-Ob River
watershed (releases from "Mayak"), for the Dnieper river basin, and for the dose to the
population in the vicinity of Scandinavian lakes (Chernobyl accident). The re-mobilisation
of dry and wet deposited material by long term floods and heavy rain events, and the
resuspension of sediments during storm events resulted in the migration of radionuclides
and affected also uncontaminated agricultural areas together with drinking water supplies
downstream from the source of the initial contamination. Additionally, the remobilisation
of radionuclides stored in the bottom sediments of lakes and reservoirs caused a delayed
transfer of activity to the aquatic environment.
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To facilitate and enhance the quality of emergency actions, the mathematical description
of the processes involved is required. RODOS will therefore contain a chain of models,
which cover all the relevant processes such as the direct inflow into rivers, the migration
and the run-off of radionuclides from watersheds, the transport of radionuclides in large
river systems including exchange with sediments and the behaviour of radionuclides in
lakes and reservoirs. The hydrological model chain will be part of the analyzing subsystem
of RODOS (ASY) to predict activity concentrations in waterbodies. These models will also
operate in the consequence subsystem of RODOS - CSY, for identifying strategies of
possible countermeasures. Starting points for the early phase can be a direct release into a
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river or lake and/or the predicted contamination of a land area following an atmospheric
release of radionuclides. On later stages after the accident, the estimated deposition data
will be corrected by monitoring data. As RODOS is designed to predict the short-term and
long-term consequences of the accidental releases, the aquatic module contains models of
different temporal and spatial scales (see Fig. 1).

2.1. Run-off models RETRACE-1 andRETRACE-2

The RETRACE code, simulating radionuclide transport by runoff from watersheds, is under
development at SPA Typhoon, Obninsk, Russia [6]. RETRACE-1 describes the radionuclide
wash-off at a local scale, i.e. small watersheds which sizes of less than 1000 km2 and with a
temporal resolution of hours, while RETRACE-2 covers the regional scale up to large
watersheds (larger than 1000 km2 and with a temporal resolution varying from days to years).
Both models consist of a hydrological and a radionuclide transport submodel.

In RETRACE-1, the water dynamics of the soil surface following rain events is simulated
on the basis of the two-dimensional kinematic wave equation including source/sink terms
describing precipitation rate, infiltration rate, canopy interception rate, rate of losses in
surface depression and evaporation rate. The two dimensional kinematic wave approach is
also used for the description of the subsurface runoff.

The approach applied in the hydrological submodel of RETRACE-2 is situated between a
lumped-parameter model and a distributed-parameter model. It operates with ordinary
differential conceptual equations but for spatially distributed parts of the catchment.

The sediment concentration (from erosion) in the runoff water is calculated in both models
on the base of empirical relationships. It is assumed, that the radionuclides in the upper soil
layer with a thickness of 1 mm can contribute to the run-off process by water wash-off and
by erosion processes. Additionally, it is assumed, that the concentration of the solved
radionuclides in the surface and the subsurface water are in equilibrium (Kd approach).
The transport equations of the radionuclides in the RETRACE are based on the
conservation equation for the total activity of dissolved and sorbed components.
RETRACE-2 uses ordinary differential equations for the radiological modules whereas
RETRACE-1 is based on partial differential equations.

The required input data includes among others cartographic data (e.g. relief, soil,
vegetation, rivers and lake location), parameters of the soil (e.g. infiltration capacity,
moisture), weather (e.g. the probability of precipitation), vegetation (e.g. interception
parameters of canopy for different seasons), and parameters of the radionuclide transport (e.g.
distribution coefficient, transformation rates).

2.2. RIVTOX, a one dimensional river model

The one-dimensional model RIVTOX, developed at IMMS, Cybernetics Centre, Kiev[7,8],
simulates the radionuclide transport in networks of river channels. Sources can be a direct
release into a river or the runoff from a catchment. In the latter case, the output from
RETRACE is used as the input of RIVTOX. The stream function, the transport of
suspended sediments and the radionuclide dynamics are averaged over the cross-section of
the river. A 'diffusion wave' model, derived from the one-dimensional Saint-Venant's
equation, describes the water discharge. An advection-diffusion equation calculates the
transport of the suspended sediments in the river channel. Its sink/source terms describe the
rate of sedimentation and resuspension as a function of the difference between the actual
and the equilibrium concentration of suspended matter with respect to the transport
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capacity of the flow. The latter is calculated on the base of semi-empirical relations. The
dynamics of the upper contaminated river bed is driven by an equation for the erosion of
the bottom layer.

The radionuclide transport submodel of RIVTOX describes the dynamics of the cross-
sectionally averaged concentrations of activity in solution, in suspended sediments and in
bottom depositions. The adsorption/desorption and diffusion transfer in the systems
"solution - suspended sediments" and "solution - bottom deposition" is treated via the Kd
approach assuming equilibrium. However, the exchange rates between solution and
particles are taken into account too, for a more realistic simulation of the kinetics of the
processes. It is assumed that the adsorption and desorption rates are not equal.

The most important input data are:
• parameters of the river channel network, e.g. length of branches and junction

positions, dependence of the crossection on the water surface elevation, bottom
roughness and typical scenarios of floods for the simulation of a direct release of
radionuclides into the river.

• typical distribution of the grain size of suspended sediments and of bottom
depositions.

2.3. COASTOX, a two-dimensional model calculating the lateral-longitudinal distribution
of radionuclides in water bodies

The two-dimensional model COASTOX [7, 9] uses the depth averaged Navier Stokes
equations to calculate the velocity field in rivers, lakes and reservoirs generated from the
combined influence of discharge, wind and bottom friction. The steady state approximation
without advection terms and the system of the unsteady shallow water equation are used.
The same approach as in RIVTOX is applied to simulate the radionuclide exchange in the
system: solution - suspended sediments - bottom depositions. The 2-D advection-diffusion
equations and the equations of flow dynamics are solved numerically by using the finite
difference methods. Necessary input to COASTOX is the geometrical data of the river/lake
bed in a sufficient fine spatial resolution.

2.4. Lake model LAKECO

The box-type model LAKECO, developed by the KEMA, Arnhem, The Netherlands [10],
is used for predicting the behaviour of radionuclides in lakes and reservoirs. It calculates
the concentration of the activity in the water column, in sediments and in the biota
dynamically. It is divided into an abiotic part, describing the change of the activity
concentrations in the water/soil column by means of linear differential equations of first
order and a biotic part predicting the transfer throughout the aquatic food chain.

The processes which are taken into account are: particle scavenging/sedimentation,
molecular diffusion, enhanced migration of radionuclides in solution due to physical and
biological mixing processes, particle reworking - also by physical and biological means -
and the downward transfer of radionuclides in the seabed as a result of sedimentation. In
sediments both the fractions of solved and dissolved radionuclides are modelled., A
complex dynamic model, taking into account the position of the different species in the
food web, has been developed to predict the transfer throughout the aquatic food chains.
This dynamic uptake-model is based upon studies on mercury in fish [11].

Sensitivity analysis showed that the distribution coefficient water suspended matter, and
the concentration factor water phytoplankton are the most sensitive parameters. Less
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sensitive were the reworking rate, and the biological half life of the aquatic organisms. To
improve the predictive power and the flexibility of LAKECO, new submodels to assess
these sensitive parameters were implemented. As a result, the modified model LAKECO-B
has more environmental parameters, like the potassium concentration in the lake water, as
input, but less model specific parameters. Thus, LAKECO-B has become an aquatic model
where tuning is nearly impossible as environmental input parameters control the model.

2.5.H-DOSE - dose model for the hydrological chain

In order to provide the dose as endpoint, even in intermediate development stages of the
aquatic module, a simple dose model was outlined at FZK Karlsruhe, Germany [12]. The
model will be replaced in future by the dose model ECOAMOR presently implemented in
RODOS [1]. However, the extension of the dose model as well as the data exchange of the
aquatic model chain with RODOS has to be established in future. The computer code H-
DOSE considers 4 different exposure pathways:

• Consumption of foodstuffs contaminated by irrigation (root vegetables, leafy
vegetables, milk and milk products, meat and meat products)

• Consumption of contaminated drinking water
• Consumption of contaminated fish
• External radiation from the borderline of the river or lake.

As the present dose model is only of a preliminary state, rather simple approaches have
been used mainly in accordance with the German Regulatory Guidelines [12]. Only the
effective committed dose equivalent is assessed.

3. Software Framework of RODOS Hydrological Chain

A user friendly graphical interface was developed to operate the individual models inside the
hydrological module. The interface provides the possibility to access easily all the
information necessary to run the individual models as well as displaying the results in a
way decision makers can handle them (e.g., Fig. 2). The interface was designed as stand
alone program and allows:
• to integrate codes on the base of a RODOS-like technology with the possibility to

allocate only as much shared memory as the program really uses for the simulation
• to input and edit data and parameters through a system of users-configured dialogs and

input windows
• to run models separately or simultaneously with the possibility to exchange data

between individual models via shared memory
• to manage the data base and to create predefined scenarios
• to present data base information and on-line results of the simulations in graphs and

maps (e.g. contamination)
• to receive data from other RODOS modules (e.g. results of atmospheric dispersion)
• to support different modes with different user services: 2 automatic modes- "whole

chain"(whole chain starting from data of the atmospheric dispersion till the dose
model) ."direct release"(RIVTOX, COASTOX, LAKECO, DOSE) and 2 manual
modes -"decision maker"(with loading of predefined scenarios) and "scenario maker"(
creating scenarios, data base updating)
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Fig. 2. Interface of RODOS Hydrological Model Chain. RIVTOX application for Rhine basin

New ideas realized in the RODOS hydrological interface are
• creation of predefined scenarios
• different automatic and manual modes for different categories of RODOS users
• a user configured system of input windows and dialogs
a new techniques of integration of external programs
At present, there are 5 models (RETRACE, RIVTOX, COASTOX, LAKECO and

DOSE) integrated in the RODOS Hydrological module. For each of these models the
interface provides the same basic set of the user interfaces and data base tools .however
great effort was made to consider all the specific needs of input and output of individual
models. For example the operation of RETRACE in the interactive test and expert modes
was realized by a specially developed interface - the RETRACE monitor. For the automatic
and the "decision maker" mode however, RETRACE is under the complete control of the
'normal' tools of the hydrological interface.

4. Model Chain Validation Studies

To prove the reliability of the various aquatic models, validation and intercomparison studies
were performed, among others, within the frame of the IAEA/CEC VAMP program and the
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BIOMOVS II program, as well as within other special validation studies [13]. The
knowledge gained herein has lead to further model improvements.

4.1. RETRACE - RIVTOX chain validation on the base of Ilya River case study

The RETRACE - RIVTOX chain validation study was performed for the catchment of Ilya
River, a tributary of the Uzh River, flowing into the Kiev Reservoir. The watershed, situated
mainly in the 30-km Chernobyl zone, has a size of about 20 km in longitudinal direction and
about 15 km in lateral direction. The following data, measured in 1988 by the SPA Typhoon
(Obninsk, Russia) and the Ukrainian Hydrometeorological Institute (Kiev, Ukraine) were
used in the validation study:

• soil contamination
• meteorological data (daily precipitation);
• water discharge at the outlet;
• concentration of soluble and sorbed forms of 90Sr and 137Cs at the outlet;
• contamination of bottom sediments.

Cs-137 Loadograph in Outlet.
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Fig. 3. Simulation by RETRACE of l 37Cs day averaged concentration in runoff from the Ilya River catchment

- - -Lower
-Median

Fig. 4. Simulation by RIVTOX of l 37Cs concentration on suspended sediment at outflow from the Ilya River
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The lateral inflow into the river net simulated by the RETRACE (Fig. 3) was used by the
RIVTOX to calculate the transport in the river channels taking into account the interaction
between radionuclides in dilution and bound on suspended sediments (Fig. 4). The
incomplete set of the measurements at the river outlet did not cover the exact times of the
short rainstorm events. Therefore, the measured and calculated concentrations should be
compared rather for averaged than for peak values. The uncertainties for the water-
sediments exchange parameters of RIVTOX were evaluated by using the Monte-Carlo
technique. The measured data lay inside a 90% confidential interval of simulated 137Cs
concentration bound on sediments (Fig. 4).

RETRACE was tested within the BIOMOVS-II program with a scenario covering the
run-off of cesium and strontium from small experimental plots located in the 30 kilometer
Chernobyl zone. The agreement between the results of RETRACE and the experimental
data was one of the best among the contributing models [6]

4.2. RIVTOX and COASTOX validation studies

The hydrological part of RIVTOX was tested with data of the Tvertsa river (Russia) and
the Dniester rivers (Moldova-Ukraine) [8]. RIVTOX was successfully applied to simulate
the fate of chemicals in the Rhine river which resulted of an accidental release at Sandoz,
Basel, Switzerland [4]. In the frame of IAEA\CEC VAMP programme RIVTOX was
validated on the scenario of the Clinch river -Tennessee river which were contaminated by
radionuclide releases from Oak Ridge[13]. The VAMP scenario of the contamination of the
Dnieper following the Chernobyl accident was used to calibrate 137Cs and 90Sr transfer
parameters inside the RIVTOX code.
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Fig. 5. Interface of COASTOX. Simulation of direct release into the Rhine River.
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A special study was performed within the JSP-1 project to test RIVTOX on the basis of
post-Chernobyl data of the Rhine basin. A reasonable good agreement was obtained with
data measured in the two rivers Neckar and Mosel. The validation study for the combined
RETRACE-RIVTOX chain on the basis of contamination data from the whole Rhine basin
is still under way.

COASTOX (Fig. 5) was widely used by IMMS CC to simulate the radionuclide
transport in the Kiev Reservoir and the Pripyat River floodplain close to the Chernobyl
Nuclear Power Plant [3,4,7,9]. Measurements for a 90Sr release from the floodplain after
ice jams, January 1991 and February 1994, confirmed the results of predictions based on
simulations with COASTOX [9]. Within JSP-1, COASTOX was tested and verified on the
basis of measured 137Cs and 90Sr distributions during the 1987 spring flood in the Kiev
reservoir. These results demonstrate the importance of application of different adsorption
and desorption rates to describe the transfer of 137Cs between solute and bottom deposition.

4.3. LAKECO validation

LAKECO was tested and validated within various international working groups. Within
the IAEA/CEC VAMP-project the lake model was successfully applied to a wide range of
lake ecosystems in Europe, different in terms of trophic status, climatology, deposition of
radionuclides, and morphology. LAKECO participated in a blind test within BIOMOVS II,
where a Cooling Pond Scenario was outlined. As tuning of the model was impossible, this
study could be considered as a quality test. It showed that the original LAKECO model,
with a relatively great number of parameters, most of them assessed on the basis of expert
judgment, was not able to predict the concentration in the aquatic system with the required
accuracy. The enhanced model LAKECO-B showed better results, which proved the
increase of predictive power after the implementation of the new submodels. Fig. 6 shows
in the left part the concentration in water, averaged over the entire cooling pond (Bq./l),
and presents in the right part the activity in predatory fish (Bq/kg wet weight) for both
model variants. Furthermore a fuel leaching submodel was added to the code, to govern the
fact that in the vicinity of a reactor a high fraction of undissolvable particles can be
expected.
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Fig . 6. LAKECO model results for Chernobyl NPP Cooling Pond
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Conclusions

The hydrological model chain for the nuclear emergency decision support system RODOS
was developed by the joint efforts of EC and CIS scientists in the frame of the JSP-1 project.
Test and validation studies of the whole chain as well as of individual models were performed
on the basis of post-Chernobyl data. The software framework for the hydrological model
chain was developed and tested. The hydrological module will be part of the RODOS system
starting from the PRT-version 2.0.
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