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Abstract: Flooding is the major and most frequently recurring natural disaster throughout the River Tisza catchment. The most devastating flood events use to hit the Upper-Tisza basin situated in Transcarpathia, Ukraine and in the north-eastern parts of Hungary (Figure 1). In order to reduce flood damages and consequences in the region, the Ukrainian government has accepted a complex plan of flood prevention and control. This ambitious plan, among others, envisages construction of 42 unregulated, flow-through type flood retention reservoirs in a total capacity of 288 Mm3 on the mountainous tributaries of the river to reduce the flood discharge. With regard to this plan, it is indispensable to analyze the influence of the planned flood retention measures on both tremendous synthetic and extreme historical flood events as well. Therefore the catchment-responses to spatially distributed probable maximum precipitation (SDPMP) for three different duration and the most extreme catastrophic flood event of March 2001 have been simulated using the physically based, distributed rainfall-runoff model DIWA (DIstributed WAtershed) based on condition that the reservoirs are implemented already on the basin. The results of this simulation based analysis are reported in this paper.
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1. introduction

The Tisza River basin (966 km, 154,039 sq km) is located almost in the geographical centre of Europe (Figure 1), which is with respect to its length and catchment area, the largest Danube’s tributary. The Tisza rises in the Zakarpathian Mountains in North-western Ukraine and is formed from the confluence of the Belaya Tisza and the Chiornaya Tisza, and it enters Hungary at the North-East border of the country at the Tiszabecs gauge (Upper-Tisza basin: UTB). The UTB has the surface area of 9707 km2, and about 30% of this area is higher then 1000 m and it’s rapidly increasing from this altitude up to 2256 m high, which is the highest point of the UTB. This fact is in complete agreement with the results of the statistical analysis for the slope: about 30% of the basin area has steeper gradient then 0.1 m/m and than it’s increasing from this value up to 0.33 m/m. Moreover, about 70% of the UTB gets more than 1000 mm precipitation annually. The average rainfall varies from 700 mm in the lowlands and the lowest situated valleys and more than 1200 mm in the high mountain area. Due to these particular topographic and climate conditions flash floods are common in spring and summer with river stages increasing 1.5 to 2.5 meters within four or five hours, further intensified by the low infiltration capacity of the soils in the Carpathian Mountains. Rainfall, snowmelt produced and mixed floods all are frequent. These floods cause enormous inundation in the vast lowland areas. During the last 30 years the river has been affected by more than 100 flood events. Moreover, the rate of occurrence and degree of floods has continuously increased and reached its maximum with two catastrophic flood events of 1998 and 2001, which led to significant material and social damage in the region (claiming 17 and 9 victims, settlements inundated 269 and 255 respectively) extending to the NE corner of Hungary as well.
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Figure 1: Location and general view of the Tisza River Basin and the Upper-Tisza sub-basin

To avoid or mitigate such damage in the future, the State Committee for Water Management of Ukraine developed the ‘Scheme on Complex Flood Protection in the Tisza River Basin in Zakarpattia’. It also developed the corresponding ‘Programme for integrated flood protection in the Tisza River Basin in Zakarpattia oblast on 2002-2006 and forecast until 2015’ to realise flood protection measures provided by the Scheme, which was approved on 24 October 2001 and revised on 13 February 2006 by the Cabinet of Ministers of Ukraine. This Scheme among many others (like: erection of regulating hydro-technical constructions; strengthening of the system of flood protection dikes; construction of flood retention polders with regulated outflow in the flatland; river training; etc.), envisages construction of 42 unregulated, flow-through type flood retention reservoirs on the mountainous tributaries of the river to reduce the flood discharge from Q1% to Q10%. A summary document of the Scheme – including most of the technically important data – was handed over in the frames of bilateral transboundary water management cooperation to Hungary. The Hungarian Ministry of Transport, Communication and Water Management commissioned the Water Resources Research Institute (VITUKI) to make a preliminary assessment of its impact on Hungary. This VITUKI made summary (VITUKI, 2001) recommends a comprehensive, model simulation based analysis in order to analyze the influence of the planned flood retention measures for the Hungarian part of the river. Therefore in our work the catchment-responses to spatially distributed probable maximum precipitation (SDPMP) for one-, three- and five-days duration, and the most extreme catastrophic flood events of March 2001 have been simulated over the UTB using the physically based, distributed rainfall-runoff model DIWA (DIstributed WAtershed). The simulation has been carried out based on condition that the 42 unregulated, flow-through type flood retention reservoir installation has been already implemented on the UTB.
2. The construction of our system
2.1 An overview of the simulation model DIWA
DIWA (DIistributed WAtershed) is a physically based distributed parameter hydrological model based on the relationship of physical, geomorphological and hydraulics characteristics of the catchments with their parameters, i.e., based on the link between distributed watershed characteristics and hydrological model-parameters. The model DIWA is designed to model the following: rainfall-runoff processes, flood events analysis, regional land-use change scenario analysis, climate-change scenario analysis, real-time hydrological forecasting and control. All the fundamental hydrological processes are simulated by the model (Figure 2.) include interception, snow-accumulation and melting, infiltration, water uptake by vegetation and evapotranspiration, vertical and horizontal distribution of soil moisture, unsaturated and saturated flow of water in soil, surface flow, and flow through river channels (for more detail: Szabó, 2007).
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Figure 2: Simplified flowchart of DIWA model.
A hydrodynamic sub model to simulate reservoir operation is also included as an optional built-in function of DIWA. In addition to the algorithms of the DIWA model, the developed software system provides some useful optional pre-processing functions, such as:

· Automatic calibration routine based on a derivate-free, efficient hybrid combined method of globally convergent adaptive partition-based search and downhill simplex algorithm (Szabó, 2008) for calibrating model parameters considering their spatial variation (distributed parameter calibration). 
· A software package of stochastic-based algorithms to perform distributed climatologic data from station data to a certain grid for a range of variables (precipitation, temperature, vapour pressure, potential evaporation) using:
· A modified universal block-kriging based interpolation method for mapping temperature data, taking the elevation of the given grid into account as a parameter of the procedure.
· Special interpolation method (BKLAM: Block-Kriging with Local Anisotropy Model) for mapping precipitation data based on combination of block-kriging and an algorithm for automatic recognition of local anisotropy of the precipitation fields (Szabó, 2005). In addition to the algorithms of the BKLAM an up-to-date geostatistical algorithm of conditional sequential Gaussian stochastic simulation is available for performing the spatially pattern reproduction of precipitation fields.
2.2 Data pre-processing and model setup for this study
According to the basic concept of the distributed rainfall-runoff model philosophy, spatially distributed basin properties, hydrometeorological input data and parameter estimation is essentially required in order to simulate the spatial and temporal patterns of catchment responses. 
2.2.1 Geoinformation data pre-processing and analyses of the reservoir characteristics
Localization of dams using digital elevation model and its derivatives: The site-selection of planned, flow-through-type flood retention reservoirs was projected by considering the hydrological, morphological, geological and seismic conditions of the area (VITUKI, 2001). The accurate coordinates of the dams were not available, but the major technical properties of each flood retention reservoir were described in detail in the technical plans. Those technical data were applied for the geographical identification of reservoirs and their integration into the geoinformation model which was carried out for the purpose of cell-based hydrological modelling by keeping the spatial-consistence. The determination of the location of dams was completed by the following steps:
a derivate-free hybrid method combining, globally convergent adaptive partition-based search (APS) and downhill simplex algorithm
· Generation of a cell-based model-river network based on high resolution (100x100 metre) digital elevation model, corresponding to a vector river network representing real flow-directions.

· Geometrical localization of reservoirs considering the planning parameters (area of watershed, backfill crown, active capacity) and the model-river network. The upstream catchment areas were analyzed in the case of each cell of the drainage network to determine the proper positions of dams according to the detailed technical parameters in the plans. 

· Integration of attribute data into GIS environment.

After the GIS operations the spatial distribution of flood retention reservoir outlets and the relevant contributing areas can be mapped (Figure 3).
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Figure 3: Location of the planned flood retention barrage dams and the belonging watersheds

Application of digital elevation model (DEM) to define capacity curves: Capacity tables and capacity curves (water levels and corresponding storage capacities) describe the essential properties of flood retention reservoirs for further hydraulic modelling. The spatial resolution of surface DEM is too coarse for modelling the reservoir filling and for calculating the capacity curve. To overcome this problem a linear downscaling method was applied based on the existing elevation information given by the DEM. The approximate value of any desired surface point was determinable by considering the resolution of the resulting, finer elevation model. The capacity curves were defined by the following steps:

1. Downscaling the surface DEM in order to model the reservoirs.

a) Generation of 10-metre-resolution DEMs of the reservoirs and their environment using derived contour lines and spot heights.

b) Application of the TOPOGRID interpolation model that generates a hydrologically correct grid of elevation from input parameters (Hutchinson, 1988).
2. Areal (2D), surface (2.5D) and volumetric (3D) calculations regarding water levels during the reservoir filling process.

a) Localization of the planned reservoirs considering the height and the length of dams as well as the planned surface area of the reservoirs.
b) Determination of wetted surface and volume capacity corresponding to water levels during the reservoir filling process.
3. Compiling capacity tables and capacity curves based on relations derived from the reservoir-DEM.

Based on the higher resolution digital elevation model of the reservoirs and using the planned technical parameters loaded into the system together with the derived spatial information, the storage capacity can be determined in relation to each water level. Accordingly the characteristic capacity curves can be given.
2.2.2 Meteorological input data
The meteorological input that is required for the simulations consists of spatially distribution of temperature, rainfall and evapotranspiration intensities, and potential evaporation. Available data of 22 years (1983-2005) include daily rainfall at 20 to 35 rain gauges in and around the catchment, daily mean temperatures at 10 to 18 stations, depending of the period. For the 1x1 km model grid-size (that has been used for this study) the temperature distribution is obtained by the modified universal block-kriging-based interpolation method, and as for the distribution of precipitation, the BKLAM-based conditional sequential Gaussian stochastic simulation is applied.
For the purpose of this study, estimates of spatially distributed probable maximum precipitation (SDPMP) for one-, three- and five-days duration for the model grid-resolution were calculated using the Hershfield statistical technique (Hershfield, 1961). In order to obtain values of SDPMP, an enveloping frequency factor (km) curve based on the actual rainfall grid data was developed. The enveloping curve was then utilised to estimate PMP values of all grids (Figure 5).
2.2.3 Calibration and validation of the DIWA model
The distributed DIWA model has 5 parameters which need to be estimate by calibration procedure, and they should be calibrated by considering their spatial variations (for more detail: Szabó. 2007). The model was calibrated against time series of historical discharge records for the Tiszabecs gauging station (see on Figure 3). The period of 01.05.1991 – 30.04.1995 and the period of 01.05.1995 – 30.04.2001 has been chosen for calibrations and for the validation.

Figure 4 shows the scatter plot of simulated versus observed discharge for both periods: calibration and validation. The straight line represents what our data would look like if the simulation is “perfect”. The discharge data is represented by the squares plotted along this line. As it can be traced by means of the graphical comparisons and by the calculated statistical parameters as well: application of the DIWA model to the UTB demonstrates that the model successfully simulates the flow regime at the gauge of Tiszabecs, even on the most significant maximum flood peaks events: 06.11.1998, and 07.03.2001. The model is efficient in term of calibration and validation as well.
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Figure 4: Scatter plot of simulated versus observed discharge at Tiszabecs gauge
3. results of the model runs
Catchment-responses to the spatially distributed probable maximum precipitation (SDPMP): We ran the model under the typical (average) boundary and staring condition of the late spring based on the obtained statistical experiences on period of calibration and validation, for one-, three- and five-days duration of SDPMP (Figure 5). 
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Figure 5: Spatially distributed probable maximum precipitation over UTB
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Figure 6: The simulated hydrological responses to SDPMP for one-, three- and five-days duration.
For the simulation, the SDPMP were distributed grid by grid among the days of the given duration (3-, and 5-days) in a centrosymmetric way according to the simplified rule, that the precipitation on the middle day is equal to PMP-1, then it decreases according to the principle of the conservation of mass.
Figure 6 shows the results of the simulations, the average precipitation, and in order to liken a real world extreme to the hydrologic responses of SDPMP, the maximum flood wave also can be found on the x-y plot. The results are demonstrated that the planed reservoirs mitigate the flood peak discharge by 8-9%, and that how the rising limb and recession limb are converted into less steep.
Impact assessment of the planned reservoirs on the historical maximum flood event: In order to analyze the influence on the Hungarian part of the river at Tiszabecs gauge of the planned flood retention measures in case of real world extreme weather conditions, we ran the calibrated DIWA model for the catastrophic historical flood of 2001 for the period of 01.03.2001-21.03.2001. The extraordinary flood wave developed by two causes: extremely rising gradient of temperature inducted rapid snowmelt and heavy rain superposed in the mountains area (Figure 7). 
[image: image7.png]4>

5-day antecedent precipitation Water cont. in Snow atthe beg Water cont. in'snow in the efid





Figure 7: Cumulated precipitation for March 1-5 of 2001(a); Water content in snow at 1st of March (b) and after melting, at 6th of March (c).
Figure 8 shows the results of the simulations, the average precipitation and snowmelt. Based on the details of the simulation results we can establish that during this extreme flood event only a couple of reservoirs would have taken full advantage of their buffering capacity. The results demonstrate that the reservoirs mitigated the impact of superposed extreme rainfall and rapid snowmelt by 8.1% on the flood peak discharge.
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Figure 8: Graphical comparison between observed and the two simulated hydrographs.
4. conclusions

Results of the simulations do not really show the expected efficiency of the flow-through type flood retention reservoirs. One of the major causes is already given by the different distribution of the rainfield and that of the reservoirs. Another major cause we can suspect, and it is clearly indicated by Figure 6,  is the over sizing of the releasing structure of the individual reservoirs. More data is needed to optimize by simulation the diameter of these structures to really achieve transformation of arriving Q100 to released Q10 discharges. 

We also have to admit that the effects of additionally planned flood retention polders with regulated outflow in the flatland could not be simulated this time due to inappropriate data availability.
Results of these simulations are to be shared with the Ukrainian colleagues and in the frame of joint collaboration the planned flood retention and detention system is to be improved to achieve potentially maximum efficiency of the system.
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