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Abstract: Hydrological extreme events can adversely affect the function of river systems by relocation of pollutants. In the Elbe River especially the re-suspension of contaminated sediments can influence both the quality of the river water and the quality of the soils within the adjacent floodplains. The scale and frequency of floods and low water periods are likely to increase due to climate change. Therefore, in addition to socio-economic damage, the environmental consequences of these events have to be considered in river-basin management. As respective management plans should be based on detailed knowledge of the principal pollution sources, sinks and the main transport pathways in the river basin, the selection of the right monitoring strategy is all-important. Uncoordinated, inconsistent sampling activities bear the risk of wrong conclusions about the pollution situation of the river system and also increase the uncertainty of scenarios of future quality development. Against this background, the activities of several institutions were reviewed. They all had been involved in the monitoring in the River Elbe during past flood events. Vantages and shortcomings of the various approaches were identified. As a result, a proposal for a comprehensive water quality monitoring program is now in discussion in the River Basin Community Elbe (FGG Elbe). In the paper the suggested approach of such a tailored program for the Elbe Basin will be introduced and discussed at the example of trace metals. The crucial point is the coordination of activities at all relevant monitoring sites. The internet platform for hydrological extremes “UNDINE” is used to integrate and disseminate the results of the flood monitoring program. “UNDINE” was originally developed to facilitate the ranking and assessment of flood and low water events. It integrates current hydro-meteorological data, basic data (gauges and monitoring stations), water quality data, background information and detailed information on historical extreme events.
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1. INTRODUCTION
Concentration and quality of suspended particulate matter (SPM) in the Elbe River fluctuate strongly both in terms of space and time. Among other causes, the observed variability is due to hydrological extremes. During floods the re-location of (polluted) sediments takes place, and in low water periods changes in the redox-state of the sediments cause re-solution of pollutants. Thus, the portions of dissolved and particle- bound pollutants which are transported under extreme conditions form a considerable part of the overall annual load in the Elbe. 
In spite of the fact that the water/SPM quality varies highly and may change abrupt, the monitoring program of the International Commission for the Protection of the Elbe (IKSE/MKOL) stipulates the following fix sampling intervals
· Control samples: (a) monthly for basic parameters and priority pollutants and (b) bi-weekly (from May to October) for Chlorophyll-a; and,

· Pooled samples on monitoring stations: (a) weekly for heavy metals, HCH, nutrients and main ions and (b) monthly: particulate bounded priority substances.
The applied monitoring strategy bears the risk of incomplete survey of the matter transported in the Elbe. It can have adverse consequences for a risk assessment, particularly in periods of rapid discharge alterations, and affect the sustainable development of a river system. Thus, a more specific monitoring at river basin scale during hydrological extremes is strongly recommended to:
· provide a scientific basis for the optimization of sampling strategies;
· identify the principal pollution sources, sinks and the main transport pathways based on the understanding of the dynamic of transport processes; and

· assess the flood-related input into floodplains and the sea. 
Under these premises applied monitoring strategies during past extreme events in the Elbe were intensively reviewed and their pros and cons were identified. Particular attention was paid to the century flood of the Elbe River in 2002. 
2. River Basin Elbe

Next to Danube, Vistula and Rhine the Elbe is the fourth largest river in Central Europe. The Elbe basin district (Figure 1, below) covers approximately 150,000 km2, 65.5% belong to Germany, 33.7% to the Czech Republic and less than totally 1% to Austria and Poland. The total length of the Elbe is about 1,100 km with approximately 372 km flowing through the Czech Republic and 728 km through Germany. Major tributaries are the Vltava, Schwarze Elster, Mulde, Saale and Havel. 
The Elbe rises in the Giant Mountains (Czech Republic) at 1384 m a. s. l. and flows into the North Sea at Cuxhaven, near Hamburg (Germany). Mean annual discharge rates are 313.8 m3 s-1 at the Czech-German border and 877.3 m3 s-1 before flowing into the North Sea (Simon, 1995). Large areas of the catchment cover low mountain ranges, so that the discharge reflects the precipitation there. The lowlands are characterized by broad floodplains. In the floodplains changes in river levels affect the groundwater levels in the valleys. The discharge behavior of the River Elbe is determined by winter and spring floods, e.g. 81% of the flood events between 1800 and 1994 occurred in the spring (Simon, 1995).
The discharge in the Czech part of the river is regulated by reservoirs and lock-and-weir systems. Downstream of the final Czech barrage, 600 km of the total length of the Elbe are non-regulated by impoundments. But, approximately 485 km of this stretch are regulated by ~ 6900 groynes that have been built for navigation. The stretch ends with a barrage weir at Geesthacht, upstream of Hamburg. The course between Geesthacht and the estuary where the Elbe flows into the North Sea is subject to tidal influences. In the tidally unaffected and free flowing German part of the Elbe groyne fields and floodplains are the main morphological features. Groyne fields play an important role for the downstream transport of suspended matter, because fine sediments which are accumulated in the groyne fields may be re-mobilized by shipping at low water or by flushing at high water.
In the past, the Elbe was one of the most polluted large rivers in Central Europe (Heininger et al., 1998; Vink et al., 1999). Following the German reunification the construction of wastewater and municipal treatment plants as well as the closure of numerous industrial plants led to a considerable improvement of the water quality (Guhr et al., 2006). Despite these changes contaminants are still present in elevated concentrations in the river water and in the sediments. 
[image: image1]
Figure 1: River Basin of the Elbe (Map: O. Büttner, UFZ)
3. Advancement of Present monitoring approaches to hydrological extremes
The assessment of monitoring programs which were performed in the past by several institutions (Baborowski et al., 2005) underlines the importance of the sampling strategy with respect to
· the selection of the sampling sites; 
· the definition of the starting point, the duration of sampling and the sampling interval; and,
· the selection of the parameter spectrum and the most appropriate analytical methods.

3.1 Sampling site
The sampling site should be representative for a defined part of the river basin, situated close to gauges and preferably be part of regular monitoring programs. One lesson to be learned from the century flood of 2002 in the Elbe was that some stations were not accessible during the whole event due to the passing flood crest. Therefore, it is necessary to agree on reserve sites among the different actors. An overview of harmonized sampling sites for the German part of the river basin Elbe is given in Figure 2, below.
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Figure 2: Main sampling sites for hydrological extremes in the German part of the Elbe River (dark gray: main site; light gray, indented: reserve site; gauges: 
[image: image2]), source: Wassergütestelle Elbe
3.2 Starting point, duration of sampling and sampling interval
One crucial point of a harmonized, meaningful monitoring program is the definition of the right starting point. Furthermore, the duration of sampling should be agreed on between all actors regarding the travel time of the water body. In the Elbe, the beginning sediment re-suspension upstream of a sampling site is the most relevant aspect for selecting the right starting time. Hence, the locally specific discharge threshold for the erosion of sediments must be known for each site. 
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Figure 3: Arsenic (As) concentrations according to different sampling strategies during a flood event of the Elbe

Especially the re-suspension of unconsolidated groyne field sediments is of particular importance. Depending on the material components this re-suspension can lead to a first SPM peak in the course of a flood occurring long before the discharge maximum is reached. It was the experience of past events that missing the optimum starting point of a measurement campaign can lead to wrong conclusions about the risk for water quality. This is demonstrated at the example of arsenic for two monitoring strategies in Figure 3, above. The first strategy accounts for the beginning sediment erosion. Sampling stopped at the moment when the arsenic concentration decreased to the level before the flood and earlier than in strategy two. Within the second strategy, on the one hand, the sampling was initiated later than with strategy one. Thus, the increasing arsenic concentration was recorded to some extent only.  On the other hand, the sampling campaign was carried out until the end of the flood wave. As shown in Table 1, both, late start and early end of a sampling campaign resulted in a significant underestimation of the pollutant loads transported during the flood. Therefore, the duration of sampling should cover the whole event. Starting late adversely affected the results more than stopping early. 
Table 1: Calculated loads for different sampling strategies (cf. Figure 3) in respect to the load for the whole flood event [% underestimation]
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In the new advanced approach, a discharge dependent starting point is introduced and the sampling interval changes according to flood-phases (rise, peak, decline) triggered by gauge specific hydrological primary value MHQ. The new approach implements daily sampling during rising high water up to the peak, but prolongs the interval during the decline (Figure 4, below). Sampling starts if MHQ is exceeded (based on the 48h forecast). After the peak, the sampling interval is prolonged to 3 days until discharge falls below MHQ. Seven days later, a last event-related sample is taken. 
Likewise, a discharge and duration dependent monitoring approach for low water periods has been developed (Figure 5, below): If the discharge falls below the gauge specific hydrological value MNQ for a time span of at least 14 days, a first event-related sample is taken. To save resources, the sampling interval of 7 days is prolonged to 14 days after 4 samples. If the discharge exceeds MNQ for 6 days, sampling will be suspended. 

3.3 Parameters and analytical methods

Also a harmonization of measurement parameters, sample preparation and analytical methods is required. Results will not be comparable on river basin scale, if different fractions are analyzed (dissolved/ particulate portions; whole samples). During the century flood of the Elbe in 2002 for sample preparation inconsistent digestion methods were applied to determine heavy metals and arsenic. Methodological differences caused deviations of up to 25% for the investigated heavy metals (Baborowski et al., 2005)

If the strong sampling requirements discussed above are related to the large number of parameters of the IKSE monitoring program, it becomes obviously that not all the parameters can be measured over the whole time of the flood event on the river basin scale. For this reason, event-related monitoring programs should base on few robust parameters which can be measured easily over a sufficient period at representative sites. Therefore, a close cooperation between all actors of the river basin is necessary. The challenge for scientists is to find out the best indicators of pollution sources in sub-catchments, transport pathways and processes.
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Figure 4: Discharge and flood-phase dependent monitoring approach for floods: G - monthly control samples of the basic monitoring program; X - discharge and flood-phase dependent samples.  
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Figure 5: Discharge and duration dependent monitoring approach for low water periods: G - monthly control samples of the basic monitoring program; X - discharge and duration dependent samples.
4. The Undine Information system – Integrated Documentation of Hydrological Extremes

During extreme events the public has a greater need for hydrological information. Moreover, the assessment and ranking of current events depends on the comparison with past events. Hence, for the German part of the Elbe a holistic approach of an information system for “hydrological extremes” was developed by the Federal Institute of Hydrology (Schwandt et al., 2006). Herein information from the fields of hydrometeorology, qualitative and quantitative hydrology is linked for selected gauges and water quality monitoring stations. The information is categorized into (a) current hydro-meteorological status, (b) basic data and hydrological data and (c) compact descriptions of historical extreme events.      
In agreement with the Federal State Authorities and other actors in the Elbe basin, the information system 'UNDINE' is the common tool to provide results of coordinated "measuring programs for hydrological extremes" in time and to store them as a source of information for events to come. The welcome page of 'UNDINE is shown below in Figure 6. Depending on the data available, detailed information with links to reports, data collections, diagrams to illustrate the dynamics of the measurements and further information are given
· For selected gauges basic data on location, operator and graphics of the current water level and runoff, statistical values, a table with the ten most severe high and low water discharges of the available time series and corresponding diagrams are displayed; 
· For monitoring stations graphics for continuously measured parameters (e.g. water temperature, conductivity, pH-value) for the last 31 days / 365 days are displayed;
· For historical extreme events compact descriptions of the hydro-meteorological situation, sequence of events, losses and damages as well as adverse effects on water quality are available; and,
· For ongoing events current information on water level, runoff and tendency of the last four hours for selected gauges of supra-regional importance are shown on a dynamic map. A runoff-based color-coded classification in five categories, ranging from low water to flood, is used to label the gauges. 
5. Summary and outlook

Scale and frequency of hydrological extreme events are likely to increase due to climate change. Hence, in addition to socio-economic damage, the environmental consequences of extreme events have to be considered in river-basin management plans. To provide accurate information on the anticipated effects of climate change and to support long-term decision making, tailor-made monitoring strategies on the river basin scale are essential. They should be based on a few, robust parameters with indicator function for river relevant processes. The activities of all relevant actors in the river basin should be based on a common holistic concept.
Conjointly with Federal State Authorities and other actors in the river basin a proposal of an integrated monitoring program “Hydrological extremes” was worked out for the German part of the River Elbe which is now in discussion in the River Basin Community Elbe (FGG Elbe).  The proposal links new scientific findings to existing frameworks. The internet platform 'UNDINE' provides the opportunity to integrate and disseminate the results of specific, event-related monitoring programs. With respect to comparability and integrity of results, the starting point of the measurements is crucial. Sampling has to be event-related and should consider locally specific discharge thresholds of sediment remobilization. Otherwise, monitoring results will not be adequate and may lead to wrong conclusions about the risk of extreme events for the water quality and the ecosystem functions of the river. 
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Figure 6: Welcome page of the Undine Information System 
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