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Abstract: Historical flood records are an important source when estimating the flood statistics at a river. The statistical evaluation of flood records requires long data series to extrapolate reliable peak discharges and related recurrence intervals. But the historical flood information often refers to the water level because the techniques of velocity or discharge measurements had been developed only later. As the distribution functions are usually fitted to the discharge values historic stage-discharge-relations must be found to convert these values. For the Elbe river at Dresden gauge flood descriptions have been handed down for about 1000 years. But quantitative information is available (with gaps) since 1501. Referring to this data the history of the water course and its morphology is investigated. Using the former flow cross sections water profile calculations are carried out yielding different stage-discharge-curves for each historic period. The check of the flood stages and the related peak discharges resulted in reduced discharge values compared with former results. The new peak discharge values allow also an update of the flood discharge records as well as recurrence periods and lead to the result that e.g. the 2002 flood seems to have a recurrence period of some 500 years instead of 150 years as it was assumed up to now.
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1. Introduction

The estimation of rare peak discharges by means of flood records requires annual series over long periods. It seems to be an implicit agreement that the calculated recurrence period should be not longer then three times the length of the series in years. To extend the series of records often historical water level readings are used which have to be converted to discharges. Special hydrological-statistical methods have been developed to allow an appropriate inclusion of these additional data in the statistical analysis.

But the first step is to find the right historical stage-discharge-curve to calculate the discharge from the water level. A more detailled analysis at many gauges shows that the stage-discharge-relation sometimes seems to be incorrect (Pohl 2002). For instance at the Dresden gauge for the 1845 flood the official peak discharge is 5700 m³/s at a stage of 877 cm above the gauge datum while 2002 the flow rate should have been 4581 m³/s at a stage of 940 cm (which was measured by means of an ADCP). To clarify this and other discrepancies the author has proposed to run water profile calculations with historical data sets. This has been carried out in a first step for two historical flood events at the Elbe river in 1845 (Pohl 2007) and 1890 (Grünewald et. al. 2008 within a RIMAX-Project). 

2. Data Sources

Mostly the historical flood events are only described from the viewpoint of damages. Due to the less developed measuring techniques discharge data are almost always missing. And due to the exceptional character of extrem flood events which happened only once in ones lifetime the chroniclers sometime tended to overstate. The handed down water level data can be inexact and often it does not fit into the present reference system. The table below shows some possible sources for historic hydrologic data.

Table 1: historical flood data sources and its suitability

	
	
	Suitable for the reconstruction of
	Flood events
	Water 

levels
	Flow cross sections

	written source material
	Handwritings
	Gauge records, gauge books
	++
	++
	+

	
	
	Old projects
	
	
	+

	
	
	Documents concerning water affairs
	++
	+
	+

	
	
	Old navigation documents
	+
	+
	

	
	
	Chronicles
	++
	+
	

	
	
	Damage reports
	++
	
	

	
	
	Visitation/ inspection reports
	++
	
	

	
	
	Old tax documents
	+
	
	

	
	
	Sermons, lectures
	+
	
	

	
	
	Old parish registers
	+
	
	

	
	Printed publications
	Monographs
	+
	
	

	
	
	Newspapers
	++
	
	

	
	
	Chronicles
	++
	+
	

	
	
	Travelogues, travel diaries
	+
	
	

	
	
	Regional descriptions
	+
	
	

	
	
	Flyers, leaflets
	+
	
	

	pictorial, graphic source material
	Maps 
	River maps 
	
	
	++

	
	
	Dike maps
	
	
	+

	
	
	Inundation maps
	++
	++
	+

	
	Pictures 
	Views of cities
	
	
	+

	
	
	Views of bridges, water mills, banks
	
	
	+

	
	
	Landscapes
	+
	
	+

	
	Photographs
	Views of cities
	+
	
	+

	
	
	Views of bridges, water mills, banks
	+
	
	+

	
	
	Landscapes
	
	
	+

	
	Technical drawings
	Old construction plans and drawings 
	
	+
	++

	
	
	Survey plans, maps
	
	+
	++

	Physical source material
	Markings
	Flood marks 
	++
	++
	

	
	
	Inscriptions, epigraphs
	+
	+
	+

	
	Deposits 
	Sediments
	+
	+
	

	
	
	Findings of washed away objects
	+
	
	

	
	
	Carbon14-analysis
	+
	
	

	
	
	Dendrochronology
	+
	
	

	
	
	Pollen analysis  etc.
	+
	
	


Reliable stage data can be derived from flood marks at historical buildings. Here it must be ensured that the marks are at their original place. This is guaranteed best when they are engraved in a natural stone building front or column. One of the oldest marks of this kind at the upper Elbe river from 1501 A.D. was to be found in the town of Meißen 25 km downstream of the Dresden gauge.

In the second half of the 18th century the systematic gauging of the Elbe water level at Dresden was started. 1775 C. G. Pötzsch fixed a staff gauge of iron at the Augustusbridge (today Elbe-km 55.600, catchment area 53096 km², mean discharge 324 m³/s). On January 1st 1776 the regular reading of the water level begun. The gauge datum was the „lower navigable water level“. The depth was measured in Dresden ells (= 0.5752 m) and Dresden inches (= 0.0236 m). Since the hydrologic year 1901 the values are published in the hydrographic yearbook and in 1930 a water level recorder was set into operation. Before December 1st 1935 the gauge datum was at 105.657 m asl and from this day at 102.657 m asl. After the readjustment to the „New System“ of land surveying DHHN 12 (Deutsches Haupthöhennetz 1912) the datum was at 102.73 m asl without changing the actual elevation. Since 1st February 2004 the reference system has been changed over to DHHN 92 (Deutsches Haupthöhennetz 1992). The datum of the Dresden gauge is now 102.68 m asl. 

3. The 1845 winter flood

One of the most severe floods in Dresden and the Elbe valley was the incident of 1845. The flood with the peak on 31st March 1845 was one of the biggest and most far reaching ones in the history of the city of Dresden. Since the 20th February the Elbe had had a more than 1.50 m thick ice cover. Sudden thaw on 27th March caused an ice break-up and ice jam upstream the Dresden Elbe Bridge (today Augustus bridge). On 29th March a large part of the the historic city of Dresden was inundated. Many people had to be rescued through the windows by means of boats. Major damages occured. Also the only Elbe bridge at that time was damaged and the crucifix pier broke down.
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Figure 1: map of the Elbe river and its catchment area
Figure 2: collapse of the crucifixpier, at which the former staff gauge was fixed. [http://www.matdeutsch.de/bilder/1845.jpg]

4. Water PRofile Calculations by means of historical data sets

The official hindcast of the peak water level at the Dresden gauge was 10 ells and 16 inches. A first estimation by the author concerning the the related discharge yielded little less than 4000 m³/s (Pohl 2007) with assumed cross sections derived from the handed down information. To improve the accuracy of the calculation in a second step the historical Elbe river map from 1850/55 (scale 1:12000) was used. Herin not only the cross sections but also the water stages and inundation areas during the 1845 flood are drawn in. In the lower part of the map a longitudinal profile with descriptions of landmarks and the gauge datum as well as the navigable water level (2 ells 3 inches below gauge datum 104.44 m asl) have been drawn. Additional required but missing quantities were measured in the map.
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Figure 3: Hydraulic profile and flood levels of 1845 at the Dresden Old Bridge in the historical Elbe river map (Saxon State and University Library Dresden, Kartenforum Sachsen). Right: historic cross section.
By means of the longitudinal water level slope and additional information given by Schäfer 1848 was shown, that the water level of 13.86 Dresden ells was referring to the upstream side of the bridge and the reported ice set-up of 1.5 to 2 m (Fügner 2003, Schäfer 1848) was either too high or only valid for single ice floes. The water level at the gauge downstream of the bridge was 10 ells and 16 inches above the gauge datum at that time (111,78 m asl instead of 111,50) and with the difference of 2 ells and 3 inches to the gauge datum 12 ells and 19 inches above the water level drawn in the map. Insofar the upstream afflux could have been only few more than 60 cm. 

The cross section profiles were taken from the sections in the old Elbe river map that were referring to the navigable water level. Beyond the mean water channel the ground elevation data were completed with elevation data derived from maps taking into account the former development and land use.
Comparing the historical and the today’s map it is obvious that the width of the Elbe until the middle of the 19th century was about twice compared to the today’s width. This is due to the river training for better navigability beginning in the second half of that century. However the deepening due to erosion was less than expected and amounts only between 0 and 60 cm. Also Faulhaber 2000 found, that upstream from Elbe-km 121 from the end of the 19th century to the mid of the 20th century the  lowering of the water level elevation was on average 25 cm. The bed erosion seems to have been low also in the period before. 
By means of the Program Hec-Ras (US Army Corps of Engieneers) a stage-discharge-relation for that time had been found which was used to convert the water level of the flood of 31.03.1845 to discharge values. Approximately steady flow was assumed. The calculated profile stretched from Pillnitz to Gohlis (both suburbs belonging to the city of Dresden. The lower boundary condition was the normal depth at a longitudinal slope of about 0.025 %. The distance between the cross sections refers to today’s stationing. 

5. Discussion of results

The calculation with different channel roughness values (Fig. 4) yields spreading curves beyond 2000 m³/s. From Fig. 5 can be derived that the water level measured 1845 (red mark) corresponds to a discharge of about 4000 m³/s, at the gauge downstream the bridge approximately to 4335 m³/s.
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Figure 4: Comparison of the stage-discharge-curves for different channel roughnesses 
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Figure 5: calculated profiles with the bed morphology of 1845 for several discharges at n = 0,035 s/m1/3 from Elbe-km 50,25 to 60,64. reference level for the cross sections = navigable water level  2°3“ below  gauge datum.

The bridge afflux at the old, 1906-1910 rebuilt bridge is visible in the above chart. This appears at discharges greater than 2000 m³/s. 

The above mentioned profile calculations were also carried out for other definite times with its respective morphologic situations such as 1890, 1940, 2002, 2006. Strictly speaking for every year an individual stage-discharge-relation is required to yield discharge values from the handed down stage records. Between these nodes the flow rates were interpolated by using both the curve at the beginning and at the end of the period in which the actual value occurs. Depending on the position of the actual year in the period a weighted mean from the flow rate at the beginning and at the end was calculated. Before 1845 the flow cross sections were assumed to be approximately constant for the time being. Therefore the stage-discharge-curve of 1845 was also applied for the floods before. 
The checked stage-discharge-curves given by different authors and methods mark a band in the diagram (Figure 6). A comparison with Fig. 4 shows that the spread is almost not wider than due to the variation of the roughness. Beyond  3000 m³/s the official values up to now are noticeable greater than the average of the reevaluated curves and probably overestimate the actual peak discharge values. 
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Figure 6: comparison of the stage-discharge-relations at the Dresden gauge with dispersion due to roughness estimations according to Fig. 6 
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Figure 7: annual peak discharges from recorded water stages at the Dresden gauge since 1501: left (red) column: official values up to now; right (green) column: reevaluated values
6. Flood analysis, recurrence intervals, design flood

Due to the new stage-discharge-relations the flow rates greater than 3000 m³/s had to be reduced and values below 2000 m³/s had to be increased. With the corrected discharge values a new statistical evaluation has been done by means of the program HQ-EX by DHI-WASY. It becomes visible that the 2002 flood with a peak discharge of 4581 m³/s was less frequent than originally assumed. Instead of 150 years the reoccurrence period now is some 500 years (Fig. 8).
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Figure 8: comparison of the extrapolated flow rate before (top) and after (bottom) the reevaluation of stage-discharge-curves at the Dresden gauge
7. Conclusions

The above considerations show that a check of the stage-discharge-curves of the past should be done by means of water level calculations with historical data if the availability of geographic and stage data allows it. The result is a stage-discharge-relation being valid for a year or a certain time period. After converting the peak stages to peak discharges a probability distribution function can be fitted to the values in order to extrapolate the new recurrence periods. The example of the Dresden gauge shows that as a result of this investigation the design floods can change.
The above investigations assume steady hydrologic conditions. At the Dresden gauge no tendency towards increasing peak discharges could be shown. If such trends due to climate change or other causes should become evident the recurrence periods and the degree of protection will have to be adjusted. 
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