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            Abstract
Climate change has led to concerns about increasing river floods resulting from the greater water-holding capacity of a warmer atmosphere1. These concerns are reinforced by evidence of increasing economic losses associated with flooding in many parts of the world, including Europe2. Any changes in river floods would have lasting implications for the design of flood protection measures and flood risk zoning. However, existing studies have been unable to identify a consistent continental-scale climatic-change signal in flood discharge observations in Europe3, because of the limited spatial coverage and number of hydrometric stations. Here we demonstrate clear regional patterns of both increases and decreases in observed river flood discharges in the past five decades in Europe, which are manifestations of a changing climate. Our results—arising from the most complete database of European flooding so far—suggest that: increasing autumn and winter rainfall has resulted in increasing floods in northwestern Europe; decreasing precipitation and increasing evaporation have led to decreasing floods in medium and large catchments in southern Europe; and decreasing snow cover and snowmelt, resulting from warmer temperatures, have led to decreasing floods in eastern Europe. Regional flood discharge trends in Europe range from an increase of about 11 per cent per decade to a decrease of 23 per cent. Notwithstanding the spatial and temporal heterogeneity of the observational record, the flood changes identified here are broadly consistent with climate model projections for the next century4,5, suggesting that climate-driven changes are already happening and supporting calls for the consideration of climate change in flood risk management.
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                    Fig. 1: Observed regional trends of river flood discharges in Europe (1960–2010).[image: ]


Fig. 2: Long-term temporal evolution of flood discharges and their drivers for seven hotspots in Europe.[image: ]


Fig. 3: Specific 100-year flood discharge in Europe.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Shifts in flood generation processes exacerbate regional flood anomalies in Europe
                                        
                                    

                                    
                                        Article
                                         Open access
                                         23 February 2023
                                    

                                

                                Larisa Tarasova, David Lun, … Rohini Kumar

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Enhancement of river flooding due to global warming
                                        
                                    

                                    
                                        Article
                                         Open access
                                         30 November 2022
                                    

                                

                                Haireti Alifu, Yukiko Hirabayashi, … Hideo Shiogama

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Reconciling disagreement on global river flood changes in a warming climate
                                        
                                    

                                    
                                        Article
                                        
                                         28 November 2022
                                    

                                

                                Shulei Zhang, Liming Zhou, … Yongjiu Dai

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The flood discharge data from the data holders/sources listed in Extended Data Table 1 that were used in this paper are available at https://github.com/tuwhydro/europe_floods. The precipitation and temperature data from the E-OBS dataset are available at www.ecad.eu/download/ensembles/ensembles.php. The CPC soil moisture data can be downloaded from www.esrl.noaa.gov/psd.

            

Code availability

              
              The code used for the trend estimation and the extreme value analysis can be downloaded from https://github.com/tuwhydro/europe_floods.
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Extended data figures and tables

Extended Data Fig. 1 Map of European study area.
a, Elevation (in metres above sea level), main rivers and lakes. b, Locations of the hydrometric stations analysed. Open and full circles indicate stations with more than 30 years (n = 3,738) and more than 40 years (n = 2,835) of flood discharge data, respectively.


Extended Data Fig. 2 Observed trends of river flood discharges in Europe (1960–2010).
a, Points show local trends (n = 2,370), with larger points indicating statistically significant trends (significance level α = 0.1). Background pattern represents regional trends. Blue indicates increasing flood discharges and red denotes decreasing flood discharges. Rectangles indicate hotspot areas as in Fig. 2, Extended Data Fig. 3, Extended Data Table 2c. b, Uncertainties of the trends in terms of standard deviation. Points show local uncertainties. The background pattern represents regional uncertainties at the scale of a block size of 200 × 200 km2. Units of both panels are per cent of mean per decade.


Extended Data Fig. 3 Flood trends as in Fig. 1 and Extended Data Fig. 2, but using fewer stations.
a, Only stations with significant trends are used (n = 664). b, Only stations with distances larger than 50 km from each other are used (n = 745).


Extended Data Fig. 4 Long-term temporal evolution of timing of floods and their drivers for seven hotspots in Europe.
a, Northern United Kingdom; b, western France; c, southern Germany and western Czechia; d, northern Iberia; e, central Balkans; f, southern Finland; g, western Russia. Shown are the timing of observed floods (green), the seven-day maximum precipitation (purple), the snowmelt index (orange) and the maximum monthly soil moisture (blue). Lines show the median timing and shaded bands indicate the variability of timing within the year (±0.5 circular standard deviations). All data were subjected to a circular ten-year moving-average filter. Vertical axes show month of the year (June to May).


Extended Data Fig. 5 Seven-day maximum precipitation (1960–2010).
a, Long-term mean (in millimetres per day). b, Trends in precipitation (per cent of mean per decade), for which larger points indicate statistically significant trends (α = 0.1). Blue indicates increasing precipitation and red denotes decreasing precipitation.


Extended Data Figure 6 Spring (January to April) mean air temperatures (1960–2010).
a, Long-term mean (in degrees Celsius); b, trends in temperatures (in degrees Celsius per decade), with larger points indicating statistically significant trends (α = 0.1). Red indicates increasing temperature and blue represents decreasing temperature. JFMA, January to April.


Extended Data Fig. 7 Annual maximum monthly soil moisture (1960–2010).
a, Long-term mean (in millimetres). b, Trends in maximum soil moisture (per cent of mean per decade), for which larger points indicate statistically significant trends (α = 0.1). Blue indicates increasing soil moisture and red denotes decreasing soil moisture.


Extended Data Fig. 8 Estimated return period in 2010 for the 1960 100-year flood discharge.
Points show local return periods (n = 2,370), with larger points indicating agreement of the 5th and the 95th percentiles of the uncertainty distribution in the sign of change. The background pattern represents regional return periods. Blue indicates lower return periods, representing increasing flood discharges, and red indicates higher return periods, representing decreasing flood discharges. This figure provides a continental overview and does not replace national-scale and local studies, for which more detailed information may be available.


Extended Data Table 1 Data sources included in the European Flood DatabaseFull size table


Extended Data Table 2 Flood trends in EuropeFull size table
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