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Abstract  1 
 2 
Climate change has led to concerns of increasing river floods resulting from the greater water 3 
holding capacity of a warmer atmosphere1. This concern is reinforced by evidence of 4 
increasing economic losses in many parts of the world, including Europe2. Any changes in 5 
river floods would have lasting implications for designing flood protection measures and flood 6 
risk zoning. Existing studies have been unable to identify a consistent continental-scale 7 
climatic change signal in flood discharge observations in Europe3, because of limited spatial 8 
coverage and choices in the grouping of hydrometric stations. Here we show that clear 9 
regional patterns of both increases and decreases in observed river flood discharges in the last 10 
five decades in Europe are evident, which are likely manifestations of a changing climate. Our 11 
results suggest that (i) increasing autumn and winter rainfall has led to increasing floods in 12 
northwestern Europe, (ii) decreasing precipitation and increasing evaporation have led to 13 
decreasing floods in medium and large catchments in southern Europe and (iii) decreasing 14 
snowcover and snowmelt as a result of warmer temperatures have led to decreasing floods in 15 
eastern Europe. Regional flood discharge trends in Europe range from an increase of +11.4% 16 
per decade to a decrease of -23.1%. Notwithstanding the spatial and temporal heterogeneity 17 
of the observational record, the flood changes identified here are broadly consistent with 18 
climate model projections for the next century4,5, suggesting that climate-driven changes are 19 
already happening, supporting calls for climate change consideration in flood risk 20 
management.  21 

22 
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River floods are among the most costly natural hazards. Global annual average losses are estimated 23 
at US $104 billion6, and are expected to increase with economic growth, urbanization and climatic 24 
change2,7. Physical arguments of increased heavy precipitation resulting from the enhanced water 25 
holding capacity in a warmer atmosphere and the occurrence of numerous large floods have 26 
exacerbated concerns of increasing flood magnitudes1. However, observations of individual extreme 27 
events do not necessarily imply that the long-term statistics of flood discharge are also increasing3.  28 
 29 
In Europe, a climatic change signal in flood discharges over the past five decades has been 30 
demonstrated in relation to changes in timing of floods within the year8. For example, in 31 
northeastern Europe, warmer air temperatures have led to earlier spring snowmelt floods. However, 32 
changes in flood discharges are still contested, as no coherent large-scale observational evidence 33 
has to date been available at the continental scale, due to limited spatial coverage and choices in the 34 
grouping of hydrometric stations3. A number of studies point towards increases in flood discharges 35 
in western Europe in the past five decades. The findings include upward trends in flood discharges 36 
in 15% of stations9, an increase in the occurrence of extreme flood discharges by 44%10, and 37 
significant increases in major-flood occurrence in medium sized catchments11. However, these 38 
studies are not fully representative as the stations are mainly clustered around western Europe.  39 
 40 
Here we analyze the most comprehensive data set of flood observations in Europe12 to show that a 41 
changing climate has increased river flood discharges in some regions of Europe, but decreased 42 
floods in others. We base our analysis on river discharge observations from 3738 gauging stations 43 
for the period 1960–2010. The catchment areas range between 5 and 100,000 km². For each station, 44 
we extracted a series consisting of the highest peak discharge recorded in each calendar year, the 45 
annual maximum peak flow. We estimated the trend in each series using the Theil-Sen slope 46 
estimator, tested the statistical significance with the Mann-Kendall test, and estimated regional 47 
trends by spatial interpolation. We also derived the long-term evolution of floods using a 10-year 48 
moving average filter. Finally, we analyzed in a similar fashion the change signal of three plausible 49 
drivers of floods: annual maximum 7-day precipitation; highest monthly soil moisture in each year; 50 
and spring (January to April) mean air temperature as a proxy for snowmelt and snowfall-to-rain 51 
transition. We examined the consistency of changes in drivers with those of floods by comparing 52 
the change patterns and by Spearman rank correlation coefficients. 53 
 54 
Our data show a clear regional pattern in flood trends across Europe (Fig. 1). Regional trends, 55 
relative to the mean flood discharges over 1960-2010, range from an increase of +11.4% to a 56 
decrease of -23.1% per decade (Fig. 1). The uncertainties of the regional trends (Extended Data Fig. 57 
2b) are small (typically between 1 and 2% per decade) relative to the spatial signal. Local trends 58 
(Extended Data Fig. 2a) at stations range from an increase of +17.8% to a decrease of -28.8% of the 59 
long-term station mean per decade. The spatial patterns of trends are grouped into three main 60 
regions. In northwestern Europe (Fig. 1, region 1), ~69% of stations show an increasing flood trend 61 
(Extended Data Table 2a) with an average local increase of +2.3% per decade. In southern Europe 62 
(Fig. 1, region 2), ~74% of stations show a decreasing trend with a regional average trend of -5% 63 
per decade. In eastern Europe (Fig. 1, region 3), ~78% of stations show a decreasing flood trend 64 
with an average decrease of -6% per decade. In northern Scandinavia and northwestern Russia, 65 
trends are less pronounced.  66 
 67 
To interpret these changes we focused on seven hotspots of change, where flood trends are 68 
particularly clear and flood processes are broadly similar8 (Extended Data Fig. 2). Because floods 69 
result from the interaction between precipitation, soil moisture and snowmelt13, we analyzed the 70 
temporal evolution of these drivers, using air temperature as a surrogate for snowmelt, and 71 
compared them to that of floods (Extended Data Fig. 4 a–g). Depending on the region, some of 72 
these drivers can be more important than others in explaining flood changes8.  73 
 74 
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In the northern UK, floods predominantly result from winter rains associated with high soil 75 
moisture14 (Extended Data Fig. 4a). The increase in flood discharges therefore closely follows 76 
increases in winter rainfall and to some degree that of soil moisture (Fig. 2a). This is also shown by 77 
statistically significant positive correlations between the temporal variability of flood discharges 78 
and these two drivers (Spearman rank correlation coefficient r = 0.70 and 0.36, respectively, Table 79 
1). In western France (Fig. 2b), southern Germany and western Czechia (Fig. 2c), increases in 80 
floods are also associated with increases in rainfall, although the correlation with soil moisture is 81 
stronger than in the UK, reflecting the important role of soil moisture in flood generation during 82 
spring and summer15 (Extended Data Fig. 4 a-c). In northern Iberia (Fig. 2d), decreasing floods are 83 
mainly caused by decreasing winter rainfall, amplified by decreasing soil moisture linked to 84 
increasing evapotranspiration16. Similarly, in the central Balkans (Fig. 2e), floods have decreased 85 
over most of the study period as a result of decreasing precipitation and soil moisture, but the trend 86 
appears to have reversed in the 1990s. In southern Finland (Fig. 2f) and western Russia (Fig. 2g), 87 
floods usually occur in spring17, and snowmelt plays an important role. The data show that air 88 
temperature has strongly increased (more than 0.5°C per decade) and spring and early summer 89 
flood discharges have decreased (r = -0.34 and -0.55, respectively, Table 1), reflecting shallower 90 
snow packs, earlier spring thaw (Extended Data Fig. 4f-g), and decreasing snowmelt.  91 
 92 
In northwestern Europe (Fig. 1, region 1), increases in extreme precipitation (Fig. 2a-c; Extended 93 
Data Fig. 5b) are related to the poleward shift of the subpolar jet and associated storm tracks 94 
observed since the 1970s associated with more prevalent positive phases of the North Atlantic 95 
Oscillation (NAO) and polar warming18. The relationship of NAO variability with polar warming is 96 
still debated. Floods in the northern UK hotspot are closely aligned with increasing precipitation 97 
resulting in a mean flood discharge trend of +6.6% (Extended Data Table 2c). 98 
 99 
In southern Europe (Fig. 1, region 2), the northward shift of the subtropical jet and associated storm 100 
tracks19 as a result of the expansion of the Hadley cell20 has led to decreasing precipitation, which, 101 
together with increasing evapotranspiration16 related to warmer temperatures, has substantially 102 
reduced soil moisture by around 5% per decade (Extended Data Figs. 5b,6b,7b). The combined 103 
effect has resulted in decreasing flood discharges in the catchments analyzed here. Small 104 
catchments of a few square kilometers are not contained in the data set (the median catchment size 105 
of region 2 is about 400 km²), as they are usually not monitored or the flood series are too short for 106 
trend analyses. In small catchments, local short-duration convective storms with high intensities are 107 
more relevant for flood generation than long-duration synoptic storms, which produce floods in 108 
medium and large catchments contained in the data21. Local convective storms are expected to 109 
increase in a warmer climate22, which means that floods in small catchments may have actually 110 
increased. Additionally, soil compaction, abandoned terraces and land-cover changes may increase 111 
flood discharges in small catchments23. The difference in catchment size may explain the apparent 112 
inconsistency between the occurrence of numerous floods in small catchments in recent years in 113 
southern Europe21and the decreasing trend in Fig. 1.  114 
 115 
In all but southern Europe, increases in extreme precipitation (Fig. 2a–c,f,g; Extended Data Fig. 5b) 116 
are related to increased atmospheric blocking associated with decreasing pressure differences 117 
between Greenland and the Baltic, which has decreased the speed of zonal (west-east) flow and 118 
increased the chance of standing planetary waves24. However, it is only in northwestern Europe (Fig. 119 
1, region 1), where the increase in extreme precipitation is reflected in increased flood discharges, 120 
as winter storms in that region cause winter floods8. Further in the east, snowmelt is more relevant 121 
for flood generation. 122 
 123 
In eastern Europe, spring air temperature has increased by as much as 1°C per decade (Extended 124 
Data Fig. 6b). This has resulted in much less extensive spring snow cover25, a shift of snowfall to 125 
rainfall when air temperatures are around zero, shallower snow packs, earlier snowmelt8, likely 126 
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increased infiltration resulting from shallower freezing depths and therefore smaller floods, even 127 
though extreme precipitation in summer has increased26. The mean flood trend in the western 128 
Russian hotspot is -18.2% (Extended Data Table 2c). Given the colder background temperature 129 
(Extended Data Fig. 6a) and larger snowpack in northwestern Russia, the increasing temperatures 130 
are not yet changing snowmelt patterns, and hence not decreasing floods (Fig. 1).  131 
 132 
While past studies have focused on a few catchments or were clustered around western Europe9–11,27, 133 
this study provides a continental perspective, which allows for an analysis of climate processes that 134 
manifest themselves at larger scales. Isolated local or national scale studies, however, are broadly 135 
consistent with our findings.  136 
 137 
Our results have implications for flood risk management in medium and large sized catchments. 138 
The trends shown in Fig. 1 are estimates of changes in the mean annual flood. Since mean annual 139 
floods and more extreme floods are usually closely correlated28, similar trends could also be 140 
expected for the 100-year flood, which is often the key design criterion in flood risk management. 141 
In northwest Europe (Fig. 1, region 1), flood discharges per unit catchment area (specific flood 142 
discharges) are generally high (Fig. 3). For example, on the west coast of the British-Irish Isles and 143 
Norway, the specific 100-year flood discharge during the period 1960-2010 was ~0.9 (m³/s)/km² 144 
(Fig. 3), with floods increasing by ~5% per decade. However, in eastern Europe (Fig 1, region 3), 145 
specific flood discharges are rather small (Fig. 3), and are likely to become smaller in a changing 146 
climate. For example, in the Baltic countries, southern Poland and the Ukraine, the 100-year flood 147 
of ~0.1 (m³/s)/km² would decrease to ~0.075 (m³/s)/km² if the observed decrease of ~5% per decade 148 
persists over the next 50 years. In southern Europe, even if flood discharges decrease in medium 149 
and large catchments, discharges are still generally high (Fig. 3), as a result of the proximity to the 150 
Mediterranean Sea and associated heavy precipitation events29. Floods in small catchments may 151 
actually increase as a result of enhanced convective storms30 and land-use change23.  152 
 153 
Increasing flood discharges imply that, the 100-year flood discharge five decades ago, now has a 154 
smaller return period than 100 years, i.e. that discharge is likely to be exceeded on average more 155 
often than once in 100 years. In northwestern Europe, what was the 100-year flood discharge in 156 
1960 has now typically become a 50- to 80-year flood discharge (Extended Data Fig. 8), potentially 157 
reduction levels of protection offered by existing flood defense structures less safe. In eastern 158 
Europe, the 100-year flood discharge has now become a 125- to 250-year flood discharge, which 159 
will make structures less economical. While Extended Data Fig. 8, and Fig. 3, do provide a 160 
continental overview, they do not replace national-scale and local studies where more detailed 161 
information may be available.  162 
 163 
It should be noted that the flood trends observed here do not necessarily extrapolate into the future 164 
as they may be related to climate variability rather than persistent changes in time11. Also, the trends 165 
depend on the observation period3, so may differ if the observation period is extended. However, 166 
the regions with a distinct climatic change signal in observed flood discharges identified here are 167 
broadly coherent with the projected flood changes in Europe. Most projections for the end of the 168 
21st century suggest increasing floods in (north)western Europe due to increasing precipitation, and 169 
decreasing floods in eastern and northern Europe due to increasing temperatures4,5. Hence changes 170 
in flood discharge magnitudes are already underway, which adds credence to those projections and 171 
supports the need to account for climate induced changes in flood risk management. 172 
 173 
 174 
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Table 1 | Spearman’s rank correlation coefficient (r) between hotspot medians of the annual 277 
series of flood discharge and their drivers. Confidence bounds of r are given in Extended Data 278 
Table 2b.  279 

 Northern 
UK 

Western 
France

Germany 
Czechia

Northern 
Iberia

Central 
Balkans

Southern 
Finland 

Western 
Russia

Precipitation 0.70 ** 0.41 * 0.40 * 0.54 **  0.22  0.08 -0.13 
Soil moisture 0.36 * 0.57 ** 0.56 ** 0.37 *  0.68 **  0.20  0.30 
Spring temperature 0.09 † 0.50 ** † 0.04 0.02 -0.29 -0.34  -0.55 ** 
[(**) p-value < 0.001, (*) p-value < 0.01, † Little snow influence on floods. Bold print indicates largest correlation 280 
coefficients in each hotspot.]  281 
 282 
 283 
 284 
 285 
 286 
Fig. 1 | Observed regional trends of river flood discharges in Europe (1960–2010). Blue 287 
indicates increasing flood discharges, red decreasing flood discharges (percentage change per 288 
decade of the mean annual flood discharge). No. 1–3 indicate regions with distinct drivers: [1] 289 
northwestern Europe: increasing rainfall and soil moisture; [2] southern Europe: decreasing rainfall 290 
and increasing evaporation; [3] eastern Europe: decreasing and earlier snowmelt. The trends are 291 
based on n = 2370 hydrometric stations. For uncertainties see Extended Data Fig. 2b. 292 
 293 
 294 
Fig. 2 | Long-term temporal evolution of flood discharges and their drivers for seven hotspots 295 
in Europe. (a) Northern UK, (b) Western France (c) Southern Germany and Western Czechia, (d) 296 
Northern Iberia, (e) Central Balkans, (f) Southern Finland, (g) Western Russia. Observed floods 297 
(green), maximum 7-day precipitation (purple), maximum monthly soil moisture (blue), and mean 298 
spring air temperature (orange). Solid lines show the median and shaded bands indicate the spatial 299 
variability within the hotspots (25th and 75th percentile). All data were subjected to a 10-year 300 
moving average filter. Vertical axes are indicated in top right corner.  301 
 302 
 303 
Fig. 3 | Specific 100-year floods ((m3/s)/km²) in Europe, where larger points indicate 90% 304 
confidence intervals smaller than 60% of the estimate. 305 
 306 
 307 
 308 
 309 
Methods 310 
Data sets 311 
The hydrological data used in this study were obtained from a newly created European Flood 312 
Database12, with subsequent updates, containing data from 3738 hydrometric gauging stations from 313 
68 European data sources for the period 1960 to 2010 (Extended Data Table 1). Choice of the study 314 
period was guided by a tradeoff between data availability in terms of record length and spatial 315 
coverage. The database consists of the highest discharge (daily mean or instantaneous discharge) in 316 
each calendar year for each station. For consistency, we chose to analyze the annual maximum 317 
flood rather than multiple floods within a year in all stations, as in many areas only annual maxima 318 
were available. The stations are located within the domain bounded by 22.25 W – 60.25 E and 319 
34.25 N – 71.25 N (Extended Data Fig. 1), and catchment areas range between 5 and 100,000 km².  320 
 321 
The data set was screened for data errors, and catchments that were known, or were identified, to 322 
have experienced strong human modifications such as reservoirs that could affect changes in flood 323 
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discharges were excluded. The screening involved data pre-selection by co-authors and additional 324 
visual examination of the flood records in question, analysis of flood seasonality (jumps in timing 325 
and large differences to surrounding stations), and examination of the catchment area in google 326 
maps. While local human effects on the floods of individual stations cannot be excluded, the focus 327 
of this study was on regionally consistent patterns of change where such effects will not be relevant. 328 
In a few catchments, the available flood data had been corrected for the effects of reservoirs to 329 
represent near natural flood discharge. In a few cases, local reservoirs may influence the data, but 330 
this does not affect the regional pattern. The station density is rather uneven (Extended Data Fig. 331 
1b). In southern Europe it is lower as some stations were removed because of reservoir effects. In 332 
Italy, reduced record lengths are related to organizational changes of the hydrographic services12. In 333 
eastern Europe the density of available stations is generally lower than in other countries and, again, 334 
some stations were removed because of reservoir effects. 335 
 336 
For estimating the flood discharge trends (Fig. 1 and 2, Extended Data Fig. 2 and 8), only stations 337 
that satisfied the following three criteria were considered: at least 40 years of data were available 338 
during 1960–2010, the record started in 1968 or earlier, and ended in 2002 or later. In the countries 339 
with the highest station densities (Austria, Germany, Switzerland), only stations with at least 49 340 
years of data were included in order to obtain a more even spatial distribution across Europe. In 341 
Cyprus, Italy and Turkey, stations with at least 30 years of data were included, and in Spain 40 342 
years of data without restrictions to the start and end of the record. This selection resulted in a set of 343 
2370 stations with a median catchment size of 381 km². Sensitivity analyses indicated that the 344 
large-scale spatial pattern of increasing and decreasing flood trends across Europe is not influenced 345 
by the choice of record length although the trend of individual stations tends to be sensitive to 346 
record length, when increasing the required record length by 5 years, the percentage of significantly 347 
positive and negative trends (Extended Data Table 2a) changes only slightly from respectively 348 
11.52% and 16.50% to 11.04% and 16.95%. In this study we evaluated linear trends of the flood 349 
discharges. Alternative models of change (e.g. step changes) could also be tested but are beyond the 350 
scope of this study.  351 
 352 
For each hydrometric gauging station, the contributing catchment boundary was derived from the 353 
CCM River and Catchment Database31. Daily gridded precipitation sum and mean air temperature 354 
data from the E-OBS data set (Version 17.0)32 for the period 1960–2010 were used. The data 355 
consist of interpolated ground-based observations with a spatial resolution of 0.25°. Monthly 356 
gridded soil moisture data from the CPC Soil Moisture data set33 for the period 1960–2010 were 357 
analyzed. The data are model-calculated monthly averaged soil moisture water-height equivalents 358 
with a spatial resolution of 0.5°. 359 
 360 
 361 
Analysis method 362 
As a first step, we estimated the discharge trend by the Theil-Sen slope estimator34,35. The trend 363 
estimator β is the median slope calculated using the differences of discharge Q over all possible 364 
pairs of years (i and j, i < j) within the time series, 365 

− 
=  − 

β j iQ Q
median

j i
          (1) 366 

where β has units of m³/s per year, which was plotted as percentage of the mean flood discharge per 367 
decade in Extended Data Fig. 2. The trends were tested for significance by the Mann-Kendall test36 368 
(Extended Data Table 2a). Some false positives, i.e. detected trends where no trend is present, 369 
would be expected because of the large number of stations. The Mann-Kendall test requires the 370 
flood discharges to be temporally independent. We therefore tested whether lag 1 autocorrelation 371 
exists in the residuals from the trends. 92% of the stations did not exhibit significant lag 1 372 
autocorrelation at the 5% level, suggesting that the Mann-Kendall test is applicable. To identify 373 
regional spatial patterns within Europe, β was spatially interpolated using the autoKrige function 374 
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(automatic kriging) of the R automap package37. The derived trend patterns are plotted in Fig. 1 and 375 
in the background of Extended Data Fig. 2a. The uncertainty of the estimated trends at the stations 376 
was estimated by bootstrapping40 and is shown as points in Extended Data Fig. 2b. The uncertainty 377 
of the regional trends was estimated as the block kriging standard deviation (kriging error) using the 378 
autoKrige function and is shown in the background of Extended Data Fig. 2b. The variogram 379 
estimated by the function is  380 

0 1 1

1
( ) 1

2 ( )−

    = + −     Γ     

v

vv

h h
h c c K

v r r
γ

 
      (2) 381 where h is lag,  c0= 10.061 (%/decade)², c1= 57.708 (%/decade)², r=2394.4 km, v=0.2 and  is the 382 modified Bessel function of the second kind. We used block kriging rather than ordinary kriging 383 

as we are interested in the uncertainty of the regional estimate rather than that of the local estimate. 384 
The uncertainty is evaluated at a 200 x 200 km block size which is the scale at which we suggest 385 
Fig. 1 and Extended Data Fig. 2a to be read.  386 
 387 
In order to evaluate the robustness of the spatial trend patterns we repeated the interpolation, 388 
however, only using stations with significant trends (Extended Data Fig. 3a). The overall pattern is 389 
similar to that of the interpolation using all stations (Extended Data Fig. 2a). Additionally, we 390 
repeated the interpolation but only using randomly selected stations with distances from each other 391 
larger than 50 km to examine the effect of spatial correlations on the trends (Extended Data Fig. 3b). 392 
Again, the patterns are similar. 393 
 394 
As a second step, we selected rectangular areas or hotspots of change based on similarity of 395 
discharge trends and average flood timing as a proxy for flood processes (Extended Data Fig. 2, 396 
Extended Data Table 2c). We standardized the flood series of individual stations to zero mean and 397 
unit variance to make flood changes within hotspots comparable,  398 

,0
,

μ
σ

−
= k

k

i k Q
i k

Q

Q
Q           (3) 399 

where μ
kQ and σ

kQ  are the mean and the standard deviation of station k, respectively. To compare 400 
results between the hotspots we denormalised the flood series of each hotspot h by the mean 401 
specific flood discharge hμ  ((m3/s)/km2) over all years, and the square root hσ  of the mean 402 
temporal variance,  403 
 * 0

, ,= +i k h i k hQ Qσ μ          (4) 404 
and estimated the long-term evolution in flood discharge with a centered 10-year moving averaging 405 
window. We plotted the median of these series within each hotspot (solid lines) and 25th and 75th 406 
percentiles of all stations in that hotspot (shaded bands) in Fig. 2. Additionally, the original local 407 
flood discharges were tested for significance of a general trend in each hotspot by the Regional 408 
Mann-Kendall test38 (Extended Data Table 2c). Names of hotspots are only indicative and do not 409 
correspond to any exactly defined geographic area. 410 
 411 
To investigate rain-induced effects on flood changes, we identified for each grid point of the E-OBS 412 
dataset the 7-day period with maximum precipitation in each calendar year (with at least 30 years of 413 
annual data available). Increases of spring temperatures around or below the freezing point are 414 
considered a proxy for snow accumulation, melt and the transition from snowfall to rainfall. To 415 
understand the effect of these snowmelt processes on flood discharge, we calculated mean air 416 
temperature from January to April. When soil moisture is high, even small rainstorms may produce 417 
floods. To understand the effect of high soil moisture on floods, we identified for each grid point of 418 
the CPC Soil Moisture dataset the highest monthly soil moisture in each calendar year. We repeated 419 
the trend analyses for annual maximum precipitation, spring temperature, and annual maximum 420 
monthly soil moisture (Extended Data Fig. 5–7) on a 0.5° grid.  421 
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 422 
In the hotspot analyses, the time series for these three climate variables were extracted based on 423 
their location within the catchment boundaries (or within a buffer distance for small areas), from 424 
which Spearman’s rank correlation coefficients (r) with the spatial medians of the original flood 425 
discharge series were calculated (Table 1). Confidence bounds at the 90% confidence level of r 426 
were estimated by stochastic block bootstrapping (boot package of R, random block size 427 
geometrically distributed with mean of 5 years) and are given in Extended Data Table 2b. The long-428 
term evolution of the three climate variables were calculated and plotted in a similar fashion as 429 
those of the floods in Fig. 2. 430 
 431 
We also analysed changes in the timing of the climate indices and floods as proxies for changing 432 
flood processes using previously established methods8 (Extended Data Fig. 4). The timing is used to 433 
interpret the process drivers of flood discharge changes. For Extended Data Fig. 4a, b, d the snow 434 
melt index is not shown, as it is of little relevance for flooding8.  435 
 436 
To evaluate the relevance of the observed flood changes for flood management, the 100-year flood 437 
(Q100) was estimated for each station using a Generalised extreme value (GEV) distribution  438 

( )( )ln /TQ T
κηξ

κ
 = + ⋅ − − −
 
1 1 1         (5) 439 

where QT is the T-year flood discharge. The parameters ξ, η and κ were estimated from the flood 440 
discharge series by Bayesian inference through an MCMC algorithm39. Non-informative uniform 441 
prior distributions were used for ξ and log(η ), while a normal distribution consistent with the 442 
geophysical prior41 were used for κ. 4000 parameter samples were drawn from the posterior 443 
distributions from which 4000 100-year floods were calculated for each station by Eq. (5). The 444 
median and the relative width of the 90% credible intervals are shown in Fig. 3. For comparability 445 
of the 100-year flood in catchments of different sizes, flood discharges per unit catchment area 446 
(specific flood discharges; q100=Q100/A, where A is catchment area) are shown.  447 
 448 
If flood discharges change over time, the return period T may also change, e.g., the 100-year flood 449 
may become the 10-year flood if the flood discharges increase. Change in return period was 450 
therefore estimated by allowing the parameter ξ in Eq. (5) to change with time t as 451 

= + ⋅a b tξ            (6) 452 
where the posterior distributions of a, b, η and κ were estimated from the flood discharge series by 453 
Bayesian inference through the same MCMC algorithm39, using non-informative uniform prior 454 
distributions for a and b. More complex models than (6) were excluded because, for most of the 455 
stations, they did not outperform (6) based on the WAIC information criterion42. 4000 parameter 456 
samples were drawn from the posterior distributions from which 4000 100-year floods in 1960 were 457 
calculated for each station by Eqs. (5) and (6) with t = 1960. The changed return period in 2010 of 458 
these 4000 flood peaks were computed by inverting Eq. (5) and by Eq. (6) with t = 2010. Finally, 459 
the median of the 4000 return periods was used as the 2010 return period of the 100-year flood 460 
discharge in 1960. Those stations where the 5th and the 95th percentiles of the uncertainty 461 
distribution agreed in the sign of change, were plotted as large points in Extended Data Fig. 8 while 462 
those where this was not the case were plotted as smaller points to indicate the uncertainty involved 463 
in the estimation. 464 
 465 
To identify large-scale spatial patterns, the logarithms of the 2010 return periods of the 100-year 466 
flood discharge in 1960 were spatially interpolated using the autoKrige function37 (Extended Data 467 
Fig. 8). For estimating the stationary 100-year specific flood discharge q100 (Eq. (5), Fig. 3), less 468 
stringent selection criteria (at least 30 years of data) than in all the other analyses were used as it 469 
can be estimated more robustly than trends and changes in the return period, which resulted in 3738 470 
stations (Extended Data Fig. 1a).  471 
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 472 
In this paper we have analyzed flood discharge trends. The flood data set is freely available and can 473 
be used for a wide range of analyses.  474 
 475 
 476 
References Methods 477 
31. Vogt, J. et al. A pan-European River and Catchment Database. European Commission, Joint 478 

Research Centre (2007). 479 
32. Haylock, M. et al. A European daily high-resolution gridded data set of surface temperature and 480 

precipitation for 1950-2006. J. Geophys. Res. 113, (2008). 481 
33. Van den Dool, H., Huang, J. & Fan, Y. Performance and analysis of the constructed analogue 482 

method applied to US soil moisture over 1981-2001. J. Geophys. Res. 108, (2003). 483 
34. Sen, P. K. Estimates of the Regression Coefficient Based on Kendall’s Tau. J. Am. Stat. Assoc. 484 

63, 1379–1389 (1968). 485 
35. Theil, H. A Rank-invariant Method of Linear and Polynomial Regression Analysis, Part 1. 486 

Proc. R. Neth. Acad. Sci. 53, 386–392 (1950). 487 
36. Mann, H. B. Nonparametric tests against trend. Econometrica: Journal of the Econometric 488 

Society, 245-259 (1945).  489 
37. Hiemstra, P. H., Pebesma, E. J., Twenhӧfel, C. J. & Heuvelink, G. B. Real-time automatic 490 

interpolation of ambient gamma dose rates from the Dutch radioactivity monitoring network. 491 
Comput. Geosci. 35, 1711–1721 (2009). 492 

38. Helsel, D. R. & Frans, L. M. Regional Kendall Test for Trend. Environ. Sci. Technol. 40, 4066–493 
4073 (2006). 494 

39. Renard, B., Lang, M. & Bois, P. Statistical analysis of extreme events in a non-stationary 495 
context via a Bayesian framework: case study with peak-over-threshold data. Stoch. Env. Res. 496 
Risk A. 21, 97–112 (2006). 497 

40. Wilcox, R. A note on the Theil‐Sen regression estimator when the regressor is random and the 498 
error term is heteroscedastic. Biometrical Journal: Journal of Mathematical Methods in 499 
Biosciences, 40(3), 261-268 (1998). 500 

41. Martins, E. S., & Stedinger, J. R. Generalized maximum-likelihood generalized extreme-value 501 
quantile estimators for hydrologic data. Water Resources Research, 36(3), 737-744 . (2000). 502 

42. Watanabe, S. (2010). Asymptotic equivalence of Bayes cross validation and widely applicable 503 
information criterion in singular learning theory. Journal of Machine Learning Research, 11, 504 
3571-3594. 505 

 506 
  507 
Data Availability 508 
The flood discharge data from the data holders/sources listed in Extended Data Table 1 that were used in this 509 
paper can be downloaded from https://github.com/tuwhydro/europe_floods. The precipitation and 510 
temperature data from the E-OBS dataset can be downloaded from 511 
www.ecad.eu/download/ensembles/ensembles.php. The CPC soil moisture data can be downloaded from 512 
www.esrl.noaa.gov/psd. 513 
 514 
Code Availability 515 
The code for the trend and extreme value analyses can be downloaded from 516 
https://github.com/tuwhydro/europe_floods.  517 
 518 

519 
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Extended Data display items 520 
 521 
Extended Data Figure 1 | Map of European study area. (a) Elevation (m a.s.l.), main rivers and lakes and (b) location 522 
of the hydrometric stations analyzed. Open and full circles indicate stations with ≥30 years (n = 3738) and ≥ 40 years 523 
(n = 2835) of flood discharge data, respectively. 524 
 525 
 526 
Extended Data Figure 2 | Observed trends of river flood discharges in Europe (1960–2010). (a) Points show local 527 
trends (n = 2370), where larger points indicate statistically significant trends (α = 0.1). Background pattern represents 528 
regional trend. Blue indicates increasing flood discharges, red decreasing flood discharges. Rectangles indicate hotspot 529 
areas as in Fig. 2, Extended Data Fig. 3 and Extended Data Table 2c. (b) Uncertainties of the trends in terms of standard 530 
deviation. Points show local uncertainties. Background pattern represents regional uncertainties at the scale of a block 531 
size of 200 x 200 km. Units of both panels are % of mean/decade. 532 
 533 
 534 
Extended Data Figure 3 | Flood trends as in Fig. 1 and Extended Data Figure 2, but using fewer stations. (a) Only 535 
stations with significant trends are used (n = 664). (b) Only stations with distances from each other larger than 50 km 536 
are used (n = 745). 537 
 538 
 539 
Extended Data Figure 4 | Long-term temporal evolution of timing of floods and their drivers for seven hotspots in 540 
Europe. (a) Northern UK, (b) Western France, (c) Southern Germany and Western Czechia, (d) Northern Iberia, (e) 541 
Central Balkans, (f) Southern Finland, (g) Western Russia. Timing of observed floods (green), 7-day maximum 542 
precipitation (purple), snowmelt index (orange), and maximum monthly soil moisture (blue). Lines show median 543 
timing and shaded bands indicate variability of timing within the year (±0.5 circular standard deviations). All data were 544 
subjected to a circular 10-year moving average filter. Vertical axes show month of the year (June to May). 545 
 546 
 547 
Extended Data Figure 5 | 7-day maximum precipitation (1960–2010). (a) Long-term mean (mm/d); (b) trends in 548 
precipitation (% of mean per decade), where larger points indicate statistically significant trends (α = 0.1); blue indicates 549 
increasing precipitation, red decreasing precipitation.  550 
 551 
 552 
Extended Data Figure 6 | Spring (January to April) mean air temperatures (1960–2010). (a) Long-term mean (̊C); (b) 553 
trends in temperatures (̊C per decade), where larger points indicate statistically significant trends (α = 0.1); red indicates 554 
increasing temperature, blue decreasing temperature. 555 
 556 
 557 
Extended Data Figure 7 | Annual maximum monthly soil moisture (1960–2010). (a) long-term mean (mm); (b) 558 
trends in maximum soil moisture (% of mean per decade), where larger points indicate statistically significant trends 559 
(α = 0.1); blue indicates increasing soil moisture, red decreasing soil moisture. 560 
 561 
 562 
Extended Data Figure 8 | Estimated return period in 2010 of the discharge that was the 100-year flood in 1960. 563 
Points show local return periods (n = 2370), where larger points indicate agreement of the 5th and the 95th percentiles of 564 
the uncertainty distribution in the sign of change. Background pattern represents regional return periods. Blue indicates 565 
lower return periods representing increasing flood discharges, red indicates higher return periods representing 566 
decreasing flood discharges. This figure provides a continental overview, and does not replace national-scale and local 567 
studies where more detailed information may be available. 568 
 569 

570 
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  571 
Extended Data Table 1 | Data Sources contained in the European Flood Research Database. 572 
 573 
 574 
Extended Data Table 2a | Number of stations with positive and negative flood discharge trends. Regions 575 
according to Fig. 1. [*stations with no trend included] 576 
 577 
 578 
Extended Data Table 2b | Estimates and 90% confidence bounds (in brackets) of Spearman’s rank correlation 579 
coefficient (r) between hotspot medians of the annual series of flood discharge and their drivers. [(**) p-value < 580 
0.001, (*) p-value < 0.01] 581 
 582 
 583 
Extended Data Table 2c | Flood discharge trends for selected hotspots (as % of station mean per decade). The 584 
significance level of the general hotspot trends is given according to the Regional Mann-Kendall test38 with significance 585 
level α. 586 
 587 
 588 
 589 
 590 
 591 
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0.01
0.08
0.12
0.17
0.22
0.29
0.36
0.46
0.58
0.79
1.10
9.50
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