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Megafloods that far exceed previously observed records often take citizens
and experts by surprise, resulting in extremely severe damage and loss of
life. Existing methods based onlocal and regional information rarely go
beyond national borders and cannot predict these floods well because of

limited data on megafloods, and because flood generation processes of
extremes differ from those of smaller, more frequently observed events.
Here we analyse river discharge observations from over 8,000 gauging
stations across Europe and show that recent megafloods could have been
anticipated from those previously observed in other places in Europe.
Almost all observed megafloods (95.5%) fall within the envelope values
estimated from previous floods in other similar places on the continent,
implying that local surprises are not surprising at the continental scale. This
holds also for older events, indicating that megafloods have not changed
muchin time relative to their spatial variability. The underlying concept

of the study is that catchments with similar flood generation processes
produce similar outliers. It is thus essential to transcend national boundaries
and learn from other places across the continent to avoid surprises and

save lives.

Megafloods that are much larger than floods experienced previously
inagiven catchmentor region can take citizens and local flood manag-
ers by surprise, resulting in catastrophic damage and loss of life. For
example, the discharge of the July 2021 flood at the Rhine tributaries
in Germany, andriversin the Netherlands, Belgium and Luxembourg,
was up to four times larger than any event on record in the region’,
causing almost 200 fatalities and damage in excess of US$40 billion.
Inthis and other cases, the lack of previous local experience of events
of this magnitude resulted in insufficient flood defence measures,
preparedness and real-time response'’.

Because of their rare occurrence, megafloods are difficult to
predict. The standard method of estimating the magnitude of potential
large floods consists of fitting a probability distribution to long
series of flood observations, and extrapolating the distribution to small
probabilities®. However, long series that include several exceptional

eventsarerarely available. Some estimation methods use flood obser-
vations from neighbouring catchments* to make up for the brevity
of streamflow records; however, this rarely increases the chances of
capturing megafloods. Even when such events are observed, accu-
rate discharge estimates are difficult to obtain as the flood wave may
partially bypass the gauge and cause difficulties with extrapolating the
rating curve. Moreover, the processes that generate extreme floods
tend to differ from those that generate smaller and more frequent
events’, making extrapolation notoriously inaccurate. One way of
capturing changing flood processes with magnitude is through rain-
fall-runoff models, but they require long series of precipitation and
are also subject to uncertainty®®, Large floods in historic or prehis-
toric times (palaeofloods) canalso be used, although the information
available is often not commensurate with the requirements of flood
management’ ",
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Fig.1|Megafloodsin Europe. a, Five hydroclimatic regions: Boreal (purple),
Continental (blue), Mediterranean (orange), Alpine (green) and Atlantic (red).
b-f, Maximum observed specific flood discharges (points) and mean of annual
specific flood discharges (squares) over the entire observation period at each
stream gauge as a function of catchment area. Regional envelope curves (thick
lines) and median regional annual specific flood discharges (thin lines) for the full
record period are shown for each hydroclimatic region: Boreal (b), Continental
(c), Mediterranean (d), Alpine (e) and Atlantic (f). Envelope curves for two
30-year sub-periods are also shown (dashed lines for 1961-1990, dotted lines
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for1991-2020). Parameters of the envelope curves are listed in Extended Data
Table 2. Coloured symbols indicate the mean and maximum flood discharges in
the 498 catchments with recent megafloods, grey points those of the remaining
catchments. g-j, Examples of series of annual flood discharges with (g,i) and
without (h,j) megafloods; their corresponding mean (squares) and maximum
values (points) are highlighted in black in c and f. The locations of corresponding
stream gauges are indicated in a by circles. PL, Poland; AT, Austria; ES, Spain;

GB, United Kingdom.

An alternative for enhancing the accuracy of megaflood esti-
mates is the transfer of flood information from hydrologically similar
catchments where large events may have occurred®. In Europe the
occurrence of megafloodsis well documented at the national scale. The
August 2002 flood in Germany, Austria and Bohemia was the largest
in the last half century based on economic losses; and the November
1994 Piedmont flood was the second costliest event in Europe between
1970 and 2020". Both events were caused by rainfall greater than
one-third of the annual total, delivered in only 72 hours™". However,
flood information transfer rarely goes beyond national borders, and no
previous study has examined megafloods in asystematic way across an
entire continent, with the objective of learning from other places about
the potential of future flood surprises. Some examples comparing the
world’s maximum measured floods also exist”, but they do not compare
hydrologically similar catchments, which makes flood estimation less
useful for practical proposes.

Anticipating megafloods

Here we analyse the most comprehensive dataset of annual maximum
discharges in Europe available to date and show that recent mega-
floods could have been anticipated from observations in other parts
of Europe, which would not be possible using only national data. We
also show that the predictability of megafloods does not change in
time when sub-periods are analysed. We base our analysis on annual
maximum river discharge observations from 8,023 gauging stations for
the period1810-2021. The average length of the seriesis 51.4 years and
the catchment areas range between 1and 800,000 km?. Catchments
across Europe are grouped into five hydroclimatic regions (Fig.1) asa
first step in identifying hydrologically similar catchments'. For each

region, we estimate aregional envelope curve of flood discharges that
represents the relationship between flood discharge and catchment
areathatis notexceeded by any observed flood in the region (Methods
and Extended Data Table 2). To examine possible changes in time, we
also compare envelope curves obtained using observations from
two 30-year sub-periods, that is, 1961-1990 and 1991-2020.

We focus on 498 catchments (‘target’ catchments) where 510
recent (thatis, after 1999) megafloods that are surprising based onlocal
dataareidentified (Methods). To evaluate the possibility of anticipating
megafloodsintarget catchments usinginformation fromother places
inEurope, we perform a hindcast experiment of predicting their peak
discharge with regional envelope curves, using flood observations from
similar catchments up to the year before their occurrence. For each
target catchment, agroup of similar catchments (‘donor’ catchments)
isidentified in the corresponding hydroclimatic region based on the
similarity of catchment area, and the mean and coefficient of variation
of the truncated flood series (up to the year before the megaflood).
From this group of donor catchments we construct an envelope curve,
whichwe compare with the megaflood that occurred laterin the target
catchments. We repeat this analysis for all 510 detected megafloodsin
the target catchments.

European envelope curves of flood discharges

Our data show that recent megafloods have occurred in all regions of
Europe, although they are more frequentinthe Atlanticand Continental
regions (Fig. 1 and Extended Data Table 3), where respectively 8.7%
and 7.2% of the catchments exhibit recent megafloods. In the Boreal
region, the respective value is only 1.3%. The smaller value is related
to the smaller interannual variability of floods in the Boreal region”.
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Fig.2|Envelope curves for three catchments with recent megafloodsin
Europe. a-f, Kamp (622 km? catchment area) with 2002 flood (a,d), Cumbrian
Derwent (363 km?) with 2009 flood (b,e) and Ahr (746 km?) with 2021 flood
(c,f), indicated with triangles. Maximum specific discharges observed before
the year of occurrence of the megaflood for are shown for 824 (a), 196 (b) and
590 (c¢) similar donor catchments (points) selected within the corresponding
hydroclimatic region. Coloured points indicate the ten largest events (in terms

of distance to the envelope curve), with shades being darker for events that are
closer to the envelope. The line shows the resulting envelope curve with the
slope estimated from the hydroclimatic regions (Fig. 1b-f). Locations of the
target (triangle) and donor (points) catchments are shown ind-f. Note that the
envelope curves of Fig. 1 refer to the entire hydroclimatic region, while here they
refer to the donor group within aregion.

Inthe Atlantic region, the megafloods (coloured pointsin Fig.1b—f)
are on average 3.4 times larger than the local mean annual maximum
discharges (squares), while in the Continental and Mediterranean
regions they are 5.3 and 5.2 times larger, respectively (Extended Data
Table3). Thelarger ratioin the Mediterraneanis probably related to the
more nonlinear rainfall-runoff process and more variable precipita-
tioninarid thanin humid climates™'®. However this analysisis not able
to conclude whether megafloods are becoming more frequent or not.

The envelope curves defined by the largest floods also differ
between hydroclimatic regions in terms of their intercept and slope
(thick continuous lines in Fig. 1b-f; Extended Data Table 2). For a
catchment size of 1,000 km?, the envelope-specific discharge in the
Mediterranean region is 5.26 m*s™ km™, while in the Boreal region it
is 1.37 m* skm 2 This is because the flood-inducing rainstorms in the
Mediterranean are associated with much larger intensities than the
flood-inducing snowmelt typical of Northern Europe. The slopes of
the envelope curves are steepest inthe Mediterranean area (-0.57) and
flattest (-0.07) inthe Boreal region (Fig.1). Thisis because the Mediterra-
neanrainstorms tend tobe morelocalized than the snowmeltinthe north
of Europe. The envelope curves for the most recent sub-period (thin
dottedlines) tend to beslightly lower than those for the first sub-period
(thindashed lines), except for the Mediterranean and the Atlantic region.
Themedianregression curves (thin continuouslines) are slightly flatter
than the respective envelopes, as larger catchments tend to have more
regular flood regimes than small ones. Figure 1g-j illustrates examples
of flood series in pairs of catchments with and without megafloods.

Toillustrate the potential of anticipating megafloods from other
places in Europe, Fig. 2 shows three examples. The 2002 flood in the
Kamp catchmentin Austria (Fig. 2a) peaked at 459 m*s™, whichis equi-
valent to a specific discharge of 0.74 m®s™ km™ (black triangle) given

the catchment area of 622 km? The envelope curve (blueline), defined
by the hydrologically similar catchments within the hydroclimatic
region, gives a specific discharge of 1.68 m* s km™. This means that,
inlight of European floods, the Kamp was not atall surprising, while for
thelocalsit was'. The regional envelope discharge illustrated in Fig. 2
is defined based on previously observed floods in various European
countries, including Bulgaria and Poland (blue circles in Fig. 2d).

The 2009 flood in the Cumbrian Derwent catchment in the UK
(Fig.2b) peaked at 0.84 m*s km™2and was 58% larger than the second
largest event on record, which occurred in 2005. The corresponding
envelope-specific discharge is 1.64 m*s km™. Much larger extremes
were observed in similar catchments in Norway (Fig. 2e). The 2009
megaflood in the Derwent was itself exceeded in 2015; however, this
later eventstill lies below the envelope curve and was notas surprising
asthe 2009 event (11% larger)’.

The2021floodinthe Ahr catchmentin Germany (Fig. 2c) peaked at
0.80 m*s km™, similar to the Kamp flood, with an envelope estimate of
1.57 m?*s ' km™ For the Ahr catchment, the similar catchments making
up the donor group are, in descending order of flood magnitude:
the Timis in Romania, the Freiberger Mulde in Germany, the Maritsa
in Bulgaria, the Ljig in Serbia, the Lausitzer Neisse in Germany, the
Corrézeand Le LotinFrance, the NysaKtodzkain Poland and the Birsin
Switzerland (Fig. 3). Although each of these catchments has a specific
hydrological behaviour, overall they can be considered hydrologically
similar to the Ahr in terms of average climate and flood statistical
properties. All of these ten catchments experienced record-breaking
floods that were surprising based on previously observed events at
thatlocation, and these occurred in the period before 2021 (Fig. 3).

Theanalysis of Fig. 2isrepeated for all 510 recent megafloodsin the
target catchmentsin Europe (Fig. 4).In 95.5% of the target catchments,
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Fig. 3| Annual flood series for the Ahr and ten donor catchments with extreme floods. a, Ahr at Altenahr, Germany, with the 2021 megaflood (the target event)
indicated as a triangle. b-k, Series for the ten donor catchments indicated as coloured dots in Fig. 2c,f. RO, Romania; DE, Germany; BG, Bulgaria; RS, Serbia; FR, France;

PL, Poland; CH, Switzerland.

the discharge of theenvelopeislarger than that of the observed mega-
flood, suggesting that, from a European perspective, almost none of
the events can be considered a regional surprise. In 9.6% of the cases,
the observed megafloods are within 75% and 150% of the envelope (red
pointsin Fig. 4a), thatis, the order of magnitude is similar. The target
catchmentsaredistributed all over Europe, withahigher concentration
inthe west (Fig. 4b), reflecting positive trends in flood magnitudes in
Western Europe?®? and, to some degree, the higher station density.

The predictionis also conducted for 151and 188 catchments with
151 and 190 recent (that is, in the past ten years of each sub-period)
megafloods in the first and second sub-period, respectively. The dis-
tribution of the ratio between observed and predicted discharge (inset
of Fig.4a) indicates that there are no substantial changesin the predict-
ability of megafloods in time. The discharge of the envelope is larger
thanthat of the observed megafloodin 92% and 93.7% of the respective
target catchments.

To evaluate the suitability of the donor selection, we compare
the timing within the year of the target megafloods with that of the
ten largest floods in the donor catchments (Fig. 4c). Flood timing is a
proxy of flood generation processes®. Figure 4c shows that the timing
ofthe target megafloods (black lines) generally agrees with that of the
donors (brownlines), bothin terms of the average timing (angle from
the centre of the circle) and the consistency of timing between events
(distance to the centre). The agreement points towards the plausibil-
ity of the donor selection and prediction. A tendency for the observed
timings to be more bimodal than the predictions is probably related to
the smaller number of events.

Implications of expanding the perspective

Whereas previous studies have assessed the potential for megafloods
mainly based onlocal or regional data, this study expands the observa-
tion areato the continental scale. We use megafloods that have occurred

in hydrologically similar catchments elsewhere on the continentas a
surrogate for the megafloods that could happen in the catchment of
interest in the future.

The degree to which this transfer of information is possible
depends on the suitable choice of donor catchments based on the
notion of hydrological similarity”. The underlying concept is that
catchments with similar flood generation processes, including rainfall,
infiltration and flow paths, produce similar outliers, as these processes
determine the transition from smaller to larger events®***. Here we
use catchment area and the mean and coefficient of variation of the
truncated flood series within the same hydroclimatic region as a proxy
of similarity in flood generation processes. While other similarity
measures exist', our donor catchment selection is deemed plausible
because of the similarity of the timing within the year of the events,
giventhat timingis afingerprint of the interplay between climatic and
catchment processes?. Additional spot testing of catchment pairs
(such as the Ahr catchment in Germany paired with the Timis catch-
ment in Romania) based on prior knowledge from the literature
confirmsthe similarity. To assess robustness of the method, we conduct
asensitivity analysis on the parameters of the similarity criteriaand the
choice of hydroclimatic regions (Extended Data Figs.1-7). The results
show that changing parameters and/or regions may modify individual
donor catchments, but the envelope curve that arises from the set of
donor catchments is affected much less (Methods).

The cross-validation experiment conducted here, starting from
observed megafloods, withholding them and only using data from
floods that have occurred previously, mimics the case of anticipating
megafloods that have not yet occurred. We show thatitisindeed feasi-
ble to estimate the order of magnitude of possible future megafloods.
Almostall observed megafloods (95.5%) are smaller than the envelope
values estimated, that is, the local surprises are not surprising at the
continental scale. Similar results are found for different sub-periods,
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Fig. 4 | Predicted versus observed megafloods. a, Predicted specific envelope
discharge for 498 target catchments versus observed specific discharge of

the megafloods in the same catchments. Predicted envelope discharges are
estimated using discharge observations from a pool of donor catchments up

to the year before the target megaflood. The number of target megafloods is
shownin the inset for the entire period (‘All’) and the two sub-periods 1961-1990
(‘P1’) and1991-2020 (‘P2’). Colours indicate the ratio of observed and predicted

discharge. b, Location of target catchments. Megafloods occur all over Europe
and are less surprising than commonly assumed. ¢, Circular distribution of the
timing of the megafloods observed in the target catchments (black lines), and
mean timing of the ten largest floods in the donor catchments (coloured points)
and their distribution (brown lines). The distance of the points to the centre is
inversely proportional to the standard deviation of the flood timing. BOR, Boreal;
CONT, Continental; MED, Mediterranean; ALP, Alpine; ATL, Atlantic.

indicating that megafloods have not changed muchin timerelative to
their spatial variability within Europe. These findings are in line with
recent studies in the USA showing little evidence for temporal trends
of large floods*.

The proposed envelope curve approach complements alterna-
tive methods, such as regional statistical approaches that spatially
interpolate observed discharges* or process-based rainfall-runoff
modelling”. These methods provide best estimates of expected floods,
while the envelope method reflects a possible worst case—which
itselfisanimportant aspect of flood risk planning.

Thefocusonapossible worst caseimplies that the envelope values
aregenerally too large to serve as design values for most types of flood
defence infrastructure from a cost-benefit perspective. Rather, they
describe a ‘possibility space’ that is prudent to consider in civil pro-
tectionscenarios, which are required to organize local preparedness,
and for testing the safety of verylarge dams. They canbe used to derive
extreme flood hazard scenarios, either failure scenarios (what can go
wrong?) or future development scenarios (what could the future look
like?) that could strengthen existing methods such as the probable
maximum flood concept®. There is an increasing need for consider-
ing the extremes of the extremes, as there is atendency in society for
smaller acceptable risks®, so flood risk management should account
for the potential of surprises and their devastating consequences. This
requires a shift in thinking®® and the application of envelope curves,
storylines®*° and compound event analyses®. Making individuals and
societies more robust against surprises therefore goes beyond the
design of spillways and flood management plans.

In summary, to anticipate megafloods we must learn from other
places in order to reduce the surprise factor of their occurrence,
increase flood risk awareness and enhance preparedness of flood risk
management. To this end, it is essential to move beyond national flood
risk assessment and share information on megafloods across countries
and continents.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competinginterests; and statements of data and code availability
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Methods

Datasets

The hydrological data used in this study were obtained from a
pan-European Flood Database® with subsequent updates. The current
version contains data from 8,023 hydrometric gauging stations from
68 European data sources for the period 1810-2021 (Extended Data
Table 1). The dataset consists of the highest discharge (daily mean or
instantaneous discharge) in each calendar year for each station. The
stations are located within the domain bounded by 22.25° W-63.25°E
and 34.25° N-71.25° N (Extended Data Fig. 1), and catchment areas
range between 1 km?and 800,000 km? The dataset was screened for
data errors. The screening involved visual examination of the flood
records, analysis of flood seasonality and examination of the guage
location and catchment area in Google Maps. All available stations,
including those affected by reservoir construction, were considered
for the analysis because reservoir effects were deemed to have little
effect on envelope curves for large hydroclimatic regions. Similarly,
all available years with data were considered notwithstanding dif*-
ferencesin the record lengths, because the focus was on the maxima
observations of each series. The minimum series lengthis10 yearsand
the average length is 51.4 years.

The gauging stations were grouped into five regions (Fig. 1a
and Extended Data Fig. 1) that reflect similar hydroclimatic condi-
tions by generalizing the European Biogeographical Regions® with
aview on flood processes. The Steppic and Pannonian regions were
merged with the Continental region, the Arctic region with the Boreal
region, and the Anatolian and Black Sea regions with the Mediterra-
nean region. Additionally, part of northern Italy was considered as
part of the Mediterranean region and Iceland as part of the Atlantic
region. For comparison, an alternative subdivision of Europe into
five regions” was considered ina sensitivity analysis (Extended Data
Fig.4a).Inorder to examine possible changes, the observation period
was subdivided into two 30-year sub-periods, P1(1961-1990) and P2
(1991-2020).

Regional envelope curves

We quantified thelargest flood eventsin each regionby scaling the peak
discharges by catchment area via envelope curves that represent the
upper limit of the dataset (Fig.1):

log (q) = a + blog(A) 1

where g (m®s™ km™) is the specific discharge, that is, the discharge
per unit catchment area A. The parameter b was estimated by quan-
tile regression with quantile 2= 0.999 using the rq function of the R
quantreg package®**. The quantile regression enables amore robust
estimate than the tangents on the maxima, because it uses the complete
dataset rather than the maxima only. The intercept a was determined
such that it satisfies the envelope condition, that is, the envelope
curve is the upper bound of all observed flood discharges in a region
(Extended Data Table 2). For comparison, a quantile regression with
z=0.5isalsoshowninFig.1(thinline).

Megafloods
For the selection of recent megafloods (Fig. 4) the following criteria
were adopted:

(1) Thedischarge value, g, is a high outlier in the corresponding
series of annual maximum flood discharges, according to the
definition®:

Gmf > Q3 +k(Q3 — Q) (2)

where Q, and Q; are the first and third quartiles, respectively (that is,
respectively 25% and 75% of the observations lies below this values),
and kis anonnegative constant. Here we assumed k = 3.

(2) Thedischarge value is record-breaking and locally surprising,
thatis, its return period T, is at least 3 times larger than the
return period of the second largest event up to that year Ty,

The return period was obtained by fitting a generalized extreme
value distribution to each flood series up to the year of the
megaflood using the L-moments (R extRemes package).

(3) Itoccurred after the year 1999 (when the full observation
period is analysed) and the corresponding series has at least
20 years of data previous to the event.

The selection resulted in a set of 510 megafloods from 498 target
catchments, whose observed specific discharge and location of corre-
sponding gauges are showninFig.4a,b. When detecting megafloodsin
the two 30-year sub-periods, only observations within each sub-period
areconsidered and the criterion (3) is modified such that eventsin the
last10 years of the respective sub-period are selected (that is, after 1979
for P1and after 2009 for P2).

We tested the robustness of the results to the criterion (1) for the
selection of high outliers, using the definition for skewed data®:

G > Q; + 1L5e3MCIQRIfMC > 0

3
Gt > Q5 + 1.5¢*MCIQRIFMC < 0
wherelQRistheinterquartile range and MCis the medcouple®, arobust
measure of skewness, defined as:

MC(X,) = med h(x.x) )
i1 SM, SXj

where m,, is the sample median of n independent observations
X, ={x, X5, ..., X, } suchthatx; < x, <...<x,, and

h(x,x;) = %=X,

&)

for all couples of indices i andj such that x;< m, < x;. The alternative
selection resulted in a set of 677 megafloods (Supplementary Fig. 1),
whose observed specific discharge and location of corresponding
gauges are shown in Supplementary Fig. 2.

We also tested the sensitivity of the results to criterion (2) for the
selection of record-breaking and surprising events, by varying the
threshold T;,/T, between1and 4. Theresults of the sensitivity analysis
areshownin SupplementaryFig.3 and indicate that, whenthe definition
of megafloodsis extended toless surprising events (thatis, 7.,/ T, < 3),
the fraction of megaflooods larger than the envelope is unchanged. The
only exceptionis the Boreal region, where fewer events are selected.

Donor catchments

For each catchmentinwhichamegaflood had occurred (target catch-
ment), a pool of similar catchments (donor catchments) was identi-
fied in the same region. The similarity between the catchments was
quantified in terms of weighted normalized Euclidean distance Din a
three-dimensional space with the following dimensions: the logarithm
of catchmentareaA, the logarithm of the mean of the annual maximum
specific discharges g,,normalized to a catchmentarea of 100 km?and
the coefficient of variation CV of the annual maximum discharges:

logA; —logA\> /1 i—1 AV —cvi2
Do a( 0gA; — l0g /> +,B< 08 qm,i OngJ) +y< i ,) ®)
sd (logA) sd (loggm) sd (CV)

where i refers to the target catchment,j to a potential donor catch-
ment and sd is the standard deviation of all catchments in the donor
group. Greek letters indicate weights. g, and CV were calculated on
flood data prior to the year of occurrence of the target event to obtain
a cross-validation experiment that resembles a case of anticipating
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megafloods a priori. In estimating g,,,and CV we excluded outliers (for
both the target and the donor catchments) according to the criterion
ofequation (2), because megafloods should not influence the compari-
son, and only smaller, frequently occurring floods were used, which
is the only information usually available in the case of a prediction.
The pooling group is identified by setting a maximum distance D,,,,.
In selecting the number of catchments in the pooling group, there is
atradeoffbetweenalarger group that has a higher chance of contain-
ing very large floods, and a smaller group that is hydrologically more
homogeneous. For Figs.1-3we used a=f=y =1(corresponding to the
assumption of the three dimensions having the same importance) and
included catchmentswithD<D,,, with D, =1, guided by asensitivity
analysis (see below and Extended Data Fig. 2).

Megaflood prediction
We repeated the selection of the donor group for each target catch-
ment and estimated the envelope curve, using the slope b of the cor-
responding hydroclimatic region and the intercept determined as
the minimum that satisfies the envelope condition of the group only.
The procedure only uses observations from donor catchments up to
the year before the megaflood in the target catchment (Fig. 2a-c). We
finally obtained an estimate of the discharge of a potential megafloodin
thetarget catchment (predicted megaflood) from the envelope curve
and comparedittothe discharge of the observed megaflood (Fig. 4a).
To evaluate the plausibility of the donor selection, we analysed the
timing of the megafloods observed in the target and donor catchments
using previously established methods? (Fig. 4c). We compared the
distribution of the timing of the observed megafloods to the average
timing of the ten largest floods in the donor group. The circular distri-
butionsin Fig. 4c were obtained using the R circular package.
Toevaluate therobustness of the method, we conducted anumber
of sensitivity analyses. We varied D, between 0.5and 1.5 and showed
thatanincreasein D, translates into anincreasing number of target
megafloods that are below the envelope (Extended Data Fig. 2). The
larger fractionin the Boreal region is because of fewer donors available
compared withthe other regions. We also tested the sensitivity of a,
andy, examining four weight combinations: equal weights (a==y=1)
and doubling one of the weights (a#=2andf=y=1La=y=1and f=2;
a=f=1andy=2),which correspondsto the hypothesis of one dimen-
sion being more important than the others in the donor selection.
There is very little effect on the number of target megafloods below
the envelope (Extended Data Fig. 3). While adifferent set of parameters
may modify some of the donor catchments, the resulting envelope
curve changes very little. Finally, we tested the effect of replacing
the regional subdivision of Fig. 1 by an alternative subdivision"”. The
analysis shows that the alternative regions may modify the choice of
individual donor catchments but, again, the overall conclusions do not
change (Extended Data Figs. 4-7).

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/megafloods.

Code availability

The data analysis was performed in R using the supporting packages
circular, lubridate, plotrix, quantreg, raster, RColorBrewer, rgdal,
rworldmap and scales. The code used can be downloaded from https://
github.com/tuwhydro/megafloods.
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Extended Data Fig. 5| Sensitivity of results to the threshold distance D .. (@) Number and (b) fraction of megafloods larger than envelope as a function of
threshold distance; (c) average number of donor catchments as a function of threshold distance. Colours indicate the five alternative regions of Extended Data Fig. 4a.
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Extended DataFig. 6 | Sensitivity of results to the weights used for estimating  weight for CV (‘wCV’,y =2). (c) Average number of donor catchments for the four

distance D. (a) Number and (b) fraction of megafloods larger than envelope for weight combinations. Colours indicate the five alternative regions of Extended

four weight combinations: equal weights (‘equal’, a = =y =1), double weight DataFig. 4a.

for Area (‘wA’, a=2), double weight for mean annual flood (‘wQm’, 3 = 2), double

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-023-01300-5

observed

a b
“.T\
£ 10}
vTw
()
E e e
[0} o
> 8, <
g 1}
5] L R J
2 o ) ®
~ - ‘ ®
3
Q o/ @ «e® ®
3 0.1} ®,
."§ o
el
o
o
L ] /
0.01 | PR | PP |
0.01 0.1 1 10

Observed discharge of megafloods (m®s~'km™)

Extended Data Fig. 7 | Predicted versus observed megafloods. Similar to Fig. 4
but for the five alternative regions of Extended Data Fig. 4a. a, Predicted specific
envelope discharge for 498 target catchments versus observed specific discharge
of the megafloods in the same catchments. Predicted envelope discharges are
estimated using discharge observations from a pool of donor catchments up to
the year before the target megaflood. Colours indicate the ratio of observed and
predicted discharge. b, Location of target catchments. Megafloods occur all over

Obs./Pred. discharge (-)
[ ]
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Europe and are less surprising than commonly assumed. ¢, Circular distribution
of the timing of the megafloods observed in the target catchments (black lines),
and mean timing of the ten largest floods in the donor catchments (coloured
points) and their distribution (brown lines). The distance of the points to the
centreis inversely proportional to the standard deviation of the flood timing.
N-E, North-Eastern; C-E, Central-Eastern; MED, Mediterranean; ALP, Alpine; ATL,
Atlantic.
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Extended Data Table 1| Data sources included in the European Flood Database

Country/Project Data holder/Source/Project information

Albania National Hydro-Meteorological Service Albania, Institute of GeoSciences, Energy, Water and Environment
(IGEWE)

Austria Hydrographic Services of Austria (HZB)

Belgium Service Public de Wallonie (SPW)

Belgium Flemish Environment Agency (VMM)

Belgium Hydrological Information Service (HIC)

Bosnia and Herzegovina Hydrological Yearbooks of the former Republic of Yugoslavia

Bulgaria Hydrological Yearbooks of the Rivers in Bulgaria, National Institute of Meteorology and Hydrology

Croatia Croatian Meteorological and Hydrological Service

Czechia Czech Hydrometeorological Institute (CHMI)

Denmark Danish Centre for Environment and Energy (DCE)

Estonia Estonian Environment Agency

EWA European Water Archive (EWA)

Finland Finnish Environment Institute, Open information/Hydrology/Discharge Source: SYKE

France Hydroportail database, SCHAPI, French Ministry of Ecological Transition

Germany Federal Waterways and Shipping Administration (WSV)

Germany, Baden-Wuerttemberg

Germany, Bavaria
Germany, Brandenburg
Germany, Hessia
Germany, Lower Saxony

Germany, Mecklenburg-W. Pomerania
Germany, North Rhine-Westphalia

Germany, Rhineland-Palatinate
Germany, Saarland
Germany, Saxony
Germany, Saxony-Anhalt
Germany, Schleswig-Holstein
Germany, Thuringia
GRDC

Greece

Hungary

HYDRATE

Iceland

Ireland

Ireland

Italy

Italy

Italy

Italy

Italy

Italy

Italy, Emilia-Romagna Region
Italy, Piedmont Region
Italy, Lazio Region

Italy, Sicily Region

Italy, South Tyrol Region
Italy, Trentino Region
Italy, Umbria Region
Italy, Veneto Region
Latvia

Lithuania

Macedonia

Netherlands

Norway

Poland

Portugal

Romania

Russia

Russia
Russia
Serbia
Slovakia
Slovenia
Spain
Spain
Sweden
Switzerland
Turkey
Ukraine
Ukraine
United Kingdom

Ministry for the Environment, Climate and Energy of the Federal State of Baden-Wuerttemberg (LUBW)
Flood Information Centre, Bavarian Environment Agency, Munich (LfU)

Ministry of Rural Development, Environment and Agriculture of the Federal State of Brandenburg (MLUL)
Hessian Agency for Nature Conservation, Environment and Geology (HLNUG)

Lower Saxony Water Management, Coastal Defence and Nature Conservation Agency (NLWKN)

State Office of Environment, Nature Protection and Geology of Mecklenburg-Western Pomerania (LUNG)
State Agency for Nature, Environment and Consumer Protection (LANUV)

State Office for the Environment, Water Management and Commerce Inspectorate Rhineland-Palatinate (LUWG)
The Saarland State Office for Environmental and Labour Protection (LUA)

Saxon State Agency for Environment, Agriculture and Geology (LfULG)

State Agency for Flood Defence and Water Management of Saxony-Anhalt (LHW)

Schleswig-Holstein Agency for Coastal Defence, National Park and Marine Conservation (LKN.SH)
Thuringian Regional Office for the Environment and Geology (TLUG)

The Global Runoff Data Centre, Koblenz, Germany

National Data Bank of Hydrological & Meteorological Information (NDBHMI)

General Directorate of Water Management, Hungary

EU-FP7 HYDRATE data: Hydrometeorological data resources and technology for effective flash flood forecasting
Icelandic Meteorological Office, Hydrological Database, No. 2013-10-27/01

Irish Environmental Protection Agency (EPA)

Office of Public Works (OPW)

CUBIST database, former SIMN (Servizio Idrografico e Mareografico Nazionale)

National Research Council - Consiglio Nazionale delle Ricerche (CNR)

ENEL (Ente Nazionale per I'Energia ELettrica)

AdBPo (Autorita di Bacino del Fiume Po)

IRPI (Istituto di Ricerca per la Protezione Idrogeologica)

ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale)

ARPA (Agenzia Regionale per la Protezione dell' Ambiente) Emilia-Romagna

ARPA Piemonte

Uffico Idrografico e Mareografico di Roma - Regione Lazio

Osservatorio delle Acque della Regione Siciliana

Hydrographic Office, Autonomous Province of Bolzano

Dipartimento Protezione Civile, Provincia Autonoma di Trento

Ufficio Idrografico - Regione Umbria

ARPA Veneto

Latvian Environment, Geology and Meteorology Centre, State Ltd.

Lithuanian Hydrometeorological Service

Macedonian Hydrometeorological Service

Rijkswaterstaat - Dutch Ministry of Infrastructure and the Environment

Norwegian Water Resources and Energy Directorate - Norges vassdrags- og energidirektorat (NVE)

Institute of Meteorology and Water Management National Research Institute (IMGW-PIB)

Portuguese Environmental Agency, National Information System for Water Resources of Portugal (SNIRH)
National Institute of Hydrology and Water Management - NIHWM

The main hydrological characteristics, 1963-1970, 1971-75, 1975-1980, 1980-2000 Ministry of Natural Resources
and Ecology of the Russian Federation, State Hydrological Institute

State Water Cadastre, 1985-2010, State Hydrological Institute, Lomonosov Moscow State University
Automated information system of state water bodies monitoring (AIS GMVO), Federal Agency for Water Resources
Republic Hydrometeorological Service of Serbia (RHSS), Hydrological Yearbooks of Surface Water, Belgrade
Slovak Hydrometeorological Institute (SHMI)

Slovenian Environment Agency (ARSO)

Centre for Hydrographic Studies (Centro de Estudios Hidrogréficos) of CEDEX, Spain

Automatic Systems of Hydrological Information (SAIH) of the Cantabrico, Ebro, Guadalquivir, Jucar, Mifio-Sil,
Segura and Tajo River Basins, and of the Andalusian (HidroSur), Catalonia and Galician regions

Swedish Meteorological and Hydrological Institute (SMHI)

Federal Office for the Environment (FOEN) / (BAFU)

General Directorate of State Hydraulic Works (DSI), Turkey

Hydrological Department, Ukrainian Hydrometeorological Institute (UHMI)

Hydrometeorological Institute, Odessa State Environmental University (OSENU)

UK National River Flow Archive (NRFA)
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Extended Data Table 2 | Parameters of envelope curves and median regression

Envelope specific Intercept

: Slope Intercept p Slope median .
Region discharge at 1000 : median
envelope b envelope a km? (m’s-'km?) regression b regression a
Boreal -0.07 0.36 1.37 -0.09 -0.88
(-0.06/-0.05) (0.32/-0.03) (1.35/0.66) (-0.11/-0.09) (-0.80/-0.94)
Continental -0.38 1.49 217 -0.22 -0.55
(-0.39/-0.40) (1.50/1.45) (2.13/1.79) (-0.23/-0.24) (-0.52/-0.52)
Mediterranean -0.57 242 5.26 -0.28 -0.02
(-0.58/-0.41) (2.25/2.06) (3.16/6.91) (-0.29/-0.29) (-0.05/-0.11)
Alpine -0.27 1.49 4.76 -0.20 -0.18
(-0.22/-0.33) (1.35/1.52) (4.94/3.35) (-0.20/-0.21) (-0.20/-0.15)
Atlantic -0.34 1.49 2.98 -0.15 -0.65
(-0.30/-0.34) (1.31/1.50) (2.50/2.93) (-0.14/-0.14) (-0.68/-0.67)

The units used in Eq. 1 for estimating the envelopes are g (m®s"km™) and A (km?). Numbers in brackets refer to the first and second sub-periods.
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Extended Data Table 3 | Relationship of megafloods and mean annual floods in the same catchment

All catchments

Target catchments (i.e. those with megafloods)

Average ratio

mean discharge
Boreal 671 2.09 9 (1.3%) 2.78
Continental 3660 3.25 263 (7.2%) 5.28
Mediterranean 938 3.50 21 (2.2%) 5.20
Alpine 1240 2.83 74 (6.0%) 3.94
Atlantic 1514 2.36 131 (8.7%) 3.38

The table refers to the points and squares in Fig. 1.
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