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ABSTRACT

This paper interprets differences in flood hazard projections over Europe and identifies likely
sources of discrepancy. Further, it discusses potential implications of these differences for flood
risk reduction and adaptation to climate change. The discrepancy in flood hazard projections
raises caution, especially among decision makers in charge of water resources management,
flood risk reduction, and climate change adaptation at regional to local scales. Because it is naïve
to expect availability of trustworthy quantitative projections of future flood hazard, in order to
reduce flood risk one should focus attention on mapping of current and future risks and
vulnerability hotspots and improve the situation there. Although an intercomparison of flood
hazard projections is done in this paper and differences are identified and interpreted, it does not
seems possible to recommend which large-scale studies may be considered most credible in
particular areas of Europe.
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1 Introduction

Flood damage has grown considerably in Europe as

wealth in flood-prone areas has accumulated. Many

destructive floods have been recorded in recent decades,

with the costliest one in August 2002 affecting several

European countries. Other destructive flood locations

include: Italy in November 1994 and October 2000; the

UK in October 2000, summer 2007, and winters 2013/14

and 2015/16; Central Europe in July 1997, summer 2010,

and June 2013; the Balkan region in May 2014; and, most

recently, Germany, France and Belgium in June 2016.

Recent floods have set new stage and discharge records

(e.g. on the Oder/Odra in July 1997, on the Elbe and its

tributaries in August 2002, on the Vistula and its tribu-

taries inMay and June 2010, on the Upper Danube in July

2013 and on many UK rivers in January 2016), so there is

widespread concern that not only flood damage but also

flood hazard could be on the rise.

In the past decade there has been a multitude of

studies providing future projections of changes in flood

hazard and risk in Europe. The European Floods

Directive (EU 2007) generalizes: “the scale and fre-

quency of floods are likely to increase in the future as

a result of climate change, inappropriate river manage-

ment and construction in flood risk areas.” However,

especially at the regional and local scale the projections

provided by different studies are not always in agree-

ment. Often, the changes projected into the future are

not supported by observed trends: observational

records do not indicate a robust and ubiquitous

increase in the amplitude and frequency of high river

flows throughout Europe (Kundzewicz 2012), though

an increasing tendency in the number of floods with

large magnitude and severity has been noted in Europe

(Kundzewicz et al. 2013).

The present paper aims to identify and

interpret differences in flood projections over

Europe from a process perspective and to discuss

implications for management and for science–policy

interactions.
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2 Differences between flood hazard

projections and their interpretation

2.1 Comparison of projections

There have been many publications devoted to large-

scale projections of changes in flood frequency and

intensity, covering the European continent. Lehner

et al. (2006), Dankers and Feyen (2009), Rojas et al.

(2011, 2012), Alfieri et al. (2015) and Roudier et al.

(2016) reported projections for Europe only, while

Hirabayashi et al. (2008, 2013), Dankers et al. (2014),

Giuntoli et al. (2015) and Arnell and Gosling (2016)

covered the whole globe. Projections for specific

European regions and countries differ between these

11 studies (Table 1). Projections from most European-

scale studies (except Lehner et al. 2006, reporting lar-

gely different results) show some robustness and simi-

larity, in general. However, there is much less

agreement on projections of flood hazard in Europe

(i) between the European-scale and global-scale studies,

as well as (ii) between different global-scale studies.

There is a systematic difference between projections

of changes in flood hazard in southeastern Europe

(Italy, Greece, Iberian Peninsula) in most European

and most global studies. European-scale studies (except

Lehner et al. 2006) are mostly based on the same

hydrological model, LISFLOOD, while Roudier et al.

(2016) additionally included two other hydrological

models. Differences between projections in the earlier

suite of models were indicated by Kundzewicz et al.

(2010). Comparing projections, one can find areas of

agreement and of disagreement. In general, flood fre-

quency projections for Europe reported by Alfieri et al.

(2015) differ from those by Hirabayashi et al. (2013)

and Dankers et al. (2014) which, in turn, differ from

earlier projections produced by Hirabayashi et al.

(2008) and Dankers and Feyen (2009). Also, differences

in recent projections by Roudier et al. (2016) and

Giuntoli et al. (2015) are considerable. In brief, projec-

tions of changes in flood hazard in Europe, resulting

from large-scale studies, are seemingly not robust. The

reasons for this will be explored in Section 2.2.

Alfieri et al. (2015) concluded that, for European

countries, global warming would increase Q100 (100-

year flow, i.e. river discharge with exceedence prob-

ability in any one year being 0.01) by 18–256% between

1990 and 2020. On average, in Europe, Q100 established

for the control period is projected to double in fre-

quency within three decades. Changes for further time

horizons are less consistent. Rojas et al. (2011, 2012)

illustrated a dominant increase of frequency of Q100 for

much of Europe. In contrast, recent projections of

change in flood hazard reported by Hirabayashi et al.

(2013) indicate flood frequency decrease in much of

Northern, Central, and Southern Europe. Only for part

of Europe (British Isles, northern France, and part of

Benelux), are prevailing increases in frequency of Q100

projected. A multi-model intercomparison by Dankers

et al. (2014) found agreement on projected increases in

flood frequency (Q30) only for the British Isles.

Projections by Rojas et al. (2012) and Alfieri et al.

(2015) agree across most of Western Europe, but con-

siderable differences exist for much of Poland, the east-

ern part of Germany, part of Romania and Bulgaria,

Spain and Finland. The most recent work on Europe by

Roudier et al. (2016) largely corroborates the findings

of Alfieri et al. (2015).

Uncertainty also shows up at the national scale (cf.

Madsen et al. 2014). Figure 1 illustrates two projections

of changes in flood hazard over Germany that agree

over many areas but disagree over considerable areas as

well. Where the two projections agree on the direction

of change, they may still differ (at places, strongly) in

the amplitude of the projected change.

Even though understanding of climate and water

systems as well as flood risk in Germany is well

advanced (see Hattermann et al. 2014, 2016), with

multiple studies and rich observational records avail-

able, the uncertainty in the projections is still notable.

The projections presented in Fig. 1 correspond to

two generations of emissions scenarios available with a

time gap of a little over a decade only (Special Report

on Emissions Scenarios, SRES A1B in Fig. 1(a) and

representative concentration pathways, RCP 8.5 in

Fig. 1(b); see Nakicenovic et al. (2000) for SRES and

Moss et al. (2010) and Meinshausen et al. (2011) for

RCP), driving an ensemble of climate models, and the

SWIM hydrological model, well tested for German

conditions (Krysanova et al. 2015). The ensemble of

climate models for the A1B scenario corresponds to the

European ENSEMBLES project (van der Linden et al.

2009), while models for the RCP 8.5 scenarios stem

from the CORDEX (Coordinated Downscaling

Experiments) initiative (Jacob et al. 2014). The time

horizon of projections presented in Fig. 1 is 2071–2099

or 2071–2100 (some scenarios only last until 2099),

while the common reference period is 1971–2000.

2.2 Interpretation of differences between

projections

2.2.1 Causes of differences

Studies of projections of changes in flood hazard differ

with respect to emissions scenarios, driving climate mod-

els (general circulation models, GCMs, and regional cli-

matemodels, RCMs) and downscaling techniques, as well

2 Z. W. KUNDZEWICZ ET AL.
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as bias correction methods. Further, there are differences

in simulation of hydrological processes by global hydro-

logical models (GHMs) and regional hydrological models

(RHMs) and their performance, especially for extremes,

as well as general problems related to extreme value

techniques applied for time series that are not long

enough. Differences can also be found in the time hor-

izons of future projections, as well as resolution of impact

models, and return period. Also the control (reference)

intervals often differ between studies, being 1901–2000

for Hirabayashi et al. (2008), 1961–1990 for Rojas et al.

(2011, 2012), 1971–2000 for Hirabayashi et al. (2013),

Dankers et al. (2014) and Roudier et al. (2016),

1972–2005 for Giuntoli et al. (2015) and 1976–2005 for

Alfieri et al. (2015). Table 1 includes information on the

differences in technicalities of recent studies that can

explain, to some extent, the differences in flood hazard

projections.

2.2.2 Different scenarios of greenhouse gas

emissions

One clear reason for differences in projections is

related to emissions scenarios. Typically, flood hazard

projections are based on either SRES scenarios, in older

papers, or RCPs, in newer papers, except for a recent

paper by Arnell and Gosling (2016), still based on SRES

scenarios. Differences between particular SRES and

between particular RCP scenarios are substantial,

while the overall difference between a selected SRES

scenario and the nearest RCP scenario may be not

large. Despite the difference in applied scenarios (A1B

and RCP 8.5, respectively), studies by Hirabayashi et al.

(2013) and Arnell and Gosling (2016), based on many

GCMs, show similar results except for Scandinavia.

2.2.3 Different driving climate models

Selection of GCMs is a large source of uncertainty in

climate impact studies, in general. In studies before

Dankers and Feyen (2009) mostly one GCM output

was used, whereas more recently model ensembles

have been applied. Dankers and Feyen (2009) used two

RCMs. Hirabayashi et al. (2013) and Dankers et al.

(2014) analysed results driven by eleven GCMs and

five GCMs, respectively, while Alfieri et al. (2015) used

three GCMs downscaled by four RCMs (seven Euro-

Cordex scenarios). Roudier et al. (2016) used five GCM/

RCM combinations and Giuntoli et al. (2015) used five

GCMs. This can clearly explain a major portion of the

differences in flood hazard projections.

These differences arise from the different climate

models for a number of reasons; the most obvious one

being that they do not agree in themselves on the pro-

jected changes in heavy rainfall events (Nicholls and

Seneviratne 2015). Although 1-day precipitation

extremes may not be immediately relevant to flooding

in large river basins, a recent increase in record-breaking

precipitation events has been observed (Lehmann et al.

2015). Indeed, a warmer atmosphere can retain more

(a) (b)

Figure 1. Projected change in Q100 in Germany: (a) mean from 13 A1B scenarios and (b) mean from 15 RCP 8.5 scenarios. The GCMs used
are: (a) HadCM (three realizations), ARPEGE, ECHAM5 (two realizations) and BCM; and (b) MPI-ESM-LR, CNRM-CM5-LR, EC-EARTH, IPSL-
CM5A-MR and HadGEM2-ES. Source: unpublished results obtained at Potsdam Institute for Climate Impact Research (PIK).
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moisture in line with the Clausius-Clapeyron law, and

model-based projections indicate a likely increase in fre-

quency of heavy precipitation. However, model skill in

reproducing extreme storm events, given a change in

forcing, is not persuasive. The underestimation of histor-

ical rainfall extremes by the climate models may suggest

underestimation of precipitation in projections.

2.2.4 Multiple runs to reflect natural variability

To some extent the results are also affected by the

simulated natural variability and sequence of events

(the “weather”) in the individual climate model simula-

tions. Dankers and Feyen (2008) showed how individual

runs of the same climate model, starting from different

initial conditions, can result in different projections,

especially at the local scale. This finding suggests that,

ideally, studies looking into changes in hydro-meteoro-

logical extremes should use multiple realizations of a

single model (rather than just one realization), in addi-

tion to multi-model ensembles, in order to take account

of natural variability. However, this is done rarely.

2.2.5 Bias correction

Climate models show large biases in their simulations of

the present-day climate, in particular intense precipita-

tion. If a raw GCM/RCM output is used to drive hydro-

logical models, the resulting output is not realistic

relative to observations. Hence, some form of bias cor-

rection is needed (see Rojas et al. 2011) to anchor the

model control period to observations. The bias correc-

tion of the climate model, accomplished prior to being

used as input to a hydrological model, plays an impor-

tant role in the projections of flood frequency and

magnitude and it can be an additional source of uncer-

tainty in Table 1. There exist a number of bias correc-

tion methods that alter the mean, variance, distribution

and extremes of climate model output (typically tem-

perature and precipitation), and flood statistics are sen-

sitive to the selected bias correction method.

2.2.6 Different types of flooding

Flood hazard may be specifically connected, regionally or

locally, to particular flood types and temporal/spatial

scales that are not adequately covered by the conceptua-

lization of the processes in the large-scale models. Even if

projections refer to river flood hazard, they do not com-

prehensively take account of the complex typology of

floods (e.g. inundations caused by convective or frontal

rainfall, snowmelt, ice-jam, rain-on-snow, rain-on-ice).

Hence, the results of the projections could more appro-

priately be seen as indicators of changes in flood hazard.

Flood typology relies on meteorological inputs and also

on catchment controls and flood time scales (elevation,

catchment scale, river scale etc.) (see Gaál et al. 2015).

Major discrepancies in projections seem to occur in

Northern Europe, where different types of flooding

exist (snowmelt floods and rainfall floods). Depending

on how climate models project changes in variables

relevant for the different flood-generation processes

and how hydrological models simulate snowmelt and

runoff processes, this may result in diverging projec-

tions (see Rojas et al. 2012, Giuntoli et al. 2015,

Roudier et al. 2016). Another problem in snow-domi-

nated regions is that, according to the principles of

extreme value theory, one cannot pool extreme events

originating from different mechanisms. Hence, snow-

melt high flows should be treated separately from rain-

fed high flows, but for the time being, large-scale mod-

elling studies that treat them separately barely exist.

2.2.7 Different types of hydrological models

The studies listed in Table 1 use a range of hydrological

modelling approaches. Dankers et al. (2014) examined

nine global hydrological models (GHMs), finding that the

different models sometimes provide surprisingly con-

trasting projections of changes into the future, even

though they were driven by the same climate input.

This suggests that, in addition to climate model uncer-

tainty, hydrological modelling uncertainty can also be

important (Dankers et al. 2014). In this vein, Roudier

et al. (2016) used three large-scale hydrological models

and Giuntoli et al. (2015) used six GHMs. This can also

explain a significant portion of the differences in pro-

jected flood hazard.

Another important reason for uncertainty of results is

that, in large-scale studies, global hydrological models are

usually applied without any calibration/validation at the

catchment scale. Hirabayashi et al. (2008, 2013) presented

some model evaluations of the MATSIRO model

(Hirabayashi et al. 2008, Figures 2–4) and 11 AOGCMs

(Hirabayashi et al. 2013, Figures S1 and S2), all based on

probability plot correlation coefficients. Three other,

more recent, global-scale papers applying GHMs, i.e.

Dankers et al. (2014), Giuntoli et al. (2015) and Arnell

and Gosling (2016), did not include any evaluation or

validation. Uncalibrated global models may still provide

consistent and coherent simulations across very large

scales and are useful for obtaining global overviews, but

they have to compromise the model performance in

individual catchments to obtain simulation results over

global and continental scales. This can also be responsible

for some of the differences in flood hazard projections.

However, all European-scale studies include a descrip-

tion of the calibration and evaluation of the models being

used, and focus on flood characteristics in their model

HYDROLOGICAL SCIENCES JOURNAL – JOURNAL DES SCIENCES HYDROLOGIQUES 5



evaluation. Lehner et al. (2006) calibrated and evaluated

the WaterGAP model for 15/39 stations, Dankers and

Feyen (2009): LISFLOOD for 209 stations, Rojas et al.

(2011, 2012): LISFLOOD for 258 stations, Alfieri et al.

(2015): LISFLOOD for 693 stations, and Roudier et al.

(2016): LISFLOOD, VIC and E-HYPE for 428 stations.

Hence, all European-scale studies since 2008 are based

on calibrated and evaluated models, and are mostly in

good agreement for all studies since Lehner et al. (2006).

However, it is worth noting that these studies are based

on the same hydrological model, LISFLOOD. Only the

last study (Roudier et al. 2016) additionally includes two

other models, E-HYPE and VIC (providing projections

that mostly agree with the previous ones based on

LISFLOOD only). The LISFLOOD and E-HYPE models

are based on the basin-scale model versions applied to a

larger (continental) scale.

The projections of the global-scale studies, based on

non-validated global hydrological models, are quite dif-

ferent from the European-scale studies, with calibrated

and validated models, and they also differ from each

other. Projections by Giuntoli et al. (2015) are different

from European studies for all regions (except for

Scandinavia in the study by Lehner et al. 2006); those by

Dankers et al. (2014) are similar only for the British Isles,

Scandinavia and Finland; those by Arnell and Gosling

(2016) are similar only for Western and Eastern Europe,

and to Rojas et al. (2012) also for Northern Europe.

It could be expected that models calibrated and

validated for a particular gauging station provide

more realistic simulations under historical control con-

ditions; yet the assumption that the calibrated model

parameters will remain constant for future climate is

unlikely to be true (Merz et al. 2011). A hydrological

model that is well tuned to historical conditions may

not always provide plausible projections under signifi-

cantly different future climate.

Also, good model performance in simulating dis-

charge at the catchment outlet may mask variable perfor-

mance across the catchment, and in other variables.

Representing spatial patterns on maps assumes that the

model has some skill, ideally demonstrated through vali-

dation at intermediate gauges. Likewise, if climate change

impacts on extremes are investigated, the model perfor-

mance for extremes needs to be evaluated. However,

these rules are not always followed strictly by modellers.

Therefore, under a high-end climate change scenario

(RCP 8.5) for the end of the century and for extreme

events, modelling is connected with a high uncertainty.

2.2.8 Climate vs hydrological model uncertainty

A discussion on climate model vs hydrological model

uncertainty, in view of the recent multi-model (GCM

and GHM) studies, was presented by Hagemann

et al. (2013), who showed that uncertainties in pro-

jected runoff are predominantly associated with

GCMs; Wada et al. (2013), who projected future

irrigation water demand and showed that GHMs

dominate in the overall uncertainty in some regions;

Schewe et al. (2014), who concluded that both GCMs

and GHMs contribute essentially to uncertainty; and

Giuntoli et al. (2015), who showed that climate

model uncertainty dominates at the global scale, but

that GHMs are the greatest source of uncertainty in

snow-dominated regions. Also, Roudier et al. (2016)

found a better agreement for three applied models in

Central and Southern Europe compared to Fenno-

scandinavia.

2.2.9 Different return periods

In studies of changes in river flood frequency, the

notion of Q100 is widely used, but some authors use

other return periods or high flow percentiles. Giuntoli

et al. (2015) made projections for changes in frequency

of high river flows (runoff equalled or exceeded 5% of

the time). Dankers et al. (2014) studied 30-year 5-day

peak flow, i.e. a moderately extreme river discharge.

Estimates of extreme river flows are often based on

extreme value distributions, and are increasingly

uncertain at more extreme discharge levels. This uncer-

tainty is well known in the field of statistics, but in

many hydrological studies it is not taken into account.

In this respect, an estimate of Q30 based on 30 years of

simulations (as in Dankers et al. 2014) is obviously

more robust than an estimate of Q100 based on

30 years of simulations. Roudier et al. (2016) compared

Q100 and Q10 for Europe, obtaining a similar broad

pattern as far as direction of change is concerned, yet

the percentage changes in Q100 are stronger than

in Q10.

2.2.10 Presentation of results

The results of different studies are also presented dif-

ferently. With the increasing uptake of ensemble-based

approaches, it is necessary to synthesize the results

across multiple model runs, with regard to flood fre-

quency and magnitude. One study may show a set of

maps (e.g. for individual GCMs and/or different sce-

narios), either incorporated in the body of the paper, or

available as supplementary information. Alternatively,

a single aggregate map can be presented (e.g. for cen-

tral tendency, such as mean or median of projections),

possibly with indication of inter-model spread/variabil-

ity. Such a map may get broader recognition, such as

inclusion in the IPCC (Intergovernmental Panel on

Climate Change) material—a map by Hirabayashi
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et al. (2013) was used in Jiménez et al. (2014) and Doell

et al. (2015). The question then emerges as to how

representative the mean model is when discussing fre-

quencies of very different model projections and how

an ensemble is summarized for a region. Rich discus-

sion of this issue from a climate modelling perspective

may be found in the literature (see Knutti et al. 2010).

3 Discrepancies between observed trends and

projections

Increases in heavy precipitation have been noted in

many regions, but the impact on floods has been diffi-

cult to detect in observation records. Long time series

of high-discharge data show no convincing upward

trend in Europe (e.g. Mudelsee et al. 2003,

Kundzewicz et al. 2005, Kundzewicz 2012), while

some model-based projections for the future simulate

increases over large areas (see Table 1).

The lack of consistency between observations and

projections is perhaps not surprising, because stronger

anthropogenic climate change started relatively

recently. The far-future trend can be different from

the past/current trend, because the warming projected

until the end of the 21st century is likely to be much

stronger than observed so far, especially under the

high-end climate change scenarios.

The trend cannot be detected in the observations

because the signal-to-noise ratio is low and the natural

variability is strong. To put this into context, the prob-

ability of exceeding Q100 at least once in a 100-year

period is about 63%, so there is still a chance of 37% of

not observing Q100 at all. However, a robust identifica-

tion of trends in Q100 will ideally require multiple

exceedences of very extreme river flow levels, and the

probability of exceeding Q100 at least three times in any

period of 100 years is only about 8% (Cloke and

Pappenberger 2009).

The failure to detect a ubiquitous rising trend has

apparently been a surprise to some experts regarding

recent flood events as possible harbingers of climate-

related flood risk rise, for example, a sarcastic and exag-

gerated title chosen by Schiermeier (2003): “Analysis

pours cold water on flood theory”, when referring to fail-

ure to detect trends by Mudelsee et al. (2003).

However, because of the interplay between long-

term trends, decadal-scale natural variability, nonlinea-

rities and thresholds in the climate system, flood

hazard does not have to change monotonically over a

long time scale. Alfieri et al. (2015) published projec-

tions for various time horizons. On average, in Europe,

Q100 is projected to double in frequency within three

decades. For all 37 European countries considered,

Q100 is projected to increase between time horizon

1990 and 2020. However, for most countries, there is

no monotonic increase of annual exceedence frequency

of the 100-year flood for two further time horizons,

2050 (2036–2065) and 2080 (2066–2095). Also, Kay

and Jones (2012) found that changes are unlikely to

occur linearly over the coming century and that large

changes in flood frequency in the UK can occur over a

relatively short time interval, which is something that

policy makers need to consider.

3.1 Data issues

Reliable determination of flood frequency trends

requires a long time series of good quality river flow

data. Often, time series of records are not long enough

for trend detection and hydrological networks have

typically been shrinking, for budget reasons. Scarcity

of ground data of adequate quality and quantity is also

a reason for uncertainty in projections, because the

material for calibration and validation is not

satisfactory.

If trend detection is carried out by considering mul-

tiple river stations covering a large region, data limita-

tions in time could be substituted partly by abundance

in space, with the caveat that trends may well be

influenced by other factors, many of which will be

location specific.

Free international hydro-meteorological data

exchange, albeit existing in principle, as per resolu-

tions of the World Meteorological Organization, is in

fact very limited. Many studies are restricted to pilot

sites from individual countries, because acquisition of

compatible, harmonized and quality controlled inter-

national data can be very difficult within a project

time span. Even if a few flood databases do exist,

their use for specific goals of international projects

is usually limited (see Gaume et al. 2009). Beyond

laudable bottom-up initiatives to solve the problem,

there is a need for a truly European solution (Gaume

et al. 2009, Hall et al. 2015). Suggestions as to how to

address the economic barriers of data exchange have

not brought the expected effects in the European

context thus far (see Viglione et al. 2010). Merz

et al. (2014) called for efforts towards accounting

for factors that contribute to changes in all three

risk components (hazard, exposure, vulnerability) in

order to contribute to the understanding of the inter-

actions between society and floods. They advocated

an international multidisciplinary collaboration and

data-sharing initiative, which would support the

understanding of links between climate and flooding

and advance flood research.
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4 Attribution

One cannot attribute the occurrence of a specific flood

event to climate change. A different framing is needed,

demonstrating that the probability of exceedence of a

concrete flood discharge (i.e. one that actually

occurred) would be different in two cases: without

climate change and with climate change due to

increased atmospheric greenhouse gas concentrations.

In their rigorous attribution study looking at the

flood events in England and Wales in autumn 2000,

Pall et al. (2011) concluded that the probability of

occurrence of this type of events has likely increased

because of anthropogenic warming.

It is interesting to seek statistical evidence for an

increase of flood magnitudes with increasing global

atmospheric CO2 concentration. Such a study for

Europe is not known to the authors at present.

However, Hirsch and Ryberg (2012) undertook such

an attempt for the coterminous United States and did

not find such evidence in any of the four regions

defined in their study, while in one region they actually

found a statistically significant negative relationship

between global atmospheric CO2 concentration and

flood magnitudes. Di Baldassarre et al. (2010) also did

not find a climate signal in flood data for the entire

African continent.

A model-based attempt to find a large-scale transfer

function from CO2 concentration to flood magnitudes

should consider both changes in heavy precipitation

and changes in the functioning of plants and, therefore,

of the hydrological behaviour of catchments. Few

hydrological models include this process, which is

another example of why even an exceptionally well-

tuned and well-evaluated catchment model may not

give more reliable projections of the future if it misses

key processes like this.

For the time being, there is no conclusive and gen-

eral proof as to how climate change has been affecting

flood behaviour. The conventional attribution frame-

work struggles with the small signal-to-noise ratio and

uncertain nature of the forced changes (Trenberth et al.

2015). Overall, there is low confidence (due to limited

evidence) that anthropogenic climate change has

affected the magnitude/frequency of floods.

Looking at attribution of changes in flood hazard,

one can identify multiple climatic and non-climatic

drivers (Kundzewicz et al. 2014), whose relative impor-

tance can be site-specific. Climatic factors predomi-

nantly include changes in intense precipitation

(increasing in a warmer Europe). Snowmelt is likely

to decrease in much of a warmer Europe, even if

warming may not necessarily reduce snowmelt

everywhere, e.g. if it is accompanied by an increase in

precipitation during the snow accumulation season.

Warming is more likely to bring the snowmelt season

(and snowmelt floods) forward to earlier in the year.

However, changes in other components of the hydro-

logical cycle (e.g. soil moisture) also play a role. There

are considerable uncertainties in projecting future eva-

potranspiration. Non-climatic factors include changes

(mostly anthropogenic) in rivers themselves, such as

modification of river channels (e.g. dikes and dams),

and changes affecting runoff coefficient and available

water storage capacity in catchments, such as urbaniza-

tion, deforestation and drainage of wetlands (see Hall

et al. 2014). In some basins, non-climatic factors can be

largely responsible for changes in frequency of flood

events (see Di Baldassarre et al. 2009, Blöschl et al.

2013).

5 Impact on climate change adaptation and

flood risk reduction

The lack of agreement in projections between studies

can be interpreted and understood by scientists, but

not readily by stakeholders. Despite the caveats

accompanying large-scale studies (see Dankers et al.

2014), stakeholders in regions where no local flood

hazard projections are available eagerly look at large-

scale maps from different sources that may strongly

diverge in the area of their interest, take results at

face value, and become confused. This is how the

discrepancy in flood hazard projections is regarded

by practitioners in Poland (IMGW et al. 2015). What

would a practitioner from the Iberian Peninsula, Italy

or Greece think of the robustness and credibility of

projections on seeing the results of Roudier et al.

(2016) that convey information about the increase

of flood hazard there, the results of Giuntoli et al.

(2015) showing no significant changes, and the

results of Dankers et al. (2014) informing us of a

decrease in flood hazard? These three recent large-

scale studies, published in high-impact periodicals,

show largely different results.

Even if national-level projections exist, a local prac-

titioner, responsible for climate change adaptation or

flood risk reduction, seeing considerable differences

between projected changes for her/his area of interest,

as visualized in Fig. 1, may be puzzled. Adapt to what?

In order to manage flood risk, projections for the

future are useful. However, the lack of a clear science

message challenges flood risk management. The pre-

cautionary principle as the basis for decision making

can become politicized (Beven 2011), while public per-

ception of the causes of floods may become detached
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from scientific evidence (Calder and Aylward 2006).

Flood experts encounter difficulties in communicating

a complex message to the public (Hoss and Fischbeck

2016). Ambiguous predictions offered by science

increase the role of the cognitive biases of human

perceptions in decision making (Merz et al. 2015).

Large-scale analyses should be understood as sensi-

tivity studies that help in determining orientation.

Regional and local, catchment-specific, studies, tuned

to the small-scale conditions and observed discharge,

should take account of relevant (climatic and non-cli-

matic) uncertainties, and be used to inform decision

makers about adaptation. They could also be compared

with large-scale (global or continental) studies for the

specific region.

Existence of long-term change violates the stationar-

ity assumption (see the discussions in Milly et al. 2008,

2015, Koutsoyiannis and Montanari 2015), yet noise,

including multi-decadal natural variability, is domi-

nant. There has never been stationarity in flood fre-

quency—except in the minds of hydrologists. Non-

stationarity means that a present-day design flood

(e.g. Q100) for a particular location, established from

historical observations in the reference period, can be

dramatically different from a design flood value pro-

jected for a future horizon of importance for

adaptation.

There is no doubt that better preparedness for exist-

ing climate variability is necessary, but this is unlikely to

be sufficient for future changes (see Field et al. 2012) in

areas with increasing flood hazard. Preparedness implies

not only adequate knowledge, but also effective govern-

ance capacity and a transparent and comprehensive

division of responsibilities (Runhaar et al. 2016). It is

necessary to develop adaptive risk reduction strategies

and associated governance arrangements (Hegger et al.

2014) in order to keep destructive water away from

people and property, and keep people and property

away from destructive water in the changing climate.

An important element in this respect is to diversify flood

risk strategies, i.e. to provide a multitude of flood risk

measures—complementing the “classic” flood defence

measures with flood prevention, mitigation, preparation

and recovery—as a backup in case one strategy fails

(Hegger et al. 2014). Designing alternative adaptation

pathways, based on different scenarios and projections,

is key to an adaptive approach (Raadgever et al. 2011).

Adaptive flood risk management should rely on a sound

ex-ante policy analysis, establishing whether a policy

transition is required, an assessment of alternative

flood risk management strategies, and their planning

in anticipation without running the risk of regret of

doing too little too late or too much too early (Klijn

et al. 2015). This should allow the course of action to be

reconsidered once new information becomes available.

Hence, a long-term commitment is needed to iterative

policy revision, flexibility and learning in the broader

governance system. Finally, there is a need to develop

and apply appropriate science–policy interfaces that sti-

mulate interaction between processes of knowledge pro-

duction and knowledge utilization (van Enst et al. 2016)

Decision makers responsible for flood protection

and climate adaptation have to be aware of the added

uncertainty introduced by enhanced greenhouse for-

cing (Kundzewicz et al. 2014). In parts of Europe,

water management specialists are already incorporating

the potential effects of climate change into specific

design guidelines, by a precaution-based adjustment,

acknowledging increases in intense precipitation in

the warming climate. An example of a climate change

adjustment factor for a design flood is a relative

increase of Q100, incorporated in design guidelines.

Madsen et al. (2014) compiled information on existing

guidelines on climate change adjustment factors for

design flood and design rainfall in six European coun-

tries (Belgium, Denmark, Germany, Norway, Sweden,

UK). Such adjustments were also proposed in the

Netherlands (Kundzewicz 2012). Ideally, it may be

possible to identify “no-regret” (or “low-regret”) adap-

tation options that are open-ended, so that the resul-

tant adaptation strategy can be modified in the face of

new scientific evidence or changing societal attitudes to

risk (Wilby and Dessai 2010).

Another issue that needs consideration is the mis-

match between several projection studies (many of

which focus on end of the century time scales) and

the time frames relevant for adaptation decisions (more

probably the first half of this century).

Besides top-down approaches, which rely heavily on

hazard projections, there are also bottom-up

approaches that start from the vulnerability of commu-

nities (Blöschl et al. 2013). The latter are very useful

when the uncertainty in projections is large or sur-

prises with high impact (so-called black swans) are

possible (Di Baldassarre et al. 2016), and low-regret

options lend themselves well to application.

As exposure has increased, vulnerability has chan-

ged, and both are likely to continue evolving into the

future, it will be necessary to reduce flood risk

regardless of the trends in the hazard component.

This means multiple adaptation strategies need to be

considered, as in Alfieri et al. (2016), who compared

four adaptation options and evaluated them under a

high-end global warming scenario. When selecting a

particular strategy to reduce current flood risk it is
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important that it will be robust to flood hazard

changes into the future.

6 Science–policy interactions: ensuring

soundness of regulatory actions

The existence of large uncertainties in flood hazard

projections calls for better interaction between scientific

research and practice. Increasing flood risks have led the

European Commission to decide on the development of

a specific legislative instrument that would complement

the Water Framework Directive (WFD). The Floods

Directive (EU 2007) requires EU Member States to

assess and manage flood risks, with the aim to reduce

adverse consequences for human health, environment,

cultural heritage and economic activity in Europe. It has

to be coordinated with the implementation of the WFD.

The action lines provide a comprehensive mechanism

for assessing and monitoring increased flood risk, also

due to climate change, and for developing appropriate

adaptation approaches. This EU instrument provides

Member States with a general framework which has to

be implemented by National Flood Risk Management

programmes that take into consideration specific risks at

regional and local levels. The key to success of this

framework is closely related to efficient exchanges

among the main actors, and this has to take place at

European (EU), national, regional and local levels. At

the EU level, the so-called Common Implementation

Strategy (CIS) enables flood experts from Member

States, including scientists, flood risk managers and sta-

keholders, to gather through the Flood Working Group

(WGF of the CIS), meeting regularly to exchange views

on technical/scientific challenges for the implementation

of the Directive. In this context, science–policy interac-

tions are an essential component for efficient and state-

of-the-art action programmes which, in the EU regula-

tory framework, will have to be implemented in the

second river basin management plan (2015–2021).

Several EU-funded projects have contributed to

strengthening of the science–policy interactions con-

sidered to be an essential component of the success of

any policies, in particular in the water sector

(Quevauviller 2010). At the early stage of the policy

formulation, the need to have access to the scientific

state-of-the-art was tackled in the Sixth Framework

Programme (FP6) in 2002–2007 by the FLOODsite

(Integrated flood risk analysis and management meth-

odologies) project, which provided the scientific foun-

dation reflected in the directive text adopted in 2007.

This was complemented by enhanced knowledge on

climate change impacts by the WATCH (Water and

global change) project and regional assessments, e.g. in

the Mediterranean area with the CIRCE (Climate

change and impact research: the Mediterranean envir-

onment) project.

In the Seventh Framework Programme (FP7) in

2007–2013, research was more focused on implemen-

tation issues, e.g. projects related to improved early

warning of flash floods with IMPRINTS (Improving

preparedness and risk management for flash floods

and debris flow events), flood resilience with

CORFU (Collaborative research on flood resilience

in urban areas), technologies to improve safety with

FLOODPROBE (Technologies for improved safety of

the built environment in relation to flood events),

culture of risk prevention KULTURisk (Knowledge-

based approach to develop a culture of risk preven-

tion) and flood risk governance with STAR-FLOOD

(Strengthening and redesigning European flood risk

practices: towards appropriate and resilient flood risk

governance arrangements). Details about some of

these projects are available in Quevauviller et al.

(2012) and about the STAR-FLOOD project in

Hegger et al. (2014, 2016). The important feature is

that the EU regulatory framework, supported by the

CIS working group, and the various EU-funded pro-

jects provide a valuable architecture that should per-

mit a multidisciplinary (including socio-economic)

scientific and multi-sectoral dialogue. What is at

stake here is whether these projects, while responding

to expressed policy needs, are actually establishing

operational links with practitioners (in particular

civil protection units). While these interactions with

“end users” have been increasingly incorporated in

FP7 projects, critical comments from various stake-

holders (including civil protection units and other

first responders) have encouraged the European

Commission to explicitly require concrete involve-

ment of first responders in projects funded by the

Horizon2020 Framework Programme (2014–2020).

Such involvement has been attempted e.g. in the

ANYWHERE Innovation Action (see http://www.any

where-h2020.eu/).

Communication of the main findings of these EU

projects to policy makers outside the direct study

areas and translating these into policies had not

always been very effective. A broader involvement

of EU Member State representatives in digesting the

project outcomes would allow the results to have

Europe-wide impacts and create synergies at both

European and regional levels.
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7 Research gaps, recommendations and

concluding remarks

There is a considerable spread of river flood hazard

projections for several regions of Europe among differ-

ent large-scale (global and pan-European) model-based

studies. This spread, illustrated and interpreted in the

present paper, raises caution, especially among decision

makers in charge of climate change adaptation, flood

risk reduction and water resources management at the

regional to local scales. However, flood hazard projec-

tions for the future, despite the inherent uncertainty,

are important to inform decision making processes,

sketching the range of possible futures.

We can formulate recommendations and research

gaps related to flood hazard projection studies. Using

RCPs (representative concentration pathways) in con-

junction with SSPs (shared socio-economic pathways)

is recommended, as this opens up the opportunity to

study changes in flood risk as a consequence of climate

change as well as societal change. It is advisable to use

multi-GCM ensembles, and also multiple realizations

of the same models. However, while it is necessary to

balance the application of ensembles with computa-

tional costs, it should be kept in mind that there will

always be some incongruity between studies if only a

few climate models are used and/or if the selected

models are not representative of the current large

suite of GCMs, RCMs and hydrological models. It

should also be kept in mind that even large multi-

model ensembles may not necessarily sample the full

uncertainty range, and that unexpected surprises are

therefore still a possibility. Expert opinion and advice

in interpreting the flood hazard projections is therefore

paramount, especially when making local adaptation

decisions.

Regions, such as Central and Eastern Europe, where

GCM projections show high uncertainties warrant

more attention from climate modellers. As far as

hydrological models are concerned, using multi-

model ensembles—following the path initiated by

Dankers et al. (2014)—is also recommended. Scale-

specific assessments are needed—using global hydrolo-

gical models for global/continental overviews, but not

for projection of the regional-scale impacts and adap-

tation, where calibrated and validated continental or

regional hydrological models (also for extremes)

should be used, with appropriate treatment of the

uncertainty arising from (calibrated) model parameters

and missing processes.

In some regions, rain floods and snow floods both

influence projections. Researchers have to look into the

relevant processes, to separately investigate different

mechanisms of floods and to determine which of

these are dominant in each river basin (for present

and future conditions).

More understanding is necessary of the influence of

bias correction schemes, parameter uncertainty and

calibration stability within hydrological models, and

uncertainty related to extreme value estimation. All

these are also relevant at the local scale.

Given the problem with detecting changes in Q100, a

better benchmark could be Q30 or Q10, since they have a

higher frequency of occurrence, and hence our ability to

detect changes is also higher. However,Q100 directly plays

the role of a design flood more often than Q30 or Q10.

Even if an intercomparison of flood hazard projec-

tions is done, as in this paper, and differences are

identified and interpreted, it does not seem possible

to recommend which large-scale studies may be con-

sidered most credible in particular areas of Europe. The

science behind flood projections and impact assess-

ments is not strong enough to justify stronger conclu-

sions. Some authors, noting discrepancy in projections,

have questioned the dominant research path on future

climate impacts (e.g. Koutsoyiannis et al. 2009, 2011,

Anagnostopoulos et al. 2010, Kundzewicz and Stakhiv

2010). As an alternative, a bottom-up approach that

starts with the vulnerability of the system has often

been proposed and may be more appropriate for adap-

tation studies at the local scale.

Perhaps a new, international project is needed that

can systematically and rigorously evaluate different

climate and hydrological models and downscaling/

bias correction methods, while holding constant

metrics such as the control period, projection time

frame and return interval of interest. This could form

a FloodMIP project, per analogiam to WaterMIP, ISI-

MIP (Inter-Sectoral Impact Model Intercomparison

Project) and other model intercomparison projects.

Because it is naïve to expect availability of trust-

worthy quantitative projections of future flood hazard

(as some practitioners clearly do), in order to reduce

flood risk, one should focus attention on identification

of current and future risks and vulnerability hotspots

and improve the situation in areas where such hotspots

occur. For decision making, it is necessary to develop

an approach based on mapping vulnerabilities, and

then try to estimate the probability that these are

being affected. Decision making under uncertainty

requires identification and quantification of the uncer-

tainty involved, and then improvement of a framework

for decision making, including the risk of action vs the

risk of inaction.

It is hoped that, in EU-funded research projects,

practical cooperation will gradually be strengthened
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and made effective among policy makers, scientists and

first responders, as well as with industry (technology

developers and providers), for the sake of improved

flood risk management practices in Europe.
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