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There has been a surprisingly large number ofmajor floods in the last years around
the world, which suggests that floods may have increased and will continue to
increase in the next decades. However, the realism of such changes is still hotly
discussed in the literature. This overview article examines whether floods have
changed in the past and explores the driving processes of such changes in the
atmosphere, the catchments and the river system based on examples from Europe.
Methods are reviewed for assessing whether floods may increase in the future.
Accounting for feedbacks within the human-water system is important when
assessing flood changes over lead times of decades or centuries. It is argued that
an integrated flood risk management approach is needed for dealing with future
flood risk with a focus on reducing the vulnerability of the societal system. © 2015
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INTRODUCTION

Floods occur when a piece of land that is usually dry
is submerged under water. There are several types

of �oods that differ by the processes that produce
them.1 Coastal �oodsmay be triggered by earthquakes
in the ocean. They are called tsunamis such as those
that occurred in Indonesia in 2004 and in Japan
in 2011. Coastal �oods can also be triggered by
strong winds in association with particularly high
tides. River �oods, however, occur along small or big
rivers and are usually triggered by rainfall, sometimes
in association with snowmelt. An example of such
a �ood caused by rainfall is shown in Figure 1(a)
that occurred in Tyrol, Austria, in August 2005.
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A particular type of river �ood are ice jam �oods
when, after a cold spell, the river ice breaks up and the
ice �oes get congested to form a dam that blocks the
�ow of water thus causing inundations (Figure 1(b)).
Another type of �oods is dam break �oods. A famous
example is the Johnstown Flood that occurred in May
1889 and was the result of the failure of the South
Fork Dam in Pennsylvania, USA. Such �oods may also
occur when the dam containing a glacial lake fails.
Finally, �ash �oods are caused by short, small-scale,
but very intense rainfall and may occur in any part of
the landscape. If they occur in mountain areas, they
are often associated with landslides and debris �ows.
A recent example is the Cinque Terre �oods in October
2011 in Northern Italy.

There has been a surprisingly large number of
major �oods in the last years around the world,2

which suggests that �oods may have increased and
will continue to increase in the next decades. Recent
major river �oods in Europe include the May/June
2013 �ood at the Elbe and Danube, the May 2014
�ood on the Balkan, and the winter 2013/2014 �oods
affecting much of the UK. However, it is not fully
clear whether this perception of universally increasing
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FIGURE 1 | Two examples of river floods: (a) rain flood in Paznaun, Tyrol, August, 2005 and (b) ice jam flood in Vienna, Austria, March, 1830.

�oods is borne out by observational data. This study
aims at shedding light on this issue. It is speci�cally
concerned with river �oods that are the result of
rainfall and snowmelt. The article will �rst brie�y
explain how �oods can be measured (Chapter 2) and
then examine whether �oods have increased in the
past in Europe (Chapter 3), review the processes that
cause changes in river �oods at present (Chapter 4)
and �nally discuss whether �oods are likely to increase
in the future (Chapter 5).

There are a number of quantities that are of
interest when trying to understand how big a �ood
is and why it has occurred. The most obvious is the
�ood water level. Often, one is not only interested in
the water level but also in how much water passes
through a cross section of the river. This quantity is
termed runoff or discharge and has units of volume per
time. Rain and snowmelt induced river �oods occur
when the runoff is much higher than usual. In the
remainder of this study, runoff will be used as the main
quantity to characterise �oods. This is a particularly
useful measure as it makes the magnitude of �oods
more comparable irrespective of the cross-sectional
area of a particular river reach. Speci�cally, the highest
runoff of a �ood (termed peak runoff) is an important
quantity representing the magnitude of a �ood.

HAVE FLOODS CHANGED IN THE
PAST?

The most objective way of exploring whether �oods
have become bigger over the past decades for a par-
ticular river is to analyze long data records of �ood
runoff. An example of such a record is presented
in Figure 2, which shows the maximum runoff in
every year between 1828 and 2013 for the Danube
at Vienna, Austria. The graph indicates that there
are years with relatively small peak runoff (which

one would not actually call a �ood) and there are
years with very large runoff which certainly qualify as
�oods. Four of the biggest �oods have been marked
by red circles in the �gure. These are the �oods that
occurred in June 2013, August 2002, July 1954, and
September 1899. All of these �oods were produced
by heavy rainfall with maximum rainfall rates of over
300mm (equivalent to L/m2) in a couple of days. The
exception was the �ood in September 1899 where
rainfall was much higher (more than 500mm), yet
the peak runoff was not very different from that of
the other events. This was because the landscape was
rather dry in September due to low summer rainfall.
Much of the event rainfall therefore in�ltrated into
the soil, so the actual runoff from the land surface
was somewhat reduced.

Plots such as that shown in Figure 2 have been
analyzed by numerous researchers around the globe
to understand any changes in the �ood magnitudes
and frequency that may have occurred in the past
decades.2,4 Often, the interest resides in whether a
trend has occurred. To test the existence of a trend
a regression line is �tted to the data and it is also
evaluated whether that trend is statistically signi�cant.
Overall, these studies have shed a lot of light on
river �ood trends around the world in the past
decades but the data show an immense amount of
spatial heterogeneity. The heterogeneity is mainly
due to local processes that affect the magnitude of
�oods (as discussed in the next chapter). There are
also interesting large-scale patterns brought out by
the analyses. The literature review of Hall et al.2

suggests that there was a tendency of �oods in the
Iberian peninsula and in North-Eastern Europe to
decrease (the latter due to the in�uence of earlier
snowmelt) and a tendency of �oods inWestern Europe
to increase (due to changes in precipitation) (Figure 3).
It should be noted that the results of the trend analysis
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FIGURE 2 | Maximum annual floods (i.e., the largest runoff in every year) for the Danube at Vienna between 1828 and 2013. (Reprinted with
permission from Ref 3. Copyright 2013). Publisher is Österreichischer Ingenieur- und Architekten-Verein.

invariably depend on the observational window of the
�ood series. Figure 2, e.g., would give a decreasing
trend if only the period 1890–1950 were considered,
but an increasing trend for the period 1950–2013.
Differences in the observational windowwill therefore
introduce uncertainty in the analysis.

Runoff observations on most rivers have only
started in the late 19th century or even later. It is also
of interest to go back further in time to understand
�ood changes on a long term basis. Such changes can
be explored by historical hydrology based on a variety
of source material, mainly from the past 500 years,
and sometimes even longer. Documentary sources
include individual records (e.g., narratives such as
chronicles, newspapers, private and of�cial corre-
spondence, and pictures) and legal-administrative
materials (e.g., account books and taxation records).
5,6 The information provided may include the time
and date of the �oods, their meteorological and
hydrological causes, human losses and material dam-
age as well as the societal responses. Flood marks
along the river banks (usually on buildings) provide
information about the highest water level of a �ood.
Both documentary sources and �ood marks can be
used to infer the �ood peak runoff by mathematical
modeling.7 If one intends to go further back in history,
paleohydrology may provide useful information on
the magnitude of �oods through their environmental
effects such as slackwater sediment deposits or scour
lines.8,9 An example of a European overview derived
from historical documentary-based long-term recon-
structions is shown in Figure 4. The red colors indicate
regions and periods where the �ood magnitudes were
particularly high and/or the �oods occurred par-
ticularly frequently. An interesting �nding of these

long term analyses is that �oods tended not to occur
evenly distributed throughout history but in clusters
or periods that were particularly prone to �ooding
resulting in �ood rich and �ood poor periods. For
example, a �ood-rich period is found in the second
half of the 18th century where a great number of
large/destructive �oods occurred in many parts of
Europe (Figure 4, centre bottom). There have been
various interpretations of the occurrence of �ood rich
periods that are usually related to the recurrence of
similar combinations of �ood generating processes in
the Earth System.11–15

From a societal perspective one is not only
interested in changes in the �ood magnitudes (e.g.,
measured by changes in the peak runoff) but also in
their effect on the economy, in particular the economic
losses incurred by �oods.16 One such analysis of the
changes in �ood losses in Europe is shown in Figure 5,
which compares two cases for illustration. Figure 5(a)
shows the raw losses in Million US$, i.e., without
accounting for in�ation or any other changes in the
socioeconomic system. Figure 5(b) shows the losses
normalised not only by in�ation but also for changes
in population and wealth. The comparison illustrates
that care needs to be taken in interpreting time graphs
of losses. Both �oods and socioeconomic parameters
undergo very signi�cant decadal dynamics. In many
countries around the world, the value of assets in
�ood prone areas has increased enormously in recent
years and migration into �ood prone areas has also
been observed.18 While �oods have changed in a com-
plex manner, depending on their in�uencing factors,
in many regions the socioeconomic conditions have
changed even more.19
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FIGURE 3 | Summary of trends in flood peak runoff in the last decades in Europe obtained from different studies and study periods. Upward
pointing arrows indicate increasing trends and downward pointing arrows represent decreasing trends. Both are related to the majority of trends in a
region. No arrows are shown in areas with inconclusive data and/or results (Reprinted with permission from Ref 2. Copyright 2014). Published by
Copernicus Publications on behalf of the European Geosciences Union.

WHAT ARE THE DRIVING PROCESSES
OF CHANGE?

The processes controlling river �oods triggered by
rainfall and snowmelt can be grouped into three com-
partments. The �rst is the atmosphere where rainfall
is produced and the energy conditions for the land
surface associated with snowmelt and evaporation are
de�ned. The second are the catchments (i.e., the land
surface, the soils, and the groundwater aquifers) where
the rain water (and any snowmelt) �ows off on the

surface or in�ltrates into the subsurface. The third are
the river systems where the runoff generated locally
is transported downstream collecting in�ows from an
ever increasing number of catchments. The processes
in all three compartments affect the characteristics of
river �oods. Therefore, any changes in these processes
will also lead to changes in the �oods themselves.

Table 1 presents a summary of the process
drivers of changes in �oods. The relative importance
of individual drivers depends on the local situation
and on the boundary conditions. These are discussed
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FIGURE 4 | Periods with frequent and less frequent flooding in Europe for selected periods between 1560 and 1810 (Reprinted with permission
from Ref 10. Copyright 2010). Published by Copernicus Publications on behalf of the European Geosciences Union.

below, grouped into drivers related to the atmosphere,
catchments, and the river system.

Atmosphere
The most important driver for changes in the river
�oods are changes in precipitation. Precipitation itself
is generated by different mechanisms. Broadly speak-
ing, large-scale (synoptic) precipitation is related to
the regional pressure distribution and the in�ux of
atmospheric humidity. For example, winter �oods in
Western Europe are often due to Atmospheric Rivers,
narrow ribbons along which large quantities of
humidity are transported across the Atlantic from the
subtropics to the mid-latitudes.21 Changes in the fre-
quency and characteristics of the global atmospheric
circulation will lead to changes in the precipitation
rates.22 Changes of these processes have been ana-
lyzed comprehensively by numerous research groups
around the world, including the Intergovernmental
Panel on Climate Change.23 Merz et al. provided a
review of the state of the art.24 However, small-scale
(convective) precipitation tends to produce higher
rainfall intensities and is related to the stability of
the atmosphere (instability occurs when the lower air
masses warm up due to ground heat by radiation, so
their density is decreased which makes that air move
up, cool down, condensate, and precipitate water).
If the air is warmer, it can hold more water. The
water holding capacity of the atmosphere increases

by around 7% per degree of temperature increase (a
relationship named after Clausius–Clapeyron). In a
warmer climate, one would therefore expect higher
precipitation rates. In practice, there are a number
of complex processes affecting both large-scale and
small-scale precipitation, and changes are dif�cult to
observe. Changes in large-scale (synoptic) precipita-
tion are relevant in large river basins with catchment
areas of hundreds to hundred thousands of square
kilometres. Changes in small-scale, convective precip-
itation are relevant in small catchments with areas on
the order of hundred square kilometres or less.

An example of the changes in observed regional
precipitation is shown in Figure 6(b) for four regions
in Austria. The �gure suggests that, in the South of
Austria, precipitation has decreased in the past 200
years (blue line). In the North of Austria, the pat-
tern is more complex and there is a clear increase
in the last two decades. Such an increase may trans-
late in increased �ood magnitudes. For comparison,
Figure 6(a) shows observed air temperatures indicat-
ing clear increases in the 20th century.

Increases in air temperature are associated with
changes in the energy balance of the land surface. As
the air temperature increases, there is usually more
energy available for melting snow, which may increase
snow-melt induced �oods. It is therefore important
to understand the role of snowmelt in river �oods
relative to the role of rainfall. There are a number of
studies that have classi�ed �oods into rainfed �oods,
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FIGURE 5 | Annual flood losses in Europe from major flood disasters: (a) raw data and (b) data corrected for inflation as well as for changes in
population and wealth (Reprinted with permission from Ref 17. Copyright 2009). Published by Copernicus Publications on behalf of the European
Geosciences Union.

TABLE 1 Examples of Potential Drivers of Change in Flood Regimes and Associated Variables.2 (Reprinted with permission from Ref 20. Copyright
2012). Published by Copernicus Publications on behalf of the European Geosciences Union.

Compartment Processes Variables Drivers of Change

Atmosphere Atmospheric forcing of catchment
water fluxes

Temperature, total precipitation,
precipitation intensity/duration,
snow cover and snowmelt, short-
and long-wave radiation climate
variables

Natural climate variability at different
time scales, anthropogenic climate
change

Catchments Runoff generation and
concentration

Infiltration capacity, runoff coefficient,
water storage capacity,
evapotranspiration

Urbanization, transport infrastructure,
deforestation, ditch construction,
wildfires, agricultural management
practices, drainage of wetlands and
agricultural areas, construction of
flood retention basins

Rivers Flood wave propagation,
superposition of flood waves

River morphology, conveyance,
roughness, water level, runoff,
floodplain storage, river channel
vegetation

In-stream channel engineering,
reduction in river length,
construction of dikes, groynes and
weirs, operation of hydropower
plants and reservoirs
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FIGURE 6 | Smoothed annual series of observed (a) air temperature and (b) precipitation for subregions of Austria based on the HISTALP data
set. Colors relate to different regions within Austria; black colors in (a) to a few mountain stations (Reprinted with permission from Ref 25. Copyright
2011). Publisher is Springer.

snow-melt �oods and rain-on-snow �oods based on a

detailed analysis of the processes involved.26 A simpler

measure of the relevance of process drivers is the date

of the year the �oods have occurred (termed seasonal-

ity). An example for the case of the Alpine–Carpathian

range is given in Figure 7. The top panel (Figure 7(a))

shows the mean date within the year the maximum

daily precipitation occurred. North of the Alps, the

maximum precipitation tends to occur in early sum-
mer (green color in the �gure) while south of the Alps
it occurs in late summer (brown color in the �gure),
i.e., precipitation is mainly in summer. The seasonality
of the �oods (Figure 7(b)) is more complex. There are
summer �oods in the main Alps (green and brown col-
ors) but winter �oods north of the Alps and East of the
Carpathians (blue color). These differences are due to
winter snowmelt and due to the role of soil moisture in

(a)

(b)

J F M A M J J A S O N D

J F M A M J J A S O N D

FIGURE 7 | Precipitation and flood seasonality across the Alpine–Carpathian range. (a) Mean date within the year the maximum daily
precipitation occurred. (b) Mean date within the year the maximum flood runoff occurred. Observed data from 1961 to 2000 (Reprinted with
permission from Ref 27. Copyright 2010). Publisher is Elsevier.
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FIGURE 8 | Event precipitation and runoff depths for the largest events on record in the Kamp catchment at Zwettl, Austria (Reprinted with
permission from Ref 31. Copyright 2007). Published by Copernicus Publications on behalf of the European Geosciences Union.

producing �ood runoff. Any changes in these controls
will also lead to changes in the �ood magnitudes.2

Catchments
Soil moisture is indeed a very important factor in
producing �ood runoff.28,29 Soil moisture determines
the amount of precipitation that cannot in�ltrate and
therefore runs off from the land surface and con-
tributes to �ooding. The percentage that runs off dur-
ing a storm typically is between 10 and 60%30 and
will thus be decisive for the actual magnitude of a
�ood. Even for the same catchment, the runoff con-
tribution may vary vastly between events depending
on the soil moisture at the beginning of that event as
illustrated in Figure 8. In this particular catchment, the
precipitation of the July 10, 1999 event was 120mm
(equivalent to 120L/m2) out of which 20mm ran off
the surface and produced a (small) �ood. This means,
the contribution of precipitation to that �oodwas only
17%. However, the precipitation of the August 13,
2002 event was 110mm of which 60mm (or 55%)
ran off the surface and produced a much bigger �ood.
The high percentage was due to a previous storm on
August 7, 2002 (top bar in Figure 8). It becomes clear
that, while rainfall is an important factor controlling
�oods, the catchment soil moisture is equally impor-
tant. Any changes in the catchment soil moisture will
therefore also affect the �ood magnitudes.

Soil moisture is controlled by evaporation.
Increases in evaporation will reduce soil moisture.
However, soil moisture is also controlled by the

in�ltration characteristics of the soil. The more per-
meable a soil, the less water will accumulate near
the surface. Because of this, change in land use is an
important driver of �ood changes. Surface sealing
due to urban development will reduce in�ltration.
Changes in land use from agricultural land to forest
(afforestation) may increase the in�ltration because
coarse woody roots of trees tend to create prefer-
ential �ow paths in the soil (so called macropores)
which enhance the fast �ow of water from the surface
into the subsurface, thus recharging the aquifers.
Afforestation will also increase evaporation and
reduce soil moisture. There is therefore a complex
interplay in the soil–plant–atmosphere continuum of
the processes controlling �ood generation.32

The role of these processes on �ood generation
can be assessed by paired catchment studies33 in
which the runoff from two neighboring catchments
is monitored. After a period of time, the land use in
one of the catchments is changed (e.g., the forest is
cut) and the resulting change in the runoff response
is observed. An alternative are modeling studies that
simulate the effect of land use on the �ood response.
A typical example of such a study is shown in Figure 9.
Each point in the �gure relates to one �ood event.
For each event, two simulations were performed, one
with the real land use, and one with changed land use
(either less or more forest cover). The differences in
the �ood peak runoff between these two simulations
are plotted as percentages. The �gure illustrates that
afforestation tends to reduce �ood peaks (which is
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due to increased in�ltration, storage, and evaporation)
while deforestation tends to increase the �ood peaks.
The effect is somewhat larger if the soils are dry at
the beginning of the event. A scienti�c debate on
the exact magnitudes of the effects of afforestation
and deforestation on �oods in different hydrological
settings is ongoing.35,36

Similar simulation studies have been performed
for large river basins.37 As land-use change is usually
a local phenomenon due to the rather limited spatial
extent of land-use changes, the impact of any distur-
bance will decrease with catchment size. In contrast,
climate impacts may occur at larger scales so they
will likely be relevant at both small and large scales.
This scale effect is depicted schematically in Figure 10.
At the level of entire river basins such as the Rhine,
land-use change effects are hardly discernable while
at small scales this may well be the case.2 An example
is urban �oods at the very small scale that may be
enhanced by urban development due to the reduction
in the in�ltration capacity of the soils.39

RIVERS

As the �oodwaves propagate through the river system,
they will be in�uenced by the characteristics of the
channel and the �ood plain. River training usually
consists of straightening of the channel (to increase the
�ood conveyance of the channels) and construction of
levees at the banks (to protect the �ood plain from
�oods that do not exceed the crest of the levees). The

Im
p
a
c
t

Land use

Climate variability

Catchment scale

FIGURE 10 | Hypothesised impact of land-use and climate
variability on flood magnitudes as a function of scale (Reprinted with
permission from Ref 38. Copyright 2007). Published by John Wiley and
Sons.

straightening of the channels tends to increase the
speed at which �ood waves move through the system.
Levees also tend to increase the wave speed as the �ood
waters cannot spread out onto the �ood plain, so the
water levels between the levees will be higher than
for a case without levees. Higher water levels in turn
translate into faster velocities. For example, the speed
of the �ood waves of the Upper Danube has increased
by about 30% in the past 120 years as a result of levee
construction.40

Construction of river levees will also reduce the
storage of �ood water on the �ood plain. Without
levees, runoff exceeding the bank full capacity of
the channel will cause the �ood waters to inundate
the �ood plain. The volume of water in the �ood
plain is abstracted from the �ow in the main channel
which reduces the runoff. The reduction in runoff
is particularly relevant if it occurs around the time
of the peak runoff, as it will then reduce the peak.
The processes of �ood plain storage are schematically
illustrated in Figure 11. The important point is that,
because of mass balance, the total volume of water
removed from the main channel during the rising limb
of the �ood is equal to that added to the main channel
during the recession and that volume is equal to the
storage volume in the �ood plain.

Building levees will reduce this storage effect.
However, removing levees or moving them further
away from the river (as is done in the ‘Room for
the river concept’ 41) will increase the storage effect
and reduce the �ood peaks. The same effect can be
obtained by building polders, which is a dedicated
piece of land that is allowed to �oodwhen needed. The
magnitude of the effect can be estimated by hydrody-
namic models,42 but simple calculations can also give
useful orders of magnitude. Consider, as an example,
a typical �ood at the Upper Danube where the
�ood peak runoff is around 10,000m3/s (maximum
of the hydrograph in Figure 11(b)). The required
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FIGURE 11 | Schematic of flood plain effects on the flood
hydrograph: (a) map view of a river reach with water moving from the
main channel (dark blue line) out onto the flood plain and moving back
to the main channel, and (b) inflow and outflow hydrograph of the
reach. Flood plain retention reduces the flood peak. The magnitude of
the reduction is mainly controlled by the retention volume.

retention volume is the green area in the schematic
in Figure 11(b). Assuming it can be approximated
by a triangle of duration 2 days, and accounting
for the units, a reduction by 20% of the �ood peak
by the construction of polders (or by removing
levees) requires a total retention volume of V =

10,000×0.2× 2× 0.5×24×3600= 1.73×108 m3. If
the polders are inundated by 1m, the required area
is 173 km2. This suggests that a lot of land area is
needed for reducing �ood peaks at medium sized and
large rivers.

WILL FLOODS CHANGE IN THE
FUTURE?

Whether �oods will occur more frequently or with big-
ger magnitudes in the future at a location of interest
will depend on changes in the processes in the three
compartments—atmosphere, catchments, and rivers.
Such predictions (or sometimes called projections) are
usually performed by scenario analyses where the pro-
cesses driving �oods are simulated by mathematical
modeling. Two cases are compared:

• simulations for the current situation (without a
change)

• simulations for a possible future situation (with
a change)

The differences in these two simulations then
give the magnitudes of the effects on the �oods of
changes in the drivers.

Assessing the effect of changes in the atmo-
spheric processes starts from assumptions about the
future socioeconomic conditions, say in the 21st cen-
tury. From these, future greenhouse gas and aerosol
emissions are estimated that are used to drive global
climate models (GCMs) to estimate future green-
house gas concentrations in the atmosphere and other
climate parameters. More recently, the alternative
approach of ‘Shared Socio-Economic Pathways’ 43 has
been developed where the assumptions start directly
at the stage of future greenhouse gas concentrations
in the atmosphere. The results of the GCM simula-
tions are then downscaled by regional climate models,
which are then used as inputs to hydrological models
that simulate the �ood frequencies and magnitudes.44

Figure 12 presents an example of outputs from
GCMs. Shown are the differences of simulated win-
ter precipitation in the greater Alpine area in the
period 1860–2100 relative to 1961–1990. The results
from �fteen GCMs have been analyzed statistically
and the grey shading gives the frequency of these
results. The red line shows the median of all simula-
tions. In these simulations, natural drivers (volcano
eruptions and �uctuations in solar radiation) and
anthropogenic drivers (emissions) where used for
the period 1860–2000 and anthropogenic drivers for
2001–2100. For comparison, the green line shows
observational data of winter precipitation in the
region. The between-year variability of the simula-
tions is much smaller than that of the observations as
the former do not intend to replicate individual years
but decadal variability. The �gure also illustrates
the uncertainties in the decadal variations of the
simulations relative to the observations.

Hall et al.2 review the literature on future
changes in �oods due to climate change for the case
of Europe. Some studies suggest that mean precipita-
tion and wet-day frequency will increase in northern
Europe (translating into more frequent �oods), and
decrease in southern Europe (translating into less
frequent �oods).45 Additionally, regional warming
may lead to increases in convective precipitation in
all of Europe, which may increase �oods in small
catchments everywhere.

Overall, predictions of changes in future extreme
precipitation are less reliable than those of future sea-
sonal (or annual precipitation), and these are less
reliable than those of future air temperatures. The
predictions are further complicated by scale issues.46

The uncertainties in the �ood impact simulations
are therefore usually large and, often, not fully com-
municated. Blöschl and Montanari therefore argue
that utmost care needs to be taken in interpreting the
results of such impact studies.47 Understanding the
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FIGURE 12 | Change in the winter precipitation (December to February) from 1860 to 2100 relative to 1961–1990 in the greater Alpine area.
Grey shading and red (median): 15 global ocean–atmosphere models for the IPCC SRES A1B scenario. Green: Histalp observations (Reprinted with
permission from Ref 25. Copyright 2011). Published by Springer.

drivers and their changes may be more relevant than
predictions of uncertain �ood changes. An example of
a simulation study where the focus was on the drivers
is shown in Figure 13. The graphs were obtained by
Monte Carlo simulations with assumptions about
present and future rainfall and air temperature char-
acteristics in two regions in Austria (Tyrol in the Alps
and Mühlviertel in the low lands). In Tyrol, �oods
occur mainly in the summer (also see Figure 7(b),
dark green colors). Under a future climate (red line
in Figure 13(a)), they may occur slightly earlier in
the year which is because of earlier snowmelt as a
result of higher air temperatures. In the Mühlviertel
region, however, �oods tend to occur in spring (blue
colors in Figure 7(b)) due to the wet soils in winter
and spring with some snowmelt contribution. Under
a future climate (red line in Figure 13(b) there is a
clear shift toward more frequent winter �ooding (in
particular in December). This is mainly because more
precipitation falls as rain (and less as snow) due to
higher air temperatures. This effect is stronger than
in the Alps because of the lower altitudes where snow
often falls at temperatures not much below freezing.

Changes in catchment and river processes can
be simulated by a similar scenario approach as that
for the atmospheric processes.49 As, in both cases,
the local situation will be the main control on
any changes, such scenarios re�ect the management
options of �ood and land management and are dif-
�cult to generalise.

The scenario approach is based on the assump-
tion that the future system will operate similar to the
past, with the exception to the one quantity that is
changed (e.g., changed climate, land use, or levees).50

However, Sivapalan et al. argued that this may not
be a very realistic assumption if one predicts decades
or centuries into the future.51 Any changes in the
hydrological system will also affect the socioeconomic
system and vice versa. They coined the term sociohy-
drology as the science that considers humans as an
integral part of the entire system. The idea is to go
beyond the quasi-stationarity of the scenario approach
(as assumed in Figure 13, e.g.) and focus on feedbacks
of the long-term dynamics. The system components
(society, infrastructure, and catchments) may coevolve
over long time periods because they are connected.

To illustrate the role of feedbacks for river �oods,
Di Baldassarre et al. and Viglione et al. proposed a
simple (stylised) model that represents the interplay
of the main processes associated with �oods for a
hypothetical city located at a river.18,52 Figure 14
shows the loop diagram of the model. Each arrow
represents a connection between the components. The
components are the economy (in terms of wealth
of the city), the technology (in terms of level of
�ood protection), the hydrology (in terms of �ood
magnitudes and damage), politics (in terms of urban
planning), and society (in terms of risk awareness).
In the model, each component is represented by
a dynamic differential equation. The equations are
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FIGURE 13 | Simulated frequency of floods for two regions: (a) Tyrol and (b) Mühlviertel, Upper Austria. Current conditions (black) and scenario
(red) (Reprinted with permission from Ref 48. Copyright 2011). Publisher is Springer.
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(Reprinted with permission from Ref 18. Copyright 2013). Published by
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nonlinear and coupled. The model does not represent
one particular city. Instead, it can be used to explore
the general feedbacks of such a system.

An example of the simulation result of the model
is shown in Figure 15. In the simulations, time series of
200 years of �oods (similar to those in Figure 2) were
assumed. The coupled model simulates the evolution
of the city over these two centuries including whether
citizens decide to build close to the river (which
has economic advantages) or far away from the
river (which tends to avoid �ood damage), and they
may decide to build levees to protect them from
�ooding (but these may be overtopped). In Figure 15,
there are two scenarios. At the top (Figure 15(a)),
the �ood management options involve the choice of
building close or far away of �ood prone river but
no levees. At the bottom (Figure 15(b)), the �ood
management options also involve the construction of

Dams
overtopped

Damage without
flood protection

Damage with
flood protection

Protected

200150100500

(a)

(b)

Years

FIGURE 15 | Two scenarios of flood damage for a hypothetical city:
(a) flood management options involve the choice of building close or far
away of flood prone river but no levees and (b) flood management
options also involve the construction of levees. Light blue areas indicate
flood-rich periods, white areas flood-poor periods. Results from the
sociohydrology model of Refs 18 and 52.

levees. Without �ood protection, each �ood results in
a commensurate �ood damage. During the �ood-rich
periods, there is of course more �ood damage than
in the �ood-poor periods. For the case where �ood
protection (i.e., levees) is gradually constructed in the
model (mainly around year 50 in bottom scenario),
the damage is signi�cantly reduced because of the
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protection (as compared with the scenario at the
top). However, during the ensuing �ood poor period
(years 80–130) (when the �oods are smaller than
the protection level and therefore do not cause any
damage) citizens tend to forget about the �ood risk
and settle close to the levees. Once the �ood-rich
period sets in, the damage is larger than for the case
without �ood protection. While these are hypothetical
scenarios, they do underline that feedbacks between
the components of the sociohydrological system may
be very important. Of course, even without human
interventions, hydrological processes feedback with
underlying natural causes in the atmosphere, the
landscape, and the river system over long time scales,
thus in�uencing river �oods, e.g., as conceptualised in
Perdigão and Blöschl.29

Flood management, ideally should account for
all these complexities using local information in a river
basin context. Many countries have recently passed
legislation such as the EU Flood directive53 that explic-
itly requires the establishment of �ood risk manage-
ment plans. The overall idea is that the �ood risk
problem is dealt with in a comprehensive way; hence
the term integrated �ood risk management (IFRM)
is currently used. The term ‘integrated’ refers to the
integration between sectors (such as water manage-
ment, transport, regional planning, and tourism) and
between upstream and downstream reaches in a river
basin.

Risk is usually conceptualised to consist of two
components: hazard and vulnerability. The hazard
relates to the characteristics of the �ood while the
vulnerability relates to the characteristics of the
people, the property or the environment that are at
risk. Risk management may either reduce the hazard
(e.g., by building polders), or the vulnerability (e.g.,
by building further away from the river), or both.
In fact, IFRM may involve a wide range of mea-
sures, including structural measures such as levees
for �ood protection, polders of �ood mitigation, and
nonstructural measures such as land-use zoning and
insurances. IFRM may also increase the prepared-
ness by establishing emergency plans, training �ood
management staff, awareness building of the general
public, and �oodwarnings. Once a �ood has occurred,
the response may involve evacuations and the provi-
sion of food and shelter. Longer-term responses may
include cleanup and rebuilding of structures.54

There are two fundamental approaches to risk
management. The �rst is termed the ‘predict-then-act’
method where future �ood risk is estimated which is
then used as the basis for choosing among alternative
�ood management options.55 The future risk is esti-
mated by combining the future hazard (e.g., estimated

by downscaling GCM simulations to drive hydrolog-
ical models) with the future vulnerability (e.g., esti-
mated by assessing the potential damage). The second,
alternative, approach is the vulnerability approach. It
starts at the local scale of individuals, households, and
communities, and explores the factors and conditions
that enable successful coping with �ood risk.56,57 This
approach also works for situations where the indi-
vidual factors contributing to the �ood risk are not
know in detail or cannot be anticipated. For example,
Blöschl et al. report on a dam failure that resulted from
the inability of the dam managers to open the �ood
gates as they had blocked them previously because of
concerns about sabotage.58 This is an example of a
situation that can be hardly anticipated by engineers
planning a dam.

These types of unexpected or surprising events
may be more widespread than what one usually
thinks. Taleb59 termed such unexpected, large impact
events ‘Black Swan events’, based on the anecdote
that, before the discovery of Australia, all swans were
considered to be white because of the lack of black
swan sightings in the western world (Figure 16). The
2001 terrorist attack on the World Trade Centre is
an example of a Black Swan event. For such events,
prior risk calculations will be grossly in error. Taleb59

also noted that the worst disasters in history have been
the unexpected ones because of the inability to brace
against them. The vulnerability approach is suitable
for dealing with Black Swan events as there is no need
to specify the causes of the �ood risk. An example
of implementing such a strategy has been reported by
Wardekker et al.60 who explored imaginable surprises
(termed ‘wildcards’) when proposing a �ood risk man-
agement strategy for the city of Rotterdam. Blöschl
et al.58 argue that a combination of ‘predict-then-act’
and the vulnerability approaches will often be in order.
The latter gains in importance for very large poten-
tial societal consequences of �oods at the location of
interest.

CONCLUSIONS

This article has explored whether �oods have changed
in the past. In Europe, the magnitude and frequency
of �oods have indeed changed in a complex manner
with �ood-rich and �ood-poor periods alternating. In
some parts of Europe, the present may be a �ood-rich
period. While increasing river �ood runoff is reality
rather than �ction at some locations, depending on
their in�uencing factors, in many regions the socioe-
conomic conditions have changed evenmore, resulting
in increases in �ood damage.
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FIGURE 16 | A black swan among numerous white swans is
unexpected but may be the important one. There is a potential for Black
Swan events in hydrology that are unexpected but have high impact
from a societal point of view. Available at: http://www.lonelyplanet.
com/japan/hokkaido/images/black-swan-among-white-swans-hokkaido
$24256-1.

This article has also examined the driving pro-
cesses of change. Changes in the frequency and charac-
teristics of the global atmospheric circulation will lead
to changes in regional precipitation, and warmingmay
lead to higher convective precipitation. These changes

are very signi�cantly modulated by soil moisture and
snowmelt processes. Land-use change effects (such
as deforestation and urbanisation) on �oods may
be important for small catchments, but at the large
river basin scale, these effects are usually very small.
River training and the construction of polders may
also affect the �ood magnitudes. The main parame-
ter controlling the �ood peak is the �ood retention
volume available on the �ood plain.

Future changes in the frequency and magni-
tudes of �oods at a particular location will depend
on changes in the three compartments—atmosphere,
catchments, and rivers. Scenario methods are used
to explore such changes. Future air temperatures
can be anticipated with less uncertainty than future
extreme precipitation. Because of this, �ood change
predictions associated with snowmelt are more reli-
able than those associated with heavy precipitation.
When lead times of decades or centuries are of inter-
est, it is important to account for the long term feed-
backs between the hydrological system and the soci-
etal system by coupling fully the system components
as is done in sociohydrology. For high-risk situations,
unexpected extreme events (so called Black Swan
events) are important. To account for such events, the
vulnerability-based approach to IFRM should be com-
bined with the traditional ‘predict-then-act’ method.
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