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Floods and Climate Change: Interactions and Impacts

Axel Bronstert!

Whether the floods experienced during the last decade in Germany and in other European
countries are triggered or worsened by human activities has been the subject of a great deal of
debate. Possible anthropogenic activities leading to increased flood risk include river regulation
measures, intensified land use and forestry, and emissions of greenhouse gases causing a change
in the global climate. This article discusses the latter by reviewing the existing knowledge on the
subject. First, the relevance, capabilities, and limitations of climate models for the simulation
and analysis of flood risk under aspects of the anthropogenic climate change are described.
Special consideration is given here to differences between the “typical” spatial scale of climate
models and hydrological flood models. Second, observations of trends in climate variables
relevant for river flooding issues are summarized. Special emphasis is put on the Rhine and
other German catchment areas. Third, the possibilities of modeling the different parts of the
“cascade of flood risk” are summarized, introducing the special features of meteorological,
hydrological, and river hydraulic models.
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1. INTRODUCTION

Whether the floods experienced in recent years
in Germany and in other European countries are trig-
gered or worsened by human activities has been the
subject of a great deal of debate.(1–5) Possible anthro-
pogenic activities leading to increased flood risk in-
clude river regulation measures, intensified land use
and forestry, and emissions of greenhouse gases caus-
ing a change in the global climate. This article dis-
cusses the latter by reviewing the existing knowledge
on the subject.

In recent years, rising water levels, floods, and
landslides following heavy precipitation have oc-
curred with increasing frequency in many European
countries. Table I gives a still not complete overview
of severe river floods in the European Union and
neighboring countries and their direct effects on the
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population of the affected areas between 1991 and
2000.

In 1990, the Intergovernmental Panel on Climate
Change (IPCC) confirmed the increase of greenhouse
gases in the atmosphere and the resulting global
warming of the earth.(6) The second technical report(7)

concluded, inter alia, that the mean summer temper-
atures in the northern hemisphere in the last decade
have been the highest experienced since the begin-
ning of the 15th century. On the basis of a wide array
of proxy sources, such as ice cores, tree rings, corals,
and lake sediments, it has been concluded that the
20th century is at least as warm or even warmer than
any century of the last millennium. Accordingly, for
some places of the earth, especially for high moun-
tain regions, the 20th century seems to be the warmest
century in several thousand years. These findings are
supported on a even wider basis by a variety of tem-
perature measurements over the globe as reported in
the IPCC third assessment report.(8)

In the 20th century warming took place basically
during two periods: from about 1910 to 1940 and from
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Table I. Heavy Floods in the EU and
Neighboring Countries, 1991–2000, and

Their Effects on the Population

Region Year Fatalities Evacuations

Wallis (Switzerland); Northern Italy 2000 36 ?
England and Wales 2000 ? ?
Eastern Spain 2000 ? ?
Hungary and Romania 2000 11 ?
Bavaria (Germany); Austria; Switzerland 1999 12 ?
Southwest France 1999 ? ?
Portugal; Western Spain; Italy 1998 31 ?
Belgium; Netherlands 1998 2 ?
Slovakia, Czech Republic, Poland 1998 ca. 100 ?
Eastern Germany; Czech Republic; Western Poland 1997 114 195,000
Southern Spain 1996 25 200
Southern, western, and northern Germany; Belgium; 1995 27 300,000

Luxembourg; Netherlands; eastern
and northern France

Piemonte and Liguria (Italy) 1994 73 3,400
Greater Athens (Greece) 1994 12 2,500
Southwest Germany; Belgium; Luxembourg; southern 1993–1994 17 18,000

Netherlands; eastern and northern France
Piemonte and Liguria (Italy); southeast France 1993 13 2,000
Essex and Devon (UK); Ireland 1993 4 1,500
Vaucluse (France) 1992 42 8,000
Sicily (Italy) 1991 16 2,000

the middle of the 1970s to the present.(8) The seven
warmest years occurred during the last 10 years of the
20th century (see Fig. 1). A similar trend of temper-
ature increase, as well as an accumulation of warmer
years during the last 10 years, was not only observed
worldwide, but also in Germany.

The decisive questions for evaluating the effects
of climate warming on the risk of flooding in Europe
are the following:

Fig. 1. Mean annual values of air temperature over the land ar-
eas of the earth (#C) 1861–2000 in relation to the average of
1961–1990.(8)

! Is the observed temperature increase accom-
panied by an increase in precipitation as well
as by an increasing number and/or severity of
floods?

! Is there any change in the characteristics
(quantity, intensity, extension) and frequency
of extreme precipitation events causing
floods?

! What are the effects of climate change on
flooding in comparison to other anthropogenic
impacts and in comparison to the “normal”
natural variability?

At present, large scientific uncertainties are as-
sociated with these questions. However, some con-
clusions with regard to the possible effects of global
warming on the risk of flooding may be drawn on the
basis of the knowledge available today. For this pur-
pose it is advisable to differentiate between two cat-
egories of floods according to the size of the affected
area and the duration of precipitation (spatial and
temporal scale of the flood events). Extensive, long-
lasting floods ( plain floods) describe the flooding of
larger areas that is almost invariably caused by rain-
falls lasting several days or weeks in connection with
high antecedent soil saturation. Flooding caused by
extensive and long-lasting rainfalls, partly connected
with the melting of snow and ice, occurs mostly in
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Fig. 2. Overview of observed trends in global hydrology.(7)

plain areas when the dikes along the big rivers can
no longer contain the flood discharges. This can lead
to flooding of wide areas, as, for example, during the
flooding of the Rhine/Maas rivers in December 1993
and in January/February 1995. Local, sudden floods
( flash floods) describe flooding in small catchments
that is mainly caused by short and highly intensive
precipitation (e.g., thunderstorms). Flash floods oc-
cur primarily in hilly or mountainous areas due to
prevailing convective rainfall mechanisms, thin soils,
and high runoff velocities. The warning time for these
events is short. In general, the duration of the flood
event is also short, but this flood type is also frequently
connected with severe damages.

2. CLIMATE MODELING AND ITS
RELEVANCE TO THE FLOODING ISSUE

The mean global temperature has risen by 0.3–
0.6#C since the end of the 19th century, and 0.2–
0.3#C of this increase occurred in the last 40 years.
According to statistical analyses carried out by the
German Center for Climatic Computations (DKRZ),
the warming of the last 20 years can be attributed
with 95% certainty to anthropogenic causes as op-
posed to natural climatic variability.(9) With regard to
the question of flooding, the decisive factor is not the
temperature, but rather the characteristics of precip-

itation. In this respect, long-term observations on a
global to continental scale have, for instance, shown
an increase in precipitation in higher latitudes of the
northern hemisphere in winter and a certain decrease
in precipitation over the subtropical areas from Africa
to Indonesia. Fig. 2 illustrates the observed trends in
global hydrology over the last 20–30 years.

Energy and water cycles are closely interrelated
systems with mutual impacts. On the basis of ther-
modynamic principles, it can be stated that on the
global scale a temperature increase will lead to a gen-
eral intensification of the hydrological cycle. Assum-
ing a global temperature increase between 2.8–5.2#C,
Mitchell(10) estimates increased global evaporation
and precipitation rates to be between 7–15%. This in-
crease is similar to the calculations by Roth,(11) which
showed an intensification of the global hydrological
cycle by approximately 10%. Due to the shifting of
climatic zones and an increasing intensity of convec-
tive processes, Berz(12) anticipates a future increase in
the frequency and severity of windstorms, floods, and
storm surges in many parts of the world.

An assessment of the change in the evolution
(severity and intensity) of floods calls for analyses that
are carried out on much smaller scales than that of
the global or continental. For such an assessment it is
necessary to analyze the change of hydrological con-
ditions, and especially the characteristics of heavy pre-
cipitation, at the regional to local hydrological scale.
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This requires the adaptation of existing regional, dy-
namic climate models and/or statistical downscaling
of methods toward the requirements of regional hy-
drological models.

Dynamic climate models attempt to mathemati-
cally simulate, at various degrees of detail, the physics
of the atmosphere, of the oceans, and the exchange
processes between the earth’s surface and/or the bio-
sphere and the atmosphere. The most powerful cli-
mate models today are coupled global atmosphere-
ocean circulation models (GCM), which carry out
three-dimensional calculations of the equations for
mass and energy transport, momentum, humidity of
the atmosphere, and salt content of the ocean for the
entire globe. For this purpose the atmosphere and
the oceans are separately subdivided into a gridded
system of vertical layers and horizontal sections so
that an overall three-dimensional disaggregation is
achieved. As the GCMs were originally conceived for
the analysis of large-scale circulation systems, they are
much too coarse in their spatial resolution to yield us-
able data for the analysis of floods.(13) Precipitation
values for an area of 500 $ 500 km, that is, one mean
value for 250,000 km2, cannot supply reliable infor-
mation on the risk of heavy rainfall in a river basin
covering an area of the order of 10,000 km2.

Therefore, a variety of techniques have been de-
veloped to derive the climate forcing required for as-
sessing the hydrological, basinwide impacts of climate
change. The most important ones are the statistical
downscaling and the regional climate models. Statis-
tical downscaling bridges the two different scales by
establishing empirical (statistical) relationships be-
tween large-scale features simulated reliably by the
GCMs, such as geopotential height fields, and regional
or local climate variables, such a temperature and pre-
cipitation at a certain location. Statistical downscal-
ing techniques have been applied in a series of stud-
ies,(14) but few of these studies have been carried out
in the context of climate change and flooding. A re-
view of prospects and limitations of this approach for
use in climate change impact studies focusing on ex-
treme hydrological events is beyond the scope of this
article.

The so-called regional climate models have been
applied for some time. In contrast to the general cir-
culation models, they cover only a section of the globe
that can be modeled at a finer spatial resolution. At
present, the grid widths used for regional climate
models are approximately 50 km or less. The climatic
conditions at the boundaries of the regional sections
are predetermined by the results of the GCMs. Such

a spatial resolution is considerably more adequate for
the analysis of flood risks. However, these models can-
not assess or project precipitation with the high degree
of certainty necessary for the quantification of flood-
ing risk for the following reasons.(15)

! The boundary conditions of the regional model
are obtained from the GCM, and thus an
error of atmospheric dynamics contained in
the large-scale model is transferred to the re-
spective region. Errors or shortcomings in the
GCM thus directly limit the capacity of the re-
gional climate model.

! The resolution of the regional climate models
is sufficiently detailed to represent large-scale
precipitation patterns. However, these models
are not yet sufficient to cover small-scale, con-
vective precipitation (e.g., thunderstorms) in
the necessary detail. Though processes taking
place at a smaller scale than represented by
the grid box (subgrid-scale processes) can be
parameterized by the subdivision of the grid
boxes into a clouded and a cloud-free section,
several convective systems cannot be localized
within a grid square. With an increasing res-
olution, an increasing number of parameters
would have to be isolated from the explicit
modeling process, a problem that has not yet
been resolved.

! Flooding is triggered by extreme precipita-
tion. However, the climate models have not
yet been sufficiently tested for their realistic
representation of such extremes.

! The parameterization of important processes,
such as the formation of clouds, soil moisture
dynamics, or land surface interactions, has not
yet been resolved in a way that allows for a
definition of the natural variability under any
weather condition or for the recognition of a
possible signal of climate change.

An example of the effect of soil moisture dy-
namics on the generation of precipitation, that is,
soil water being available for evapotranspiration,
thus increasing atmospheric humidity and contribut-
ing to cloud formation, is given by Beljaars.(16) In
an application of the weather forecast model of the
European Center for Medium-Range Weather Fore-
cast (ECMWF), the sensitivity to land surface param-
eterization in particular to the soil moisture module
was analyzed. Two approaches (the at that time oper-
ational version “C47” and an extended and improved
version “C48”) were compared on the basis of their
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forecasts for the extreme precipitation in July 1993
in the midwestern states of the United States. One
of the major differences between C47 and C48 is the
representation of the soil water dynamics: the C47
version contained two prognostic soil layers (7- and
42-cm deep) and an additional 42-cm climatological
layer as boundary condition, whereas the C48 ver-
sion is built up by four soil layers (7-, 21-, 72-, and
189-cm deep) and free drainage as lower boundary
condition. The results (Fig. 3a/b) show a rather dif-
ferent forecasted precipitation pattern, particularly

Fig. 3a/b. Mean precipitation forecast with an operational weather forecast model of the ECMWF for all 48–72-hour predictions between
July 7–22, 1993 for the midwestern states of the United States. Fig. 3a (upper chart) and 3b (lower chart) present the results based on the
former and the new land-surface parameterization (by personal communication of A. Betts, based on results from Beljaars(16)).

over the central United States. It can be clearly seen
that the amount of rain over the regions of Kansas,
Nebraska, and Iowa, which was calculated using the
former approach (CY 47) is almost zero (Figure 3a). In
contrast, the precipitation calculated by means of the
improved approach (CY 48) is considerably higher
and of longer duration. The authors conclude that
the extreme precipitation over the Mississippi area
in summer 1993, which was mainly responsible for
the extreme flooding at that time, could be estimated
much more realistically by the new approach. This
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example illustrates the sensitivity of climate projec-
tions to the soil moisture module. However, this might
not be an artifact of the climate model, because na-
ture, itself, is probably not less sensitive. The water
stored and evaporated from the soil has a decisive in-
fluence on the hydrological cycle, both on cloud and
rainfall formation (recycling of precipitation) and on
the generation of runoff.

Regional climate models can supply information
necessary for the estimation of flood-relevant precip-
itation, particularly with regard to weather conditions
connected with large-scale precipitation fields. How-
ever, for obtaining accurate information on the loca-
tion, quantity, and intensity of precipitation (necessary
for the analysis of the flooding process) as well as on
a change of the precipitation characteristics resulting
from global climate change, the models are not suffi-
ciently accurate or spatially detailed.

Apart from the difficulties in climate modeling
there are further unresolved problems with regard to
flood modeling.

! The transformation of precipitation (and/or
snow melting) into floods in a catchment area,
that is, the basic hydrological modeling effort,
frequently cannot be carried out with sufficient
accuracy due to the high natural variability
of the infiltration characteristics, insufficient
knowledge of the processes involved during
extreme precipitation periods, and insufficient
data on the catchment areas.

! Measurements of extreme precipitation and
runoff are frequently incorrect and not very
numerous. However, such measurements are
indispensable in order to standardize and im-
prove climate as well as hydrological models.

! Any climate-induced trends in the runoff be-
havior of a river are often superimposed by
the effects of changes in land use, river reg-
ulation measures, settlement expansion, and
changes in the river morphology. Frequently, it
is not possible to separate the effects of these
changes.

3. EFFECTS OF CLIMATE CHANGE
ON FLOOD CHARACTERISTICS

Flood generation and runoff is a highly nonlin-
ear system, which is exposed to the natural and spa-
tial/temporal variability of meteorology, topography,
soil, vegetation, climate, groundwater conditions, and
the channel drainage system. Therefore, quantitative

statements, especially with regard to the effects of cli-
mate change on flooding and runoff processes, are
highly uncertain.(17) A qualitative assessment of the
situation can be based only on our present state of
knowledge, summarized below, taking into account
the underlying physical laws and the interpretation of
a series of measurements.

In investigating the risks of flood losses, meteo-
rological and hydrological conditions, river hydraulic
characteristics, and land-use conditions must be con-
sidered and separately assessed. Each of these factors
can contribute to an increased risk of flood damage, in
particular if there are negative interrelationships and
synergies. Of these flood-risk factors, the meteorolog-
ical conditions are considered to be of primary impor-
tance with regard to climate change. Also, vegetation
and soil conditions in the catchment area, which de-
termine water retention and evaporation processes,
can be affected by climate change and thus have a
feedback effect on flood development.

3.1. Observations in Germany and Europe

3.1.1. Trends in Precipitation and River
Discharge in the Rhine Area

An increase in mean precipitation, estimated on
the global scale on the basis of theoretical consid-
erations (see Section 2), has been confirmed on the
regional scale in parts of Germany and neighboring
areas by corresponding trends measured over approx-
imately the last 100 years. According to Engel,(18) the
annual precipitation over the Rhine area extending
to Cologne has, since 1890, shown a rising overall ten-
dency with distinctive periodical fluctuations. Apart
from the increased amounts of annual precipitation,
there is also a tendency of a seasonal shift from sum-
mer to winter. Combining both trends over the last
100 years, on average this results in a fairly constant
summer precipitation (June–October) and a signif-
icantly increased winter precipitation (November–
May). The statistical analysis of precipitation trends
in Europe between 1891 and 1900 by Rapp(19) shows
a significant increase in winter precipitation of cen-
tral and northern Europe and a decrease in southern
and southeastern Europe. These results are consistent
with the rainfall trends observed in the Rhine basin.

Apart from the above-mentioned precipitation
trends, corresponding tendencies were also noted for
the mean discharge in the Rhine basin extending to
Cologne. Engel(18) reports a rising tendency of the
maximum annual discharge of the Rhine at Cologne



Floods and Climate Change 551

over the last 100 years. However, the observed trend
only applies to the maximum annual discharge de-
rived from daily data and cannot be related to extreme
discharges, that is, floods occurring less frequently,
but involving heavier discharge. Grünewald(20) re-
ports that the cause of the spectacular floods of the
Rhine in the years 1993/1994 as well as in 1995 cannot
be attributed to runoff from the Alps, but rather to the
low retention capacity of the soils in the flood-relevant
middle mountain range in Germany and France. The
low infiltration rates can mainly be attributed to the
spatially extensive periods of rainfall prior to the ac-
tual period of flooding, for example, December 7–18,
1993, and/or to the melting of the snow cover and
the frozen soil in January 1995. These flood events
showed how important the melting conditions of the
snow cover can be for the development of floods. Thus,
climate-induced changes in the quantity, frequency,
and timing of melting of the snow cover may have an
effect on the hydrological regime of a river and on
flooding.

3.1.2. Changes in Frequency of Weather Conditions
in Europe

Under zonal atmospheric circulation conditions,
in particular, a high correlation has been found be-
tween the large-scale weather type over Europe and
the North Atlantic and the occurrence probability of
regional or local precipitation in central Europe. For
example, Bárdossy(21) reports a probability of 85.6%
for daily precipitation occurrence at the climate sta-
tion at Essen with regard to cyclonal westerly weather
type and of 82.9% for cyclonal southwesterly weather
type. Investigations at many other weather stations
in western Europe have also confirmed the relation-
ship between westerly/south-westerly zonal circula-
tion conditions and heavy precipitation over parts of
western Europe.

Bárdossy(22) and Gerstengarbe(23) have examined
the frequency of weather conditions in Europe since
1891 by means of time series of daily weather maps
(Grosswetterlagen). They found a significant increase
in the frequency of west weather conditions, the sta-
tistical breaking point of the time series occurring
in the middle of the 1970s. The time series of west-
ern weather conditions and complementary types of
weather conditions for the months of December and
January is shown in Fig. 4. The increase of western
zonal conditions is evident. Since these weather con-
ditions can be considered typical of long-term, large-
scale precipitation patterns in central Europe (see

Fig. 4. Moving average frequencies (10-year window) of large-
scale westerly zonal weather conditions and large-scale weather
conditions north, east, northeast, and southeast (N+E+NE+SE)
over Europe for the months of December and January from 1881
to 1989.(22)

above), for some catchment areas a correlation can
be established between the increase of these weather
conditions and an increased frequency of floods. In
this connection, Caspary(24) draws the conclusion that
for some catchment areas in the Black Forest the
probability of flooding has dramatically increased.
Due to the lack of earlier weather maps and records,
however, it is not possible to state to what extent the
observed trend of the 115-year time series is explained
by longer-term, natural fluctuations.

3.1.3. Effects of Regional Warming
in the Past Two Centuries

Burkhart(25) reports a decrease of the extreme
floods of the Elbe river during the past 200 years.
This decrease is probably due to a reduction of floods
caused by ice jams and ice jam breaks. The reduction
of ice jams resulted mainly from the regional warming
that occurred after the end of the last little ice age (af-
ter 1800) and, to a smaller extent, from the increase
of salt content and from the inflow of relatively warm
waste and cooling water. The construction of numer-
ous upland reservoirs is also a factor to be consid-
ered in assessing water levels in the Elbe over recent
decades.

Table II compares the statistics of water-level time
series for the 19th and 20th centuries at the Elbe
gauges Dresden and Magdeburg. From this data, it
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Table II. Discharge Rates (in m3/s) for Elbe River Floods of Equal Recurrence Intervals
Based on Time Series for the 19th and the 20th Centuries(25)

Statistical Return Period (in Years)

Period 2 5 10 20 25 50 100 200

Gauge Dresden
1806/1900 1,808 2,690 3,212 3,669 3,806 4,206 4,577 4,924
1900/1990 1,386 1,974 2,318 2,617 2,706 2,967 3,207 3,432
Difference 522 715 894 1,052 1,100 1,239 1,370 1,492

Gauge Magdeburg
1727/1890 2,280 3,200 3,730 4,310 4,180 4,700 5,050 5,370
1890/1975 1,720 2,430 2,830 3,220 3,330 3,650 3,950 4,240
Difference 560 770 880 960 980 1,050 1,100 1,130

is evident that the flood discharge rates for equal sta-
tistical recurrence intervals have decreased, that is,
that the flooding risk of the Elbe is lower in the 20th
century than it was in the previous century.

3.1.4. Changes of Characteristics of Debris Flow
Events in Alpine Environment

If the permafrost borderline rises in the high
mountain range due to a long-term mean tempera-
ture increase, this can lead to thawing and to a desta-
bilization of the currently frozen glacial deposits. In
this case, landslides and moraines with severe local
damage are likely to increase over the next several
decades. Whether the increased frequency of land-
slides and debris flows in Switzerland observed in the
past years is related to the warming in the Alpine re-
gion observed since 1850 has not yet been clarified.(26)

3.1.5. Indirect Effects of Reduced Vegetation
Densities and Degraded Soils

In the long term, climatic change also leads to a
change in the natural vegetation cover. Soil degra-
dation resulting from reduced vegetation, a reduced
macro porosity, and increased crusting and siltation
will decrease the infiltration capacity and enhance di-
rect runoff in the case of heavy precipitation.

The effect of reduced vegetation density on flood
development stems from a diminished interception
storage capacity and, above all, in the reduced pro-
tection of the soil surface against the kinetic energy
of precipitation. The latter may lead to the accumu-
lation of silt and thus to a considerable decrease in
infiltration potential, which may, in the case of highly
intensive rainfall, trigger flooding. Problems of this

kind are especially important in semi-arid areas (e.g.,
in the Mediterranean), but also in agricultural areas
with temperate climate conditions. Changes in the
natural composition of the vegetation cover and of
the soil structure due to changed climatic conditions,
however, only occur over longer periods. Therefore,
they will only have a long-term impact on changes in
flood patterns.

3.2. Modeling Possibilities

One important objective of modern flood risk
management and modeling is to understand and pre-
dict the extent, location, duration, and timing of
floods. Such forecasts must be based on complex and
detailed mathematical modeling systems. To simulate
a flood, basically three different modeling compo-
nents are required.

3.2.1. The Meteorological Model

The quality of weather forecasting models has sig-
nificantly improved during the last years. Today, such
models can supply information on temperature, wind,
and precipitation up to approximately one week in ad-
vance. However, forecasting cannot yet assess accu-
rately the location and the extent of precipitation. In
particular, information on the location and intensity
of local convective heavy rainfall (thunderstorms) is
still insufficient for the direct forecast of flash floods.

Weather forecasts must not be confused with cli-
mate projections. Dynamic climate models, which,
from a physical point of view, are very similar to
weather forecasting models, can supply information
only on climatic trends and mean, longer-term chan-
ges. A concrete time- and location-specific forecast
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of the various weather data is impossible within the
usual, necessarily long-term, time frame of climate
models.

3.2.2. The Hydrological Model

Hydrological models, which simulate the trans-
formation of precipitation into runoff, have pro-
gressed considerably as directed to different types of
flood generation.(27–29) However, the transformation
of precipitation into runoff is not always a routinely
applied part of a real-time flood prediction modeling
system. Especially under conditions of extreme rain-
fall, the hydrological models show deficiencies in the
assessment of infiltration overland flow, that is, the
share of the precipitation running off at the surface,
and of the groundwater reaction to excessive rainfall.
Furthermore, questions of scaling in the assessment
of hydrological processes are still partly unclear. A
third problem lies in the frequently insufficient requi-
site databases. Improvements in these models, how-
ever, can be expected, and this will reduce the gap be-
tween the forecast of precipitation and runoff within
the catchment area, thus presenting a basis for flood
projection.

3.2.3. The Hydraulic Model

Hydraulic models calculate the routing of the
flood wave within the river channel. They are not con-
cerned with the question of how much water is flow-
ing into the river, but how the water moves within the
river system. They require inflow data at the starting
points of the system (usually measurements from a
water gauge in the upper part of the river tributary, or
supplied by a hydrological rainfall-runoff model, as
explained above) to calculate water level, discharge
rates, as well as extension of the flooded area for the
channel system analyzed. These models are highly de-
veloped for many large river systems, and they have
supplied flood-level projections for many years.(30–34)

Since they require the input of inflow data into the
respective water system, however, they only work for
short early warning times (i.e., the time in which the
inflow moves from the point of measurement to the
point of calculation). For the Rhine in Cologne, for ex-
ample, this early warning time is only slightly longer
than two days. For smaller rivers, the early warning
times are so short that hydraulic models are of little
use for real-time projections of floods.

The challenge for the future lies in the improve-
ment and coupling of the above model systems to
allow for early warning times according to reliable

weather forecasts. Such coupled systems would also
permit the investigation of the longer-term effects
of climate change in the form of scenario analy-
ses. By means of such scenarios it will be possi-
ble to analyze the behavior of a catchment area
in the event of flooding under selected, typical fu-
ture climatic conditions in order to derive typical
flood characteristics. These events can then be com-
pared with present or past conditions in order to
make qualitative estimates for the river system under
consideration.

3.3. Changes of Extreme Weather Conditions
in Relation to Changes of Sea Surface
Temperature and Ocean Currents

In Section 3.1.2, the relationship between large-
scale atmospheric circulation patterns and the inten-
sity and frequency of rainfall events over parts of
Europe was discussed. It was shown that the increase
of westerly weather conditions over Europe has led
to an increase of precipitation in certain European re-
gions. In addition to the changes of atmospheric cir-
culation conditions, the relationship between global
warming, warming of the sea surface, changes of large-
scale ocean currents, and an increasing frequency of
weather anomalies are gaining increasing interest by
hydrometeorological researchers. A similar impor-
tant research topic concerns changes in the course,
frequency, and intensity of cyclones and the relation
to the formation and water content of clouds. It is
beyond the scope of this article to review the recent
research on sea surface temperature anomalies and
heavy precipitation events leading to floods. How-
ever, a few examples from different climatic regions
are given below.

Maracchi(35) examines the relationship between
extreme convective events in Tuscany (Italy) and
sea surface temperature anomalies in the Mediter-
ranean Sea. Based on an analysis of a series of thun-
derstorm events, Maracchi concludes that the trig-
gering of convective storms will be enhanced by an
increased sea surface temperature due to the in-
creased advection of warm moist air from the sea.
Ali(36) investigates the trends in cyclone intensity
and frequency due to a rise of sea surface temper-
ature of 2 and 4#C by using a model for simula-
tion of storm surges in the Bay of Bengal. Mason(37)

discusses the possible changes of precipitation over
Southern Africa by using a GCM, including the ef-
fects of an increasing sea surface temperature. Ma-
son concludes that increases both in frequency and
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intensity of extreme rainfall events are simulated
throughout the subcontinent. Kaczmarek(38) exam-
ines the relationship between the North Atlantic Os-
cillation (NAO) index and snowmelt-induced floods
in Poland. He concludes that an increasing NAO in-
dex increases the risk of winter/early spring floods
for selected rivers in Poland due to an earlier and
more frequent appearance of snow-melt weather
conditions.

3.4. Knowledge Gaps

It is apparent that there are numerous unre-
solved questions with regard to the relationship be-
tween climate change and flooding. The following
overview of knowledge gaps is based on Bronstert(39)

and Dooge.(40) Further information on the subject is
given in the guidelines for future-oriented flood pro-
tection by the German Working Group on Water(41)

and by Kundzewicz.(3)

3.4.1. Change in the Frequency of Heavy Local
(Convective) Rainfall

For operational purposes, regional and local fore-
casts are particularly important. However, a quan-
titative prediction of the frequency, location, ex-
tent, and intensity of highly intensive local rainfall
has so far only been possible to a very limited de-
gree, even in short-term weather forecasting. Meth-
ods of analyzing spatial/temporal precipitation fre-
quency on a small scale must be further developed,
which applies to the linkage of weather-radar mea-
surements and precipitation data as well as to the link-
age of typical weather conditions and precipitation.
Progress is urgently needed, especially with regard to
local, highly erosive flash floods.

3.4.2. Significance of Changes in Weather Conditions
for Long Time Series

The significance of the changes in the frequency
of weather conditions in parts of Europe (see Section
3.1.2) over longer time periods is not yet known. In
this respect it would be desirable to trace large-scale
weather conditions well into the past and to corre-
late them with proxy sources, for example, biological
indicators. This may provide information on how sig-
nificant changes in the frequency of weather condi-
tions coincide with long-term and spatially extensive
statistical nonstationary behavior.

3.4.3. Risk Analysis: Natural Conditions Versus
Anthropogenic Interference with Nature

Apart from individual cases, hydrologists have
not yet been able to distinguish the influence of cli-
mate change on flooding in relation to other anthro-
pogenic interferences or in relation to the natural
variability of the meteorological and area-specific hy-
drological conditions. For such an analysis the further
development of process-oriented hydrological mod-
els coupled with meteorological and hydraulic simu-
lation tools is necessary. Such a model development
could result in an operational tool for the quantifica-
tion of the anthropogenic influences in relation to the
natural fluctuations of the meteorological and hydro-
logical conditions.

3.4.4. The Effect of Changes in Land Coverage

Changes in land surface and vegetation during
the past decades are mainly due to human interfer-
ence with the natural systems, such as agriculture,
forestry, settlements, and road construction. Climatic
change influences on land coverage play a secondary
role compared to more severe, direct changes of
land use, such as forest clearing or urbanization.
Nevertheless, in the long term, climatic change influ-
ence on land coverage may become a more impor-
tant factor influencing the frequency and severity of
floods.

Direct anthropogenic interferences, such as wood
clearing, extension or transformation of agricultural
areas, and urbanization, or indirect anthropogenic in-
fluences, such as the consequences of forest damage
or changes in water availability due to the enhanced
greenhouse effect, may result in significant large-scale
and long-term changes of the biosphere. In partic-
ular, the long-term effects on the vegetation cover
and soil surface condition and consequently on the
probability of flooding have not yet been adequately
assessed.

4. CONCLUSIONS

This article has discussed various aspects and
relations of flood risk. Stock(42) termed the inter-
dependency of different flood risk components the
“cascade of flood risk” (see Fig. 5). This cas-
cade includes the flood-relevant aspects of global
change: climate change, change in land use and land
cover, modifications to the river morphology and the
channel system, as well as the increase in human
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Fig. 5. Causes, effects, and consequences of floods: “Cascade of
Flood Risk.”(42)

settlements. These changes of environmental con-
ditions affect the flood risk at different levels, for
example, by altering the retention capacity of river
basins, by changing both the retention capacity and
the potential damage in floodplains adjacent the river,
and by increasing the vulnerability due to settle-
ment in flood endangered areas. Subsequently, flood
risks are influenced by natural (climate; river basin
morphology) and man-made (river channelization;
urbanization) factors influencing the frequency of
floods and social/economic factors influencing their
consequences.

Our knowledge of climate change, its future de-
velopment, and its effects on systems and cycles of the
earth is still very limited. This discussion has shown
that in some areas there is evidence of an increased risk
of flooding from climate change. In other areas there
is no such evidence. Most of the past investigations
of flood development have been carried out from a
mono-causal point of view, that is, from the view of
the respective observer. An integrated analysis, cov-
ering the cause-effect chain of precipitation—runoff
generation—runoff concentration—flood wave prop-
agation (routing)—inundation—flood damage, would
allow for a comparative assessment of the various
flood-triggering and damage-causing factors. For this
purpose the further development of complex hydro-
logical catchment models and of statistical tools for in-
corporating the stochastic components of such models
would be required.

Therefore, a state-of-the-art evaluation on flood
risk should include all relevant levels of flood risk
composition, both the aspects of naturally induced
hazard and vulnerability due to the activity of hu-
mans.(43) One must keep in mind that only in excep-
tional cases will it be possible to quantify each of the
factors involved in the composition of flood risk, and
in many cases it will be difficult to separate climate
from anthropogenic effects. However, an integrated
management of flood risk will enhance our ability
to mitigate the total damage caused by river floods
and can result in an optimization and adaptation of
flood protection measures, both structural and non-
structural. As a “byproduct” of integrated flood risk
management, one may also improve the quantifica-
tion of climatic and other global change impacts on
flood risk.

Since knowledge of climate change and its ef-
fects is still limited, population, industry, and govern-
ments should take cost-effective climate protection
measures, for example, by reducing climate-relevant
trace gases and protecting the vegetation cover of the
earth. Climatic protection is also desirable from the
point of view of flood protection. A concrete mitiga-
tion of floods at specific locations and times cannot be
expected from climate protection measures; however,
a long-term, generally positive reduction in flood risks
can be anticipated.
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