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Abstract. The link between trends in circulation patterns (NAO), changes in ENSO phenomenon (El Nino/Southern
and trends in the flood magnitude is studied for 122 meso-Oscillation) or in circulation patterns (CP) and linked these
scale catchments in Germany for a period of 52 years (1951-with precipitation or temperature. CPs are either derived by
2002). Flood trends, significant at the 10% level, are de-500 hPa geopotential height fields from reanalyses data or
tected for a large number of catchments. The catchmentfrom classification schemes, for instance by Hess and Bre-
are pooled into three regions, based on flood seasonality anzowsky (1952). Brdossy and Caspary (1990) used the CP
flood trends. Field-significant increasing trends are found forcatalogue of Hess and Brezowsky for the period 1881-1989
winter in Regions West and East. For summer, increasing andnd found significant changes in the frequency of daily, sea-
decreasing flood trends are detected for Regions South angbnal and annual data of several CPs leading to milder and
East, respectively. The temporal behaviour of three flood in-wetter winters in Europe. Steinbrich et al. (2005) showed for
dicators of each region is compared to atmospheric indicator§outh-Western Germany (Baden Wuerttemberg) that the link
derived from circulation patterns. Significantly increasing between CPs and large precipitation events varies strongly
frequency and persistence of flood-prone circulation patternslepending on the seasonal and regional conditions. They
intensify the flood hazard during the winter season throughfound most of the analyzed heavy precipitation events to be
out Germany. Moreover, a trend towards a reduced divertriggered by only few CPs. Werner et al. (2008) detected
sity of circulation patterns is found causing fewer patternsCP and precipitation trends in the Elbe catchment in the pe-
with longer persistence to dominate the weather over Europeriod 1951-2003. During the winter season, the number of
This indicates changes in the dynamics of atmospheric cirdays with precipitation tripled. Also, increases in frequency
culations which directly influence the flood hazard. Longerand duration of west and north-west circulation patterns were
persistence of circulation patterns which in general do notobserved (Werner et al., 2008). Pauling and Paeth (2007)
favour large precipitation amounts may lead to large runoffidentified an increase in extreme winter precipitation during
coefficients due to soil-moistening and hence cause floods. the last 300 years over Europe. Casty et al. (2005) found
a close correlation between the NAO index and temperature
and precipitation indices in the European Alps during the last
500 years. A clear relation between precipitation and NAO
was detected by Feidas et al. (2007) for Greece for the period
. . . - 1955-2001. They observed downward trends in winter and
Changes in the atmospheric dynamics and their links to hy- L . o
. ; . ) > annual precipitation which were correlated with rising trends
drological processes are an important aspect in the discussian

) . he hemispheric circulati f the NAO.
about climate change. During the last decades, many devaér—1 the hemispheric circulation modes of the NAO. Santos

. . L . et al. (2007) emphasized the strong link between NAO and
tating floods occurred in Europe giving rise to the discussion R
. . ; heavy precipitation events over Europe.
whether or not flood-triggering atmospheric patterns may

have significantly changed. Many studies evaluated trends Only few studies investigated the link between atmo-
in climatic variables such as the North-Atlantic Oscillation SPheric and flood indicators. Kingston et al. (2006) reviewed
on studies about the connection between climate, stream-

flow and atmospheric circulations (esp. NAO and Arctic Os-
Correspondence tol. Petrow cillation, AO). Svensson et al. (2006) reported correlations
BY (thpetrow@gfz-potsdam.de) between trends in the NAO index and floods for Europe.
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mum winter discharges at 11 gauges in Central Europe. They
found that annual maximum discharges are more sensitive to
changes in atmospheric circulations than mean discharges.
So far, the relationship between peak discharges and atmo-
spheric variables has been investigated for Germany only
for selected regions. Belz et al. (2007) analyzed flood dis-
charges, CPs according to Hess and Brezowsky, and areal
precipitation for the Rhine catchment. CPs were classified
into wet and dry patterns. The pattern WZ was studied in
more detail, since it is the most frequent pattern and com-
prises the days with the largest precipitation amounts. Belz
et al. (2007) found increasing trends in wet CPs (which also
contain WZ), areal precipitation and discharge for the period
1951-2000. An even higher significance level of increasing
trends was found for winter maximum discharges compared
to increasing trends in annual maximum discharges. Caspary
and Bardossy (1995) found an increase in the pattern WZ
for winter, leading to a dramatic increase in the flood hazard
for South-Western Germany. Mudelsee et al. (2004) stud-
ied flood trends in the Elbe and Odra catchments and found
downward trends in winter and no significant changes during
summer.

Since these studies are limited to selected regions in Ger-
many, a countrywide picture of trends in floods and atmo-
spheric patterns cannot be drawn. Our study closes this gap
by presenting results of flood trends and trends in circulation
patterns for 122 meso-scale catchments across Germany for
the period 1951-2002.

The trend behaviour of eight flood indicators at 145 gauges
(500-159 300 krf) in Germany was already analyzed for the

Fig. 1. Discharge gauges of 122 meso-scale catchment and theisame period by Petrow and Merz (2009). Their findings form
assignment to one of the three regions. Catchment bordersillustratthe basis for the here presented study. Petrow and Merz

the spatial coverage of our dataset.

(2009) detected trends in peak discharge, which were spa-
tially and seasonally clustered. A missing relation between
discharge changes and basin area suggests that the observed

McKerchar and Henderson (2003) found changes in severathanges in flood behaviour are climate-driven.

hydrological variables in New Zealand which were consis-

In contrast to the study by Petrow and Merz (2009), we

tent with changes in the Interdecadal Pacific Oscillation. Ja-here present results of time-varying multiple trend tests both
cobeit et al. (2006) determined large-scale CP for histori-for flood and CP indicators. McCabe and Wolock (2002) also
cal flood events with the help of Reanalysis data. Theyused this approach and found patterns of significant changes
identified CPs that are relevant for the flood hazard in Eu-in different discharge variables in the United States for the
rope. The most important CPs for triggering prominent dis-period 1941-1999. For the evaluation of a possible link be-

charge peaks are (1) for summer the Vb-pattern, westerlyween flood and atmospheric patterns, correlations between
flows with southerly components as well as troughs and (2)peak discharges and CPs were computed similar to other
for winter westerly winds with changing north/south compo- studies (e.g. Feidas et al., 2007; Bouwer et al., 2008).

nents. A study of meso-scale snow-free catchments in France The gauges were pooled into regions (cf. Douglas et
and Spain by Brdossy and Filiz (2005) identified flood- al., 2000; Merz and Rischl, 2009). The pooling into
producing circulation patterns with the help of large-scalethree regions reflects different flood regimes across Ger-
sea-level pressure fields. Bouwer et al. (2006) identified amany. A catchment-independent pooling was favoured over
closer relationship between mean winter discharge and W2 catchment-based approach to account for the characteris-
circulation patterns (after Hess and Brezowsky, 1952) thartic seasonality of peak discharges in each region. Moreover,
between discharge and NAO. Bouwer et al. (2008) calcu-the flood trend results observed by Petrow and Merz (2009)
lated correlations of four atmospheric variables (NAO, AO, showed that regions of similar flood trends do not necessar-
westerly-cyclonic circulation pattern, sea-level pressure dif-ily coincide with catchment borders. Thus, the catchment-
ferences) and winter precipitation to annual mean and maxiindependent approach enables us to draw a more precise

Nat. Hazards Earth Syst. Sci., 9, 140€23 2009 www.nat-hazards-earth-syst-sci.net/9/1409/2009/



T. Petrow et al.: Changes in the flood hazard in Germany 1411

picture of the observed changes. For all regions conclusionfloods increase in Region East, whereas summer floods de-
are finally presented to what extent parallels between trendsrease. This is the only region in Germany, in which summer
in flood magnitudes and trends in circulation patterns can bdloods significantly decrease (Petrow and Merz, 2009).
found. Region South is represented by 32 gauges which are lo-
cated in the Rhine and Danube catchments. Two gauges
are located in the Rhine catchment, all other gauges are lo-

2 Data cated either along the main river of the Danube or along its
. southern tributaries. The two gauges in the Rhine catchment
2.1 Discharge data have larger shares of winter discharges compared to the other

) gauges in the Danube catchment. The Danube region is dom-
Discharge data of meso-scale catchments were used for th|ﬁated by summer flood events. However, winter peak dis-

study. We included catchments of at least 506 kmor- charges significantly increase in magnitude at many gauges
der to minimize the influence of land management mea-, ha region (Petrow and Merz, 2009).

sures on the flood behaviour (Bronstert et al., 2002). The In this studv. three flood indicators were analvzed for h
largest analyzed catchment is the river Mosel at the gauge s study, three 100 cators were analyzec for eac

. X gauge. These comprise annual maximum streamflow series
Cochem (27088k#). A common time period between 1 .(AMAXF) as well as seasonal maximum series (AWMAXF

November 1951 and 30 October 2002 was used (hydrologi- . X
cal year in Germany: 1 November to 31 October). Svenssorﬁ'de ASMAXEF). Annual maximum daily mean streamflow,

. i.e. the largest daily mean streamflow that occurs in each
et al. (2006) suggest a minimum length of 50 years for thehydrological year, is the most common indicator in flood

analysi_s of flood trends. Shorter time se_ries may not Captur(?rend studies. The analysis of seasonal maximum series en-
a possible trend, whereas very long series of up to 100 yearsbles a more differentiated picture of flood trends. Annual

may have other shortcomings as for instance changes of the. . . ! .

. ; : . inter maximum discharge series (AWMAXF) were derived
measuring procedure over time. The chosen time period Wa%:om data between 1 Ngvember z(and 31 Mzzrch of the fol-
seen as compromise between a minimum length and the r

quirements for reliability and availability of data. EiE)Wing year and consist of the largest daily mean discharge

Each of the 122 gauges was assigned to one of three r of each winter season. Summer maximum discharge series

gions (Fig. 1), which are characterized by homogeneous se:{(ASMAXF) were derived for the period of 1 April to 31 Oc-

sonal flood histograms and flood trends. The regions WereOber'
extracted through a GIS-based multi-criteria analysis. His- ) .
tograms of the seasonal flooding frequencies as presented &2 Circulation patterns
Beurton and Thieken (2009) as well as trend results of eight
flood indicators by Petrow and Merz (2009) were comparedFor the analysis of trends in circulation patterns different
in a spatially-explicit manner in order to identify homoge- classification systems are available, which are either man-
neous regions. A change in the assignment of gauges to ongal (based on subjective knowledge) or automated numerical
or the other region is visible along the main rivers of Danubeschemes. The widely used manual classification scheme by
and Weser. This is caused by differences in seasonal hig-less and Brezowsky (1952) is currently the only one avail-
tograms of the flood indicators. For instance, the assignmen@ble, which captures the large-scale European pattern, while
of the gauges along the Danube to Region South can be estill focusing on local details (James, 2007). Buishand and
plained by the dominance of summer maximum dischargeBrandsma (1997) compared three classification schemes of
which is characteristic for the southern tributaries rather tharCPs and found that the subjective Grol3wetterlagen classifi-
for the northern ones. Figure 1 gives an overview of the lo-cation by Hess and Brezowsky (1952) yields equally good
cation of the gauges and regions. results as the two other objective schemes. Therefore, the
Region West (yellow dots) comprises 49 discharge gaugescheme by Hess and Brezowsky (1952) was used in this
which are located in the Rhine, Weser, Ems and Danubestudy. Moreover, the use of this classification facilitates the
catchments. This region has a winter dominated floodcomparison of our results to other studied conducted for Ger-
regime. Frequently, westerly winds cause flooding especiallynan catchments.
during winter. Trends in winter maximum discharges in-  Daily data of the “Catalogue of GroRwetterlagen in Europe
crease both in magnitude and frequency (Petrow and Merz1881-2004" after Hess and Brezowsky (1952) was available
2009). Summer floods play a minor role. for this study (Gerstengarbe and Werner, 2005). The cata-
Region East (blue dots) consists of 41 gauges in the Weselpgue provides a subjective classification for every day about
Ems and Elbe catchments. Maximum discharges occur prethe dominant circulation pattern (CP) over Europe which is
dominantly during winter in this region, however, summer derived based on the spatial distribution of pressure systems
peak discharges have a larger share than in Region West araber Europe as well as the location of frontal zones. The cat-
can reach remarkable extents as experienced in 2002 aralogue distinguishes 30 different CPs (one is classified to be
2005 (DKKYV, 2004; Beurton and Thieken, 2009). Winter a “transition class”). The CPs comprise the zonal circulation

www.nat-hazards-earth-syst-sci.net/9/1409/2009/ Nat. Hazards Earth Syst. Sci., 9442892009



1412 T. Petrow et al.: Changes in the flood hazard in Germany

form, the mixed circulation form as well as the meridional Bardossy and Filiz, 2005). For small catchments with 500—
circulation form (Table 1). 5000 knt, a time lag of one day was assumed, catchments
The most important CPs with respect to the flood hazardwith 5001 knf—20 000 kmd had a time lag of two days and
in Germany are WZ, WS, NWZ, and TRM. The first three larger catchments of three days. For example, a catchment

patterns are frequent and comprise 25% of the overall disof 600 kn? had an AMAXF entry on 19 March 1951. Then,
tribution for Germany. These are westerly winds of varying it was assumed that the flood triggering CP occurred on 18
direction (from north to south). The pattern TRM is better March 1951. Although there is some uncertainty when as-
known to be the “Vb-weather pattern” and is represented bysigning a “mean” concentration time to all catchments of a
a trough over Central Europe (van Bebber, 1891). Low pres-<certain size range, the time lag is regarded to be sufficiently
sure systems move from the Gulf of Genoa northwards toprecise, especially when considering that the median persis-
Poland. Large precipitation amounts can be accumulated anténce of CPs is from three to five days. Except for the transi-
may be enhanced along the northern slopes of the Alps antlon class “U” (CP 30), all CPs persist for at least three days
the mountain ranges in Central and Eastern Europe. Severaind often up to 10 days.

destructive floods were triggered by TRM, as experienced

for instance in the Elbe and Danube catchments in 2002 and ,

2005 (Ulbrich et al., 2003). 3 Trend detection

.The mflut_ance ofa CP_ on the ﬂO(.)d regime varies from re The robust non-parametric Mann-Kendall (MK) test and a
gion to region. Peak discharges in Region West are often . . :
-~ resampling approach were used for detecting trends both in

caused by westerly, south-westerly and north-westerly circu- : . .
. . . peak discharge and circulation patterns (Kendall, 1975). The
lation types (Beurton and Thieken, 2009). High pressure sys: . . )
. . . MK test is particularly useful for the analysis of extremes and

tems are rarely responsible for floods in Region West. Floods

occur predominantly during mild and wet episodes in win- requires no specific distribution. It has been used by a vari-

ter. Region East is also largely influenced by westerly winds ety of studies on hydro-meteorological trends (e.g., Chen et
- R€g gely y "y ‘al., 2007; Feidas et al., 2007). We applied the 2-sided option
however, the north-westerly pattern plays a more important . o )
. . : with 10% significance level. The MK test requires the data

role than in Region West. A larger share of high pressure . .
: .. to be serially independent. von Storch and Navarra (1995)

systems and the occurrence of Vb-weather regimes distin;

guish the region from Region West. Region South is dom_found that, if the data are positively serially correlated, the

inated by high pressure systems, especially during fall an&eSt tends to overestimate the significance of a trend. To

) : correct the data for serial correlation, the procedure of trend
winter. Westerly, north-westerly and south-westerly circula- o ! o )
. . . free pre-whitening (TFPW) was applied, which is described
tion types are less frequent compared with the other regions. e

: : : In detail in Yue et al. (2002, 2003) and Petrow and Merz
Peak discharges occur predominantly during summer. : oo .
. . . (2009). In short, a trend of a time series is estimated by the
Daily data of the CPs were analyzed for trends in four vari-

ables: non-parametric trend slope estimator (Sen, 1968). A possi-
' ble trend is then removed from the original series. There-

1. the number of days of each CP per year, after, the lagl-autocorrelation is calculated. If no significant

_ autocorrelation is found, the MK test is directly applied to
2. the number of events of each CP per year (indepenyhe original time series. Otherwise, the lagl-autocorrelation
dently of its length), and is removed from the time series. The data series is now re-
garded to be free of trend and serial correlation. Finally, the
firstly removed trend is included back into the time series
4. the maximum duration of each CP per year. resulting in a series that includes the original trend without

autocorrelation.

These variables were analyzed on an annual basis and for .
. Discharge data were analyzed for each gauge separately
winter and summer seasons. The number of days per year : X .
and aggregated for each region as a regional composite.

gives an indication of the frequency. The number of eventsThese composite series were derived as follows: series
was counted, independently of the CP length, in order to gain '

information about the variability of CP. The persistence of of AMAXF (analogue ASMAXF, AWMAXF) from ev-

CP is particularly important for the flood hazard. There areery gauge were dra"vf‘- For all time SEeries the TEPW
; methodology was applied. After that, all series were nor-
numerous examples of long-lasting CPs that are accompa-__,. ; L
) o ., ~.malized (by subtracting the mean and dividing the result by
nied by a sequence of weaker precipitation events, which fi- o . : .
the standard deviation of the time series). Then, the regional

nally cause large floods.

To each value of the discharge AMAXF series of each composite was calculated by averaging all normalized dis-

) : : . charge time series of a given region. The TFPW procedure
gauge, the flood triggering CP was assigned, in order to eval- i ; - .
: : . auses in some instances small deviations, which lead to
uate the link between changes in CP over time and floo .
. ; . arger magnitudes of seasonal MAXF compared to AMAXF
trends. Depending on the catchment size, a time lag of on

to three days was applied (Duckstein, 1993; Frei et al., 200 (,?Cf' Fig. 2).

3. the mean duration of each CP per year, and

Nat. Hazards Earth Syst. Sci., 9, 140€23 2009 www.nat-hazards-earth-syst-sci.net/9/1409/2009/
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Table 1. Classification of the circulation form and its specific pattern after Hess and Brezowsky (1952).

Circulation pattern

Form of Circulation No. Name Abbr.
1 West wind, anti-cyclonic WA
. . 2 West wind, cyclonic wz
Zonal Circulation 3 Southward displaced west wind ws
4 Angular west wind ww
5 South-west wind, anti-cyclonic SWA
6 South-west wind, cyclonic SWz
7 North-west wind, anti-cyclonic NWA
Mixed circulation 8 North-west wind, cyclonic NWZ
9 High pressure system, Central Europe HM
10 High pressure bridge over Central Europe BM
11 Low pressure system, Central Europe ™
12 North wind, anti-cyclonic NA
13 North wind, cyclonic NZ
14 High pressure Iceland-Norwegian Sea, anti-cyclonic HNA
15 High pressure Iceland-Norwegian Sea, cyclonic HNZz
16 High pressure, British Isles HB
17 Trough Central Europe TRM
18 North-east wind, anti-cyclonic NEA
19 North-east wind, cyclonic NEZ
20 High pressure Fennoscandia, anti-cyclonic HFA
Meridional circulation 21 H!gh pressure Fennosgandia, cyclonic . . . HFZ
22 High pressure Norwegian Sea-Fennoscandia, anti-cyclonic  HNFA
23 High pressure Norwegian Sea-Fennoscandia, cyclonic HNFZzZ
24 South-east wind, anti-cyclonic SEA
25 South-east wind, cyclonic SEZ
26 South wind, anti-cyclonic SA
27 South wind, cyclonic SZ
28 Low Pressure, British Isles B
29 Trough, Western Europe TRW
30 Transition, no classification )

Maximum discharge and CP time series were analyzed for 4. The significance level of the observed time series is de-
trends not only for the entire period (1951-2002), but also termined by comparing its slope with the empirical cu-
with the help of moving windows of varying time lengths mulative distribution of the slope values of the resam-
(multiple trend tests). Through this methodology it is possi- pled time series.
ble to detect changes in trends over time and to distinguish re- . . S .
cent trends from trends that are stable over longer time peri!n reg|ona! trgrjd detecpon StUd'.eS.'F IS interesting to assess
ods (McCabe and Wolock, 2002). All possible periods of 20the f|el_d significance, i.e. the s!gnlflcance of trends acros§
to 52 years within the investigated time series were analyze he region (Douglas et al., 2000; Burn and Hag EInur_, 2002;
for trends. The trend matrix shows for each variable and>V€NSSON etal., 2006). Douglas et al. (2000) determined the

changing time periods the resulting significance level. ThesJield significance by calculating a regional critical value for
levels were derived by means of a resampling approach. the Mann-Kendall Test, which is derived through a bootstrap-

ping approach. The number of stations to show a trend by
1. The time series is resampled randomly without replace-chance for the specific region is determined. Thereafter, the
ment. A new time series is obtained with the same val-number of observed trends is compared with the number of
ues but different year order. expected trends for the region. Douglas et al. (2000) found
that the existence of spatial correlation between sites may in-
flate the results of change detection, if the spatial correlation
is not accounted for and proposed a bootstrapping test for as-
3. Byrepeating steps 1 and 2 1000 times, a sample of slopsessing the field significance of trends while preserving the
values of size 1000 is obtained. cross-correlation among sites. However, this approach might

2. Alinear trend line is fitted to the new time series and its
slope is calculated.

www.nat-hazards-earth-syst-sci.net/9/1409/2009/ Nat. Hazards Earth Syst. Sci., 942892009
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and AWMAXF are almost the same and therefore not easily distinguishable).

Table 2. Result of MK-Test (10% SL) of different flood indicators

for each region (bold numbers indicate field significance).

Number of Number of
Flood gauges with gauges with
Region indicator upward trend  downward trend

West AMAXF 21 1
(49 gauges) AWMAXF 20 0
ASMAXF 3 0

East AMAXF 3 0
(41 gauges) AWMAXF 8 0
ASMAXF 0 12

South AMAXF 9 1

(32 gauges) AWMAXF 4 0
ASMAXF 8 1

4 Results
4.1 Trends in flood data

Composite discharge time series of the three maximum se-
ries are shown for all regions in Fig. 2. Upward trends (MK
Test, 10% SL) were found for all three composite series for
Regions West and South and for winter and annual maximum
series for Region East. A downward trend was detected for
the composite summer maximum series (ASMAXF) of Re-
gion East. Many trend lines in Fig. 2 have almost the same
slope and are therefore not easily distinguishable.

Discharge data of each gauge were tested with the MK
Test for upward and downward trend (SL 10%). Table 2
shows the results for the flood indicators and regions. Large
differences are evident in the number of trends per variable
and region.

only be suitable for the case that the majority of trends in a Many upward trends were found in the Regions West and
region are uniform, i.e. either upward or downward (Yue et South. The three gauges with upward AMAXF trends in
al., 2003). Therefore, we applied a slightly refined approachRegion East are clustered in the southern part of the region
proposed by Yue et al. (2003), which assesses the field sigand are located in the vicinity of gauges with trends of Re-
nificance of upward and downward trends separately. A degion West (Petrow and Merz, 2009). Upward trends in AW-
tailed description of the methodology can be found in Yue etMAXF are spatially clustered in Central Germany affecting
al. (2003) or Petrow and Merz (2009).

Nat. Hazards Earth Syst. Sci., 9, 140923 2009

the northern part of Region West and the southern part of
Region East. A different pattern evolves for the summer se-
ries: downward trends are, except for one gauge in Region
South, exclusively found in Region East, whereas upward
trends are concentrated in Region South. In the following,
trend results of different time lengths of the composite series

www.nat-hazards-earth-syst-sci.net/9/1409/2009/
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are presented, which offer the possibility to study the tempo- Reglon West -AMAXF Reglon West : AWHAXF Reglon West -ASHAXF
ral variability of flood trends. 2 il S
Figure 3 shows multiple trend tests (MK Test, 10% SL)
for varying time periods of the composite series of AMAXF, =5 :
AWMAXF and ASMAXF for the three regions. Upward L T T T e e Teo
trends are reflected in Figs. 3, 8 and 9 by numbers from 95 Region East -AMAXF Region East - AWNAXF Reglon East ASHAXF
to 100, and downward trends by numbers from 5 to O, re- ™" “1‘ :_*? : s Il 3
spectively. The x-coordinate shows the starting year and thej - _ s ' -
y-coordinate the ending year of the analyzed period, leadingg “
to time series lengths of 20 to 52 years. The result of the b s e
trend test for the time period 1951-1970 is given in the lower Region Soulh - ANAXF Region South - AHMAXF Region South- ASMAXF
left corner of the trend matrix. In the upper left corner the _of &
result of the entire series (1951-2002) can be found. On thed o o
diagonal, trend results of 20-year time period are shown, be-E g
ginning in the lower left corner with the period 1951-1970, w®™ . wF el
progressing with a step of one year and ending in the upper Begiming year Beginming year Begningyeer
right corner with the period 1983-2002. In the first row the
results for Region West are shown, in the second row for Re
gion East and finally in the third row for Region South. In
the following, the results are discussed for each region sep
rately.

1980

ing year

1980

Endi

2000 _:- 2000

1980 1990 : 60

1980 1980

Fig. 3. Trends of different flood indicators for varying time periods
for Region West (first row), Region East (second row), and Region
South (third row). Results between 95 and 100 indicate upward
e\’rends, results between 0 and 5 downward trends.

4.1.1  Region West over time. These results are not shown here due to the limited

Many upward trends are evident for Region West for readability when plotting a large number of matrices onto a

AMAXF and AWMAXF. Both matrices have similar patterns '€9ional map. . _ _ _
(Fig. 3). Time series of different lengths ending latest in 1982 Summer maximum discharges play a minor role in Region
show a slightly downward tendency. Also, series of the lastVest. The trend pattern of ASMAXF (Fig. 3) differs greatly
20 to 25 years show small downward tendencies. All otherfor the last two decades. Decreases of different magnitudes
time series which cover different time periods ending in 19822"€ detectable for all tirr_1e series since 1990. During the first
or later show increases (mostly significant). Time series withy&ars of the analyzed time span, the downward changes are
at least 30 years show almost always upward trends. Interesgimilar to those in AMAXF and AWMAXF. Over the en-
ingly, a relatively fast change of increases and decreases cdff€ Period, there are however nearly no significant trends de-
be seen. The analysis of the diagonal with time periods of 2dectable.
years shows at first a period of decreasing annual and winter
maximum discharges which ends in the beginning year 19624.1.2 Region East
This is followed by a period until 1977 where upward trends
are detectable. From the beginning year 1978 onward, thélthough the seasonal distribution of flood events is similar
time series show again no or only minor downward changego Region West with a majority of large discharges occur-
in the discharge data. This general pattern is more or lessing during winter, the trend pattern for Region East shows
clearly seen for all regions for AMAXF and AWMAXF. many differences compared to Region West (Fig. 3, second
Multiple trend test were also performed for each gauge andow). A very heterogeneous pattern is visible for AMAXF
flood variable. A relatively heterogeneous spatial pattern rewith almost no trends. Periods of increasing and decreas-
sulted (not shown). As it can be expected, the summatioring discharges alternate. Although the pattern of AWMAXF
per variable of the individual matrices of all gauges revealedis dominated by increasing discharges, these are usually not
a good correlation with the regional composite for each vari-significant at the 10% SL. The overall picture has some sim-
able. ilarity to AWMAXF of Region West with clustered periods
Although the regional composite of the winter maximum of upward and downward cycles.
discharge shows a very similar pattern compared to the an- In contrast, the summer series show many downward
nual maximum discharge, the downward tendencies of thdrends (significant at the 10% SL), especially for time series
last 20 to 25 years are more pronounced during winter. Inending in 1989 or later. There is a relatively sharp change
contrast to AMAXF, a spatial pattern of the temporal trend from no trend towards a downward trend. Nearly all time se-
behaviour is visible for AWMAXF. The gauges in the north- ries, which cover (parts of) the last two decades, show down-
ern part of Region West show all similar patterns and domi-ward trends. The overall pattern is more pronounced com-
nate the composite. All other gauges have changing patterngared to Region West.

www.nat-hazards-earth-syst-sci.net/9/1409/2009/ Nat. Hazards Earth Syst. Sci., 9442892009



1416 T. Petrow et al.: Changes in the flood hazard in Germany

n
S

Region West 4.2 Identification of flood triggering circulation
BEWinter O Summer patterns

-
o

In order to identify flood triggering CPs for the three re-
gions, the frequency of CPs that are associated with annual
maximum discharges (AMAXF) was derived. Different CPs
are relevant for triggering peak discharges in each region.
! |_ l l g . . Histograms of the flood triggering CPs were calculated for
N oS s S S each gauge. Thereafter, mean frequencies for every region
were calculated (Fig. 4). The differentiation into winter and
Region East summer reflects the discharge behaviour of the respective re-
gions.
Regions West and East both show a winter dominated
flood regime that is mainly influenced by only few CPs. 62%
of the maximum discharges in Region West are triggered by
the circulation patterns: WZ, WS, SWZ and NWZ. In Re-
gion West the dominance of WZ is more pronounced than
L I:u.l.., et balledenkdnannib !n Region Eas'F, Where 'Fhe other rgmaining CPs plf';\y amore
important role in triggering large discharges. The circulation
patterns TM, TRM and TRW are important during the sum-
Region South mer in the Regions East and South, when they are associ-
ated with large precipitation amounts that may cause floods.
Note, that the importance of the CPs TM, TRM, TRW is not
directly visible in Fig. 4, as they occur seldom.
Region South is characterized by a different seasonal

flood behaviour. Summer maximum discharges dominate
s ' the AMAXF series. Winter peak discharges are triggered by

the same CPs as in Region West, namely by WZ, WS and
0

LN SEREBEF TR ET RERERE R RIPT PO IT L NWZ. Although summer floods have also large shares of WZ
TSNP T RIS IP T I and NWZ, the circulation patterns BM, HB, TRM, NEZ and

TRW play an important role for the summer flood hazard.
Fig. 4. Mean histograms of CP in AMAX series for the Region

West, East and South. 4.3 Trends in daily CP data

-
=)

Mean number of days in AMAXF
o

=)
B
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Mean number of days in AMAXF
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20

Mean number of days in AMAXF

Daily data of CPs were analyzed for trend with the Mann-

Kendall Test (10% significance level). Four variables that

capture the behaviour of the CPs over time were selected.
hese are the number of days with a certain CP per year,

. X ~ the number of CP events (independent of its length) and the
show upward trends for a relatively short time frame begin- ; ) :
mean and maximum durations per year. These variables were

hing around 1960. Additionally, there are a few downward derived for the complete hydrological year and for the win-

trends in short time series in the early 1950s, which can : .
be found in all three flood indicators. Although the winter ter season and summer season, respectively (Table 3). Since

X . . the trend results of the mean and maximum duration are very
maximum discharge shows many upward trends, this pattern

is not visible in AMAXF. Th_e reason lies in the large per- sgiz,alrr,ani\EI; if%rygnigzvxz ,:Ez ;;g‘zggdsu:);ﬁtg: pneurrggz; OSf,ix
g%r::iaﬁ%;?tf t?g:gg?; ?Avgl?/lt,i)l(nFA;:I\;ﬁsxer' ;Llu:’r;gﬁ ggrsnebnecreocf) Ps show no trend at all for all variables and the different

. datasets. Four CPs revealed slight changes in only one vari-
trends in AMAXF. Downward and upward cycles are more able, which were however not significant
pronounced in AWMAXF, whereas the changes in AMAXF ' '
and ASMAXEF are less abrupt. Changes of the summer serieﬁ 3.1 Number of days
reveal a more variable picture. Here, upward and downward "~
periods dominate the pattern. Most of them are not signifi-
cant.

4.1.3 Region South

Upward trends were detected for the three flood indicator
in Region South (Fig. 3, third row). The AMAXF results

The majority of CPs shows changes in the number of days
(MK-Test, 10% SL). However, for only eight CPs the trend
is also significant for the annual dataset (column “All"). Up-
ward trends were found for the annual dataset for the three
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Table 3. Relative change within 52 years in % (bold numbers indicate trends (MK-Test, 10% SL); grey rows show flood relevant CPs).

Name of Number of days Number of events  Mean persistence in days
per year per year per year

CP CP Al Wi Su Al Wi  Su Al Wi Su
1 WA 19 93 17 0 0 0 42 79 18
2 Wz 43 90 18 0 0 0 49 69 44
3 WS -31 0 0 0 0 0 0 0 0
4  WW -7 -22 -60 -75 0 -61 O 0 0
5 SWA 50 218 0 0 0 0 34 112 0
6 Swz -13 -45 61 0 0 0 0 —36 78
7  NWA 72 0 0 0 0 0 73 0 0
8 NWz -16 68 -74 -33 0 -61 38 118 —36
9 HM —29 0 —43 —-44 O 51 35 22 31
10 BM 84 59 113 21 0 0 51 48 46
11 T™ 0 0 0 0 0 0 32 0 0
12 NA 0 0 0 0 0 0 0 0 0
13 Nz -24 0 0 0 0 0 0 0 0
14 HNA —-19 0 0 0 0 0 0 0 0
15 HNZ —36 0 0 0 0 0 0 0 0
16 HB —-11 -55 57 0 0 0 14 0 163
17 TRM 33 0 48 0 0 0 29 50 33
18 NEA —57 0 0 -75 0 0 0 0 0
19 NEZ —-61 O 0 —-65 0 0 -39 0 0
20 HFA —28 0 0 -39 0 0 21 0 0
21 HFZ 0 0 0 0 0 0 0 0 0
22 HNFA 57 0 260 0 0 0 82 0 384
23 HNFZ -50 0 0 0 0 0 0 0 0
24  SEA 0 0 0 0 0 0 0 0 0
25 SEZ 0 0 0 0 0 0 0 0 0
26 SA 0 0 0 0 0 0 0 0 0
27 Sz 0 0 0 0 0 0 0 0 0
28 TB 0 0 0 0 0 0 33 0 18
29 TRW 58 52 40 0 0 0 41 68 27
30 U —-45 0 —-44 -52 0 -50 O 0 0

CPs WZ, BM and TRW. It is important to note that all three ard. For instance, the pattern TRM increased in frequency,
CPs hold a considerable potential for floods. WZ is im- although it rarely occurs. This is especially important for
portant throughout Germany, whereas the patterns BM andhe summer flood hazard, although the changes are also de-
TRW only play an important role for Region South. Down- tectable for the winter and the annual datasets.

ward trends were detected for the patterns WW, NEA, NEZ, )

HNFZ, and U. Among these, only NEZ is important for the For the winter and summer seasons, less trends were de-
flood hazard (again only in Region South). All other changeste‘:ted' Figure 6 shows results of the seasonal_ly differentiated
were not significant. Figure 5 shows two histograms of thetrends for selected CPs. These six CPs are important for at
number of days per CP for the annual dataset (top), wintefeast one of the three regions. WS,.a patte_rn that also fre-
(middle) and summer (bottom), respectively. On the left sigeduently triggers floods, is not shown in the diagram because
the histograms for the decade 1951—1960 are found and off" both seasons and all three variables non-significant de-
the right side for the decade 1991-2000. In all three dataset&eases were found. The patterns WZ, BM and TRW show
a statistically significant shift is visible towards a smaller for all datasets upward changes which are however not al-
number of CPs, which dominates the weather #Clist; ~ WaY's significant. Interesting results were found for the pat-
10% SL). Thus, CPs, as for instance WZ, which had already 46 NWZ which is important throughout Germany. When
large share of days per year even increased in the frequenc sting the entire dataset for trend, no trend was detected for

whereas less frequent CPs in general decreased. There Z. A look at the seasonal time series showed, ho(:/vever,
some exceptions that are also important for the flood hazthat during the winter a non-significant increase of 68% was
found, whereas the summer time series revealed a significant
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Number of days per year (in %) for the decades wz swz
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7 & = . - N i Fig. 6. Number of days per year in summer and winter daily CP
oA 1; Sz sA ': swz series.
sEZ a nwa SEZ 6 WA
EA NWZ . . . .
< e s 10% SL. With the exception of one increase (for BM), which
HNFZ HM . . e
i e o is however not significant, all other changes were downward.
HFZ ™ ez ™
RS i RN L 4.3.3 Mean and maximum persistence
NI
NEA HNA ek TRM HNZ 1A
TRM HNEZ HE
* . Conditions in the catchment prior to a flood play an important
001951 - 1960 1891 - 2000 i A
A role for the flood hazard. Consecutive precipitation events
o Ay e due to increasing persistence of specific CPs contribute to
T v we soil saturation, leading to higher runoff, possibly even for
TRW ws TRW ws .. . .
o ™ N 2 5 e N, weak precipitation events. Our analysis reveals many up-
sz SWA . . -
” 2 A i swz ward trends in CP persistence. In the entire dataset, 12 out
8 . g . .
sez 6 rwa SEZ s s of 30 CPs show significant changes in the mean persistence:
sea fon = - upward trends were detected for 11 CPs, and only one down-
HNFZ HM .
e o . ward trend was found for NEZ (cf. Table 3). Eight of the
HNFA BM . . .
i - MR ™ 11 CPs also revealed upward trends in the maximum persis-
HEA s N o tence. The only downward trend in the maximum duration
e ™ e was also found for NEZ. Figure 7 shows trends in the mean
" duration of selected CPs for summer and winter separately.
01951 - 1960 01991 - 2000

The patterns WZ, NWZ and BM all have trends in the mean
duration. WZ and BM show for all three datasets upward
Yrends. The patterns NWZ and SWZ show again opposite
trends for winter and summer. However, the trend directions
are similar to those found for the frequency of days: for SWZ
downward trend of-74%. Figure 4 shows that the NWZ sjgnificant upward summer trends and for NWZ significant
pattern is especially important for triggering winter peak ypward winter trends. The pattern TRM also shows increases

discharges throughout Germany and also summer peak digyhich are however only significant for the annual dataset and
charges in Region South. The SWZ pattern has the oppositghe winter season.

development: a downward trend during the winter and anon-
significant increase during the summer months. 4.4 Trend development of selected circulation patterns

Fig. 5. Comparison of CP frequencies for the decades 1951196
and 1991-2000.

4.3.2 Number of CP events 4.4.1 Winter

The analysis of the number of events with a particular CPAIl three flood regions are dominated during the winter
(independent of its length) reveals less change than for theeason by the circulation patterns Wz, WS and NWZ (cf.
number of days (Table 3). Only eight CPs show changesFig. 6). Figure 8 shows the significance level of trends for the
seven of these are trends (significant at the 10% SL). Durinqiumber of days per winter and the mean duration matrices.
the winter there are no changes at all, and for the summeblpward trends are reflected by the levels of 95 to 100, and
season there are only four trends, which are significant at thelownward trends by 5 to 0, respectively. Upward trends were
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Fig. 7. Mean duration of CPs per year in summer and winter daily g g significance level of trends in the number of days and

CP series. mean duration during winter of the circulation patterns Wz, WS
and NWZ. Results between 95 and 100 indicate upward trends, re-

detected in the number of days per winter as well as in thesults between 0 and 5 downward trends.

mean duration for WZ. NWZ also shows upward trends in

frequency, especially when including the most recent years. ikl umber of days Nz st com el
.. . . 2000 ) - "
Large changes are also visible in the mean duration of N\Wz | % = 2%
during winter, where a significant upward trend is detectable, £ 1seo|h r 1990
when including the last years in the time series, no matter £ % a tase
. . w1980 I'#. 1980
how long the series progresses into the past. WS does no "% i
change very much over time. The num_ber of events of WZ ool ton0b e tor0b
and NWZ does not show a change during winter, for WS a '
Mean duration of WZ Mean duration of NWZ Mean duration of TRM

=
Ao g

slight decline is visible (not shown in Fig. 8). These results
show therefore an increased flood hazard during the winter _ 1ses
for all regions of Germany. This is especially important for 2 '/ <

the Regions West and East, where WZ and NWZ trigger large £ ... i -
shares of winter peak discharges. 1675 - 1075
1970 1970 °

1960 1970 1980 1960 1970 1980 1960 1970 1980
442 Summel’ Beginning year Beginning year Beginning year
Fig. 9. Significance level of trends in the frequency and mean dura-
tion during summer of the circulation patterns WZ, NWZ and TRM.
Results between 95 and 100 indicate upward trends, results between
'3 and 5 downward trends.

The trend picture for the summer season is more differen
tiated for all regions (Fig. 9). Although the percentages of
WZ-triggered summer peak discharges are much lower tha
for winter, WZ plays an important role for the flood hazard
(cf. Fig. 4). In Region South an increased flood hazard is visi-

ble, especially for the gauges in the Rhine catchment. Signif4.4.3 Correlation between seasonal MAXF and

icant increases (results between 95 and 100) in the duration combinations of CP

of WZ are evident when including the last 10 years into the

dataset. No changes in number of days and number of even#lthough there is only poor visual agreement between mul-
were detected. In contrast to the winter season, NWZ is sigtiple trend test matrices of the different flood variables and
nificantly decreasing (results between 5 and 0) during sumindividual CPs (cf. Figs. 3, 8, and 9), it is interesting to in-
mer in all three CP variables (Table 3). Downward changesvestigate the correlation of the time series between seasonal
are however only significant, when including at least 35 yearsMAXF and combinations of CPs. The mean frequencies in
into the trend test (Fig. 9). This decrease in the flood hazardFig. 4 highlight the fact that a number of different CPs influ-
caused by the NWZ pattern is again only relevant for Re-ences the peak discharge behaviour in all regions. We con-
gion South, since in the other two regions there are rarelyducted therefore correlation analyses of seasonal compos-
NW2Z-triggered summer flood events. The Vb-pattern TRM ite MAXF and combinations of the most important and/or
is increasing in all three variables. When including the lastfrequent CPs (number of days) based on the histograms in
decade in the trend test, the number of days and the meahig. 4.

duration show upward trends.
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B o ntor 42y Wit WE or NW2 and South. Eigu_re 10 (lower righ_t su bp!ot) presents theref(_)re
T AWMAXF P ANMAXF R0 also a combination for summer in Region East, the one with

—— WZ-WS-NWZ —— WZ-NWZ

the highest correlation. The overall agreement of fluctua-
tions is, however, worse compared to the three subplots for
winter combinations. The combination of CP days exhibits

much more variability than the composite summer discharge

50 1960 1570 1960 1990 2000 SerieS,

[N - T T S
[N - T T S

%50 1960 1970 1980 1990 2000

Number of winter days with WZ, WS or NWZ Number of summer days with WZ, NWZ or TRM
and AWMAXF in Region East and ASMAXF in Region East

—— ASMAXF RS

—— WZ-NWZ-TRM 5 Discussion

—— AWMAXF R=043
—— WZ-WS-NWZ

A number of interesting trend results was found for each of
the three flood regions (West, South and East Region). A
link between trends in winter maximum discharges and the
frequency and persistence of the CPs WZ and NWZ could
Fig. 10. Comparison of seasonal MAXF data and combinations of be found for the Regions West and East. For summer, the
CPs (number of days) for Region West (first row) and Region Eastlink is not that obvious, however, also detectable for selected
(second row). CPs and the Regions East and South. In the following, the
findings of the study are discussed separately for each region.

N ER- T IR
N ER- T IR

%50 1960 1970 1980 1990 2000 %50 1960 1970 1980 1990 2000

All three regions show significant correlations (at the 5.1 Region West

10% SL) for the combinations of composite winter maximum Region West is dominated by winter peak discharges which

series and the sum of days with WZ-NWZ and WZ-WS- significantly increasing in magnitude. Several other stud-

N.WZ,Vrvespie:c:.tlv:aly. F'glg% 10’[ exempl;mly showsltforfI?e— ies found similar results for at least parts of the region
g|onz' ?.S (|rs} é%w) adn as (sltzgonh row)_lr_erzlsu S0 g%” Caspary, 1995; Caspary andfBossy, 1995; Belz et al.,
comoinations o and seasonal discharge. 1hese combin 007; Petrow and Merz, 2009). The study of Hennegriff et
tions were chosen based on (1) the dominance of winter pea

) ! . I. (2006) is in good agreement with our findings regarding
discharges in Regions West and East, and (2) the large NUMpe temporal dynamics of significant flood trends (cf. Fig. 3).

ber of significant correlations for summer in Region East (Seel'hey also detected at many gauges significant upward trends
below). An overall good agreement of the fluctuations of sea-

; o n AMAXF and AWMAXF for time series beginning in the
sonal MAXF and the different combinations of CPs (number|19705 I I ginning !
of days) can be seen. The results show better agreements for '

both regions for the winter season (first row both diagrams The main part of peak discharges in Region West is trig-
) terly wi f i irection: WZ, WS, SWZ
and lower left diagram) than for summer. Although the coef- gered by westerly winds of varying direction S S

ficients of lati ite | 0.43-0.51) th X and NWZ. Although no major trends were detected for WS,
Iclents of correlation are quite ow (0. s ) 1€y are Stane other CPs revealed significant changes, which affect the
tistically significant. These low correlation coefficients are

: flood hazard in that region. With only slight changes in the
caused by (1) the small potential of a frequent CP 10 CauSe imber of events, the increasing number of days and persis-

a ﬂ.OOd ev_ent, anq (2) the relatively poor agreement of thetence of WZ and NWZ cause the flood hazard to rise. Belz
series during the first two decades. et al. (2007) also detected increasing trends of discharge and
For Region South, which is predominantly affected by wz for the winter season in the Rhine catchment. Gersten-
summer floods, only non-significant correlations were foundgarbe and Werner (2005) found for the winter season increas-
during summer, which are therefore not shown. The AS-ing trends of westerly atmospheric circulation types, too. Ad-
MAXEF series of that region comprises many CPs, which canditionally, a longer duration period of the persistence of the
only be poorly represented by a small number of CPs agirculation patterns was observed. This yields a larger flood
in Fig. 10. The combination with summer maxima (lower hazard through circulation patterns which are generally not
right diagram) in Region East exemplifies the complex re-very prone to causing flood events but may be increasingly
lation during summer. Region East shows many signifi- hazardous due to a longer duration. Long-lasting westerly at-
cant correlations of the composite summer maximum seriesnospheric circulation types cause eventually large-scale soil
and different combinations of number of CP-days. Thesesaturation, leading to higher runoff coefficients. For the mid-
are WZ-TRM, TM-TRM, WZ-NWZ-TRM, and WZ-NWZ-  dle and lower stretches of the Rhine, increased flooding prob-
TRM-TRW. Even the correlation between the composite AS-apjlities for the winter season have been suggested by Pfister
MAXF of Region East with the number of days of TRM is et al. (2004). During the second half of the 20th century

statistically significant. This is an important finding since increased winter rainfall totals and intensities have been ob-
TRM only comprises about 4% of the entire CP, but regu-served.

larly triggers peak discharges during summer in Regions East
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5.2 Region East 10% SL) for a large number of catchments, as well as in the
) . ) o ] ) frequency and persistence of flood-favouring circulation pat-
Region East is characterized by a similar winter discharggerns. of particular interest is a significant increase in (1)
and CP regime as in Region West. The dominating pattemsne flood relevant CPs, as well as in (2) the very frequent
WZ and NWZ increase in frequency and persistence and willcpg . significant correlation (at the 10% SL) between the fre-
therefore intensify the flood hazard during the winter seasonguency of CPs and seasonal flood time series was detected.
Mudelsee et al. (2006) also found an increase in the winter \yie found a trend (significant at 10% SL) towards a re-
flood hazard during the last decades for parts of'the regiongced diversity of CPs, causing fewer patterns with longer
Gerstengarbe and Werner (2005) found decreasing percenfiesistence to dominate the weather over Europe (cf. Fig. 7).
ages of easterly circulation patterns during the winter, whichths indicates changes in the dynamics of atmospheric cir-
cause cold and dry winters especially in Region East. Atcyjations which are of direct relevance to the flood hazard.
the same time, the number of days with precipitation tripled Longer persistence of CPs may lead to consecutive precipi-
during winter in combination with increases in the frequency tation events. Although the single events may have rather low
and duration of the patterns WZ and NWZ (Werner et al., hracipitation amounts, the succession of several events may
2008). These findings fit to our results of upward trends injeaq to saturated catchment conditions. This is particularly
the winter maximum discharges in Region East which arejmpsortant for winter peak discharge, which are in many cases
caused by more rain induced flood events due to m'lderW'nTriggered by WZ or NWZ patterns. Both are weather pat-
ters and an intensified zonal circulation (Gerstengarbe angs s that do not favour extreme precipitation. However, very
Werner, 2005). _ _ ~ wet preconditions may cause large runoff coefficients paving
Summer fI_oods play a more important role than in Regioniyq way for flooding. Rapp and Sehwiese (1996) found
West, especially floods triggered by TM and TRM (Petrow nward trends in winter precipitation in the period 1891—
etal., 2007). We found decreasing trends in summer maxi-4ggq for large parts of South-Western and Western Germany.
mum discharges in Region East (cf. Table 2). A decrease ifrhese results are in agreement with our findings and other
the flood hazard would be expected to be also visible in a degyygies for the Rhine catchment, which show significant in-
crease in flood-prone CPs during summer. The most frequentreases in precipitation extremes and in the flood hazard dur-
pattern WZ shows an upward trend in the duration. However,ing winter (e.g. Caspary andaBdossy, 1995; Hundecha and
this pattern usually does not cause large floods in the regio"Bardossy, 2005; Belz et al., 2007; Petrow and Merz, 2009).
In cont.rast the pattern TRM .is better known to trigger large  The investigated time span of 52 years in our study is
floods in the area. Although increases in the number of day$e|atively short compared to low-frequency climate variabil-
and in the persistence of TRM were detected, these are ngfy  There are well organized modes of climate variability
significant. Thus, a decreasing flood hazard based on thg; gifferent time scales and this variability may have a sig-
trends found in the discharge data of Region East is possijicant impact on the occurrence and magnitude of floods
ble, despite these non-significant increases in the duration °5y changed atmospheric moisture transport (Hirschboeck,
flood-prone CPs. 1988). For example, Llasat et al. (2005) compiled a cata-
; logue of floods for three basins in North-East Spain since
5-3 Region South the 14th century and found episodes of 20 to 40 years with

Region South is dominated by summer maximum discharges‘?‘arkedw increased occurrence of catastrophic floods. Sturm
Also for this region, an increasing flood hazard can be foundet @l. (2001) compiled a catalogue with floods in Central Eu-
due to increasing trends in the patterns WZ, SWZ, TRM and'oP€ from 1500 until today. Basins in Central Europe show
TRW which play an important role for AMAXF discharges clustering of floods. Given low-frequency climate varia-
in the region. Our results show an upward trend in the pertions, amuch longer time period would have been favourable.
sistence of SWZ during summer. This pattern is prone toHowever, a compromise between data availability and spatial
triggering heavy convective rainfall during summer, which coverage had to be found, when conducting a countrywide
regularly causes local flood events. Also, Gerstengarbe angtudy. Although long series would capture a broader pic-
Werner (2005) found for summer large upward trends in theture of the variability, a good spatial coverage with shorter
frequency of SWZ (tripled frequency with a step change intime series was favoured over a long period of more than 100

the 1940s). years at only few stations. Further, long flood time series
covering 100 or more years, are often associated with con-
6 Conclusions siderable uncertainty. For example, Glaser and Stangl (2004)

stress that the direct comparison is problematic between re-
Analyses of trends in flood hazard and in flood-triggering constructed historical floods and measured data due to the
CPs show a regionally and seasonally differentiated picturaifferent derivation of the datasets. Finally, the considered
for Germany. We investigated flood time series of 122 meso+time period is particularly interesting, since global warming
scale catchments in Germany and their triggering circula-s supposed to be of minor effect before the second half of
tion patterns. Our analysis detected discharge trends (at thime 20th century.
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The presented results have implications for the flood risk hydrologie infolge von Klimanderungen?, Wasser und Boden,
management, especially for flood design measures. Petrow 47(3), 18-24, 1995.
et al. (2008) compared a stationary and an instationary floodasty, C., Wanner, H., Luterbacher, J., Esper, J., abihB R.:
19512002 that the stationary estimation (which assumes ng_Since 1500, Int. J. Climatol., 25, 18551880, 2005.
trend in the data) may underestimate discharges of extrem&ne™ H- Guo. S., Xu, C., and Singh, V. P.. Historical temporal
events. Owing to the many detected flood trends in our study, trends of hydro-climatic variables and runoff response to climate

. ; . L variability and their relevance in water resources management in
a revised estimation of extreme events, which incorporates the Hanjiang basin, J. Hydrol., 344, 171-184, 2007.

the instationarity inherent in the data, seems appropriate fopkky (German Committee for Disaster Reduction): Flood Risk
the affected catchments. Reduction in Germany — Lessons Learned from the 2002 Dis-
aster in the Elbe Region, DKKV Publication 29e, LESSONS
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