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Abstract

This paper presents analysis of flood seasonality regional distribution in the Elbe river catchment. Three
methods of flood occurrence seasonality analysis are applied — polar graph method, directional statistics me-
thod and the method of cumulative frequencies. On the basis of seasons determined for each gauging station,
the Elbe river basin was divided into seven hydrologically homogenous regions. The regions do not copy
natural river basin borders, but rather correspond to areas with similar characteristics as average annual pre-
cipitation or altitude.
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1. Introduction

Regional flood frequency analysis is often used to enhance the estimation of flooding
probabilities at locations where little or no data are available. An important component
of regional flood frequency analysis is the identification of the region that is used to
effect the spatial transfer of information. A region, in this context, has come to mean
a collection of catchments that can be considered to be similar in terms of hydrologic
response (Burn 1997; Black, Werritty 1997).

A delineation of the region is based on the request of similar characteristic within
one region the same as the request of different characteristic within the different regions.
The goal of this process is finding the cluster of catchments that are similar enough to
transfer the extreme flow information between any locations within the region. Regions
are generally formed based on some measure of the similarity between catchments. In
this paper the seasonality of flood response is used as a basis for a similarity measure
for grouping catchments. Specific natural conditions of each region determined a
seasonal flood frequency occurrence.

Flood seasonality has formed the focus of a number of studies in the Czech republic.
The seasonality analysis was employed in a given catchment (Bradka, 1967; Buchtele,
1972; Hladny, 1971, 1995; Kakos, 1983, 1985; Kasparek, 1999, 2000; Vavruska,
1989).

The new approach presented in this paper is that the seasonality of flood response
is analysed in each of selected gauging stations in order to delineate hydrologically
homogeneous region.

37



Data sets of 110 unregulated catchments from the Czech part of the Elbe river
basin were used to illustrate the methods. A brief review of methods characterizing
seasonality measure is also presented.

This article terminates by an overview of findings and representation of defined
regions.

2. Data

2.1. Selection of Representative Water Gauging Stations

The database used in this study was made up from river gauging station records of
the statutory the Czech Hydrometeorological Institute (CHMI). Stations were selected
by various criteria, e.g. natural runoff regime and sufficient data quality. Profiles
with significantly affected runoff regimes or stations with interrupted or incomplete
measuring series weren’t considered.

In individual areas of the Czech Republic, quality and available quantity of data
fairly differ. We identified in total 441 water gauging stations in the Elbe river basin.
However, complete daily flow (Q,) measuring series applicable to the period of 1975
— 2000 were provided only by 158 stations. With respect to the conditions stated above
and trying to cover the whole area, we selected 110 river gauging stations. Most of the
selected catchments are relatively small (Figure 1).
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Fig. 1 Selected water gauging stations with indication of respective divides
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Final distribution of selected stations in the monitored area isn’t always
equally proportioned, but with respect to the scale applied by the study it is still
representative.

2.2. Hydrological Data Selection

Monthly maximum data proved to be a too broad parameter for regionalization
because in seasons with relatively higher rainfall rates, some flood events were “lost”
and differences between seasons with increased and decreased probability of peak flow
were blurred. Such an approach would have left aside associated floods occurring in
one month, e.g. the floods in July, 1997 would have been considered as one case, while
in reality there were two flood events.

Therefore, the seasonal analysis of flood occurrence was based also on daily
hydrological data, particularly on records of average daily flow values. A daily peak
flow data that would even better reflect runoff extremes weren’t always available. For
each of selected measuring stations, we applied data series from 1975-2000.

2.3. Selection of Physical Data

For ecach studied river basin represented by water gauging station, we created a
database of the following characteristics:
— Catchment area,
Average slope of terrain,
— Average altitude,
Percentage of area covered by forest,
— Length of river valley,
Index of the catchment shape,
Hill aspect.

|

Values of catchment area and the length of river valley were taken from the CHMI
database. The average altitude, slopes and aspect of hills were calculated in the GIS
environment using a digital model of terrain and a layer of selected river basins’ divides
interpreted in vectors. Data on areas covered by forests were provided by the CORINE
database.

2.4. Selection of Meteorological Characteristics

As a meteorological characteristics an annual precipitation amount and the snow
accumulation around the end of the winter period (March 15) was considered. The data
from every precipitation gauging station at the Elbe river basin area were used.

An average precipitation amount of the catchment was counted in the GIS
environment using an interpolation method (“Orographic interpolation of precipitation™)
produced in CHMI, Prague (Sercl, Lett 2002). For the grid of average amount of snow
accumulation at the end of winter the same method was employed.
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3. Methods of Flood Occurrence Seasonal Analysis

To express differences in the space distribution of seasonality of flood response in
the Elbe river basin (area 51 394 km?), the daily flow data was used. Seasonality was
analysed for every studied catchment in its closing cross-section.

A peaks-over-threshold database gives the data and peak flow of each event ex-
ceeding a given flow threshold, whereas an annual maximum series gives information
concerning only the largest event each year (Shaw, 1993).

The method is defined by the following model (Todorovic and Zelenhasic 1970):

_Jo ;0.0
&= {Qv—QB,‘ 0>0,

where O, is a base level,
Q, the river flow at time o(v), and
¢, the exceedance at time ().

In order to effectively present the seasonal information contained in the database, it
is important to employ the most appropriate statistics. Three methods are applied in this
study to characterize flood seasonality. All of them work with threshold data.

3.1. Polar Graph Method

This method provides a graphical representation of particular variables in a polar
graph where axis x represents individual months (identified by Roman numerals) and
axis y represents values of monitored physical phenomena.

Each profile in the specific period is thus represented by a characteristic figure
reflecting distribution of the monitored value. Long-term and well-proportioned dis-
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Fig. 2 Polar graphs of extreme flow values in two selected profiles
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tribution of a particular phenomenon in the course of a whole year would create a regular
dodecagon. However, real phenomenon distribution is characterised by irregularity and
polar coordinates thus show deviations in certain seasons of the year. Some months are
marked by typical extremes and significant deviations against the average state while
in others the occurrence probability is minimal (Figure 2).

Polar graphs have a high informative value and are easy to imagine, but their
accuracy is lower.

3.2. Directional Statistics Method

Directional statistics (Mardia, 1972) form the basis for defining similarity measures
derived from the timing of flood events. Following Bayliss and Jones (1993), we can
define the date of occurrence of the peak flow for a flood event as a directional statistics
by converting the Julian date, where the start of year is shown at its most easterly point
and that the seasons proceed in a counter-clockwise sense, of the flood occurrence for
the flood event 7 to an angular value using:

2n

. = (Julian Date), | ——
6. = (Julian 36)1(365)

where 6. is the angular value (in radians) for the flood date for flood event i.

Each flood date can now be interpreted as a vector with a direction given by 6. and
a magnitude m, where m is a relative magnitude of a given fiood flow (for the highest
flood flow in a flood series m = 1).

For a sample of » flood events, this information can be plotted to provide a visual
representation of the hydrologic regime for the catchment (Burn, 1997). From the
sample of » flood events, the x- and y-coordinates of the mean flood date can be
determined using:

¥=

1 < st ], Bew
—— 2. cos(0,) o _lsmw,.)

i=1 i=

where x and y represent axis x- and y- coordinates of the mean flood date and lie
within, or on, the unit circle. A measure of the variability of the n flood occurrences
about the mean date can also be determined. The variability measure is defined by the
mean resultant as

r=\x2+y?

where 7 provides a measure of the spread of the data.

A value of 7 close to unity indicates a catchment with a strongly seasonal flood
response (7 equal to 1 would indicate that all floods in a given profile occurred on the
same date of the year) while values close to zero indicate that there is great variability
in the date of occurrence of flood events for the catchment (Bum, 1997). Figure 3
illustrates the method application in two selected stations of the Elbe river basin with
MD indication. The position vector size is determined by 7 values.
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Fig. 3 Illustration of flood dates and summary seasonality statistics for two sites

There are two main advantages of directional statistics method. First, seasonality is
defined by a single numerical value and second, the result is highly illustrative. On the
other hand, it distorts data by working with mean values.

3.3. Method of the Cumulative Frequency Curves

A method of the cumulative frequency curves consists of plotting the mean number
of exceedances L(?) in a time interval (0,T) equal to one year, against the time ¢, for
each station, and for a number of increasing levels. There where three values for Qg
that corresponds to Q, ,, Q, ,; and Q, , quantiles of statistical distribution. The graphical
method was applied for each of 110 gauging stations. Figure 4 illustrates seasonality
representation of two selected sites.

Where an event occurred with more than one peak in the flow hydrograph, to ensure
the data are independent, the study considers only such peak flows that occurred at least
seven days after their previous culmination provided that flow values in this period
dropped to at least one half of the higher peak value. Per each station and each out of
three Qg values, a cumulative frequency curve was made. The behaviour of these L(?)
plots (change of slope, its beginning and end in time, piecewise linearity, etc.) indicates
a significant seasons for each stations.

For each stations studied, three interesting observations were made:

1. all plotted curves, for various base levels, change slope at approximately the same
dates, and

2. three different periods are defining at each stations (the period of an increased and
the period of a decreased extreme flow value probability, and transitional period),

3. within indicated periods, the cumulative frequency curves have more or less linear
character.

The piecewise linearity mentioned under clause (3) has an important significance at
flood frequency analysis. It indicates that within seasons, the time distribution of flood
events is largely homogeneous.
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Fig. 4 Tllustration of the graphical method for two stations in elbe river basin

An advantage of the method described above is its high accuracy level while data on
seasonality are maintained. Periods of an increased flood probability can be identified
with accuracy of days. On the other hand, it is difficult to use resulting seasonal data for
further statistical processing.

Numerous methods exist to express seasonal characteristics of flood regimes in a
given region. However, due to various controls on flooding, there isn’t any universal
method deemed to be the best one. With respect to the objective, i.e. to depict spatial
differences in extreme flow seasonal distribution, we compared three methods. The
method of cumulative frequency curves proved to be most suitable.

4. Results

An advantage of directional statistics method is providing the information not only
about timing but also about relative magnitude of flood flows. An advantage of the
method of cumulative frequency curves is an exact determination of the beginning and
the duration of the flood occurrence season. For this reason the results of the second
mentioned method was used.

It is interesting to note that on the basis of the seasons determined for each station,
and without consideration of the geographical location of the stations, a geographical
regionalization of seasonality was achieved for the Czech part of Elbe river basin.
The area was divided into seven homogeneous regions (Fig. 5, Tab. 1) after carefully
examining and comparing the seasonal partitioning of the year in different part of the

‘Elbe river basin. The regions are geographically contiguous, for the most part.

The maps of physical geographic factors were employed to proper associate the
borderline catchments with the regions. Especially map of distribution of the annual
average precipitation on the Elbe river basin closely correspondents to the partitioning
to the regions. Region 1 (north-eastern mountains) and Region 2 (north-eastern high-
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lands) are geographically close together. Logically it is the higher Region 1 that has the
later flood events. Region 6 (Sumava mountains) is characteristic for its maximum of
flood during the summer. In Region 4 and Region 5, the seasonal signal is weak with
floods being more evenly distributed throughout the year. Similar seasonality situation
is also at the catchments in the Region 7 with one exception where almost any floods
occur during the autumn. Majority of catchments were allocated in Region 3 where
most of floods occurred either during early or at the end of winter period.

Fig. 5 Geographic display of homogenous regions in the elbe river basin

Tab. 1 Summary of sites in each region

Region 1 | Region 2 Region 3 Region 4 | Region 5 | Region 6 | Region 7 | Unclassified
0130 0030 0210 1580 0770 1130 1060 0450 1901
0290 0040 0300 1610 1000 1140 1080 0460 1070
0830 0050 0310 1620 1020 1150 1102 0470
0840 0060 0340 1660 1930 1110 0480
0850 0150 0350 1670 1940 1350 0490
0860 0160 0360 1710 2170 1370 0520
0880 0180 0370 1720 2180 1380 0580
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Region 1 | Region 2 Region 3 Region 4 | Region 5 | Region 6 | Region 7 | Unclassified
0900 0240 0390 1730 2230 1390 0590
0250 0700 1740 2260 1410 0630
0270 0710 1750 1430 0640
0280 0750 1790 1450 0650
0320 0870 1799 1470 0660
0690 0910 1900 1500 0820
0920 1960 1510
0940 2091 1820
0960 2101 1830
1240 2120 1870
1260 2140 1880
1270 2300
1310 2310
1330 2350
1520 2360
1530 2380
1560 2390

5. Discussion and Conclusion

The present paper analyzed several measures of catchment similarity in order
to highlight their descriptive capability when used in a flood frequency analysis
framework, as the basis to classify the catchments into homogeneous regions.

The results of a study of flood seasonality, using floods defined for each gauging
station by a modest flood-flow threshold are presented. Three methods of describing
seasonal flood events distribution were compared.

Polar graphs have good informative value and are easy to imagine, but their
statistical accuracy is low. With respect to the method of directional statistics, the
‘main benefits include detailed and clear organisation and high reliability in identifying
periods with intensified occurrence of extreme flows. Further, the method enables
to add information of a relative magnitude of individual flood event. The spread
Jillustrated by this method represents valuable information employed to assess river
basins’ sensitivity to maximum flow values. On the other hand, the method generalises
seasonal data under a mean value that is not sufficiently representative.

The method of cumulative frequency curves proved to be most suitable and effective
in dividing a year into three seasons differing by their probability of flood occurrence. A
big advantage of the method is an exact determination of the beginning and the duration
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of the flood occurrence season, which in terms of seasonal analysis is a vital piece of
information.

With respect to the objective, i.e. to depict spatial differences in extreme flow
seasonal distribution, we applied the method of cumulative frequency curve. Seasonal
partitioning of the year differ more or less depending on geographical location of
individual water gauging stations.

On the basis of seasons determined for each station, whole studied area was divided
into seven hydrologically homogenous regions. The regions don’t copy natural river
basin borders, but rather correspond to areas with similar characteristics as average
annual precipitation or altitude. Physical and geographical controls on the timing and
spatial variability of floods are subject to further research.
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REGIONALIZACE POVODI LABE
NA ZAKLADE SEZONALNI ANALYZY VYSKYTU POVODNI{

Résumé

Clanek se zabyva sezonélni analyzou vyskytu extrémnich pritokl v &eské Casti povodi Labe. Odlisné
vystupy sezonalni analyzy umoZiiuji rozdélit sledovanou oblast na dil&i celky, hydrologicky homogenni re-
giony, jejichZ specifické pirodni podminky predurtuji Setnost vyskytu povodni v konkrétnim obdobi roku.

Pro sezonalni analyzu vyskytu povodni byla vyuZita hydrologick4 data prim&mého denniho priitoku
z databize Ceského hydrometeorologického ustavu. Pro kazdou ze 110 vybranych vodomérnych stanic byla
pouzita datova fada z obdobi 1975-2000. Na zdkladé metody POT (Peaks Over Threshold), data nad urditou
mezi, byly analyzovény pouze kulmina&ni hodnoty povodiiovych priitokii, které pfesahly zvolenou hranici
pritokii Q.

K efektivni interpretaci sezonilnich informaci obsaZenych v databézi je diileZité zvolit co nejpfesnéjsi
statistiky. Ve studii bylo za timto u&elem provedeno srovnani tfech metod uZivanych pfi zndzornéni sezonal-
niho rozloZeni vyskytu povodiiovych ptipadii v roce. Metoda polarich grafii, metoda smérovych statistik
a metoda &ar kumulativnich &etnosti vyskytu maximélnich priitoki. VSechny pracuji s daty pritoki nad urdi-
tou mezi. Z hlediska presnosti dosaZenych vysledki se jako nejpithodn&jsi jevila metoda €ar kumulativnich
cetnosti.

V dalgim kroku byla pro viechna povodi odpovidajici vybranym vodomérnym profilim vytvofena da-"
tabaze nasledujicich fyzickogeografickych charakteristik: plocha povodi, primé&my sklon svahii v povodi,
primérna nadmotska vyska povodi, procento plochy pokryté lesem, délka udolnice, index tvaru povodi a ori-
entace svahil v povodi. Meteorologické velitiny byly zastoupeny udaji o roénich srazkovych thrnech a daty
o vyice sn&hové pokryvky na konci zimy. Primémé srazky na povodi byly vypodteny v prostfedi GIS po-
moci interpola&ni metody ,,Orografické interpolace sraZek* z bodovych udaji jednotlivych sraZkomérnych
stanic.

Pro kaZdou vodom&mou stanici, ktera reprezentuje povodiiovy reZim piislusného povodi, bylo urceno
obdobi roku, kdy se povodn& vyskytuji s nejvétsi pravd&podobnosti. Podobnost, resp. rozdilnost po¢ateéniho
data a délky trvéni identifikovaného obdobi byla déle podkladem pro nalezeni povodi, které jsou si vzdjemné
hydrologicky podobna.

Celé povodi &eského Labe bylo po pedlivém zkoumani a porovnavani sezonality vyskytu povodiiovych
prittokit v jeho riiznych &astech rozdéleno do sedmi hydrologicky homogennich regiond.
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