
1 INTRODUCTION

It has long been recognized that many annual flood
series are too short to allow for a reliable estimation
of extreme events. The diff iculties are related both to
the identification of the appropriate statistical distri-
bution for describing the data and to the estimation
of the parameters of a selected distribution. Region-
alization provides a means to cope with this problem
by assisting in the identification of the shape of po-
tential parent distributions, leaving only a measure
of scale to be estimated from the at-site data.

Although generally recognized as a powerful
means to improve flood estimates, research in re-
gional flood frequency analysis is hampered by the
unwill ingness of researchers to deal with problems
that cannot be treated mathematically rigourously. In
fact, regional flood frequency analysis calls for as-
sumptions, tests, and methods of a somewhat ad hoc
nature. It is generally difficult to assess or compare
the performance of regional estimation methods, be-
cause the degree to which implied assumptions are
valid is hard to measure or quantify in practice. This,
however, should challenge rather than discourage
hydrologists. At present, the index flood method is
the most used regional flood frequency procedure. A

fundamental assumption of the index flood method
is that data at different sites in a region follow the
same distribution except for scale.

Regional flood frequency analysis involves
two major steps: (1) Grouping of sites into homoge-
neous regions, and (2) Regional estimation of flood
quantiles at the site of interest. The performance of
any regional estimation method strongly depends on
the grouping of sites into homogeneous regions.
Geographically contiguous regions have been used
for a long time in hydrology, but have been critized
for being of arbitrary character. In fact, the geo-
graphical proximity does not guarantee hydrological
similarity. During the last five to ten years research-
ers have attempted to develop methods in which
similarity between sites is defined in a multidimen-
sional space of catchment-related characteristics or
statistical characteristics.

A significant contribution to solving the de-
lineation issue is the region-of-influence approach.
This method dispenses completely with the classical
notion of regions in that each site is allowed to have
its own region. The site of interest is located at the
centre of gravity in a space of relevant flood and/or
catchment characteristics, each weighted properly
according to its relevance. The method also involves
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the choice of a distance threshold; only sites whose
distance to the target site (in the weighted attribute
space) does not exceed this threshold are included in
the region-of-influence. An advantage of the region-
of-influence method is that in the estimation of a re-
gional growth curve, each site can be weighted ac-
cording to its proximity to the site of interest.

         In this paper, cluster analysis is used as a
first attempt to group sites into homogeneous re-
gions. The delineation of homogeneous regions is
closely related to the identification of the common
regional distributions that apply within each region.
A region can only be considered homogeneous if
sufficient evidence can be established that data at
different sites in the region are drawn from the same
parent distribution (except for the scale parameter).
L-moment ratio diagrams have become popular tools
for regional distribution identification, and for test-
ing for outlier stations. Hosking and Wall is (1997)
developed several tests for use in regional studies.
They gave guidelines for judging the degree of ho-
mogeneity of a group of sites, and for choosing and
estimating a regional distribution.

In Regional Frequency Analysis (RFA) data
are assumed to come from homogeneous regions. To
aid the presentation, a formal definition is given. Let
Qij, j=1,...,ni, be observed data at N sites of a region,
with sample size ni at site i, and let Qi(F), 0<F<1, be
the quantile function of the distribution at site i. A
region of N sites is called homogeneous if
Qi(F)=�

iq(F), i=1,...,N, where �
i is the site-dependent

scale factor and q(F) is the quantile of the regional
frequency distribution.

Hosking and Walli s (1997) developed a
unified robust approach to RFA, based on L-moments
described by Hosking (1990), that involves objective
and subjective techniques for defining homogeneous
regions, of assigning sites to regions, identifying and
fitting regional probabil ity distributions to data and
testing hypotheses about distributions. By robustness
Hosking and Walli s (1997) refer to statistics that
work well even if the data are contaminated or the
model assumptions are slightly violated. The
advantages of their approach over the conventional
method of moments and the maximum likelihood
method are the smaller effect of outliers and more
reliable inference from small samples, as the L-
moments are a linear combination of data.

The main stages of the RFA procedure are: (i)
screening of the data; (ii) identification of
homogeneous regions; (ii i) choice of a regional
frequency distribution; (iv) estimation of the regional
frequency distribution.

Hosking and Walli s (1997) recommend: the
standard discordance measure of Wilks to be used for

identifying unusual sites in a region in terms of the
sample L-moments ratios; a heterogeneity measure,
for assessing whether a proposed region is
homogeneous; and a goodness-of-fit measure, for
assessing whether a candidate distribution provides
an adequate fit to the data. The RFA is an iterative
procedure. However, Hosking and Walli s (1997),
emphasize physical reasoning rather than formal
statistical significance in data processing. Let us
denote by Di the Wilks’ discordancy measure based
on the sample L-moments ratios (L-CV,L-SKEW,
L-KURT) for each site as Hosking and Walli s (1997)
proposed to be used in the screening of data by
discordant sites. A site is declared as discordant if its
Di � 3. It is well known that the standard measure of
Wilks (which is in fact equal to the Mahalonobis
distance up to a fixed constant) for detection of
multivariate outliers is not robust as it is based on the
sample mean and covariance matrix which are
themselves affected by outliers. Alternatives to it
based on robust estimates of multivariate location and
scatter, developed by Rousseeuw and van Zomeren
(1990) could be used instead. The Wilks’ discordance
measure Di and several of its alternatives denoted by
RDi(.) based on robust estimates of the location and
scatter were applied in this study.

This paper is organized as follows. First the
contents of the rivers data base will be presented.
Some preliminary statistical results will be shown in
Section 3, followed by the RFA-results.  The main
conclusions of the study are summarized in the Sec-
tion 4.  The last section contains a list of references.

2 DATABASE

From the GRDC (Global Runoff Data Centre, Ko-
blenz, Germany) a 18MB database was received
with daily river discharges of 213 locations over a
period of time varying from location to location
from 1 year to almost 200 years. Characteristics of
the datasets such as station ID, river name, location
name, country, latitude and longitude of the location,
size of the basin area, starting year and month of the
daily measurements, ending year and month of the
daily measurements were given by the GRDC. Sta-
tistics of the annual average flows, annual maximum
flows, annual minimum flows, and the mean annual
precipitation, population density and elevation of the
location, were obtained in the screening of the data
and the analysis of various maps from BosAtlas
(1997). The 213 stations are depicted in figure 1.



Figure 1: Distribution of the measurement stations
over North-Western and Central Europe.

In figure 2, the daily river discharges of a river at a
certain location can be seen. For every year the
maximum, minimum and average discharges can be
determined. The maximum values are of interest in a
flood analysis.

Figure 2: Station Lith along the river Maas.

In total data the annual maxima from 168 rivers
were used in the study. Therefore from the 213 riv-
ers, a total of 45 rivers could not be used because of
too much missing data values or a too short period
of time (< 15 years). In Van Gelder et al. (1999), the
results are presented of the at-site frequency analysis
of the 168 locations.

3 FORMATION OF REGIONS

A K-means clustering of site characteristics (lati-
tude, longitude, elevation, annual precipitation,
population density and the size of basin area) was
performed following the algorithm of Hartigan and
Wong (1979). Latitude, longitude and size of the ba-
sin area were available from the database. The other
three characteristics were obtained from geographi-
cal maps. The following transformations of the site
characteristics were used:

Size of basin area: Y = 3 log(X)/ � (logX)

Elevation: Y=� X / � ( � X)

Latitude and Longitude: Y=X / � (X)

Eight clusters were derived from the K-means clus-
tering algorithm (figure 3).

Figure 3: Results of the cluster analysis.

The at-site L-moment ratios are calculated for all
sites at each cluster and the corresponding heteroge-
neity measure H was determined. Hosking and
Wall is (1997) regard a region to be acceptably ho-
mogeneous if H<1, “possibly” heterogeneous if
1 � H<2 and definitely heterogeneous if H � 2.  If the
region is not acceptably homogeneous, some redefi-
nition of the region were considered, based on Wilks
discordancy test and/or robust discordancy dis-
tances. The obtained regions based on the cluster
analysis gave definitely heterogeneous regions ac-
cording to the H-measure. Therefore, the regions
were reduced by excluding the discordant sites (ac-
cording to the robust distances, as the classical dis-
tance of Wilks in most of the cases was not signifi-
cant). This was not unexpected as already shown in



the simulation results of Van Gelder and Neykov
(1999). In this way, by several iterations of exclud-
ing discordant sites, the following homogeneous re-
gions were derived:

Region 1: England and Northern Europe (con-
taining 10 sites)

Region 4: South France   (17 sites)
Region 5: Thames river with 6 other sites (7

sites)
Region 6: Western UK (11 sites)
Region 8: Rhine and Danube rivers (10 sites)
Region h33: Dutch and German sites (12 sites)
In total 67 sites (40% of all sites) are assigned to

homogeneous regions.
The regions are shown in figure 4.

Figure 4: The 6 homogeneous regions

In this way the regional growth curves were esti-
mated, followed by the estimations of  the at-site
quantiles. For every region also a goodness-of-fit
statistic was calculated for the distributions. The re-
sults of these goodness-of-fits are presented in Van
Gelder et al. (1999). For the regions with a “signifi-
cant” correlated structure a modified algorithm of
Hosking and Wall is (1997) for RFA was used for the
purpose of obtaining more reliable estimates of the
H-statistics and of the confidence bounds.

It is emphasized that without the use of the robust
discordancy measures it would not have been possi-
ble to derive the homogeneous regions so easily. If
H appeared to be “significant” , i.e. H > 1, then it was
observed that the robust distances of discordancy
were also significant for some of the sites. Eight
clusters appeared to be an optimal choice for the
forming of homogeneous regions. Fewer clusters did
not result in satisfiable regions. It is recommended
that the forming of more clusters is investigated
since this may result in more homogeneous regions,
but on the other hand they may contain very few
sites.

4 CONCLUSIONS

Extreme river discharges may have severe conse-
quences for flood protection structures. How fre-
quently the events of extreme river discharges may
be expected to occur is of great importance. Design
of civil engineering structures and insurance risk
calculations, for instance, rely on knowledge of the
frequency of these extreme events. Estimation of
these frequencies is, however, diff icult because ex-
treme events are by definition rare and data records
are often short. Regional frequency analysis resolves



this problem by 'trading space for time': it does so by
using data from several sites, which are judged to
have frequency distributions similar to the site of
interest, in estimating event frequencies at that site.
L-moments are a recent development within statis-
tics (Hosking and Wallis, 1997). They form the basis
of an elegant mathematical theory in their own right,
and can be used to facilitate the estimation process
in regional frequency analysis. L-moment methods
are demonstrably superior to those that have been
used previously, and are now being adopted by ma-
jor organizations worldwide (Hosking and Wallis,
1996).

The largest possible homogeneous region that in-
cludes the Dutch rivers contains ten sites. These ten
sites are given by 3 Dutch sites, 1 Belgian site and 6
German sites.  Trying to add low-lying English and
Polish sites led to a heterogeneous region.

It appeared that the number of datapoints ap-
pears to be a very sensitive factor in the homogeni-
zation process. Our approach was to reduce the da-
tasets to 30 years in order to form homogeneous
regions.   As pointed out by Hosking and Wallis,
datasets with more than 30-40 years can better be
analyzed as at-site data. The RFA-method is only
benificial for datasets up to 30-40 observations.

The assessment of the accuracy of the region-
ally estimated quantiles can be performed with
Monte Carlo simulations. The simulation algorithm
of Hosking and Wall is (1997) has been used for this
purpose. Because of the (in some regions) high in-
tersite dependence, its correlation matrices have
been included in the algorithm. The proposed modi-
fication of Hosking and Wall is (1997) should only
be applied in case of strongly correlated regions (av-
erage correlation coeff icient around 70%).
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