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Abstract. This study aims to better understand the effectl Introduction

of catchment scale and climate on the statistical properties

of regional flood frequency distributions. A database of L- The companion paper bgalinas et al(2014 presents a
moment ratios of annual maximum series (AMS) of peak dis-newly established database of flood L-moments from 13 Eu-
charges from Austria, Italy and Slovakia, involving a total of ropean countries. Based on a preliminary visual inspection
813 catchments with more than 25 yr of record length is pre-and some basic averaging, tigeneralized extreme value
sented, together with mean annual precipitation (MAP) and(GEV) distribution appeared to be a potential pan-European
basin area as catchment descriptors surrogates of climate ari@od frequency distribution. However, Monte Carlo simula-
scale controls. A purely data-based investigation performedions showed that there is not enough statistical evidence for
on the database shows that theneralized extreme value the existence of a single three-parameter distribution suitable
(GEV) distribution provides a better representation of the av-for representing flood frequency regimes all over Europe.
eraged sample L-moment ratios compared to the other distriThis supports the fact of statistical model selection being a
butions considered, for catchments with medium to highertopical issue in hydrology and flood frequency analysis in
values of MAP independently of catchment area, while theparticular (see e.g.aio et al, 2009. Literature shows re-
three-parameter lognormalistribution is probably a more cent advances on how to combine different theoretical mod-
appropriate choice for drier (lower MAP) intermediate-sized €ls together to improve the representation of the local flood
catchments, which presented higher skewness values. Sarfrequency regime through multimodel approaches when the
ple L-moment ratios do not follow systematically any of the reproduction provided by a single theoretical model is not
theoretical two-parameter distributions. In particular, the av-satisfactory Bogdanowicz201Q Kochanek et a).2012).

eraged values of L-coefficient of skewness (L-Cs) are al- Concerning probabilistic model selectioHpsking and
ways larger thaiGumbek fixed L-Cs. The results presented Wallis (1997, Vogel and Fennesse1993 and Peel et al.

in this paper contribute to the progress in defining a set 0f(200), among others, recommend using the L-moment ra-
“process-driven” pan-European flood frequency distributionstio diagrams to guide the selection of the most suitable par-

and to assess possible effects of environmental change o@nt flood frequency distribution. L-moment ratio diagrams
its properties. have been used for detecting suitable parents for a wide

spectrum of geohydrological extremes (precipitation depths,
flood flows, earthquake magnitudes and others) observed in
different geographical contexts around the world (see e.g.
Vogel and Wilson1996 Robson and Reed999 Thompson

et al, 2007. In the hydrological application of L-moment
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4392 J. L. Salinas et al.: Part 2 — Climate and scale controls

ratio diagrams, and referring more specifically to flood fre- precipitation) on the properties of the underlying probability
quency analysis, usage of these kind of diagrams requiredistribution of flood flow.
sample statistics, which are unavailable or highly uncertain
for ungauged or poorly gauged regions. This is one of the
reasons why many authors have performed data-based anal- Description of the data set
yses trying to find relationships between sample moments
of the flood series and catchment descriptors. Among manyrhe analysis presented in this paper focuses on annual
others,Schaefer(1990, Farquharson et al1992, Meigh maximum series (AMS) of peak flow from three national
et al. (1997, Bloschl and Sivapala(l997), lacobellis et al.  databases, namely Austrian, Italian and Slovakian, and it ad-
(2002, Brath et al (2003, Merz and Blosch(2003, Di Bal- dresses the control of catchment size and climate, respec-
dassarre et a[2006, Merz and Blosch(2009, Padi et al. tively, on the flood frequency regime. In particular, the anal-
(2017, and Viglione et al. (2012 have found regional re- ysis considers catchment area and MAP as catchment de-
lationships between sample moments (mainly mean annuadcriptors for the three data sets. The flood data was shared
flood and coefficient of variation) and catchment area, mearin the frame of the FloodFreq COST Action ES098Je(d-
annual rainfall, and other lumped climatic indicators such assen 2011 Castellarin et a).2012 and constitutes a subset
aridity. While this correlation may change due to local pro- of the database presentedSalinas et al(2014. The coun-
cesses, there is more or less a consensus in the literature thaies selected for this study were able to share not only the
the mean annual specific flood and coefficient of variation ofdischarge data but the two catchment descriptors mentioned
peak annual discharges increase with decreasing catchmeas well, while the rest of the countries had some kind of lim-
size, as well as with decreasing mean annual precipitatioritation in this sense.
(MAP), although this last effect is more clear in arid cli-  On the choice of catchment area and mean annual precipi-
mates. The current paper tries to go a step further and relat&tion, previous studies have proven them to exert significant
the catchment descriptors to the probabilistic model selectiortontrol on the frequency regime of hydrological extremes
through their controls on the flood moments. (see e.gSchaefer199Q Bloschl and Sivapalari997 Brath
On an applied level, existing guidelines give recommenda-et al, 2003 Di Baldassarre et 312006 Padi et al. 2011).
tions on which statistical model, i.e. regional or local parentThey can be regarded as lumped catchment descriptors used
distribution, to use. This choice could have an important ef-as surrogate covariates representing the spatially distributed
fect on the estimation of high return period flood quantilesand complex hydrological processes controlling the catch-
due to the different behaviour of the tails of the distribution ment flood response. Precisely, the area of the basin is an in-
functions (see e.c¢El Adlouni et al, 2008. In some occa- dicator of the scale interplays between catchment processes
sions, these recommendations are not justified by any eviand rainfall Bléschl and Sivapalari995, while mean an-
dence from the local data, or are simply inspired or adaptedhual precipitation acts as control of probabilistic behaviour
from analogue guidelines in other countries. Keeping in mindof floods through its effect on antecedent soil moisture condi-
the need for a more effective use of existing data, a key scitions (Sivapalan et al2009, and also provides an indication
entific and practical challenge for improved risk assessmengabout other local and atmospheric process.
is a pan-European comparison and evaluation of the con- When combined, the three national data sets consist of
sistency of estimates across methods, physiographic regior&MS from a total of 1132 catchments (Austria, 676 gauges;
and a variety of spatial scales in order to ensure comparakaly, 282 gauges; and Slovakia, 174 gauges). Table 1 de-
ble flood frequency estimates and safety measures across Eseribes the data set in terms of catchment area, MAP, record
rope, as requested by the Directive 2007/60/EC. In fact, it idength of annual maximum series)( sample L-coefficient
of utmost importance for the implementation of the Flood of variation (L-Cv), L-coefficient of skewness (L-Cs) and
Directive that state-of-the-art and harmonized methods aré -coefficient of kurtosis (L-Ck) for the case study. The ge-
used to estimate extreme flood frequencies to obtain consisagraphical locations of the considered stream gauges are
tent values for locations where rivers cross national bordersshown on the map in Fig. 1. From a purely visual analysis,
On the basis of these considerations, this paper addressésie to the lack of detailed information on the hydrological
the two main scientific questions: can we quantify the mainregimes, the database is dominated by catchments with hu-
physical controls on the shape of the flood frequency dis-mid and continental climates, with a big proportion of moun-
tribution at a regional scale? Can we represent these cortainous catchments (where snow is supposed to play a sig-
trols graphically on L-moment ratio diagrams to guide the nificant role, but could not be included in the analysis due to
selection of suitable parent distribution on the basis of fun-the lack of this kind of data), and only a small percentage of
damental catchment descriptors? For this purpose, a subseatchments that could be considered Mediterranean or arid
of the data presented Balinas et al(2014 with a total of  located in Italy.
1132 catchments from Austria, Italy, and Slovakia is used As illustrated in the scatterplot of Fig. 2, the data set
to study the control of commonly available physiographic includes a range of values for catchment area and MAP,
and climatic characteristics (catchment size and mean annuand does not show any statistically significant correlation
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Table 1. Summary of the Austrian, Italian and Slovakian national data sets. Information on the distribution of catchment area, MAP, record
length () and sample L-moment ratios of the annual flood sequences is given.

Area MAP n L-Cv L-Cs L-Ck

km?)  (mmyrl) () -) -) -)
Min. 4.6 501.7 9 0.0152 -0.1209 -0.1583
1st quartile 64.9 902.8 22 0.2194 0.1777 0.1268
Median 157.0 1112.0 34 0.2763 0.2705 0.1905
Mean 2096.5 1163.6 38 0.2945 0.2782 0.2074
3rd quartile 534.0 1369.3 47 0.3558 0.3733 0.2730
Max. 131488.0 2312.3 182 0.7691 0.7737 0.7132

between the two (i.e. sample Pearson coefficient is equal tadjectives drier and wetter, and smaller and larger are
—0.010, and the null hypothesis of zero correlation is associ+elative to the distribution of wetness and sizes of the study
ated with ap value of 0.732). It is worth noting here that, as data set. The 20 and 80 % quantiles were selected after
illustrated in Fig. 2, very large catchments (catchment areas set of preliminary trials as they enabled us to enhance the
larger than 10000k®&) are associated with medium MAP representation of the peculiarities in the flood frequency
values (about 1200 mmy#). Therefore, very large catch- regimes for drier against wetter and for larger against smaller
ments in the study area are neither “wetter” nor “drier” catch- catchments for the considered data set.
ments (“wetter” and “drier” as defined in Sect. 3.1), and For each of the wetness and size subsets, the record length
this is an important element for the analyses described irweighted moving average (WMA) values of samples L-Cv,
Sects. 3.1 and 3.2. L-Cs and L-Ck were computed using a window of 70 catch-
As in the companion paper byalinas et al(2014), the ments, where the 70 neighbouring catchments were selected
framework used to analyse the flood data is the L-momenby taking the closest catchments in terms of the considered
environment, and, in particular, through the use of L-momentdescriptor (area or MAP). For each sample of the 70 catch-
ratio diagrams. Both L-Cs—L-Cv and L-Cs-L-Ck diagrams ments, the associated WMA value was plotted against the
are used, as several two- and three-parameter candidate disarresponding mean of catchment descriptor (area or MAP)
tributions are investigated. as shown in Fig. 3 for each of the six subsets. Note that
in this context, each individual WMA value has a regional
validity, as it is derived from a pooling group of 70 sites,

3 Results defined based on the similarity in terms of catchment size
and rainfall regime (MAP). For example, the first point of
3.1 Areaand MAP control on sample L-moments the yellow line in Fig. 3a represents a non-contiguous re-

gion with MAP <860 mmyr! (drier catchments) and the
A detailed exploration was undertaken to better understand’0 smallest sizes of the subset (in this case, catchment ar-
the controls on the flood frequency regime exerted by physeas from 36 to 103 kA). The minimum amount of informa-
iographic and climatological factors, represented here bytion for each point, assuming serial and spatial independence
area and MAP. To minimize the possible effects of samplingof the stations, would correspond to ¥®5 = 1750 station-
variability associated with short records when estimatingyears of data. The width of the window (i.e. 70 sites) provides
higher-order sample L-moments (see e/glione, 2010, a trade-off between the desire to effectively identify and vi-
the minimum record length was set to 25 yr of data, reducingsualize larger-scale structures in the data set and local devi-
the data set to a total of 813 catchments (Austria, 493ations from the averaging process, and the conflicting need
gauges; Italy, 151 gauges; and Slovakia, 169 gauges). Th& work on larger samples to reduce the effects of sampling
combined data set was divided into six smaller subsetsincertainty.
based on thresholds defined as the 20 and 80 % quantiles Considering the WMA values plotted in Fig. 3, an observ-
of the catchment descriptor values. For convenience, theble feature is a general tendency for all the L-moment ra-
following subsets are defined to characterize the catchmentgos to decrease with increasing area and MAP values. This
according to size: smaller catchments (at€85kn?), s a result already reported in the literature for the case of
intermediate catchments (55 km area< 730 kn) conventional product moments, with special focus on scale
and larger catchments (are&/30 km’—). Analogously, effect on the coefficient of variation of the flood distribution
the catchments were classified based on MAP as drie(see e.gSchaefer199Q Bloschl and Sivapalgri997 Brath
catchments (MAR:860mmyr?), medium catchments et al, 2003 Merz and Bloschl2003 Di Baldassarre et al.
(860mmyr! < MAP < 1420mmyr?') and wetter catch- 200§ Merz and Bléschl 2009 Padi et al, 2011, Viglione
ments (MAP>1420mmyr!) (see also Fig. 2). The
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Figure 1. Map showing the location of the 1132 considered Austrian, Italian and Slovakian gauging stations (points). Colour scale in the
background represents terrain elevation in metres a.s.l. (above sea level).

et al, 2012. Farquharson et al1992 and Meigh et al.
(1997 also found an increase of coefficient of variation and
skewness with increasing aridity, which is consistent with
this study, if one takes the lower MAP values as an indicator
for a higher aridity. The largest gradients in Fig. 3 are ob-
served for L-Cv, followed by L-Cs and, finally, L-Ck, con-
3 firming the lower variability of higher-order L-moments in
2 space (see e.g. Hosking and Wallis, 1997), and also show-
5 ing that the lower-order L-moment ratios have a stronger
------------------------ link to catchment and climate properties than higher-order L-
moment ratios. It is also noticeable that the WMA lines are
. not evenly spaced, which indicates a degree of non-linearity
10 100 1000 10000 100000 between the flood characteristics and the catchment proper-
Area (km’) ties. This is particularly evident when considering L-Cv plot-

Figure 2. Catchment characteristics of the Austrian, Slovakian anthd against both Cat_Chment area and MAP in Figs. 3a and b,
ltalian data sets. For each catchment, MAP is plotted against catcHO L-C8 plotted against MAP (subsets defined based on area)
ment area (grey circles). Black, dashed lines represent the 20 anth Fig. 3d and, to some extent, for L-Ck plotted against MAP
80 % quantiles for each catchment descriptor, defining the subsets d@gain, subsets defined based on area) in Fig. 3f. In addition
smaller (area 55 kn?), intermediate (55 k< area<730kn?),  tothe general tendency of decreasing averaged L-moment ra-
larger (area- 730kn?), drier (MAP<860mmyr?1), medium  tios with increasing area and MAP values, an interesting fea-
(860mmyr? < MAP < 1420mmyr?), and wetter catchments ture is observed in the L-Cv versus area diagram in Fig. 3a.
(MAP > 1420 mmyr1). If one looks at the single stations (grey dots) there is an
ascending—descending relationship of the L-Cv values with
increasing area, with a maximum located around 100.km
This was also found, among others,Blpschl and Sivapalan
(1997 andlacobellis et al(2002 in more regional contexts,
and it is relevant to find it as well in the present study.
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Figure 3. Sample L-Cv, L-Cs and L-Ck values for each catchment (grey points) plotted against catchment area and MAP. Lines show the
record length WMAs over 70 catchments for the subsets smaller, intermediate, larger, drier, medium, and wetter defined in Fig. 2.

3.2 Area and MAP control on regional flood frequency gamma(GAM), two-parameter lognormalLN2) andexpo-
distribution nential(EXP). The latter is used in connection with the three-
parameter distributiongeneralized logistidGLO), gener-

. ) . alized extreme valu¢GEV), three-parameter log-normal
Acknowledging the influence of both catchment size and(LN3) and Pearson type IPE3). These distributions, pre-
mean annual precipitation on the L-moment ratios, the neXkented in the companion paper 8glinas et al(2014, were
step in the analysis is to assess the impact of this influencg, ,nd to pe preferentially recommended in national guide-
on the underlying regional parent distribution of annual flood |ines for flood frequency estimation from several European
sequences. This investigation is based on the novel use of Loy niries Castellarin et a).2012). The assessment of which
moment ratio diagrams, which, in this context, are used t0gtagistical model fits better the averaged statistical properties
analyse the sensitivity of the choice of a parent distribution ¢ the sample was done visually based on the distance be-
to the catchment and climate characteristics. The two typegyeen the averaged sample L-moment ratios and the theoret-
of L-moment ratio diagrams mentioned in Sect. 2 are usedicy| jines, as objective goodness of fit measures require the

namely (i) L-Cv—L-Cs and (ii) L-Cs—L-Ck. The former is {504 peak datal(aio, 2004 and, in this case, only the L-
used in this study for assessing the suitability of the com-,,oment ratios were available.

monly used two-parameter distributions®iimbel(GUM),

www.hydrol-earth-syst-sci.net/18/4391/2014/ Hydrol. Earth Syst. Sci., 18, 4391401, 2014
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Figure 4. L-moment ratio diagrams for the subsets definedd)y
catchment area (smaller, intermediate, larger),(BhMAP (wetter,
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scriptor value. For example, Fig. 4a shows the WMA values
when the data set is divided by catchment size into smaller,
intermediate and larger catchments, and the colour grading
of the points reflects the mean value of MAP for each sub-
set of the 70 catchments. More precisely, red WMA values
of L-Cv and L-Cs in Fig. 4a correspond to the transect asso-
ciated with smaller basins in the catchment descriptor space
defined by MAP, orange relates to the intermediate-sized-
basins transect in the catchment descriptor space defined by
MAP and brown points stand for the larger-basins transect
in the catchment descriptor space defined by MAP. Analo-
gously, in Fig. 4b, yellow WMA values of L-Cv and L-Cs
represent the transect associated with the drier basins in the
catchment descriptor space defined by catchment area, green
corresponds to the medium MAP basins transect in the catch-
ment descriptor space defined by area, and blue points relate
to the wetter basins transect in the catchment descriptor space
defined by area.

The position of the WMA values of samples L-Cv and L-
Cs relative to the theoretical distributions shown in Figs. 4a
and b indicate that none of the considered two-parameter dis-
tributions fits the statistical properties of the data sets. In par-
ticular, both figures show that the WMA values of sample
L-Cs are always larger than that of t@imbeldistribution
(fixed value of 0.1699) and smaller than that of #mpo-
nential distribution (fixed value of 0.3333), with the excep-
tion of values up to 0.37 for the smallest drier (low MAP)
catchments (less intense yellow points in Fig. 4b). Sample
values of L-moment ratios do not seem to follow system-
atically the shape of any of the lines representing the theo-
retical L-Cv and L-Cs relationships of the considered two-
parameter distributions, but some WMA values tend to lie
closer to the LN2 curve than to any other. This is the case for
the intermediate-sized and medium MAP catchments of the
data set (midintensity orange and midintensity green points
in Figs. 4a and b, respectively). The only subset for which

medium, drier) described in Fig. 3. Each point represents the recordample values approach the statistical properties dbtima-
length WMA over 70 catchments of L-Cv against corresponding bel distribution, and they do it towards the intersection with

values of L-Cs and the colour intensity is proportiona{ap MAP

and(b) catchment area.

3.2.1 Two-parameter distributions

the LN2 curve, is for larger and medium MAP catchments

(intense green points in Fig. 4b and, to some extent, midin-
tensity brown points in Fig. 4a). The subset corresponding to
drier catchments presents the largest L-Cv and L-Cs values,
while the smallest L-moment ratios are found for the subset
of larger catchments lying as mentioned before closer to the

The diagrams in Fig. 4 report the WMA values of L-Cs Gumbelline than the rest of WMA values. Inside each sub-
and L-Cv associated with a given average value of catchset (i.e. smaller, intermediate, larger, drier, medium or wet-
ment area or MAP for the same moving windows for the ter basins) the intensity of gradation increases with decreas-
70 catchments defined in the previous section and showing L-Cv and L-Cs values. This means that for larger values
in Fig. 3, again stratified in smaller, intermediate and largerof catchment area and MAP, lower regionally averaged val-
catchments (Fig. 4a) and wetter, medium and drier catchues of L-Cv and L-Cs are expected. The gradients are clearer
ments (Fig. 4b). To emphasize the influence of the catchfor the smaller and drier catchments (red and yellow points
ment descriptors (i.e. area or MAP), the colour intensity ofin Fig. 4), while there is a slight increase of the WMA L-
each plotted WMA value has been graded according to theCs values for wetter catchments inside the larger catchments
value of the catchment descriptor that has not been used faubset. This could be attributed to the fact that, as pointed
the stratification, with increasing intensity for increasing de- out in Sect. 2, all larger catchments have a similar averaged

Hydrol. Earth Syst. Sci., 18, 43914401, 2014
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MAP value (between 1000—1400 mnty) belonging to the Analogously to Fig. 4, the area and MAP control on the

same intermediate wetness subset and the differences in thposition of the relative WMA values between the subsets
rainfall regime are not big enough to draw conclusions aboutremain in Figs. 5 and 6, showing again higher averaged L-
their control on the averaged L-Cs values inside the group. moment ratio values when comparing smaller to larger catch-

ments and drier to wetter catchments.
3.2.2 Three-parameter distributions

Figures 5 and 6 report the L-moment diagrams defined by4 Discussion
plotting WMA values of L-Cs and L-Ck in a similar fash-

ion to Fig. 4. In this case, the two intermediate subsets (i.@reyious sections have highlighted the importance of link-
intermediate-sized and medium MAP values) were plotteding the flood generation processes to the observed L-moment
separately from the subsets defining smaller, larger, driefaios of the annual maxima sequences, and the position of
and wetter catchments to ease the visual interpretation Ofq regional averages at the diagrams, in order to understand
the plots (as far as possible avoiding overlapping points) oy the differences between catchments in terms of under-
Figure 5a shows the subset of WMA values derived forying narent distributions. Two lumped-catchment descrip-
the smaller and larger catchments, with the colour inten-,s"are ysed as surrogate covariates representing the spa-
sity representing the average MAP value and Fig. b illus-(5)y gistributed and complex hydrological processes con-
trates intermediate-sized catchments with the gradation rept'rolling the catchment flood response. Precisely, the area of

resenting again the average MAP value. Similarly, Fig. 6aihe pasin is an indicator of the scale interplays between catch-
shows the subset of WMA values representing drier and wety o+ processes and rainfaBleschl and Sivapalar£995

ter catchments, with the colour intensity representing catchyy hije mean annual precipitation acts as control of probabilis-

ment size, while Fig. 6b is relative to the subset characterizedic henaviour of floods through its effect on antecedent soil

by intermediate MAP values. _ _moisture conditionsSivapalan et a).2005, and also pro-
Figure 5a shows that the WMA values associated with,jqes an indication about other local and atmospheric pro-

larger catchments are located closer to the GEV line than tQqqq.

any other distribution, generally showing slightly higher L- = g4, example, low MAP values could indicate regions with

Ck values than expected for a GEV distribution. For smaller e\ aience for more localized and variable storms, usually
catchments, the GEV is the distribution that best representyaghier in time and with higher rainfall intensities. This

the statistical properties of the sample, being the scatter ofjigher hetween-years variability and skewed distribution of
points much closer to the theoretical curve than that fromp,inga) extreme intensities translates into higher L-Cv and
the subset of larger catchments. For intermediate-sized catch- ¢ yalues of annual floods. as Figs. 4b and 6a suggest. In

ments, Fig._5b_ highlights astrong control of MAP on the aP- contrast, long-duration frontal or advective events, associated
propriate distribution; medium-sized catchments associateq;it jarger spatial extensions and lower rainfall intensities,

with high MAP values are situated closer the curve of the 56 expected at catchments presenting higher MAP values,
GEV distribution, while catchments with lower MAP val- more clearly shown in Fig. 6a. These two kinds of precipita-

ues move towards the LN3 distribution. This implies that, 4, regimes will also have an effect on the co-evolution of

for drier catchments inside the intermediate-sized subset, thgyngform with hydrological processe64al et al, 2012, in
distribution type shifts to a more skewed one (for the same ich rainfall plays an important role at multiple timescales.
L-Ck, the LN3 has higher L-Cs values than GEV). The variability of flood magnitude between years, and the L-

Figure 6a shows the WMA values for the two subsets in-qqefficient of variation as a measure of this variability, tends
cluding the drier and wetter catchm_ents ag defined by th% be higher in smaller and intermediate-sized catchments,
MAP values. The WMA values associated with wetter CatCh'compared to the larger ones, as shown in Fig. 4. The main

ments are located closer to the line defining the GEV distri-roa50ns are hoth the spatial heterogeneity of rainfall and the
bution, suggesting that GEV is an appropriate distribution forjneraction between the spatial and temporal scales of rainfall

wetter catchments more or less regardless of catchment sizg,§ -atchment size taking place. This interplay causes the

(as determined by the blue colour gradation). In contrast, the4ichment to resonate with storms of similar spatio-temporal
statistical properties of the drier catchments are better repre;

RS ) N éxtension. In the case of smaller basins this corresponds to
sented by the LN3 distribution, as also illustrated in Fig. 5b. gt duration, high intensity, spatially concentrated storms

Catchments with intermediate MAP values are associateq; o convective events or flash floods), which are also typical
with a larger range of L-Cs values depending on their size,

) - A of drier climates; while in larger catchments the resonance
(see Fig. 6b), and lie closer to the GEV line than to any othe

S X , 5 fappears with longer storms, usually associated with lower
distribution considered, with a slight tendency for the small-jensities, with a bigger spatial extension (i.e. advective or

estand largest catchments inside the subset to exhibit highgf,na) events), more typical of wetter environments (see e.g.
values of L-Ck than expected from a GEV distribution. Bléschl and Sivapalaril995 Sivapalan and Bl6sch1998.
These two differentiated regimes for rainfall extremes will
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Figure 5. L-moment ratio diagrams for the subsets defined by catchment(@jeamaller, larger, an¢b) intermediate described in Fig. 3.
Each point represents the record length WMA over 70 catchments of L-Ck against corresponding values of L-Cs and the colour intensity is
proportional to MAP.
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Figure 6. L-moment ratio diagrams for the subsets defined by Mfe}:drier, wetter, andb) medium described in Fig. 3. Each point
represents the record length WMA over 70 catchments of L-Ck against corresponding values of L-Cs and the colour intensity is proportional
to catchment area.

cause not only a higher L-coefficient of variation but also L-Cs with increasing values of MAP and, more strongly,

a higher L-coefficient of skewness in the flood distributions catchment size. One visible consequence of the higher dis-
for smaller and drier catchments compared to the larger angbersion and skewness of the flood frequency distributions
wetter ones, as shown in Fig. 5a. Aside from precipitationwith decreasing catchment area and increasing aridity is the
input, other catchment processes can also play an importaritict that predicting flood magnitudes and exceedance proba-
role in shaping the properties of the flood distribution. The bilities in ungauged basins is more difficult in smaller, more
presence of non-linearities in runoff production and routing arid catchments, as compared to bigger, less arid ones (see
in smaller, drier basinsMedici et al, 2008 in contrast to  e.g.Salinas et a).2013.

the aggregation of processes in larger catchm@&itgpalan Therefore, the main findings from the analysis presented in
et al, 2002 will translate in decreasing values of L-Cv and the previous sections need to be interpreted in a hydrological
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way, instead of in a merely statistical sense. For example, theand storm rainfall intensity distributions holds in future cli-
fact that the GEV distribution is found to be the model rep- mates. This sensitivity analysis could be extended by includ-
resenting better the averaged statistical properties of catching additional catchment descriptors representing processes
ments with medium to high values of MAP regardless of likely to change, e.g. land cover and urbanization, and by
size, is probably because few of the catchments in arid reweighting each distribution type in case a multimodel ap-
gions with highly skewed distributions of rainfall extremes proach is selected for representing the regional flood fre-
are present in these subclasses. In contrast, there is a clear iguency distribution (see e.haio et al, 2009.

dication that the LN3 distribution, which has a higher skew-

ness than GEV for a given kurtosis, reproduces better the ,

sample properties of the drier, intermediate-sized subset, rep>  Conclusions

resenting most likely other flood generation processes thaE]'his study has shown that the inclusion of information on

for the data subsets more affine to the GEV distribution. Nev—the underlvina hvdroloaical processes in the model choice
ertheless, the limited number of catchments classified simul: ying ny 9 P

. i of high importance. Each catchment has been character-
taneously as smaller and drier, larger and wetter, or larger an . ! o
Ized in terms of size and mean annual precipitation, as these

drier prevents these conclusions from being extended furthet. . :
AR . . roperties have previously been found to be rough surrogates
The LN2 distribution represents in some circumstance ; .
. . or the different flood generation processes, but also because
a valid alternative to the other commonly used three-

N . . ; .~ asurvey presented in the companion papeBhimnas et al.
parameter distributions, especially for intermediate-sized,
X X 2014 showed that only these, the most elemental catchment
medium MAP catchments. The fact of having one paramete

less than the GEV or the LN3 allows the LN2 to reproduce properties, are readily available across Europe. Some pre-
- . liminary conclusions can be drawn, such as the shift from a
only a limited range of hydrological processes maybe not

’ GEV to a LN3 as a more appropriate distribution for decreas-
able to capture the extreme cases of the smaller or drier catch- . . .
g MAP values in intermediate-sized catchments. However,

g
ments. Sample L-Cs values are shown to be, on a reglon%ue robustness of these statements is limited due to the lack

average, higher than th'e ones of Bembeldistribution, be- of more data from simultaneous extremes of the subclasses
ing the larger and medium MAP catchments the ones Closefe.g. smaller and drier catchments) but maybe more due to

to its theoretical curve. This is likely due to the fixed skew- ;
S . the absence of better catchment attributes that allow us to
ness value of th&umbeldistribution, relatively low for the . :
fully describe the flood generation processes.

regional averages of the given data set and the selected ag- Several studies of flood hydrology have also highlighted

gregation levels, corresponding substantially o the smoothe{he potential utility of soil and land-use data for character-

processes in larger catchments. Also, for the smaller, wet:_. .
. . izing flood frequency curves in ungauged European catch-
ter, and drier catchment subclasses, none of the considere . . .
N : ments. Thus, there are potentially larger benefits associated
two-parameter distributions is capable of accurately repre- . .
; with future development of consistent pan-European catch-
senting the averaged values of the subset.

Recalling the scientific questions presented in the intro-.ment descriptor data sets as a fundamental step in harmoniz-

duction, this study has been able to quantify the controls of 9 methods. In part|cular. for t.hls datqbase, there is a variety
o f other catchment and climatic descriptors that could poten-
area and mean annual precipitation on the sample L-momeqI

: . : ally improve the analysis. As pointed out in Sect. 2, there is
ratios of annual maximum flood discharges, and has shown
. : . a large number of catchments that could be strongly affected
how these controls may guide the selection of suitable par

L X . by snow processes. Its control on the flood regimes could be
ent distributions in an L-moments diagram framework. Ad- : ;
. . .. analysed through surrogates such as median (or maximum)
ditionally, the novel use of traditional L-moment ratio dia-

grams presented in Figs. 4, 5 and 6 may be very informativecatChment elevation, mean annual air temperature or by more

and could help to better understand the changes in flood hazis-peCIfIC o_nes_hke the fractlon of so_l|d o I|q_U|d precipitation.
. ) . Also, having information on a station basis about the dom-
ard resulting from different sources of environmental change.

- . inant event types and the precipitation that most likely trig-
By explicitly accounting for the conceptual process controls ers the hydrological extremes (convective rainfall, long rain
through catchment descriptors (catchment area and MAP i} Y 9 o9

this study), the sensitivity of the flood frequency distribution events, etc.) might gllow us to havg a better understanding of
. : the whole hydrological regime which could be used to more

to changes in process controls can be determined. For X ccurately sort the database. For example, a recent study b

ample, Figs. 5b and 6a show that for medium-sized catch- y ' p'e, y by

ments the most appropriate distribution changes flom a GEVFeS 12T SRl T2 Hom AP B T R as o8 T
to a LN3 distribution as MAP decreases. Thus, if future cli- y ’ Y

mate projections indicate a reduction of MAP, then the e are other climatic indicators related to the energy and wa-

S . ter balance, such as the aridity index (ratio between potential
sultsin Figs. 5b and 6a suggest that the corresponding chan Sapotranspiration and mean annual preci itation), that could
in flood distribution is likely to be characterized by a move P P precip '

towards a larger skewness (e.g. from a GEV to a LN3 distri_provide together with rainfall and temperature valuable infor-
bution), assuming that the current relationship between MAPmatlon on the climate type.
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The original utilization of the traditional L-moment ratio Di Baldassarre, G., Castellarin, A., and Brath, A.: Relation-
diagrams presented in this study, in conjunction with a more ships between statistics of rainfall extremes and mean an-
refined characterization of European catchments based upon nual precipitation: an application for design-storm estimation
a richer catchment descriptor data set, could also contribute in northern central Italy, Hydrol. Earth Syst. Sci., 10, 589-601,
to better understanding the modifications in flood hazard re-_ 90i:10.5194/hess-10-589-200B006. _
sulting from different sources of environmental change, and™' Adlouni. S., Bobée, B., and Ouarda, T. B. M. J. On the tails of

- " extreme event distributions in hydrology, J. Hydrol., 355, 1-4,
to move further towards the definition of a set of “process- d0i10.1016/] jhydrol.2008.02.01 2008

driven” pan-European flood frequency distributions. Farquharson, F. A. K., Meigh, J. R., and Sutcliffe, J. V.: Regional
flood frequency analysis in arid and semi-arid areas, J. Hydrol.,

) . 138, 487-501, 1992.
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