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Abstract. Recent research on the bivariate flood peak/volume frequency analysis has mainly focused on the
statistical aspects of the use of various copula models. The interplay of climatic and catchment processes in
discriminating among these models has attracted less interest. In the paper we analyse the influence of climatic
and hydrological controls on flood peak and volume relationships and their models, which are based on the
concept of comparative hydrology in the catchments of a selected region in Austria. Independent flood events
have been isolated and assigned to one of the three types of flood processes: synoptic floods, flash floods and
snowmelt floods. First, empirical copulas are regionally compared in order to verify whether any flood processes
are discernible in terms of the corresponding bivariate flood-peak relationships. Next the types of copulas, which
are frequently used in hydrology are fitted, and their goodness-of-fit is examined in a regional scope. The spatial
similarity of copulas and their rejection rate, depending on the flood type, region, and sample size are examined,
too. In particular, the most remarkable difference is observed between flash floods and the other two types of
flood. It is concluded that treating flood processes separately in such an analysis is beneficial, both hydrologically
and statistically, since flood processes and the relationships associated with them are discernible both locally and
regionally in the pilot region.

However, uncertainties inherent in the copula-based bivariate frequency analysis itself (caused, among others,
also by the relatively small sample sizes for consistent copula model selection, upper tail dependence character-
ization and reliable predictions) may not be overcome in the scope of such a regional comparative analysis.

of the marginal distributions of the component variables and

Bivariate distributions of flood peaks and flood event vol-
umes may be needed for solving a range of practical prob-
lems, including, e.g., the design of retention basins and iden-
tifying the extent and duration of flooding in flood hazard
zones. For the statistical analysis of flood peaks and vol-
umes, identical marginal distributions for both random vari-
ables were used in the past (e.g., Goel et al., 1998; Yue et al.,
2002). Recently, the use of copula-based multivariate mod-
els has become widespread. These allow for separate studies

the correlation/dependence structure between them. Numer-
ous studies have been published on this topic (e.g., Shiau,
2003; De Michele et al., 2005; Chowdhary et al., 2011; Re-
quenaetal., 2013), including recommendations how to select
appropriate copula models (e.g., Favre et al., 2004; Genest
and Favre, 2007). Despite numerous studies, as mentioned
by Chowdhary et al. (2011), the use of copula-based multi-
variate distributions for hydrological design still cannot be
regarded as having been satisfactorily resolved. The selec-
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tion of the types of bivariate distributions and the estima-
tion of their parameters from observed peak-volume pairs
are associated with far greater uncertainties when compared
to univariate distributions, since observed flood records of
the required length are rarely available. This poses a prob-
lem for reliable estimations of flood risks in bivariate design
cases. It is being increasingly recognized that the problem
cannot be approached from only a purely statistical perspec-
tive. The crucial step for predictions in the multivariate mod-
elling of flood characteristics by copulas is the choice of the
copula which best fits the data (Favre et al., 2004). In this
respect Serinaldi and Kilsby (2013) highlighted the impor-
tance of studying the relationships between processes that
generate the design variables and also the statistical tech-
niques used to model them. In previous studies we have at-
tempted to better understand the hydrological factors con-
trolling flood hydrograph shapes, which also have implica-
tions for the dependence between flood peaks and volumes.
In Gadl et al. (2012), we analyzed the ratio of both quanti-
ties (flood time-scales) based on the concept of comparative
hydrology in a regional context in Austria. We have com-
pared catchments with contrasting characteristics in order to
understand roles of climate (through the type of precipitation
generated), together with the attributes of the environment
and flow generation processes (e.g., through antecedent soil
moisture and soil characteristics) in a holistic way. In Gaal et
al. (2015), our aim was to understand the causal hydrologi-
cal factors controlling the strength of the relationship (quan-
tified by Spearman’s rank correlation coefficient) between
flood peaks and volumes for the same dataset. These coef-
ficients ranged from about 0.2 in high alpine catchments to
about 0.8 in lowlands. The weak dependence in high alpine
catchments was attributed to the characteristic mix of flood
types in the region. The results also suggested that the fac-
tors controlling the strength of the dependence may be more
related to the climate than catchment characteristics. In Szol-
gay et al. (2015), we aimed at analyzing the formal suitabil-
ity of various copula-based bivariate relationships between
flood peaks and flood volumes, with a particular focus on two
basic flood generating seasons (summer and winter floods)
with the goal of going a little beyond the statistics alone in
the choice of the copula functions for the engineering appli-
cations. It was concluded that, for rainfall-fed floods, three
extreme value copulas performed best in the pilot region (the
Galambos, Gumbel-Hougaard and Husler-Reiss copulas) fol-
lowed by a normal copula. The other copulas were not re-
garded as regionally acceptable. For winter floods the best
performer was the Frank copula, followed by the normal and
Plackett copulas and the three extreme value models. The
Clayton and Joe copulas indicated an unacceptable perfor-
mance for both seasons. In Szolgay et al. (2015), we also
illustrated the importance of considering the influence of the
length of data series through two simple simulation experi-
ments. The preferences for the choice of copulas were still
visible, but less evident. The results indicated that the accep-
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Table 1. The basic catchments characteristics used in this study.
ALL SITES =all sites included (72 sites with no regional delin-
eation), SUBREGION #1 = Innviertel + Hausruckviertel (24 sites),
SUBREGION #2 =Traunviertel 4+ Flysh (22 sites) and SUBRE-
GION #3 = Miihlviertel + Waldviertel (26 sites). AREA - catch-
ment area [km2], MCE - mean catchment elevation [ma.s.l.], MRC
— mean runoff coefficient of maximum annual flood events [-],
MCS — mean catchment slope [-], PFA — percentage of forest area

-]

AREA MCE MRC MCS PFA
km? [masl] [H H  [H
maximum 4443 8880 085 033 1.00

ALL SITES median 78.6 571.0 049 0.09 0.30
minimum 10.6 3420 019 0.02 0.00

maximum 361.8 598.0 0.77 0.14 0.46
SUBREGION #1  median 67.4 4505 060 010 0.13
minimum 14.2 385.0 036 0.07 0.01

maximum 4443 839.0 0.74 033 1.00
SUBREGION #2  median 55.8 5710 049 010 0.34
minimum 12.0 3420 020 0.02 0.00

maximum 305.9 888.0 085 0.16 0.82
SUBREGION #3  median 120.6 7075 042 0.09 048
minimum 10.6 4800 019 0.03 0.26

tance of copula models can be conditioned on the flood types
but the length of the series and possibly also the homogene-
ity of the flood types within a region may play an important
role.

Here, these approaches are followed in a more differenti-
ated regional look at the selection of a hydrological process-
oriented copula model for flood peak/volume relationships.
Specifically, we are again interested in the following ques-
tions:

— how similar are flood peak/volume relationships of dif-
ferent flood types in a climatically rather homogeneous
region but in geologically different subregions,

— which factors may play a role in forming the similarity
of copula models in the subregions and

— if recommendations could be formulated for engineer-
ing studies with respect to the suitability of some copula
types for the given flood processes?

2 The pilot region

There are a wide variety of flood-generation mechanisms
across Austria (e.g., Merz and Bldschl, 2003), which result in
complex flood peak-volume relationships (Gaal et al., 2012,
2015; Szolgay et al., 2015). In order to decrease the com-
plexity of runoff generation schemes in this analysis, we de-
cided to reduce the climate variability through the selection
of a geographically limited area, i.e., the Northern Lowlands
region of Austria (Fig. 1), as a pilot region. The area is dom-
inated by lowlands and hilly sites, with elevations ranging
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Figure 1. Location and geology of the pilot region in Austria and
the subregions considered.

from about 400 to 1500 ma.s.l. The region is generally un-
der the influence of air masses from the Atlantic. The mean
annual precipitation in the target region shows a decreasing
western-to-eastern gradient. Orographic enhancement is not
significant; the annual rainfall amounts (from about 500 to
1500 mm) are significantly lower than in the Austrian Alps.
The basic climatic and physiographic characteristics of the
catchments are listed in Table 1.

Floods in the Northern Lowlands region may occur dur-
ing the whole year. The winter floods are usually induced
by snowmelt and rain-on-snow processes, when antecedent
snowmelt saturates the soils, and temperature increases
and/or relatively low rainfall intensities may then cause sig-
nificant floods. Flash floods are mostly caused by convective
events or cold fronts; synoptic floods depend on the particu-
lar circulation pattern, but westerly circulation prevails.

The data set used in this paper builds on the Austrian
flood data described in detail in Szolgay et al. (2015) and
the papers referenced therein. The 72 small and mid-sized
catchments analyzed have areas in the range of 10.6 to
444 .3 km? (median: 78.6 km?2), while the range of their mean
elevations is from 342 to 888 ma.s.l. (median: 571 ma.s.l.).
The time resolution of the runoff data was one hour. Three
subregions were formed on the basis traditional geographi-
cal/geomorphological units based on characteristic geomor-
phology, geology and pedology (Fig. 1) using results of Gaal
et al. (2012). The first subregion consists of the Weinviertel
and Muhlviertel areas in the north, with a prevailing geology
made of granite. In this region floods appear throughout the
year. The spring floods are apparently associated with snow
as indicated by the daily cycle of some of the events. In this
subregion, the meteorological forcing appears to be due to a
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range of processes, including convective storms in summer
as indicated by the slim shape of some of the summer hydro-
graphs. The second subregion consists of the Innviertel and
Hausruckviertel areas, where catchments have more winter
floods than in the other subregions. The geology in this sub-
region is prevailingly formed of gravel and sand. In the third
subregion, which consists of the Traunviertel and parts of the
Flysh, the catchments have more summer floods and flash
floods. For geology in this subregion marl and sandstone are
characteristic.

3 Methodology

Instead of the traditional engineering approach which often
deals with flood volumes associated with the annual max-
ima of flood events, the current analysis intends to include
all the flood events in the region which can be hydrologi-
cally regarded as independent. According to our understand-
ing, two subsequent flood events are independent, when they
do not originate from the same synoptic situation. We as-
sumed that after a seven-day period, on the average, a com-
pletely different atmospheric circulation situation occurs in
Central Europe (Gaal et al., 2015; Szolgay et al., 2015). The
flood type classification according to the genesis of events in
the region was introduced by Merz and Bldschl (2003) and
modified in Gadl et al. (2015). As a further modification to
that, the 25 697 flood events from the 1976-2007 period were
classified as synoptic floods (originally long or short rain-
induced floods in Merz and Bléschl, 2003), flash floods, and
snowmelt floods (originally rain-on-snow floods or snowmelt
floods).

In this paper we are interested in the similarity of empirical
copulas of flood peak-volume pairs, which we tested accord-
ingly to the approach of Remillard and Scaillet (2009). It is
based on the Cramér-von Mises type of distance measure:

S = Zi [Cu1 (UL, Uz,i) — Cp2 (Ui, U2,i)]2 (1)

where C,,1 and C, denote two empirical copulas. The proba-
bility distribution of S, given that the null hypothesis (Hp: the
empirical copulas come from the same — unknown — bivariate
distribution) holds, is unknown and needs to be bootstrapped.
The result of the similarity testing is a p value, which is the
percentage of how many simulations of the test statistic (un-
der Hp) exceeded the estimator from the observations. Since
the test statistic represents a distance, the lower values (a
smaller departure from the null hypothesis statement) lead
to larger p values, which however should not be used as a
measure of dissimilarity.

As in Szolgay et al. (2015), nine frequently-used copu-
las were chosen to be fitted locally, specifically from the
Archimedean class (Clayton, Frank, Gumbel-Hougaard and
Joe copulas), the extreme-value class (Gumbel-Hougaard,
Galambos, Husler-Reiss), the elliptical class (normal, Stu-
dent ), and finally the Plackett copula. (The abbrevi-
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Table 2. Number of identified independent flood events,
stratified by regions and flood types. ALL SITES=all
sites included (72 sites with no regional delineation),

SUBREGION #1 = Innviertel + Hausruckviertel, SUB-
REGION #2 = Traunviertel 4 Flysh and SUBREGION
#3 = Muhlviertel + Waldviertel.
Number of All  Synoptic  Flash  Snowmelt
catchments  floods floods  floods floods
ALL SITES 72 25697 19093 1733 4871
SUBREGION #1 24 9396 7325 596 1475
SUBREGION #2 22 8788 6448 652 1688
SUBREGION #3 26 7513 5320 485 1708

ations of the copulas used throughout the paper are:
cla= Clayton, fra = Frank, gal = Galambos, gum = Gumbel-
Hougaard, hus=Husler-Reiss, joe=Joe, nor=Normal,
pla= Plackett, tco = Student ¢ copula). All the copulas are
single parameter copulas with the exception of the Student ¢
copula. In order to be consistent with the other copulas, we
fixed the second parameter to effectively make it a single pa-
rameter copula. We chose a value of four for the second pa-
rameter to distinguish it from the normal copula.

As in Szolgay et al. (2015), the parameter 6 of the cop-
ulas was estimated by maximizing the so-called pseudo-
likelihood function:

L(0)= Zi log[co (Uri, U2.i)]. (2)

which, in addition to the copula density cg, contains pseudo-
observations U;; (i =1,...n, j =1, 2), i.e,, a transforma-
tion of » real observations of random variable X ;, by means
of a corresponding empirical distribution function (some-
times referred to as the “plotting position”). The goodness-
of-fit was examined locally as well as analyzed in a regional
scope. The goodness-of-fit of the parametric copulas under
consideration was tested by a “blanket” test (Genest et al.,
2009) with the Cramér-von Mises measure of distance:

Sn = zz'l:l[CQ (Ul,ia U2,i) - C" (Ul’i7 Uz’i)]z (3)

between the parametric copula Cy and the empirical copula
defined by:

1
Cp (u1, u2) = ;Z?le (Ui <u1)1(Uz,i <uz). 4)

The probability distribution of the test statistic S,,, given that
the null hypothesis (Hp: Cy fits well) holds, is unknown and
needs to be bootstrapped. Consequently, the p value is a per-
centage of how many simulations of the test statistic (under
Hp) exceeded the estimator from the actual observations.

4 Results and discussion

The regional distribution of the flood types for each subre-
gion is shown in Table 2. Locally, the percentage of the flood
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Figure 2. Results of the comparison of the empirical copulas lo-
cally: per cent ratio of the catchments where the equivalence of the
pairs of empirical copulas was rejected or could not be rejected at
the given level of significance (here @ = 10 %). The black color in-
dicates the per cent ratio of the catchments where the null hypoth-
esis about the equality of the empirical copulas for the given two
flood processes was rejected.

types ranges between 51 and 74 % in the case of synoptic
floods and 8 and 46 and 2 and 19 % for the snowmelt and
flash floods, respectively. In the selection there are no catch-
ments with a missing flood type. The relatively smaller num-
ber of snowmelt floods is due to the modest elevations in the
region. The fact that flash floods represent 6.7 % of all the
events is not negligible, since in Gaal et al. (2015), the flash
floods only represented 1.8 % based on the annual maxima
flood events.

First, a comparison of the empirical copulas for the dif-
ferent flood types locally was performed. In this analysis we
were interested in whether different flood types, for the same
catchment were distinguishable in terms of their empirical
flood peak-volume copulas. The analysis was carried out for
each catchment separately, and the flood samples of the pro-
cess types were compared pairwise, i.e., synoptic floods vs.
flash floods, synoptic floods vs. snowmelt floods, and flash
floods vs. snowmelt floods. The results, which are shown in
Fig. 2, suggest that synoptic and snowmelt floods could be-
long more often to the same unknown copula than is the case
for the other combinations. This suggests that the synoptic
and snowmelt floods are more similar to each other (in terms
of their empirical copulas) than the other process pairs; or,
in other words, flash floods tend to be more dissimilar from
both the synoptic and snowmelt floods. This could be partly
related to much stronger upper tail dependence of flash floods
and their specific (similar) hydrograph shapes (Gaal et al.,
2015). However, the relatively small number of events for
such type of analysis in general and the differing number of
events in the respective flood types in particular, may also
play a role in the fact, that the analysis has not brought really
conclusive results. These are objective factors, which can-
not be overcome in the framework of comparative hydrology,
when using only data available in practice.
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Next, a comparison of the empirical copulas for each flood
type regionally was performed where we were interested in
whether different catchments with the same flood type are
distinguishable in terms of their empirical peak-volume cop-
ulas (Fig. 3). It can be seen that the empirical copulas of
synoptic floods are the least similar between the catchments.
This seems to be surprising; a closer look into the subre-
gions showed that this phenomenon is more pronounced in
the southwest than in the north. The high ratio of rejections
of the synoptic events across different pairs of sites is there-
fore likely to be related to the more complex temporal rain-
fall structure, the mix of long and short rain processes in the
dataset, and the more complex geology resulting in a lower
degree of similarity between the different events and sites
which may become more evident, when the sample size in-
creases (as it is in the case of synoptic floods when compared
to the other two types). A more detailed analysis of the phe-
nomenon is beyond the goals of the present study. In the case
of flash floods and snowmelt, the difference between the pro-
cess types is smaller; the analysis suggests that most catch-
ment pairs, for a given flood type are not distinguishable in
terms of their empirical peak-volume copulas.

Next, we attempted a more detailed flood typology and re-
gional differentiation in fitting the copulas to the data than
that in Szolgay et al. (2015). The goodness-of-fit test of the
nine copula types at the 72 catchments for all the floods
merged into one set; and the three flood types separately are
shown in Fig. 4, stratified by subregions. The copula types
(each column represents a copula type) are organized alpha-
betically, while the subregions are visualized by different
color bars, which indicate p < 0.05, i.e., a rejection of the
null hypothesis Hy. The number of catchments in the subre-
gions is comparable, but the number of events analyzed was
naturally different for each flood type.

In the case of analyzing all the floods together, we can see,
that the three extreme value copulas (the Galambos, Gumbel-
Hougaard and Husler-Reiss copulas) and the normal copula
performed best in all the subregions (except in the south-
west, where the extreme value models clearly outperform the
normal). In 15% of the catchments all nine models were
rejected, the acceptance rate oscillates around 50 per cent
in general. This relatively low rate (when compared to the
process-wise analysis below) could be attributed to the mix
of flood types in the merged data sample, but the effect of a
relatively large sample size when compared to the other types
also cannot be excluded (larger sample decreases the uncer-
tainty even to an extent, where the models usually consid-
ered in practical applications are not suitable at all in some
cases). The acceptance rate of these four copulas improved
for the synoptic floods (still in 7% of the catchment no one
model was found suitable), but was highly variable across
the subregions, which was not expected. This could be the
result of the mix of short and long rain processes (Merz and
Bloschl, 2003) and a smaller number of events in the subsam-
ples; however, a detailed analysis is beyond the goals of this
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Figure 3. Results of the comparison of the empirical copulas re-
gionally: per cent ratio of the cases where the equivalence of the
empirical copulas was rejected or could not be rejected at the given
level of significance (here o = 10 %). Within the set of 72 sites, and
for each flood process separately, altogether 2556 (72 x 71/2) pair-
wise comparisons were carried out. The black color indicates the
percent ratio of the cases where the null hypothesis about the equal-
ity of the empirical copulas for the given flood process was rejected.
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Figure 4. Results of the goodness-of-fit test of the selected nine
copula types within the three subregions (indicated by colors), for
the all the floods merged in a single data set (top left) and for flood
types treated separately. The bars indicate per cent ratio of the catch-
ments where the given copula type was rejected.

study. Interestingly, the extremal copulas exhibited a larger
rejection rate in the Traunviertel and Flysh subregion, and
the Student 7 copula can also be considered as applicable in
practice in the region. The rejection/acceptance rate pattern
in the case of snowmelt floods is clearly different and adds
the Frank, Plackett and Student models into the basket of ac-
ceptable models (again in two catchments no suitable model
was found). Nevertheless, the behavior of snowmelt floods
within the subregion Traunviertel and Flysh is again differ-
ent. An explanation could be found in the fact, that in this
region, the underlying geology is more variable; the variabil-
ity of the mean catchment elevation covers the other two re-
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gions (for two clearly disjunctive sets) and the time scales
and their variability partially overlaps with the Waldviertel-
Muhlviertel region (Gaal et al., 2012). However deepening
such an analysis was beyond the scope of the research in
this case. Further, one must also suspect, that the different
regional patterns of the copula suitability in winter can also
be related to the fact that the number of winter events is lower
compared to the summer floods (though larger than in many
copula studies based on annual maximum floods; Szolgay et
al., 2015). The behavior of the flash floods (the smallest sam-
ple size) in the subregions is very similar to that observed in
Szolgay et al. (2015) for the whole region and allows for a
choice of almost all the models (despite the rather small vari-
ability of the flood wave shapes in the region; see, e.g., Gaal
et al., 2015). In all the catchments at least one suitable model
was found.

These results indicate that the acceptance of a particular
copula model can be conditioned on the processes but that the
size of the data samples and possibly also the homogeneity
of the region with respect to the flood formation factors and
flood types within the data set plays a role. However, uncer-
tainties inherent in the bivariate frequency analysis method-
ology itself in real world applications (e.g., small samples
for reliable model identification and upper tail dependence
description) may not be overcome in the scope of such a
regional comparative analysis using real data as conducted
here.

5 Conclusions

Not much attention has been paid so far to directing a mul-
tivariate analysis of floods toward the selection of models
for specific runoff generation processes. Here, this issue was
addressed in a regional context by the differentiation of the
flood types into three categories. Based on the results, it can
be concluded that modeling dependence structure by treating
flood processes separately in a regional context may prove
beneficial with respect to narrowing the choice of acceptable
models, since the suitability patterns of acceptable copula
types are distinguishably different for the subregions/flood-
types considered. This could help analysts to overcome some
difficulties in the choice of the model caused by the inad-
equate length of a data series. On the other hand, it was
also shown that a more detailed differentiation of the flood
types and subregions opens in the selection of the model
a greater degree of uncertainty than expected in Szolgay et
al. (2015), which does not make the task easier for an ana-
lyst in practice. Despite that shortcoming, given that usually
more than one statistically suitable dependence model exists,
a regional analysis and an uncertainty analysis of the design
values in the engineering studies resulting from the choice of
a model can be recommended, especially for important water
resources projects.
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Our results support Favre et al. (2004) and Serinaldi and
Kilsby (2013), who emphasized that further work is needed
to choose the best copulas capable of reproducing the depen-
dence structure of multivariate hydrological variables. But,
as shown in a comparative hydrology framework above, the
choice of the copula model that best fits the observed data
and is regionally acceptable in term of flood typology, is not
a trivial issue, even if more than statistical aspects are taken
into consideration, since the lack of sufficient data makes the
analysis difficult (if not even impossible). As a general rec-
ommendation resulting from this study, it is advisable to se-
lect models from the extreme value class of copulas (in the
given region).

Note that even the adoption of generally accepted and
widely used copula models may not lead to a successful bi-
variate fitting. Uncertainties inherent in the copula-based bi-
variate frequency analysis itself (caused, among others, also
by the relatively small samples sizes for consistent copula
model selection, upper tail dependence characterization and
reliable predictions) may not be overcome in the scope of
such a regional comparative analysis.

Based on this comparative study and results of other more
advanced studies (e.g., Serinaldi, 2013, 2015) it can be con-
cluded, if reliable predictions will be required for an impor-
tant engineering application, the benefits of regional bivariate
frequency analysis methods could be further explored (e.g.,
Ben Aissisa et al., 2015) or the potential of the combination
of rainfall generators, rainfall runoff models, analysis of his-
torical floods and advanced statistics considering uncertainty
might be utilized.
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