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[1] Empirical distribution functions of flood peaks in small catchments sometimes show
discontinuities in the slope; that is, the largest flood peaks are significantly larger than the
rest of the record. The aim of this paper is to understand whether these discontinuities, or
step changes, can be a consistent effect of hydrological processes. We conducted field
surveys in two Austrian alpine catchments 73 km2 in size to map the spatial patterns of
surface runoff generation and hydrogeologic storage. On the basis of this information, we
selected the parameters of a distributed continuous runoff model, which is designed to
simulate well the point when the storage capacity of the catchment is exhausted. Then we
calibrated a stochastic rainfall model and performed Monte Carlo simulations of runoff to
generate flood frequency curves for the two catchments. The curves exhibit a step change
around a return period of 30 years. An analysis of the storage capacities suggests that this
step change is due to a threshold of storage capacity being exceeded, which causes fast
surface runoff in large parts of the catchments. The threshold occurs when the storage within
the catchment is spatially rather uniform. To identify step changes, reliable estimates of the
catchment storage capacity are needed on the basis of detailed hydrogeological information.
The occurrence of a step change is of importance for estimating low-probability floods since
the flood estimates with the step change accounted for can be significantly different from
those based on commonly used distribution functions. We therefore suggest that step
changes in the flood frequency curve of small catchments can be real and their possible
presence should be taken into account in design flood estimation.
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1. Introduction
[2] Estimating low-probability floods is fundamental for

many practical engineering applications. The flood esti-
mates are either based on fitting a statistical distribution to
observed flood peaks or on rainfall-runoff modeling. If a
long stationary flood record is available the statistical
approach is usually preferred and has therefore been estab-
lished as the ‘‘standard approach’’ to flood frequency analy-
sis [Kleme�s, 1993]. In many cases though flood records are
short and one has to extrapolate far beyond the flood data
record to the tail of the distribution as low-probability
floods are of most interest. In this context a number of
authors have argued that, particularly for short records, it is
important to account for the hydrological processes occur-
ring in the catchment of interest rather than resort to pure
statistical extrapolation [Katz et al., 2002; Kleme�s, 1993].

A process-based approach to flood frequency estimation has
recently been advocated by Merz and Blöschl [2008a, 2008b]
and A. Viglione et al. (Flood frequency hydrology: 3. Bayes-
ian analysis, submitted to Water Resources Research, 2012)
with the ‘‘flood frequency hydrology’’ approach that introdu-
ces a temporal, spatial and causal information expansion
beyond traditional flood frequency statistics.

[3] If a statistical distribution is fit to a flood data sample
it is usually assumed that the distribution is smooth. How-
ever, the empirical distribution functions of measured run-
off data sometimes show discontinuities in the slope. As an
example, Figure 1 shows runoff data from two small catch-
ments in the Austrian Alps. In both cases a few events have
been observed that are significantly larger than the rest of
the floods causing a sharp bend in the empirical distribution
function. If this sharp bend is only shown by a few data
points as in the Gurglbach catchment (Figure 1a), it could
be argued that this is due to sampling uncertainty and the
empirical return periods of these events should be larger
than what the plotting position formula (in this case Wei-
bull) gives. In the case of the Loisach catchment though
(Figure 1b) the step change is indicated by a larger number
of data points so it is more likely that it is the result of
hydrological processes occurring in the catchment. This
gives rise to an interesting question whether observed step
changes are real or simply a sampling artifact. From a theo-
retical perspective this is extremely important since step
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changes, if only indicated by a few data points (Gurgelbach
example; Figure 1a), are not taken into account in tradi-
tional flood frequency statistics. Although more complex
statistical distributions exist that allow for such step
changes, their parameters are difficult to estimate, in partic-
ular if only a few floods larger than the breakpoint in the
flood frequency curve have been observed. From a practical
perspective this is similarly important as accounting for step
changes would give in most cases larger flood estimates
than fitting a smooth distribution function.

[4] If step changes in the flood frequency curves are real,
they might be related to threshold processes that refer to a
rapid changeover from one state to another. It has often
been proposed that during extreme flood events processes
are significantly different from small or medium events
[Rossi et al., 1984; Kleme�s, 1993; Gutknecht, 1994].
Threshold processes occur in hydrological and geoecosys-
tems and are linked to hazards such as flooding or erosion
[Zehe and Sivapalan, 2009]. One of the first to describe
runoff generation that is influenced by threshold behavior
was Horton [1933], who showed that in case rainfall inten-
sity exceeds the infiltration capacity of a soil, a sudden
increase in surface runoff can be observed (Hortonian over-
land flow). Another well-known runoff generation mecha-
nism that can have a similar effect is the saturation excess
mechanism [Dunne and Black, 1970] that develops when
soils become saturated and any additional precipitation
transforms into runoff. In the last decades threshold proc-
esses have been observed in many experimental catchments
causing for instance a sudden increase of subsurface storm-
flow at a certain threshold of rainfall depth [Whipkey, 1965;
Tromp-van Meerveld and McDonnell, 2006] or at a certain
soil moisture index [Detty and McGuire, 2010]. A possible
explanation for the process causing this phenomenon is
given by the fill and spill hypothesis [Tromp-van Meerveld
and McDonnell, 2006] that implies that bedrock depressions
at hillslopes have to be filled during a rainfall event before
subsurface areas can become connected and produce a

sudden increase in subsurface stormflow. These studies
refer to the local scale, but threshold processes have also
been discussed on a catchment scale mainly referring to run-
off generation depending on soil moisture conditions, mac-
ropore flow and spatially variable precipitation in relation to
Horton overland flow [Zehe and Blöschl, 2004; Zehe et al.,.
2005] or examining water residence time in catchments
[McGuire et al., 2005].

[5] However, only very few studies have examined the
effects of changes in the process type on the shape of the
flood frequency distribution. For instance, Sivapalan et al.
[1990] suggested that for catchments where saturation
excess (Dunne) runoff generation dominates at low-return
periods and infiltration excess (Horton) runoff generation at
high-return periods a transition from the saturation excess
curve to the infiltration excess curve occurs at a certain
return period resulting in a step change in the flood fre-
quency distribution. Also, Blöschl and Sivapalan [1997]
showed that assuming a simplified threshold process, where
the runoff coefficient leaps from a lower to a higher value
at a certain rainfall threshold, can result in a ‘‘kink’’ or step
change in the flood frequency distribution. While these
papers have provided interesting initial steps toward ana-
lyzing step changes in the tail of the flood frequency curve
they have invariably been performed on hypothetical catch-
ments. It would be interesting to see whether these step
changes can actually occur in real catchments and what the
controls of these step changes are.

[6] The main aim of this paper is to understand whether
step changes in the flood frequency curve can be real and are
related to hydrological processes in the catchment or are an
artifact of sampling uncertainty. To this end a detailed runoff
process study for two small adjacent alpine catchments is
presented, where it is unclear from the flood data alone
whether such a step change occurs. The flood frequency dis-
tribution of the two catchments is obtained by a derived
flood frequency approach [Eagleson, 1972; Sivapalan et al.,
2005; Allamano et al., 2009]. The main strength of the

Figure 1. Empirical flood frequency curves of (a) the Gurglbach and (b) Loisach catchments. Maxi-
mum annual floods: 27 years of records in the Gurglbach catchment and 54 years of records in the
Loisach catchment. Note the step changes at a return period of about 8 years.
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derived flood frequency approach is to help understand the
process controls of flood frequency behavior, especially the
ability to focus on a threshold change of dominant processes
with increasing return period [Sivapalan et al., 1990;
Blöschl and Sivapalan, 1997; Viglione et al., 2009]. In both
catchments detailed field observations on hydrogeologic
storage and surface runoff of the catchments were available
and used for model parameter selection.

2. Model and Data
2.1. Study Area

[7] The study was performed in two small alpine catch-
ments, the Weerbach and Wattenbach catchments, which
are both about 73km2 in size. Both catchments are tributa-
ries to the Inn River and are located in Tyrol in the Austrian
Alps. The elevations in the catchments range from 500 to
2900 m above sea level, the mean annual precipitation is
about 1500 mm. The largest floods in the region occur in
the months from June to September and are mainly synop-
tic flood events caused by frontal events with long duration
and large spatial extent [Merz and Blöschl, 2003].

2.2. Rainfall Runoff Model

[8] The rainfall-runoff model used in this paper is a spa-
tially distributed continuous water balance model on a pixel
basis [Blöschl et al., 2008] similar to the models of
Bergström and Forsman [1973] and Nielsen and Hansen
[1973]. The model consists of a snow routine, a soil mois-
ture routine and a flow routing routine. The snow routine
represents snow accumulation and snow melt by a simple
degree-day concept that divides precipitation into snow Ps
and rainfall Pr and accounts for snowmelt M. Rainfall and
snowmelt are split into a component dS that increases soil
moisture of a top layer Ss and a component that contributes
to runoff Qp. The partition into the two components is

computed by a nonlinear function depending on the maxi-
mum soil moisture storage Ls. The parameter � describes
the linearity of runoff generation.

dQ ¼ Ss

Ls

� ��
ðPr þMÞ

[9] Soil moisture can only decrease by evapotranspira-
tion which is estimated on the basis of the potential evapo-
transpiration. Runoff routing on the hillslope is represented
by an upper zone and two lower reservoirs (Figure 2). The
component of rainfall and snowmelt Qp that contributes to
runoff enters the upper zone reservoir and leaves this reser-
voir through three paths: percolation to the lower reservoirs
defined by the percolation rate cp, outflow from the reser-
voir with a fast storage coefficient k1 and additionally,
when the threshold L1 is exceeded, outflow through a fur-
ther outlet with a very fast storage coefficient k0. The per-
colation into the two lower storages is split into two
components by the fraction �p. The outflow from the lower
storages is given by the storage coefficients k2 and k3,
respectively. Total runoff Qt of one pixel is the sum of the
outflows from the different reservoirs. Q0 represents sur-
face runoff and near surface runoff, Q1 interflow, Q2 a
lower soil zone or shallow groundwater flow and Q3 a
deeper groundwater flow.

Qt ¼ Q0 þ Q1 þ Q2 þ Q3

[10] Runoff routing in the stream network is expressed
by cascades of linear reservoirs. To this purpose the catch-
ment is subdivided into different subcatchments that are
connected by a simplified river network. In order to be able
to represent the fast runoff processes in the small alpine
catchments of the Weerbach and Wattenbach well, a high

Figure 2. Structure of the rainfall-runoff model on the pixel scale. S are the storage states, and Q are
fluxes [Blöschl et al., 2008].

W05544 ROGGER ET AL.: STEP CHANGES IN THE FLOOD FREQUENCY CURVE W05544

3 of 15



temporal resolution of 15 min and spatial resolution of
200 m � 200 m pixels were chosen in the model.

2.3. Input Data

[11] Rainfall data, temperature data and estimated poten-
tial evapotranspiration for the period 1985 to 2007 were
used as inputs to the model. The Wattener Lizum rainfall
station with data at a resolution of 5 min is located in the
upper Wattenbach catchment. The data series was used for
both the Wattenbach and the neighboring Weerbach catch-
ments. The measured point rainfall was taken as areal rain-
fall input to the model, because the main interest was in
simulating extremes, so smoothing effects of interpolation
should be avoided. Moreover, the catchments are rather
small and most floods in the region are synoptic floods
caused by frontal events [Merz and Blöschl, 2003] so that
the assumption on spatially uniform rainfall is reasonable.
Air temperatures were interpolated from 20 surrounding sta-
tions at a resolution of 15 min accounting for elevation by a
regional regression. Potential evapotranspiration was esti-
mated by the modified Blaney Criddle method [Deutscher
Verband für Wasserwirtschaft und Kulturbau, 1996] as a
function of air temperature. In both catchments runoff meas-
urements at a resolution of 15 min were available from 1979
to 2007.

2.4. Strategy of Parameter Identification

[12] The parameters of the model were selected on the
basis of the approach proposed by Reszler et al. [2006].
The main goal was to capture runoff processes in as much
detail as possible. The approach consists of four steps: (1)
a priori choice of upper zone reservoir and soil storage pa-
rameters based on field information (step 1a), a priori
choice of lower zone reservoir and groundwater storage pa-
rameters based on field information (step 1b), and consis-
tency check of the parameters with respect to surface

runoff response units and hydrogeologic response units
(step 1c), (2) manual calibration of the parameters by com-
paring simulated and observed runoff on a seasonal scale,
(3) manual calibration of the parameters by comparing
simulated and observed runoff on the event scale for differ-
ent types and magnitudes of events, and (4) consistency
check of calibrated parameters with field information and
possibly another iteration to step 1.

[13] The proposed strategy of parameter selection is
mainly based on field data in order to accommodate a qual-
itative understanding of runoff generation processes in the
catchments. The strategy also involves some element of
calibration which in this case does not refer to the optimiz-
ing of an objective function. Instead, the a priori model pa-
rameters based on field information were only slightly
changed to preserve the conceptualization of dominant
processes in the model. Optimizing the parameters based
on runoff only would provide better hydrographs fits but a
poorer representation of the runoff mechanisms as observed
in the field.

2.4.1. Step 1a: A Priori Choice of Upper Zone
Reservoir and Soil Storage Parameters

[14] For the a priori choice of the parameters of the upper
zone reservoir and soil storage the catchments were subdi-
vided into surface runoff response units (SRRU) on the ba-
sis of the method of Markart et al. [2004]. In this rule-based
method, surface runoff is estimated from vegetation, soil
characteristics, land use, and indicator plants. The parame-
ters of the rules were obtained by Markart et al. [2004] in a
number of field irrigation experiments. Figure 3 shows three
typical cases of different runoff generation classes for high
alpine catchments: Debris areas (Figure 3a) for instance
yield almost no surface runoff (runoff coefficients between
0 and 0.1). Green alder populations (Figure 3b), on the other
hand, are indicator plants for high runoff coefficients of 0.5

Figure 3. (a) Debris fan, (b) green alder, and (c) alpine grass influenced by grazing as indicators for
surface runoff coefficients [Markart et al., 2004].
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to 0.75 since they occur on shallow soils over bedrock. Also
typical are alpine grass areas (Figure 3c) influenced by cat-
tle grazing. Because of the grazing activities the soil is com-
pacted resulting in high runoff coefficients of 0.5 to 0.8.
Other examples (not shown) are forested areas which are
generally associated with low runoff coefficients (0.1 to 0.5)
since they occur on deeper soils or sealed areas and bare
rock with nearly no storage capacity that have high runoff
coefficients up to 1. Note that runoff coefficients were not
used in the model but are an indication of event runoff pro-
duction in the catchment that should be reflected in the
upper zone reservoir and soil storage parameters.

[15] On the basis of this information eight surface runoff
response classes were defined ranging from low runoff in
forests to very fast runoff from rocks (Figure 4). Each pixel
of the model was assigned to one of the classes and each
class has one set of parameters in the model. This subdivi-
sion was used for the definition of the parameters Ls, �, L1,
k0, k1, which determine surface runoff and interflow. For
instance, for the low runoff, forest response unit, where a
slow runoff generation is expected, maximum soil moisture
storage Ls was set between 100 and 150 mm, and a � value
of 4 representing strongly nonlinear runoff generation. For
the same unit, relatively high storage coefficients were cho-
sen, i.e., k0 between 10 and 20 h and k1 between 100 and
200 h. The upper storage threshold L1was set between 100
and 140 mm. All these parameters represent a rather slow
runoff response of each pixel in the model. A very fast

response unit such as very fast runoff, rock, on the other
hand has a low storage capacity and fast runoff response. In
this case the maximum soil moisture storage Ls was set
between 5 and 30 mm and � was chosen as 1 to enable fast
runoff generation. The threshold L1 of the upper reservoir
was set between 1 and 10mm and the storage coefficients
k0 between 1 and 5 h and k1 between 20 and 40 h. These
values were chosen to represent the fast surface runoff
response as expected from the field surveys. The remaining
parameters were chosen in a similar way to account for the
understanding of the runoff generation processes obtained
during the field trips.

2.4.2. Step 1b: A Priori Choice of Lower Zone
Reservoir and Groundwater Storage Parameters

[16] The parameters for the lower zone and deep ground-
water storage were estimated on the basis of hydrogeologic
runoff process maps. These maps were obtained by a
detailed assessment of orthophotos, geologic maps, hydro-
geologic maps, digital terrain models and maps of unconsoli-
dated sediments and refined in extensive field trips. First, the
river network was determined from the orthophotos includ-
ing nonpermanent micro channels (see blue lines Figure 5).
A high surface runoff points toward areas with low storage
capacities. In a second step the digitals terrain model and the
available geologic maps were used to delineate areas with
deep mass movements and dispersed sediments, where one
can assume that storage capacities are high (see red lines

Figure 4. Surface runoff response units (SRRU) in (left) the Wattenbach and (right) Weerbach
catchments.
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Figure 5). By combining the outcome of this analysis with
the remaining geologic information different hydrogeologic
response units (HGRU) were defined such as predominant
runoff in deep groundwater, predominant runoff in shallow
groundwater, predominant interflow, surface runoff on rocks
and predominant runoff on saturated areas. Figure 6 shows
the runoff process maps with the different hydrogeologic
response units for the Weerbach and Wattenbach catchment
which illustrate the areas that contribute to surface runoff
during flood events and highlight areas with high storage
potential. The maps were refined in field trips performing
additional runoff measurements at selected points in the river
network. The outcome of the geologic assessment gives an
idea about the potential storage capacities of the catchment
from a hydrogeologic point of view. The actual storage
capacity also depends on the characteristics of the upper soil
and land use, which were already considered in the parame-
ter choice of the surface runoff response units. Figure 7
shows a cross section of how the runoff process maps help
gain information on the parameter choice of the model indi-
cating at which depth runoff processes take place. The cross
section also illustrates qualitatively the different magnitudes
of storage capacities of each area. The model parameters
were chosen in a way that mimics these patterns. Specifically,
the hydrogeologic information was used to choose the param-
eters cp, �p, k2 and k3 which determine the shallow and deep
groundwater flow. The main focus in the choice of parameters
was on conserving the relation of the different magnitudes of
storages of the areas to each other. Areas with deep ground-
water flow have a high percolation rate cp into the subsurface
between 10 to 20 mm d�1 and in the deeper groundwater stor-
age with an �p value of 0.5 to 0.9, while the parameters for
areas with predominant surface runoff on rocks were set in a
way that mainly allows for flow on the surface with low per-
colation rates cp of 1 to 3 mm d�1 and low contribution to the
deeper soil and groundwater flow given by an �p around 0.
The storage parameters for the deep groundwater flow were

chosen between 800 to 3000 h and essentially only occur on
areas with predominant groundwater flow. The shallow
groundwater storage coefficients were set at 100 to 600 h
with the low values for the shallow and faster reacting areas
and the higher values for the deeper slower reacting areas.
This is an example of how parameters for groundwater sto-
rages can be inferred from hydrogeologic field information
which is important for representing catchment storage well.

2.4.3. Step 1c: Consistency Check of the Parameters
With Respect to Surface Runoff Response Units and
Hydrogeologic Response Units

[17] The surface runoff response units and hydrogeologic
response units were compared and, when needed, made
consistent. For instance, pixels that belong to the surface
runoff response unit very fast runoff, rock, also occur
mainly on pixels from the hydrogeologic response unit pre-
dominant runoff on rocks so that only surface runoff is gen-
erated on these pixels. Areas from the surface runoff
response unit no or very low runoff talus material, on the
other hand, are expected not to contribute to surface runoff
and mainly occur over pixels with predominant runoff in
groundwater. In this case parameters were set in a way that
mainly percolation to the deeper soil and groundwater stor-
age occurs (high percolation rate cp, high threshold L1). A
third example are low runoff forest pixels which can occur
over pixels from different hydrogeologic response units. If
they occur over areas with predominant deep groundwater
flow, they are expected to generate less interflow and sur-
face runoff since percolation rates cp are higher compared
to the case when they occur on pixels with predominant
interflow. By choosing the model parameters in this way
the structure and depth at which flow processes take place
in the catchment as shown by cross section in Figure 7 are
adopted in the rainfall-runoff model considering also the
upper soil storage characteristics as given by the surface
runoff response units.

Figure 5. Weerbach catchment. Blue lines indicate the river network, and red lines indicate deep mass
movements. The area is outlined in Figure 6 as a rectangle.
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2.4.4. Step 2: Manual Calibration of the Parameters
by Comparing Simulated and Observed Runoff on a
Seasonal Scale

[18] In order to reduce model bias, the model parameters
were manually calibrated using observed runoff on a seasonal

scale during 2000–2007. Most parameters were changed only
on the order of a few tens of percent. Figure 8 shows the run-
off simulations for the Weerbach and Wattenbach catch-
ments on a seasonal scale for the year 1990 which is part of
the validation period 1985–1999. The results illustrate that

Figure 6. Hydrogeologic response units (HGRU) in (left) the Wattenbach and (right) Weerbach catch-
ments. Rectangle highlights area of Figure 5.

Figure 7. Weerbach catchment cross section (as highlighted in Figure 6) showing the magnitude of
potential storage capacity.
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the model is able to capture the seasonal runoff dynamics
and the water balance of the catchments well given the fact
we are dealing with very small alpine catchments and low
discharges. Low flows in both catchment are influenced by a
small power plant and hence more variable than the simula-
tions. Differences in the simulations and observations were
analyzed and can be explained by the uncertainties in the
measured rainfall and air temperature data.

2.4.5. Step 3: Manual Calibration of the Parameters
by Comparing Simulated and Observed Runoff on the
Event Scale for Different Types and Magnitudes of
Events

[19] As floods were of main interest in this study, some
manual calibration of model parameters was also performed
on the event scale. The same calibration and validation

periods were used as for the seasonal scale and the modifi-
cations of the parameters were of a similar order of magni-
tude. Figure 9 shows a comparison of the simulation and
observations on the event scale for the flood event 2005. In
both cases the receding limb of the floods is simulated well,
which can be attributed to the fact that the storage capacities
of the catchments are based on the detailed hydrogeologic
information of the catchments. Note that break in the reces-
sion which is due to contributing areas with different
responses time scales within the catchment. Similarly, the
rising limbs are simulated well which suggests that the point
when the storage capacity of the catchments is exceeded is
captured. Floods in the two catchments are generated by dif-
ferent flood process types including frontal events, snow
melt events, rain on snow events and convective events
[Merz and Blöschl, 2003]. As all of them are of interest for

Figure 8. Runoff simulations for (a) the Weerbach and (b) Wattenbach catchments on a seasonal
scale: April–October 1990 (validation period).

Figure 9. Runoff simulations for (a) the Weerbach and (b) Wattenbach catchments on an event scale
(August 2005 event, calibration period).
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flood frequencies the simulations of the individual types
were compared independently with the observed floods.
However, the largest floods occur in summer when no snow
is involved. In a similar fashion, events of different magni-
tudes were compared to examine how the response charac-
teristics change with the flood magnitudes.

[20] Figure 10 shows a comparison of the observed and
simulated flood frequency statistics (calibration and valida-
tion periods) of the Weerbach and Wattenbach catchments.
Overall there is a close correspondence between the simu-
lations and the observations. It should be noted that the
rainfall used for simulating the largest event (6 August
1985) in the two catchments was corrected. An analysis of
the measured event rainfall at the Wattener Lizum station
showed that the temporal pattern of the hyetograph did not
fit to the observed hydrographs. Also the rainfall volume
was much lower than what would be expected from the
runoff volumes. Comparisons with neighboring rain gauges
suggest that intensive rain bursts are sometimes missed by
the rain gauge if the rainfall occurs locally. We therefore
reconstructed a more plausible hyetograph from the neigh-
boring rain gauge where a large rain burst did occur,
although a little earlier which was then used for the simula-
tions. There was a similar issue with the rainfall of the sec-
ond largest event (8 August 1991) in the Wattenbach
(Figure 10b) which we did not correct as the rain burst was
less clear in the neighboring rain gauges.

2.4.6. Step 4: Consistency Check of Calibrated
Parameters With Field Information and Possibly
Another Iteration of Step 1

[21] As a last step of parameter selection the calibrated
parameters were rechecked for consistency with the field
information (surface runoff response units and the hydro-
geologic response units). The final parameters for the
Weerbach catchment are listed in Table 1. The parameters
of the Wattenbach catchment are in the same ranges. The
simulations in Figures 8–10 have been performed with the
final parameter set.

2.5. Stochastic Precipitation Model

[22] For the Monte Carlo simulations precipitation time
series were generated by a slightly modified version of the
stochastic rainfall model of Sivapalan et al. [2005]. The
model generates discrete independent rainfall events whose
arrival times, durations, average rainfall intensity and the
within-storm intensity patterns are all random, governed by
specified distributions with parameters assumed to be sea-
sonally dependent. The model was calibrated using the pre-
cipitation series from the Wattener Lizum rainfall station
located in the Wattenbach catchment (23 years and 5 min
resolution). The calibration procedure was as follows [see
Viglione et al., 2012]: (1) the rainfall data were analyzed
and the storm events were separated, (2) characteristics of
the events (e.g., duration, average intensity, mass curve)
were compiled and their statistics (i.e., mean, variance and
their seasonal variability) were estimated, and (3) the pa-
rameters of the stochastic rainfall model were fitted to these
statistics. Since there were a large number of events the
model parameters were deemed to be robust. Details on the
model, its calibration, and validation are given by Viglione
et al. [2012].

3. Derived Distributions Through Monte Carlo
Simulations

[23] The rainfall model and the runoff model were used
in Monte Carlo simulations to generate runoff time series
of 100,000 years at a resolution of 15 min. The 23 years of
observed air temperatures were used all over again in order
to simulate snow and evapotranspiration. As the largest
floods in the two catchments are produced by rainfall alone
without snow melt contributions this was assumed to be a
justifiable simplification. The Monte Carlo simulations are
consistent with the runoff data (Figure 11). This is no sur-
prise since the parameters of the runoff model have been
selected with much care. For both catchments the simulated
flood frequency curve changes slope at around 30 years
with significantly larger slopes at larger return periods. The

Figure 10. Flood frequency statistics of the observed versus simulated annual flood peaks in (a) the
Weerbach and (b) Wattenbach catchments.
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Monte Carlo simulations allow to analyze the process rea-
sons for the change in slope of the distribution function in a
more insightful way. Figure 12 shows areas contributing to
fast surface runoff for events of different magnitudes in the
Weerbach catchment. Surface runoff is defined as Q0 in the
model. During smaller events (events 1 and 2) only very
few areas contribute to direct surface runoff such as very
fast runoff pixels, sealed areas and rocks. Between the sec-
ond and third events, however, a strong increase in the con-
tributing area from 8.7% to 47.9% can be observed. This
sudden increase in the runoff contributing area can be
related to the fact that the storage capacity of those areas is
exceeded resulting in an increase in the slope of the distri-
bution function. During even bigger events (events 4 and 5)
the contributing area increases until almost the whole
catchment contributes to direct surface runoff (event 5).

[24] Since the storage capacity of the catchment seems
to have a crucial impact on the change in slope of the flood
frequency curve, the storage behavior of the Weerbach
catchment was analyzed by running additional simulations.
Five further simulations were performed with five rainfall
intensities that are constant in time ranging from 4 mm h�1

to 20 mm h�1. At the beginning of each simulation, the sto-
rages were assumed to be empty. Figure 13 shows the
simulated area contributing to fast surface runoff (Q0) plot-
ted versus the event rainfall depth. As would be expected
the contributing area increases with rainfall depth. For low

rainfall depths the rainfall intensity does not matter because
the main mechanism is the filling of the subsurface storage.
For larger rainfall depths higher intensities lead to earlier
surface runoff. The increase of the area contributing to fast
surface runoff with rainfall depth is not smooth, however.
At a rainfall depth of about 150 mm a sudden increase in
the surface runoff contributing area takes place. Below this
value only a small amount of the catchment area generates
surface runoff as shown also in Figure 12 events 1 and 2.
As soon as the threshold is exceeded, a small increase in
rainfall causes a large increase in the contributing area and
hence in the surface runoff (see also Figure 12, event 3).

[25] The step change is hence caused by a threshold
process, which is influenced by two factors. As shown in
Figures 12 and 13, there is a sudden increase in the contrib-
uting area as soon as the storage capacity of these areas is
exceeded. This means that the event volume is suddenly
increased. This behavior can be interpreted as a sudden
increase in the mean runoff coefficient of the catchment.
Additionally, the runoff component Q0 that is activated by
this process is significantly faster than the other runoff com-
ponents (Q1, Q2, Q3). This means that the event is flashier
than for smaller rainfall depths. This behavior can be inter-
preted as a sudden increase in the flow velocities of the
catchment and therefore a decrease in the response time. For
a step change such as the one in Figure 13 to occur, one
would expect that the spatial distribution of the storage

Table 1. Parameters for the Surface Runoff Response Units (SRRU) and the Hydrogeologic Response Units (HGRU) for the Weerbach
Catchment

SRRU HGRU

Ls (mm) � L1 (mm) k0 (h) k1 (h) cp (mm d�1) �p k2 (h) k3 (h)

Slow runoff, forest 120 4 120 15 180 Runoff in deep groundwater 16 0.6 600 1000
Medium runoff, meadow 100 4 110 10 150 Runoff in shallow groundwater 14 0.4 400 800
Medium to fast runoff, alpine vegetation 90 3 80 8 120 Interflow 10 0 300 –
Fast runoff, fast alpine vegetation 80 2 60 5 80 Surface runoff on rocks 3 0 200 –
Very fast runoff, sealed area 10 1 5 3 30 Runoff on saturated areas – – – –
very fast runoff, Saturated area 10 1 10 5 30
No or very low runoff, talus material 5 1 200 50 200
Very fast runoff, rock 30 1 10 5 30

Figure 11. Results of the Monte Carlo (MC) simulations for (a) the Weerbach and (b) Wattenbach
catchments.
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capacity in part of the catchment is rather uniform. These
areas will then ‘‘switch on’’ at the same time causing a step
change in Figure 13 and therefore a similar change in the
flood frequency curve. Note that in Figure 13 there is another
change in slope around 300 mm which occurs when the
catchment is fully saturated and no additional increase in the
saturation area is possible.

4. Discussion
[26] The analysis of the two alpine catchments shows

that step changes in the flood frequency curve are real and
caused by the threshold behavior in the response of the
hydrological system [Zehe and Sivapalan, 2009]. While a
number of previous studies demonstrated this for hypotheti-
cal cases [Sivapalan et al., 1990; Blöschl and Sivapalan,

1997] the present paper demonstrates the presence of a step
change for two real catchments.

[27] As Kleme�s [1993] and Gutknecht [1994] suggest,
runoff processes can be significantly different during small
and big flood events. In this study the catchment area that
contributes to a large flood event is significantly larger than
the one contributing to a small flood event (Figure 12),
which is equivalent with a low runoff coefficient for small
events and a high runoff coefficient for large events. The
contributing areas or runoff coefficients depend on the stor-
age capacities of the catchments and were mainly described
in the model by the use of hydrogeologic information. As
the hydrogeologic runoff process maps show (Figure 6),
both catchments have large areas with runoff in deep and
shallow groundwater and consequently high storage capaci-
ties and only a few areas with a low storage capacity (i.e.,
the diversity of the storage capacity over the catchment is
low). The storage behavior of the Weerbach catchment was
analyzed in more detail applying synthetic rainfall events
with constant rainfall intensities and the outcome shows
that at a rainfall amount of approximately 150 mm, a sud-
den increase in the surface runoff contributing area takes
place (Figure 13). This behavior can be interpreted as a
threshold process when the spatially variability of storage
capacity is low, i.e., the storage capacity in a large part of
the catchment is rather uniform. The threshold triggers fast
surface runoff from different runoff contributing areas.
This is analogous to the threshold processes observed in ex-
perimental catchments when subsurface stormflow is acti-
vated [Detty and McGuire, 2010; Tromp-van Meerveld and
McDonnell, 2006] and the switch from local infiltration to
lateral flow in the study of Grayson et al. [1997]. Here sub-
surface storages are filled in a similar way, but fast surface
runoff is activated on a number of areas at the same time.
In addition to the distribution of the storage capacity, the
magnitude of the storage capacity is important as it deter-
mines the return period at which the step change in the
flood frequency curve occurs. If the storage capacity is
much larger than extreme rainfall, the step change will only
occur at extremely large return periods. If the storage
capacity is much smaller, the step change will occur at

Figure 12. Runoff generation in the Weerbach catchment. (right) Areas contributing to fast surface
runoff for events of different magnitudes. The percent contributing area is given in parentheses. (left)
Simulated flood frequency curve with these events indicated.

Figure 13. Simulated area contributing to fast surface
runoff in the Weerbach for different event rainfall depths
(horizontal axis). Rainfall intensities were assumed to be
constant in time (five cases, 4–20 mm h�1).
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small return periods and therefore not be of interest for the
extrapolation of the flood frequency curve. For storage
capacities similar to the most extreme rainfalls, as is the
case in the study catchments, the step will occur at return
periods of the largest events. This is the case which is of
most interest for practical applications.

[28] While we did not analyze in detail the role of ante-
cedent soil moisture [Zehe et al., 2005] it is clear that the
main control on the step change is the spatial distribution
of the effective storage capacity, i.e., the volume that can
be filled with water during an event for a given soil mois-
ture state. If the antecedent soil moisture is high, less event
rainfall is needed to reach saturation so one would expect
some climate controls through soil moisture deficits or
event runoff coefficients [Merz and Blöschl, 2009b]. Also,
the spatial distribution of rainfall will play a role. Generally
speaking step changes of the flood frequency curve are a
manifestation of the nonlinearity of hydrological systems
[Blöschl and Zehe, 2005].

[29] Another likely factor for the occurrence of a step
change is the catchment scale. As the catchment size
increases, the storage tends to become spatially more hetero-
geneous. Simultaneous saturation of a large part of the catch-
ment is therefore less likely than in a small catchment. This
is reflected in a slight decrease in the skewness of the
observed flood peaks as a function of catchment area in Aus-
tria [Merz and Blöschl, 2009a]. On the basis of a derived
flood frequency model, Blöschl and Sivapalan [1997]
showed that a step change may move toward larger return
periods with increasing catchment size because of decreasing
catchment rainfall intensities. One would therefore expect
threshold processes to have rather an effect in small catch-
ments than in larger catchments where more averaging of the
spatial hydrological variability occurs [Sivapalan, 2003]. A
related question of scale is whether the chosen number of
hydrological response units (Table 1) is necessary to explain
the step change and whether a pixel size of 200 m is needed.
In order to reproduce the main characteristics probably only
two or three response units would be needed with much
larger pixels or computational units. The limits of reducing
complexity is when the shape of the storage function
(Figure 13) can no longer be represented well. There are a
number of studies suggesting that simpler model structures
may suffice when one is only interested in the runoff at the
catchment outlet but the main spatial characteristics within
the catchment need to be represented by the model [e.g.,
Brath and Montanari, 2000; Blöschl et al., 1995]. In the
case of the step changes of the flood frequency curve in the
catchments of this study the main spatial characteristic is
the distribution of the storage capacity.

[30] It is clear that understanding the storage capacity
and its spatial distribution is essential for ascertaining
whether a step change in the flood frequency curve may
occur or not. The present study has shown a road map of
how the storages can be estimated from hydrogeologic field
information. Without such detailed information it is more
difficult to ascertain whether such a step change may occur.
This is an important point for practical applications. We
suggest that information on storage can be inferred from
comparative analyses with catchments where either more
detailed hydrogeological information or longer flood
records are available. The idea of comparative hydrology is
to compare catchments with contrasting characteristics in
order to understand the controls in a holistic way rather
than modeling a single catchment in much detail [Gaál
et al., 2012]. We compared the two catchments of this study
with eight additional catchments in Tirol ranging in size
from 4 km2 to 98 km2. While in all of them hydrogeological
assessments similar to the Wattenbach and the Weerbach
were available, the catchments had contrasting hydrogeo-
logical characteristics. One of them had similar storage
characteristics as the Weerbach with a similar step in the
flood frequency curve. One of them had much larger sto-
rages without a step change and six others had less storage
so, again, no step change occurred in the flood frequency
curve. This means that out of a total of 10 catchments only
three had the behavior analyzed in this paper and the others
exhibited smooth flood frequency curves.

5. Implications for Design Flood Estimation
[31] The findings of this paper have important implica-

tions for design flood estimation. Assume that for a practi-
cal design task in the Weerbach catchment the 100 year
design flood has to be estimated and that the presence of a
step change is not known because no process-based analy-
sis has been performed.

[32] The straightforward approach is to estimate the 100
year flood by fitting a distribution function to the flood
peak data. Choice of the distribution function is usually
subjective and checked by a goodness-of-fit test. Table 2
lists results of three model selection criteria [Laio et al.,
2009] for a number of commonly used distribution func-
tions calculated for the Weerbach record. On the basis of
these criteria one would choose the two-parameter Gumbel
and lognormal distributions as these give the smallest num-
bers. Additionally the generalized extreme value (GEV)
distribution can be considered which is the best among the
three-parameter functions in Table 2. In this example we
estimate the parameters of the three distribution functions

Table 2. Model Selection Criteria as by Laio et al. [2009]a

Distribution Function
Number of
Parameters

Akaike Information
Criterion

Bayesian Information
Criterion

Anderson-Darling
Criterion

Normal 2 142.6 144.8 0.58
Lognormal 2 135.5 137.7 0.12
Gumbel 2 135.3 137.5 0.11
Fréchet 2 137.9 140.1 0.34
GEV 3 137.2 140.5 0.16
Pearson type III 3 137.8 141.1 0.19
Log-Pearson type III 3 137.3 140.6 0.17

aLower values correspond to more suitable models. GEV, generalized extreme value.
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by the Bayesian method (using an MCMC algorithm [see,
e.g., Gaume et al., 2010]) which gives the 100 year flood
peak with their 5%–95% confidence bounds (Table 3). For
comparison, the 100 year flood estimate from the process-
based derived flood frequency approach with a step change
is 50 m3 s�1. This value is much higher than the estimates
of the three probability distributions (Table 3). Moreover, it
is inconsistent with the Gumbel and Lognormal distributions
since it lies outside the 95% confidence bound (Table 3). For
the GEV distribution it is not inconsistent, but lies very close
to the 95% confidence bound. This means that the estimate
from the process-based derived flood frequency approach
with a step change can differ significantly from the estimates
of commonly used distribution functions if a step change in
the data record is not apparent.

[33] Since the flood record of the Weerbach catchment is
short one would probably recommend to use other informa-
tion as well [e.g., Merz and Blöschl, 2008a, 2008b], for
example by performing also a regional frequency analysis.
The underlying assumption is that additional information
on the probability of floods in the catchment of interest can
be gained by observations in neighboring and/or similar
catchments. If additional information is available, one
could consider even more complex distribution functions
such as mixed distributions (e.g., the TCEV distribution
[Rossi et al., 1984]). Indeed, the parameters of mixed distri-
butions are generally estimated from regional information
such as extreme flood peaks in other flood records or
extreme rainfall events in order to estimate the point of
inflection well [e.g., Rossi et al., 1984; Hirschboeck, 1987;
Gabriele and Arnell, 1991; Murphy, 2001; Guse et al.,
2010]. If a step change is due to climatic or meteorological
reasons (e.g., floods produced by usual storms versus floods
produced by hurricanes), then analyzing data from more
catchments in a region would be useful for identifying dif-
ferent flood types and fitting the parameters of a mixed dis-
tribution that reflects these controls. In the presented
example the step change is due to the local geological set-
ting. Pooling data from other catchments in the region
would not be helpful, as the storage capacities in the catch-
ments of the region differ (see section 4) so any step
changes would be likely to average out. Instead the poten-
tial presence of a step change and its causes need to be
ascertained through field analysis and the process-based
methods presented in the paper.

6. Conclusions
[34] The study demonstrates that, in small catchments,

step changes in the flood frequency curve can be real and

explained by the exceedance of storage thresholds at a critical
rainfall depth. Because of this threshold the catchment area
that contributes to a large flood event is significantly larger
than the one contributing to a small flood event which is
equivalent to a change of runoff coefficients from small to
big events. A step change may occur when the storage
capacity in a large part of the catchment is rather uniform and
is of most interest when the storage capacity of a catchment
is similar to the most extreme rainfall as it will occur around
the return periods of the largest events. These are the events
that need to be estimated for many hydrological applications.
To assess the spatial distribution of storage capacities, hydro-
geologic information is essential. This paper presents a road
map of how the storage capacities can be estimated from field
surveys.

[35] The potential presence of step changes in the flood
frequency curve has important implications for hydrological
design. When an outlier is present in a flood sample there
are traditionally two options of dealing with it (Figure 14).
The first is to assume that the outlier is real and representa-
tive of the sample (line 1 in Figure 14), i.e., one would
assume that the flood frequency curve indeed increases
steeply at the tail as a consequence of the rainfall-runoff
processes in the catchment. The second option is to assume
that the outlier is a result of sampling uncertainty, i.e., it
should not be plotted at the plotting position consistent with
the record length but at much larger return period. One
would then probably extrapolate the flood frequency curve
without taking the outlier into account (line 2 in Figure 14).
A third option (line 3 in Figure 14) may be that the flood fre-
quency curve indeed exhibits a step change with a sharp
increase in the slope when the storage capacity in part of the
catchment is exhausted and a decrease in the slope when
only few additional areas get saturated with increasing return

Table 3. The 100 Year Flood Estimates of the Gumbel, Lognor-
mal, and GEV Distribution With 5% and 95% Confidence Boundsa

Distribution
Function

100 Year
Flood (m3 s�1)

5% Confidence
Bound (m3 s�1)

95% Confidence
Bound (m3 s�1)

Gumbel 32 27 40
Lognormal 33 27 45
GEV 34 28 53

aThe shape parameter of the GEV distribution has been determined re-
stricted to the statistically and physically reasonable range suggested by
Martins and Stedinger [2000].

Figure 14. Different ways of extrapolating beyond a data
sample: Extrapolation when (1) the outlier is considered to
be real and representative of the sample, (2) it is considered
a result of sampling uncertainty, and (3) it is considered
real but the flood frequency curve exhibits a step change
when the storage capacity is exhausted.
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period. In these cases, fitting a smooth distribution function
may lead to a significantly different flood estimate compared
to process-based approaches that are able to identify the step
change.

[36] On the basis of hydrogeologic information a pro-
cess-based approach may be able to identify a complex
shape of the flood frequency curve and facilitate the estima-
tion of low-probability floods. The concept of flood fre-
quency hydrology can help to ascertain the shape of the
flood frequency curve [Merz and Blöschl, 2008a, 2008b].
These concepts are currently being implemented in the new
flood estimation guidelines in Germany [Deutsche Vereini-
gung für Wasserwirtschaft, Abwasser und Abfall, 2012].

[37] Acknowledgments. We would like to acknowledge financial sup-
port from the Hydrographic Service Tyrol, the Austrian Forest Engineering
Service in Torrent and Avalanche Control, Section Tyrol, and the Adap-
tAlp project (Flash Floods Tyrol project, HOWATI) as well as the Austrian
Science Funds FWF (Doctoral Programme on Water Resource Systems,
DK-plus W1219-N22).
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