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A generalised framework of space-time variability in ﬂood response is used to characterise ﬁve ﬂood
events of different type in the Kamp area in Austria: one long-rain event, two short-rain events, one
rain-on-snow event and one snowmelt event. Speciﬁcally, the framework quantiﬁes the contributions
of the space-time variability of rainfall/snowmelt, runoff coefﬁcient, hillslope and channel routing to
the ﬂood runoff volume and the delay and spread of the resulting hydrograph. The results indicate that
the components obtained by the framework clearly reﬂect the individual processes which characterise
the event types. For the short-rain events, temporal, spatial and movement components can all be important in runoff generation and routing, which would be expected because of their local nature in time and,
particularly, in space. For the long-rain event, the temporal components tend to be more important for
runoff generation, because of the more uniform spatial coverage of rainfall, while for routing the spatial
distribution of the produced runoff, which is not uniform, is also important. For the rain-on-snow and
snowmelt events, the spatio-temporal variability terms typically do not play much role in runoff generation and the spread of the hydrograph is mainly due to the duration of the event. As an outcome of the
framework, a dimensionless response number is proposed that represents the joint effect of runoff coefﬁcient and hydrograph peakedness and captures the absolute magnitudes of the observed ﬂood peaks.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction

well as the effect of different event characteristics for ﬂood generation is important for developing effective ﬂood hazard real-time
prediction systems (Norbiato et al., 2008). It is in fact useful for
both developing parsimonious and effective ﬂood forecasting
models as well as for identifying what source of quantitative
precipitation forecast or real time precipitation monitoring are
really required (Borga et al., 2008). In a regional study, Merz and
Blöschl (2003) analysed a huge number of ﬂood events in Austria,
deﬁned ﬂood event types, and classiﬁed them. Their aim was to
improve the at-site and regional estimation of ﬂood probabilities
by stratifying ﬂoods by process typology. In order to explore the
effects of different event types and catchment state on ﬂood generation, a spatially distributed approach for catchment modelling is
required. However, a simple direct comparison of model results
for different event types and antecedent catchment conditions
would provide just some qualitative indications about the ﬂood
response dynamics.
In this study we use the analytical framework presented in
Viglione et al. (2010) to express the response of the catchment to
different extreme events by mean of quantitative indices of clear
physical meaning. The framework allows to assess how the different space-time structure of the precipitation patterns with respect

Floods can be generated by a range of different processes, like
channel processes (i.e., ice jams, dam breaks, . . . ), coastal processes
(i.e., storminess, high sea levels, . . . ) or catchment processes (i.e.,
intense rainfall, snowmelt, catchment saturation, . . . ). In this paper
we focus on the latter class of processes. Floods at different spacetime scales can occur during signiﬁcantly different hydro-meteorological events, depending on the catchment state and the intensity
and space-time structure of the hydro-meteorological forcing. The
response of a catchment to a given precipitation input is the consequence of the dominant processes inﬂuencing runoff genesis
within the catchment, according to the dominant catchment state
and hydro-meteorological event type (Hirschboeck et al., 2000;
Merz and Blöschl, 2003; Parajka, 2010). Moreover, catchment response can change from event to the other as consequence of the
different space-time structure of the hydrometerological forcing
within the catchment (Saulnier and Le Lay, 2009; Borga et al.,
2007). Recognising the evolution of the catchment behaviour as
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to the space-time structure of the contributing areas and the spatial organisation of the lateral ﬂow paths, affects the main statistics
of the ﬂood response. We characterize ﬂood response with three
quantities: (i) the storm-averaged value (i.e., storm rainfall excess),
(ii) the mean runoff time (i.e., the time of the centre of mass of the
runoff hydrograph at a catchment outlet), and (iii) the variance of
the timing of runoff (i.e., the temporal dispersion of the runoff hydrograph). Each of the three catchment response characteristics is
disaggregated in two classes of components: the ﬁrst explained
by the catchment average values, the second explained by the spatial and temporal variability of the key variables. This second class
of components is expressed by a set of spatial and temporal
covariances.
The characterisation of complex physical behaviour by simple
indices is needed for the so called comparative hydrology in which
consistent methods are sought for assessing and quantifying
hydrological similarity across a wide range of catchments, events
and models (McDonnell and Woods, 2004; Blöschl, 2006). In this
context, the components obtained using the framework can be
combined into dimensionless numbers to be used in dimensional
analysis. Dimensional techniques have been responsible for some
of the great advances in hydraulics (Fischer et al., 1979), and start
to be used also in catchment hydrology (e.g., Dooge, 1986; Sivapalan et al., 1987; Larsen et al., 1994; Robinson and Sivapalan, 1995;
Blöschl and Sivapalan, 1995; Western et al., 1999; Aryal et al.,
2002; Atkinson et al., 2002; Farmer et al., 2003; Wagener et al.,
2007). Dimensional techniques are powerful for dealing with complex physical problems, since they can potentially describe these
systems by very simple relationships. They can be used to deﬁne
similarity relationships (in this case between ﬂood events) in the
same fashion as the Froude and Reynolds numbers have been used
in hydraulics (see Wagener et al., 2007, for a review). In this paper,
we propose a dimensionless number which represents the joint effect of runoff coefﬁcient and hydrograph peakedness in determining the ﬂood peak.
We study different events occurred in four catchments of the
Kamp region, in northern Austria, whose areas range from 77 to
622 km2. The aim of the paper is to measure the contribution of
the different mechanisms of ﬂow response for different event
types. A total of ﬁve events are analysed, which are characterised
by different spatio-temporal extent and evolution of precipitation,
as well as different conditions for the runoff generation. The ﬂood
process types follow the classiﬁcation suggested by Merz and
Blöschl (2003): long-rain ﬂoods, short-rain ﬂoods, ﬂash-ﬂoods,
rain-on-snow ﬂoods and snowmelt ﬂoods. Liquid precipitation
has been obtained by interpolation of rain-gauges data on a
1 km  1 km grid and at 15 min time scale. For the more recent
events radar data have been used to reﬁne the spatial evolution
of the events. For snowmelt and runoff generation (i.e., runoff coefﬁcient), we exploit the outcomes of the Kamp-model, which is currently used in the forecasting system for the Kamp catchment
(Reszler et al., 2006; Blöschl et al., 2008). We account for spatial
variability of the hillslope routing time throughout the catchment,
assuming that each cell responds as a linear reservoir with spatially varying response time (which, however, we assume constant
in time). The spatial distribution of the hillslope response time is
related to landuse and is consistent with the Kamp model cell response. Regarding the channel routing, we assume that the streams
are spread over the entire catchments (every cell is crossed by a
stream) and that the stream velocity is constant in time and space,
which has been shown to be reasonable for ﬂood routing purposes
(Pilgrim, 1976; Beven, 1979). This velocity corresponds to the
celerity of a ﬂood wave in a stream network. Following Rinaldo
et al. (1991), we also assume that geomorphological dispersion
(caused by the distribution of travel distances in a channel network) dominates the effects of hydrodynamic dispersion, which

we neglect. These assumptions are substantial simpliﬁcations of
reality, which are common to the majority of the models applied
for simulating catchment response to storm events and meet our
immediate objective, which is to produce insights into the complex
interactions among the key variables affecting the ﬂood response.
It is important to note that the framework is not intended to be
a predictive model but a tool that can quantify the relative importance of the processes involved in ﬂood response and the spacetime interactions between rainfall and catchment state during
ﬂood events.
In this paper, we ﬁrst describe our case study catchment and
the detailed hydrological model used to retrieve space-time catchment response of ﬁve events, then summarise the analytical framework to interpret space-time variability of ﬂood event response,
and ﬁnally show and discuss the results of applying the
framework.

2. Case study
2.1. The Kamp catchment
The Kamp area is located in northern Austria, approximately
120 km north-west of Vienna (see Fig. 1). We consider four catchments: Kamp at Zwettl, Großer Kamp at Neustift, Purzelkamp at
Rastenberg and Taffa at Frauenhofen. At the Zwettl stream gauge
the catchment size is 622 km2 and elevations range from 500 to
1000 m a.s.l. The higher parts of the catchment in the southwest
are hilly with deeply incised channels. Towards the catchment outlet in the northeast the terrain is ﬂatter and swampy areas exist
along the streams. Typical ﬂow travel times in the river system
range from 2 to 4 h. The geology of the catchment is mainly granite
and gneiss. Weathering has produced sandy soils with a large storage capacity throughout the catchment. Fifty percent of the catchment is forested. Mean annual precipitation is about 900 mm of
which about 300 mm becomes runoff (Parajka et al., 2005). The
mean of the maximum annual peak discharges is about 65 m3/s.
During moderate ﬂood events, only a small proportion of rainfall
contributes to runoff and event runoff coefﬁcients are 10% or less
(Merz and Blöschl, 2005). As rainfall increases in magnitude, the
runoff response characteristics change fundamentally because of
the soil moisture changes in the catchment and the runoff coefﬁcients can exceed 50%. The catchment is hence highly non-linear
in its rainfall–runoff response. Representing catchment soil moisture well is hence of utmost importance for producing accurate
ﬂood forecasts.

Fig. 1. The Kamp catchment in the northern part of Austria. The four subcatchments are shown: Kamp at Zwettl, Großer Kamp at Neustift, Purzelkamp at
Rastenberg and Taffa at Frauenhofen.
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The Neustift catchment has an area of 77 km2 and is located in
the western-upper part of the Zwettl catchment. The Rastenberg
catchment has an area of 95 km2, is located south to the Zwettl
catchment and has a elongated shape along the Purzelkamp stream
(see Fig. 1). The elevation ranges from 500 to 900 m a.s.l. and the
geology is dominated by weathered granite. The mean of the maximum annual peak discharges is about 15 m3/s at Neustift and
about 11 m3/s at Rastenberg. The same considerations made for
the Kamp at Zwettl apply to the Großer Kamp at Neustift and the
Purzelkamp at Rastenberg. The Taffa catchment at Frauenhofen is
instead different. It is situated in the north-eastern part of the
Kamp area and has an area of 140 km2. The elevation ranges from
300 to 600 m a.s.l., which is lower than for the other three catchments, and the geology is dominated by gneiss. Mean annual precipitation is also lower, being about 600 mm, and the mean of the
maximum annual peak discharges is about 13 m3/s. In the ﬂat, lower part of the Frauenhofen catchment the groundwater system (i.e.,
the Horner Becken system) controls the hydrologic behavior, intercepting almost all the rainfall and determining very low runoff
response.

ing on an existing snow cover contributing to enhanced snowmelt.
Moderate rainfall depths caused considerable runoff depths as a result of a number of mechanisms. During the rainfall, signiﬁcant
long wave radiation and latent heated inputs enhanced snowmelt
as compared to dry spells. Antecedent snowmelt saturated large
parts of the catchment facilitating overland ﬂow once rain started.
The resulting ﬂood peak in Zwettl was quite considerable: 112 m3/s.
The event of April 1996 (ﬁfth row in Fig. 2) was a snowmelt event.
It occurred during a fair weather period associated with a rapid increase in air temperature. In this type of events, the melt energy is
mainly global radiation in higher altitudes and turbulent heat exchange in lower altitudes. Snowmelt occurred over a period of
one week, saturating the soils, continuously raising the ﬂows and
ﬁnally causing a ﬂood. The event was dominated by high baseﬂow
components. Rainfall also occurred but was of minor importance.
As there is an upper limit of energy available for melt, these kind
of ﬂoods are never very extreme. In April 1996 the peak measured
in Zwettl was 35 m3/s.

2.2. The events

To retrieve the detailed spatio-temporal evolution of the runoff
coefﬁcient and of snowmelt over the catchments, we use a spatially distributed continuous rainfall–runoff model (Reszler et al.,
2006; Blöschl et al., 2008) developed for the Kamp catchment,
which is similar to the HBV model (Bergström, 1976). The model
runs on a 1 km  1 km grid and a 15 min time step and consists
of a snow routine, a soil moisture routine and a ﬂow routing routine. The snow routine represents snow accumulation and melt
by the degree-day concept. The soil moisture routine represents
runoff generation and changes in the soil moisture state of the
catchment and involves three parameters: the maximum soil
moisture storage, a parameter representing the soil moisture state
above which evaporation is at its potential rate, termed the limit
for potential evaporation, and a parameter in the non-linear function relating runoff generation to the soil moisture state, termed
the non-linearity parameter. The details of the soil moisture routine are given in Komma et al. (2008).
Runoff routing on the hillslopes is represented by an upper and
two lower soil reservoirs. Excess rainfall enters the upper zone reservoir and leaves this reservoir through three paths: outﬂow from
the reservoir based on a fast storage coefﬁcient; percolation to the
lower zones with a percolation rate; and, if a threshold of the storage state is exceeded, through an additional outlet based on a very
fast storage coefﬁcient. Water leaves the lower zones based on the
slow storage coefﬁcients. Bypass ﬂow is accounted for by recharging the lower zone reservoir directly by a fraction of the excess
rainfall. The outﬂow from the reservoirs represents the total runoff
on the hillslope scale. The model states for each grid element are
the snow water equivalent, the soil moisture of the top soil layer
and the storage of the soil reservoirs associated with the storage
coefﬁcients.
The model parameters for each grid element were identiﬁed
based on the ‘‘dominant processes concept” of Grayson and Blöschl
(2000) which suggests that, at different locations and different
points in time, a small number of processes will dominate over
the rest. Land use, soil type, landscape morphology (e.g., the degree
of incision of streams) and information on soil moisture and water
logging based on ﬁeld surveys were used. Discussions with locals
provided information on ﬂow pathways during past ﬂoods. Runoff
simulations, stratiﬁed by time scale and hydrological situations,
were then compared with runoff data, and the simulated subsurface dynamics were compared with piezometric head data. The
various pieces of information were ﬁnally combined in an iterative
way to construct a coherent picture of the functioning of the catchment system, on the basis of which plausible parameters for each

Five events which affected the Kamp area are analysed. In Fig. 2
the spatial and temporal evolution of rainfall (and snowmelt) are
shown along with the measured discharges at the gauges, when
available.
The ﬁrst event occurred in August 2002 and was a long-rain
event (ﬁrst row in Fig. 2). The rainfall was a frontal type storm
and covered a large area including the Kamp catchment. The spatial pattern of the rainfall was quite uniform over the entire catchment. The Vb-cyclone (Mudelsee et al., 2004) is the typical
meteorological situation for long-rain events in the region, which
was the case in August 2002. In Austria some of the most extreme
ﬂoods on record have been of this type (Gutknecht et al., 2002)
and, in particular, the 2002 event at Zwettl resulted in a peak ﬂow
of 460 m3/s which is three times the second largest ﬂood on record
(Reszler et al., 2008; Merz and Blöschl, 2008a; Merz and Blöschl,
2008b). The 2002 storm event was composed of two parts of which
we analyse here the ﬁrst one, whose duration was 42 h. Because of
the wet period preceding it, the catchment was saturated with high
ﬂow conditions. This is typical of long-rain events in which the
storage capacity of the catchment is exceeded and any additional
rain generates runoff.
The second and third events are short-rain events (second and
third rows in Fig. 2). Rainfall of short duration and high intensity
(thunderstorms) occurred and saturated parts of the catchments.
The volumes of the storm events were moderate (less than
50 mm of rainfall averaged over the catchments occurred) and so
were the magnitudes of the ﬂoods, which in Zwettl were of the order of 10 m3/s. Quickly moving storm fronts during the summer
months are typical meteorological situations for this type of event.
Flood runoff resulted from a combination of runoff from saturated
areas, runoff from parts of the catchment where the rainfall intensities exceeded inﬁltration capacity and from fast subsurface ﬂow.
In the classiﬁcation scheme of Merz and Blöschl (2003), both
events could be considered as ﬂash-ﬂoods, given the short duration
and the local spatial extent. Flash-ﬂoods are given by short, high
intensity rainfalls, mainly of convective origin, which can trigger
ﬂoods even if the catchment is in a relatively dry condition because, locally, the rainfall intensities exceed inﬁltration capacity.
However, the magnitude of the peaks of these two events is much
smaller than that of the long-rain event in 2002.
The fourth and ﬁfth events are characterised by much longer
temporal scales and by the presence of snow. The event of April
2006 was a rain-on-snow event (fourth row in Fig. 2). Rain was fall-

2.3. The Kamp model
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Fig. 2. Measured rainfall/snowmelt and discharge for the ﬁve events analysed (showed per row): the long-rain event of August 2002; the short-rain event of August 1992; the
short-rain event of August 1996; the rain-on-snow event of April 2006 and the snowmelt event of April 1996. The left column shows the cumulative precipitation
(rainfall + snowmelt) on the Kamp region, the central column shows the spatial averaged precipitation rate on the Kamp region and the right column shows the measured
discharges at the basins outlets, where available.

grid element were chosen. The model was extensively tested
against independent runoff data both at the seasonal and event
scales (Blöschl et al., 2008).
The time and space dependent runoff coefﬁcients used in our
analyses have been estimated as follows. A ﬁrst estimate of the
runoff coefﬁcient at a grid cell (x, y) and at time t is obtained as
W0(x, y, t) = (Ss(x, y, t)/Ls(x, y))b(x,y) where Ss(x, y, t) is the soil moisture
[mm] estimated by the model, Ls(x, y) is the maximum soil moisture storage [mm] and b(x, y) is the non-linearity parameter [ ].
Since W0(x, y, t) refers to both fast and slow components of runoff
response, W0(x, y, t) is rescaled in order to account for the fast runoff components only, i.e., W(x, y, t) = rf(x, y)W0(x, y, t). The scaling
factor rf(x, y) is given by the cumulative cell outﬂow during the
ﬂood event divided by the amount of water that enters the cell
during the precipitation (and/or snowmelt) event. In this way,
the baseﬂow component of the response is not considered. This
is consistent with the framework used here, which focuses on
quick ﬂood response only.

3. Analytical framework
In Viglione et al. (2010) we extended the analytical framework
developed in Woods and Sivapalan (1999) to characterise ﬂood
response in the case where complex space and time variability
of both rainfall and runoff generation are considered as well as
hillslope and channel network routing. We characterize ﬂood response with three quantities: (i) its storm-averaged value (i.e.,
catchment rainfall excess), (ii) the mean runoff time (i.e., the time
of the center of mass of the runoff hydrograph at a catchment outlet), and (iii) the variance of the timing of runoff (i.e., the temporal
dispersion of the runoff hydrograph). The mean time of catchment
runoff is a surrogate for the time to peak. The storm-averaged rainfall excess rate and the variance of runoff time, taken together, are
indicative of the magnitude of the peak runoff, i.e., for a given
event duration and volume of runoff, a sharply peaked hydrograph
will have a relatively low variance compared to a more gradually
varying hydrograph (see Woods, 1997, for details). The analytical
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results obtained in Viglione et al. (2010) are brieﬂy summarised
below and illustrated by examples from the above introduced ﬂood
events.

bursts) meaning that, at the beginning of the event, it rains more
where the runoff coefﬁcient is high, i.e., in the wet part of the catchment. In the second part of the event, on the contrary, the effect of
covx,y(P, W) is minimal.

3.1. Catchment rainfall excess
We deﬁne the rainfall excess R(x, y, t) ½LT 1  at a point (x, y) and
at time t as follows:

Rðx; y; tÞ ¼ Pðx; y; tÞ  Wðx; y; tÞ

ð1Þ

1

where P(x, y, t) ½LT  is the local rainfall and W(x, y, t) [ ] is the local
runoff coefﬁcient, bounded between 0 and 1.
3.1.1. Instantaneous catchment rainfall excess
For a catchment with area A, the instantaneous catchmentaveraged rainfall excess rate Rx,y(t) ½LT 1  at time t can be expressed
in terms of the moments of rainfall P and runoff coefﬁcient W by
averaging Eq. (1) over the catchment:

Rx;y ðtÞ ¼ Px;y ðtÞ  W x;y ðtÞ þ covx;y ðP; WÞ

ð2Þ

where Px,y(t) is the time series of catchment-averaged rainfall rates
½LT 1 , Wx,y(t) is the time series of catchment-averaged runoff coefﬁcient [ ], and covx,y(P, W) is the time series of the spatial covariance
½LT 1  of P and W. In Fig. 3 the terms of Eq. (2) are shown for the
short-rain event of August 1996 on the Kamp catchment at Zwettl.
In the top panel the instantaneous catchment-averaged rainfall excess Rx,y(t) is compared to the catchment-averaged rainfall Px,y(t).
The temporal evolution of the catchment-averaged runoff coefﬁcient Wx,y(t) is also displayed. In the bottom panel the effect of spatial correlation between rainfall and runoff generation is shown by
comparing Rx,y(t) and Px,y(t)Wx,y(t). The difference between them is
covx,y(P, W), which is also shown in the ﬁgure. This term is particularly relevant at the beginning of the event (the ﬁrst two rain

3.1.2. Storm-averaged rainfall excess
While Eq. (2) lumps the spatial information and shows the temporal evolution of the rainfall excess, a different view can be obtained averaging Eq. (1) over time. The time-averaged rainfall
excess Rt(x, y) ½LT 1  for the period [0,Tm] (where Tm is the storm
duration) can be expressed in terms of the moments of rainfall P
and runoff coefﬁcient W as

Rt ðx; yÞ ¼ Pt ðx; yÞ  W t ðx; yÞ þ covt ðP; WÞ

where Pt(x, y) is the map of the temporally averaged rainfall rates
½LT 1 , Wt(x, y) is the map of the temporally averaged runoff coefﬁcients [ ], and covt(P, W) is the map of the temporal covariances
½LT 1  of P and W. This covariance term is not a constant but varies
in space as shown in Fig. 4. Here the same event of August 1996 of
Fig. 3 is shown. The rainfall Pt(x, y) is concentrated, on average, close
to the catchment outlet where also the runoff coefﬁcient Wt(x, y) is,
on average, high. The temporal covariance covt(P, W) shown in Fig. 4
is signiﬁcantly negative close to the outlet. This means that, close to
the outlet, it rains more when the runoff coefﬁcient is low, i.e., at the
beginning of the event.
3.1.3. Storm-averaged catchment rainfall excess
The storm-averaged catchment rainfall excess Rx,y,t ½LT 1  is
derived by averaging Eq. (2) in time or Eq. (3) in space and can
be expressed in terms of the moments of rainfall P and runoff coefﬁcient W as (see Viglione et al., 2010)

Rx;y;t ¼ Px;y;t  W x;y;t þ covt ðPx;y ; W x;y Þ þ
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Fig. 3. Instantaneous catchment rainfall excess Rx,y(t) and components of Eq. (2).
The short-rain event of August 1996 in Zwettl is shown. The top panel shows, in logscale: the time series of the catchment-averaged rainfall rate Px,y(t); the time series
of the catchment-averaged runoff coefﬁcient Wx,y(t); and the time series of the
catchment-averaged rainfall excess rate Rx,y(t). The bottom panel shows: the time
series of the product Px,y(t)Wx,y(t); the time series of the spatial covariance
covx,y(P, W) between P(x, y, t) and W(x, y, t); and the time series of the catchmentaveraged rainfall excess rate Rx,y(t).

(R1) the product of time- and catchment-averaged values of P
and W ½LT 1 ;
(R2) the temporal covariance of the space-averaged P and W
½LT 1 ;
(R3) the spatial covariance of the time-averaged P and W ½LT 1 ;
(R4) the spatial variation in temporal covariance (or, equivalently, the temporal variation in spatial covariance) ½LT 1 .
The term R2 is a measure of the temporal correlation of rainfall and runoff coefﬁcient, which, unlike the term covt(P, W) in Eq.
(3), ignores their spatial patterns. Analogously, the term R3 measures the spatial correlation of rainfall and runoff coefﬁcient but,
unlike the term covx,y(P, W) in Eq. (2), ignores the temporal evolution of the patterns. The spatio-temporal variabilities not accounted for by terms R2 and R3 are embedded in the term
labelled R4. The effect of the movement of P and W on the
storm-averaged catchment rainfall excess can be isolated as
R4  R2R3/R1 (see Viglione et al., 2010). If one considers again
the event of August 1996 at Zwettl, the values of each term in
Eq. (4) are shown in Table 1 and discussed in the result section.
3.2. Catchment runoff time
Having estimated in Eqs. (2)–(4) the roles of space and time
variability of rainfall and runoff generation in controlling rainfall
excess, we now examine the inﬂuence of hillslope and channel
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Pt(x, y) [mm/h]

Wt(x, y) [ ]
1.86
1.77
1.67
1.58
1.48
1.38
1.29
1.19
1.10
1.00
0.90
0.81
0.71

covt(P, W) [mm/h]

0.88
0.81
0.73
0.66
0.59
0.51
0.44
0.37
0.29
0.22
0.15
0.07
0.00

Rt(x, y) [mm/h]
0.01
−0.00
−0.02
−0.03
−0.04
−0.06
−0.07
−0.08
−0.10
−0.11
−0.13
−0.14
−0.15

1.48
1.35
1.23
1.11
0.98
0.86
0.74
0.61
0.49
0.37
0.25
0.12
0.00

Fig. 4. Storm-averaged rainfall excess Rt(x, y) and components of Eq. (3). The short-rain event of August 1996 in Zwettl is shown. Proceeding for rows, the ﬁgure shows: the
map of the temporally averaged rainfall rate Pt(x, y); the map of the temporally averaged runoff coefﬁcient Wt(x, y); the map of the temporal covariance covt(P, W) between
P(x, y, t) and W(x, y, t); and the map of the temporally averaged rainfall excess rate Rt(x, y).

Table 1
Terms contributing to the storm-averaged catchment rainfall excess [mm/h] of Eq. (4) for the ﬁve events of Fig. 2. The terms are shown for two catchments: Kamp at Zwettl and
Taffa at Frauenhofen. The important space-time variability terms are shown in bold. The non-relevant terms are shown in grey.

network routing on the time at which the rainfall excess exits a basin. Water that passes a catchment outlet goes through three successive stages in our conceptualisation: (i) the generation of runoff
at a point (including waiting for the rain to fall), (ii) hillslope routing and (iii) channel routing. Each of these stages has an associated
‘‘holding time”, which is conveniently treated as a random variable
(e.g., Rodriguez-Iturbe and Valdes, 1979). Catchment runoff time
itself is treated as a random variable (denoted as Tq), which measures the time from the storm beginning until a drop of water exits
the catchment. Since the water exiting the catchment has passed in
sequence through the three stages mentioned above we can write

Tq ¼ Tr þ Th þ Tn
where Tr, Th and Tn are the holding times for rainfall excess, hillslope
travel and network travel. Using the mass conservation property
(see Viglione et al., 2010) we can write the mean of Tq as

EðT q Þ ¼ EðT r Þ þ EðT h Þ þ EðT n Þ

ð5Þ

which represents the mean runoff time of the catchment. The variance of Tq, which represents the dispersion (the inverse of the
peakedness) of the hydrograph, is

VarðT q Þ ¼ VarðT r Þ þ VarðT h Þ þ VarðT n Þ þ 2CovðT r ; T h Þþ
þ 2CovðT r ; T n Þ þ 2CovðT h ; T n Þ

ð6Þ

The analytical forms of the terms in Eqs. (5) and (6) are shown hereafter (see Viglione et al., 2010, for the derivation of them).
3.2.1. Mean catchment runoff time
3.2.1.1. Mean runoff generation time. The mean runoff generation
time is given by:

EðT r Þ ¼

T m covt ðT; Rx;y Þ
þ
Rx;y;t
2
|{z}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Er1

Er2

ð7Þ
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5
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3.2.1.3. Mean network travel time. Analogously to Eq. (8), the delay
of the channel routing can be derived as

60

Pxy [mm/h]

0

is caused by the spatial variability in rainfall excess, relative
to a rain event that generate rainfall excess uniformly over
the catchment.

30

40

EðT n Þ ¼

Dx;y

v
|{z}

þ

covx;y ðD; Rt Þ
v  Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð9Þ

En2
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En1

0

10

Qp [m3 s]
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variable R
R const in time
R const in space

06 Aug 19:15

07 Aug 20:26

08 Aug 21:37

09 Aug 22:48

11 Aug 00:00

Fig. 5. Runoff time series Q(t) simulated using the assumptions of the analytical
framework vs. what have been resulted if rainfall excess were assumed constant in
time (R(x, y, t) = Rt(x, y)) or in space (R(x, y, t) = Rx,y(t)). The long-rain event of August
2002 in Frauenhofen is shown.

where Tm is the duration of the rainfall event, T is time measured
since the start of the rainfall event, Rx,y is given by Eq. (2) and Rx,y,t
is given by Eq. (4). The two terms in Eq. (7) are:
(Er1) half of the duration of the rainfall event [T];
(Er2) effects of the temporal correlation in rainfall and runoff
generation processes [T], which accounts for the additional runoff time that is caused by the temporal variability in rainfall and runoff generation processes, relative to
a rain event that generate rainfall excess at a constant
rate throughout the event.
In the top panel of Fig. 5 the temporal evolution of the rainfall
event of August 2002 in Frauenhofen (averaged in space) is shown.
The bottom panel shows instead the modelled discharge when spatio-temporal variabilities are considered (continuous black line),
when the temporal variability are neglected (dashed red1 line)
and when the spatial variabilities are neglected (dashed-dotted blue
line). In the case represented in Fig. 5, neglecting the temporal variability in rainfall and runoff generation processes would result in a
much smoothed hydrograph with smaller average runoff time. For
this event, therefore, the term Er2 is positive (see Table 2) meaning
that the average runoff time is higher than would be produced by
constant rainfall excess (i.e., by a rectangular storm).
3.2.1.2. Mean hillslope travel time. We assume that the hillslope response can be modelled as a linear reservoir with response time
th(x, y) constant in time but variable in space (see Viglione et al.,
2010). We can express the delay of the hillslope routing as

EðT h Þ ¼ ½th x;y þ
|ﬄﬄ{zﬄﬄ}
Eh1

covx;y ðth ; Rt Þ
Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð8Þ

Eh2

The two terms in Eq. (8) are:
(Eh1) average hillslope travel time [T], i.e., the average time taken
for rainfall excess to travel from a location where rainfall
excess was generated to the base of the hillslope;
(Eh2) space variability term related to the hillslope routing [T],
which accounts for the additional hillslope-routing time that

1
For interpretation of color in Figs. 1, 3, 5, 8 and 9, the reader is referred to the web
version of this article.

where D(x, y) [L] is the spatial pattern of ﬂow distances to the catchment outlet and we assume that a unique ﬂow celerity v ½LT 1  exists for all travel paths across the catchment. The two terms in Eq.
(9) are:
(En1) average travel time in the channel network ½T;
(En2) space variability term related to the channel routing [T],
which accounts for the additional channel-routing time that
is caused by the spatial variability in rainfall excess, relative
to a rain event that generate rainfall excess uniformly over
the catchment.
The mean ﬂow distance Dx,y in the ﬁrst term can be adequately
estimated in many cases from the catchment area without detailed
network data by using empirical relationships similar to Hack’s law
(e.g., Robinson et al., 1995) and the order-of-magnitude estimates
for channel velocity v are typically 1 m/s. In the bottom panel of
Fig. 5 the modelled discharge when the spatial variabilities are neglected is shown by the dashed-dotted blue line. For this event, August 2002 in Frauenhofen, the average catchment runoff time
would be slightly higher when neglecting the spatial variabilities,
so the sum of terms Eh2 and En2 is negative. Table 2 shows that
only Eh2 is considerable for Frauenhofen, meaning that the catchment runoff time is small because runoff is produced mainly on the
fast responding hillslopes and not because it is produced close to
the outlet, which is conﬁrmed by looking at Fig. 6.
3.2.2. Variance of catchment runoff time
3.2.2.1. Variance of runoff generation time. The variance of the time
of rainfall excess is

VarðT r Þ ¼



T 2m covt ½T 2 ;Rx;y ðTÞ covt ½T;Rx;y ðTÞ
covt ½T;Rx;y ðTÞ
þ

Tm þ
Rx;y;t
Rx;y;t
Rx;y;t
12
|{z}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Vr1

Vr2

ð10Þ
The two terms in Eq. (10) are:
(Vr1) variance of the rainfall excess time series if it was steady
throughout the event ½T 2  (i.e., longer rain events cause
greater variance in runoff time, and therefore more dispersed hydrographs, than short-rain events, other things
being equal);
(Vr2) additional variance in the rainfall excess time series that is
caused by the temporal variability in rainfall and runoff generation processes, relative to a rain event that generate rainfall excess at a constant rate throughout the event ½T 2 .
The term Vr2 can be negative, signifying that the patterns of
rainfall excess have concentrated the catchment response in time.
In the case represented in Fig. 5, neglecting the temporal variability
in rainfall and runoff generation processes would result in a much
smoothed hydrograph. For this event, therefore, the term Vr2 is
negative (see Table 3).
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Table 2
The terms [h] contributing to the mean runoff time of Eq. (5) for the ﬁve events of Fig. 2. The terms are shown for two catchments: Kamp at Zwettl and Taffa at Frauenhofen. The
important space-time variability terms are shown in bold. The non-relevant terms are shown in grey.

th(x, y) [h]

20.00
18.35
16.71
15.06
13.42
11.77
10.12
8.48
6.83
5.19
3.54
1.90
0.25

Rt(x, y) [mm/h]

3.74
3.43
3.12
2.81
2.49
2.18
1.87
1.56
1.25
0.94
0.62
0.31
0.00

Fig. 6. Spatial distribution of the hillslope runoff time th(x, y) compared to the storm-averaged rainfall excess Rt(x, y). The long-rain event of August 2002 in Frauenhofen is
shown.

3.2.3. Variance of hillslope travel time
We assume that the hillslope routing can be modelled as a linear reservoir with response time th(x, y) constant in time but variable in space, therefore the variance of the delay of the hillslope
routing is:

VarðT h Þ ¼ ½t 2h x;y þ varx;y ðt h Þ þ
|ﬄﬄ{zﬄﬄ} |ﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄ}
Vh1

3.2.4. Variance of network travel time
The variance of the delay of the channel routing is, following the
same reasoning, as:

VarðT n Þ ¼



varx;y ðDÞ covx;y ½D2 ;Rt  covx;y ½D;Rt 
Dx;y covx;y ½D;Rt 
þ


2
þ
v2
v 2 Rx;y;t
v Rx;y;t
v
v Rx;y;t
|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Vn1



covx;y ½t h ; Rt 
covx;y ½t h ; Rt 

 2½th x;y þ
þ2
Rx;y;t
Rx;y;t
Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
covx;y ½t 2h ; Rt 

Vh3

ð11Þ
where the three terms are:
(Vh1) spatial average of the variance of the hillslope routing time
½T 2  (variance of the linear reservoir/exponential distribution);
(Vh2) spatial variance of the hillslope response time ½T 2 ;
(Vh3) additional variance in hillslope-routing time that is caused
by the spatial variability in rainfall excess, relative to a rain
event that generate rainfall excess uniformly throughout the
basin ½T 2 .
The term Vh3 can be negative, signifying that the patterns
of rainfall excess have concentrated the catchment response in
space.

Vn2

ð12Þ

Vh2

where the two terms are:
(Vn1) variance of travel time in the channel network ½T 2 , thus a
catchment with a wide range of ﬂow distances to the outlet
is predicted to have a large variance in runoff time (see
Rinaldo et al., 1991);
(Vn2) additional variance in channel-routing time that is caused by
the spatial variability in rainfall excess, relative to a rain
event that generate rainfall excess uniformly throughout
the basin ½T 2 .
This second term can be negative, signifying that the patterns of
rainfall excess have concentrated the catchment response in space.
In the case represented in Fig. 5, neglecting the spatial variability in
rainfall and runoff generation processes would result in a much
smoothed hydrograph (with a fat recession curve). Looking at
Table 3, one sees that Vh3 is the most relevant spatial variability
term meaning that the hydrograph is peaky because runoff is produced mainly on hillslopes with similar response time, which is
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Table 3
The terms [h2] contributing to the variance of runoff time of Eq. (6) for the ﬁve events of Fig. 2. The terms are shown for two catchments: Kamp at Zwettl and Taffa at Frauenhofen. The important space-time variability terms are shown in
bold. The non-relevant terms are shown in grey.
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conﬁrmed by looking at Fig. 6. In this case the runoff is produced
on fast responding hillslopes but the spatial variability term would
have been negative also in the case of runoff produced mainly on
slow responding hillslopes. In that case the release would have
been delayed in time (would have increased E(Th)), but concentrated to give a peaky response.
3.2.4.1. Covariances of runoff generation time with hillslope and
network travel times. The covariance between rainfall excess time
and hillslope-routing time Cov(Tr, Th) ½T 2  accounts for the additional variance of the runoff time because of the correlation between time of runoff production and the spatial variability of
hillslope response time. This covariance can be written as:

CovðT r ; T h Þ ¼

covt ½T; covx;y ðt h ; RÞ covt ðT; Rx;y Þ covx;y ðt h ; Rt Þ

Rx;y;t
Rx;y;t
Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð13Þ

Crh

The difference of the two terms is the covariance of time, runoff
generation and hillslope response time due to the movement of runoff generation over the catchment, i.e., storm movement and shift of
runoff generation properties.
Analogously, the covariance between rainfall excess time and
network routing time Cov(Tr, Tn) ½T 2 , which accounts for the additional variance of the runoff time because of the correlation between time runoff production and the time in the channel
network, can be written as:

CovðT r ; T n Þ ¼

covt ½T; covx;y ðD; RÞ covt ðT; Rx;y Þ covx;y ðD; Rt Þ

Rx;y;t
v Rx;y;t
v Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð14Þ

Crn

As in Eq. (13), the difference of the two terms is the covariance
of runoff generation, distance to the outlet and time due to the
movement of runoff generation.
3.2.5. Covariance between hillslope and network travel times
The term Cov(Th, Tn) ½T 2  accounts for the additional variance of
the runoff time because of the spatial correlation between hillslope
response time and the time in the channel network. This covariance can be written as:

CovðT h ; T n Þ ¼

covx;y ðt h ; DÞ

v ﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ
Chn1

þ

covx;y ðt h  D; Rt Þ
covx;y ðD; Rt Þ
 ½th x;y
þ
v Rx;y;t
v Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Chn2

Dx;y covx;y ðth ; Rt Þ covx;y ðD; Rt Þ covx;y ðt h ; Rt Þ



Rx;y;t
Rx;y;t
v
v Rx;y;t
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

ð15Þ

Chn2

where the two terms are:
(Chn1) the variance of Tq caused by the spatial covariance
between hillslope response time and distance to the outlet
½T 2 ;
(Chn2) the additional variance of Tq caused by joint correlation of
th(x, y), D(x, y) and the storm-averaged rainfall excess
Rt(x, y), relative to a rain event that generate rainfall excess
uniformly throughout the basin ½T 2 .
Cov(Th, Tn) is essentially a spatial term because time does not
appear in Eq. (15). Considering the short-rain event of August
1992 in Zwettl represented in Fig. 7, the hillslope response time
th(x, y) is particularly high close to the outlet only. This determines
a negative value for Chn1 (see Table 3 in the results section). However, the runoff is generated on fast responding hillslopes only
(close to streams) and is very low on the slow responding hillslopes close to the outlet. Therefore Chn2 is positive.
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Rt(x, y) [mm/h]

th(x, y) [h]
60.00
55.12
50.25
45.38
40.50
35.62
30.75
25.88
21.00
16.12
11.25
6.38
1.50

2.48
2.27
2.06
1.86
1.65
1.44
1.24
1.03
0.83
0.62
0.41
0.21
0.00

Fig. 7. Spatial distribution of the hillslope response time th(x, y) compared to the storm-averaged rainfall excess Rt(x, y). The short-rain event of August 1992 in Zwettl is
shown.

4. Results
4.1. August 2002 – long-rain event

5
10
15

analytical framework
distributed Kamp−model
observed discharge

300
0

100

Qp [m3 s]

500

Pxy [mm/h]

0

In August 2002 a Vb-cyclone (Mudelsee et al., 2004) carried
warm moist air from the Adriatic region and caused persistent
rainfall over the Kamp region. More than 180 mm of rainfall fell
in 42 h on the Zwettl and Neustift catchments with local amounts
of more than 300 mm. On Rastenberg the rain was 200 mm, while
on Frauenhofen 124 mm fell in 28 h. In Zwettl, this resulted in a
peak ﬂow of 460 m3/s which is three times the second largest ﬂood
on record (Reszler et al., 2008; Merz and Blöschl, 2008a; Merz and
Blöschl, 2008b). The average storm intensity Px,y,t was more than
4 mm/h everywhere. Antecedent rainfall was the cause of the saturation of the catchment: according to the Kamp model parametrisation, the value of the event-catchment runoff coefﬁcient Wx,y,t
was more than 0.4 for all the catchments except Frauenhofen,
where it was 0.19. The average hillslope-routing time has been assumed equal to 10 h in Zwettl and Neustift, 8 h in Rastemberg and
5 h in Frauenhofen. These values are consistent with the average
fast-response time of the cells of the calibrated Kamp model. The
faster hillslope-routing time in Frauenhofen is due to the connection of hillslopes to the streams because of agricultural use of the
land. The stream velocity v has been assumed equal to 1.5 m/s
everywhere. This value for the stream velocity has been chosen
manually so to match the observed hydrograph with the discharge
modelled according to the assumptions of our framework (in a

06 Aug 16:15

07 Aug 18:11

08 Aug 20:07

09 Aug 22:03

11 Aug 00:00

Fig. 8. Runoff time series Q(t): measured, simulated by the Kamp-model, simulated
using the assumptions of the analytical framework. The long-rain event of August
2002 in Zwettl is shown.

way, v has been calibrated). In Fig. 8 it is shown, to provide an
example, how the hydrograph would look like under the assumptions of Sections 3.1 and 3.2 compared to the observed hydrograph
and the one obtained using the distributed Kamp model. Obviously
the recession curve is underestimated because in our framework
we just model the ﬂood runoff (the fast response) and not the baseﬂow, which is instead modelled by the Kamp model. It is important
to note, again, that our framework is not intended to be a predictive model but a tool that can quantify the relative importance of
the processes involved in ﬂood response and the space-time interactions between rainfall and catchment state during ﬂood events.
The terms of Eq. (4), for the storm-averaged catchment rainfall
excess, are reported in Table 1. For reasons of space, the values are
reported for only two of the four catchments, i.e., Kamp at Zwettl
and Taffa at Frauenhofen (a summary of the results for all four
catchments is given in the summary Table 4). The term of temporal
covariance covt(Px,y, Wx,y) is signiﬁcant, corresponding to 9% of
Rx,y,t in Zwettl and 17% in Frauenhofen. This means that it was
raining a lot when the runoff coefﬁcient was low (in the ﬁrst part
of the event). On the contrary, the term of spatial covariance covx,y(Pt, Wt) is very low, meaning that there is no particular correlation between the spatial pattern of rainfall and runoff coefﬁcient,
i.e., it was not raining particularly low/high where the runoff coefﬁcient is particularly low/high. This means that, for runoff generation, spatially distributed description of precipitation and runoff
coefﬁcient is not necessary, therefore a model lumped in space
would have been good enough. What is important, especially in
Frauenhofen, is the temporal evolution of rainfall and runoff
coefﬁcient.
As shown in Table 2, in which the terms of Eq. (5) are listed, the
mean runoff time E(Tq) is mainly controlled by storm duration,
with signiﬁcant contribution of hillslope and channel routing delays. The covariance terms Er2, Eh2 and En2 do not play a relevant
role in Zwettl, Rastenberg and Neustift. Only in Frauenhofen the
temporal variability term Er2 contributes for about +14% to E(Tq)
meaning that a further delay of Tq occurs because the rainfall excess is more important in the second part of the event. In Frauenhofen, also the hillslope variability term Eh2 is considerable
(28%). In Fig. 6 the spatial distribution of the hillslope response
time th and the storm-averaged rainfall excess Rt(x, y) are compared
for Frauenhofen. As can be seen, the runoff was generated mostly
where the hillslope response time was small, this determining a
faster overall catchment response. Thus, in Frauenhofen, spatially
distributed description of runoff generation is important to evaluate the average runoff time E(Tq) (a distributed model is therefore
necessary). The channel spatial variability term En2 is low for all
catchments meaning that there is no particular correlation between runoff generation and distance to the outlet (which can be
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April 2006
Rain-on-snow
August 1996
Short-rain
August 1992
Short-rain
August 2002
Long-rain

Table 4
Summary table: important components for the ﬁve events of Fig. 2 and for the four catchments in Fig. 1. For the meaning of the components, see Eqs. (4) and (15) and Tables 1–3.

April 1996
Snowmelt
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seen in Fig. 6 as well). The last row in Table 2 is the mean catchment response time, i.e., the delay between the centroids of rainfall
and runoff, which is calculated subtracting the mean rainfall time
to the mean catchment runoff time E(Tq).
The terms of Eq. (6), which give the variance of the runoff time
Var(Tq), are shown in Table 3. Var(Tq) is controlled by the variance
of the runoff production time Var(Tr) and the variance of the hillslope routing time Var(Th). In particular, the temporal variability
term Vr2 is very negative (e.g. correspond to 59% of Var(Tq) for
Neustift) meaning that the peakedness of the hydrograph is much
higher than what would be produced by a constant runoff generation in time (if R(x, y, t) = Rt(x, y), see Fig. 5 for Frauenhofen). Essentially the rainfall time pattern concentrates in time the runoff
production. The hillslope term Var(Th) is very high in Zwettl and
Rastenberg and particularly low in Frauenhofen. For all these
catchment Vh2 is signiﬁcantly high, because of the variability of
th in space. The spatial variability term Vh3 is positive in Zwettl
and Rastenberg, i.e., the spatial variability of the hillslope response
time, coupled with the spatial variability of runoff production,
smooths down the hydrograph. On the contrary, Vh3 is very negative in Frauenhofen, meaning that there the peakedness of the hydrograph is much higher than what would be produced by a
constant runoff generation in space (if R(x, y, t) = Rx,y(t), see
Fig. 5). In Frauenhofen, in fact, almost all runoff is produced on fast
responding hillslopes, thus concentrating the overall response in
time (see Fig. 6). The ﬂow distance term Vn1 and channel spatial
variability term Vn2 are irrelevant. Among the other terms,
Cov(Tr, Th) is signiﬁcant in Frauenhofen only (+6% of Var(Tq)). This
means that the movement of the storm plays a role there, in relation to the spatial distribution of th.
4.2. August 1992 – short-rain event
The second event analysed here is the convective thunderstorm
of August 1992. The ﬂood event was small: 8m3 =s were measured
in Zwettl. On Zwettl and Neustift, 30–36 mm of rainfall fell in
13.5 h with local amounts of more than 50 mm. On Rastenberg
and Frauenhofen the total rain was about 25 mm with local
amounts of about 35 mm over 13.5 h. The average storm intensity
Px,y,t is close to 2 mm/h or more (e.g., Neustift is the catchment
with the highest average storm intensity, see Table 1). The catchments condition at the beginning of the event were dry and, therefore, the value of the event-catchment runoff coefﬁcient Wx,y,t is
low for all the catchments, in particular for Frauenhofen. The average hillslope-routing time has been assumed equal to 30 h in
Zwettl and Neustift and 20 h in Rastemberg and Frauenhofen. In
this short-rain event, the hillslope routing time in Frauenhofen is
not fast because rain was falling mainly in the ﬂat area and was
captured by the groundwater system. The stream velocity v has
been assumed equal to 0.6 m/s in Zwettl, Neustift and Rastemberg,
and to 1.5 m/s in Frauenhofen. In Frauenhofen, in fact, the network
is mainly made of regulated channels in which, when the amount
of water is small, the velocities are much higher than in natural
streams.
For Zwettl and Neustift, the term of spatial covariance covx,y(Pt, Wt) is relevant, corresponding to +11% and +12% of Rx,y,t
respectively (see Table 1 for Zwettl). This means that it was raining
more intensely where the runoff coefﬁcient was relatively high. The
term of temporal covariance covt(Px,y, Wx,y) is considerable in Frauenhofen, corresponding to +20% of Rx,y,t. This means that it was
raining more intensely when the runoff coefﬁcient was relatively
high (in the second part of the event). The movement of the storm,
which was quite stationary, had no effect on runoff production.
The mean runoff time E(Tq) (see Table 2) is controlled, in order
of importance, by hillslope routing, storm duration and channel
routing except in Frauenhofen, where storm duration is the most
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important component. The temporal variability term Er2 contributes everywhere for more than +6% to E(Tq) (+16% in Frauenhofen) meaning that a further delay of Tq occurs because the
rainfall excess is more important in the second part of the event
(after Tm/2). The hillslope spatial variability term Eh2 is very negative everywhere (in particular in Frauenhofen), meaning that the
runoff was generated mostly where the hillslope response time is
small, thus determining a faster overall catchment response (see
Fig. 7). The channel spatial variability term En2 is lower but corresponds to 11% of E(Tq) for Zwettl, meaning that the rainfall excess
was high close to the catchment outlet (i.e., the centroid of the
rainfall excess is closer to the catchment outlet than the centroid
of the catchment, following the drainage directions), as can be seen
in Fig. 7.
The variance of the runoff time Var(Tq) (see Table 3) is controlled by hillslope routing. Deeper ﬂow paths coupled with slower
dry hillslopes caused slower subsurface ﬂow. The temporal variability term Vr2 plays hardly any role for this short-rain event.
The hillslope spatial variability term Vh3 is very important, meaning that the peakedness of the hydrograph would change a lot
(would be less peaky) if one instead assumed a constant runoff
generation in space (i.e., if R(x, y, t) = Rx,y(t)). The runoff is produced
mainly on the fast responding hillslopes (see Fig. 7), so that they
release the water at the same time concentrating the response in
time. In Zwettl and Rastenberg, also Cov(Th, Tn) is signiﬁcant. In
Zwettl, in particular, the term Chn1 is negative because the hillslope response time th(x, y) is particularly high close to the outlet.
However, the runoff is generated on fast responding hillslopes only
(close to streams) and is very low on the slow responding hillslopes close to the outlet. Therefore Chn2 is positive and greater
than Chn1, so that Cov(Th, Tn) is signiﬁcantly positive. Cov(Th, Tn) accounts for the fact that the fast responding hillslopes over which
runoff is generated are located at different distances from the outlet (they are not concentrated in space). This results in a smoother
response. The term Chn2 complete the information provided by Vh3
(very negative here), which does not account for the position in the
catchment, and Vn2 (not relevant here), which does not account for
the hillslope response time.
4.3. August 1996 – short-rain event
The event of August 1996 was a short-rain double event (see
Fig. 2, third row). The resulted ﬂood was rather small: 12 m3 =s
were measured in Zwettl. On all four catchments 35–45 mm of
rainfall fell in 33 h (two parts of about 10 h each, separated by
10 h of no rain) with local amounts of 70 mm in Zwettl and less
than 50 in Neustift. The average storm intensity Px,y,t is slightly
over 1 mm/h everywhere. The catchments condition at the beginning of the event were dry and, therefore, the value of the eventcatchment runoff coefﬁcient Wx,y,t was low for all the catchments.
The average hillslope-routing time has been assumed equal to 20 h
for every catchment. The stream velocity v has been assumed equal
to 0.6 m/s in Zwettl, Neustift and Rastemberg, and to 1.5 m/s in
Frauenhofen (because of the regulated channels).
The components of the storm-averaged catchment rainfall excess are shown in Table 1. For Zwettl, the term of spatial covariance
covx,y(Pt, Wt) is relevant, corresponding to +17% of Rx,y,t. This means
that it was raining more intensely where the runoff coefﬁcient was
relatively high. This can be seen in Fig. 4. The term of temporal
covariance covt(Px,y, Wx,y) is relevant in Frauenhofen, corresponding
to +12% of Rx,y,t. This means that it was raining a lot when the runoff
coefﬁcient was relatively high (in the second part of the double
event). In Zwettl, the term [covt(P  Px,y, W  Wx,y)]x,y is not negligeable (6% of Rx,y,t). The term R2, covt(Px,y, Wx,y), is the temporal
covariance between the time series of catchment-averaged rainfall
rates Px,y(t) and the time series of catchment-averaged runoff coef-

ﬁcient Wx,y(t) represented in Fig. 3 (top panel). It is a measure of
the temporal correlation of rainfall and runoff coefﬁcient, which,
unlike the term covt(P, W) in Eq. (3), ignores the spatial patterns
of them. Analogously, the term R3, covx,y(Pt, Wt), is the spatial
covariance between the map of the temporally averaged rainfall
rates Pt(x, y) and the map of the temporally averaged runoff coefﬁcient Wt(x, y) of Fig. 4. This measures the spatial correlation of rainfall and runoff coefﬁcient but, unlike the term covx,y(P, W) in Eq. (2),
ignores the temporal evolution of the patterns. The spatio-temporal variabilities not accounted for by terms R2 and R3 are embedded in the term R4, i.e., [covt(P  Px,y, W  Wx,y)]x,y. As shown in
Table 1, R4 essentially accounts for the movement of the storm because its absolute value is much higher than jR2R3/R1j. The negative value in Zwettl means that rainfall was moving from the wet
part of the catchment to the dry part of it, so that when the runoff
coefﬁcient increased in the wet part, the storm had already moved
away.
The mean runoff time E(Tq) is controlled by all three processes,
i.e., storm duration, hillslope routing and channel routing. Hillslope
and channel routing are not that important for Frauenhofen (see
Table 2) where they accounts for 19% and 4% of the mean runoff
time E(Tq) respectively. The temporal variability term Er2 is important everywhere (+13% and +24% of E(Tq) in Rastenberg and Frauenhofen respectively) except in Zwettl (+3% of E(Tq)). In Zwettl,
in fact, the double rainfall event is symmetric, as can be seen in
Fig. 3, i.e., not concentrated only before or after Tm/2. The hillslope
spatial variability term Eh2 is negative everywhere (in particular in
Frauenhofen) meaning that runoff was generated mostly where the
hillslope response time is small, this determining a faster overall
catchment response. The channel routing spatial variability term
En2 is important in Zwettl (15% of E(Tq)) meaning that the runoff
was generated close to the outlet of the catchment.
The variance of the runoff time Var(Tq) (see Table 3) is mainly
controlled by hillslope routing ( Var(Th) corresponds to more than
60% of Var(Tq) everywhere) and partially by storm duration. The
temporal variability term Vr2 plays a role in Frauenhofen only,
where it corresponds to 14% of Var(Tq). It is however interesting
to see that the temporal variability term is positive for Zwettl,
which arises from the fact that the event was a symmetric double
storm event (in Frauenhofen this is not the case because the produced runoff is concentrated almost only in the second part of
the event). The hillslope spatial variability term Vh3 is very important everywhere meaning that the peakedness of the hydrograph
would change a lot (would be less peaky) if one considers a constant runoff generation in space (i.e., if R(x, y, t) = Rx,y(t)). In Zwettl
the two terms accounting for the movement of the runoff generation are important. In particular, 2Cov(Tr, Th) corresponds to +10%
of Var(Tq). This is because, in average, runoff was generated early
in the event on fast responding hillslopes and later in the event
on slow responding hillslopes.
4.4. April 2006 – rain-on-snow event
The event of April 2006 was a rain-on-snow event. Rain was
falling on an existing snow cover contributing to enhance snowmelt. The resulting ﬂood was considerable, the peak at Zwettl
being 112 m3/s. In the Zwettl, Rastenberg and Neustift catchments,
rainfall and snowmelt sum up to about 145 mm in more than 11
days with local amounts between 190 mm in Neustift and
240 mm in Zwettl. In Frauenhofen the considered event is shorter,
about 4 days, and rainfall and snowmelt sum up to about 70 mm
with local amounts of 130 mm. The average combined rainfall + snowmelt intensity Px,y,t is low everywhere, close to
0.5 mm/h in Zwettl, Rastenberg and Neustift and a little higher in
Frauenhofen (see Table 1). Antecedent snowmelt saturated large
parts of the catchment facilitating overland ﬂow once rain started.
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Thus the value of the event-catchment runoff coefﬁcient Wx,y,t was
particularly elevated for all the catchments (in Rastenberg is greater than 0.5). The average hillslope-routing time has been assumed
equal to 20 h for Zwettl, Rastenberg and Neustift, and equal to 5 h
for Frauenhofen. This difference is due to the fact that, in Frauenhofen, the hillslopes are well connected to the streams because of
agricultural use of the land. The stream velocity v has been assumed equal to 1.5 m/s everywhere.
The components of the storm-averaged catchment rainfall excess are shown in Table 1. The term of spatial covariance covx,y(Pt, Wt) is signiﬁcant in Frauenhofen only (+14% of Rx,y,t),
while the term of temporal covariance covt(Px,y, Wx,y) is always
unimportant. This is because W is always constant and high in
time and P in space (because of the uniform snow cover). The
spatially averaged terms of Eq. (2) for Frauenhofen are shown
in Fig. 9: one sees that Wx,y does not change much in time, which
results in unimportant covt(Px,y, Wx,y); the spatial covariance, instead, determines an increase of runoff production, specially in
the central part of the event when it does not rain, i.e., snowmelt
in the central part of the event occurred more on wetter parts of
the catchment.
The mean runoff time E(Tq) (see Table 2) is mainly controlled by
the rainfall–snowmelt duration. The temporal variability term Er2
is signiﬁcant, e.g., 9% of E(Tq) for Rastenberg (not shown in the table) and +14% for Frauenhofen. In Rastenberg the runoff generation
is more important in the ﬁrst part of the event, while in Frauenhofen in the second part. This is because of rainfall, which is more
concentrated in the ﬁrst part of the event on Rastenberg and in
the second part on Frauenhofen. The hillslope routing term is
around +8 15% of E(Tq). In Frauenhofen, the mean hillslope travel
time is lower than what would result from a spatially uniform runoff production. The term Eh2 is negative, meaning that runoff was
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Fig. 9. Instantaneous catchment rainfall excess Rx,y(t) and components of Eq. (2).
The rain-on-snow event of April 2006 in Frauenhofen is shown. The top panel
shows, in log-scale: the time series of the catchment-averaged rainfall rate Px,y(t);
the time series of the catchment-averaged runoff coefﬁcient Wx,y(t); and the time
series of the catchment-averaged rainfall excess rate Rx,y(t). The bottom panel
shows: the time series of the product Px,y(t)Wx,y(t); the time series of the spatial
covariance covx,y(P, W) between P(x, y, t) and W(x, y, t); and the time series of the
catchment-averaged rainfall excess rate Rx,y(t).
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generated more on fast responding hillslopes. In all other catchments Eh2 is negligible because the runoff generation is uniformly
distributed over the catchment. The channel-routing time is everywhere negligible.
The variance of the runoff time Var(Tq) (see Table 3) is controlled by storm duration and temporal variability term with some
contribution of the hillslope routing (specially for Rastenberg and
Zwettl). The temporal variability term Vr2 is negative (e.g., it corresponds to 45% for Zwettl and Rastenberg) meaning that the
peakedness of the hydrograph is higher than what would be produced by a constant runoff generation in time (i.e., if R(x, y, t) = Rt(x, y)). The temporal variability of runoff generation is given by the
rainfall temporal variability, by the sinusoidal day/night evolution
of snowmelt and by the decrease of snowmelt because of the retreat of snow cover (Fig. 9). The temporal variability term Vr2 is
not so important in Frauenhofen (12%), where the event is shorter. Here the variance of the hillslope-routing time would be significant if runoff was generated uniformly over the catchment
(Vh1 + Vh2), but the spatial variability term Vh3 compensate for
it. All other terms are irrelevant except the moving terms 2 Crh
and 2 Crn in Rastenberg (not shown in the table), which together
account for 3% of Var(Tq). These terms reﬂects not only the movement of rainfall over the catchment but also snowmelt moving
from low elevations to high elevations. In particular, low elevations
have slower responding hillslopes than high elevations, resulting
in the non-negligible term 2 Crh.
4.5. April 1996 – snowmelt event
The event of April 1996 was a snowmelt event. Rainfall also occurred but was of minor importance. The snowmelt was modelled
according to the degree-day concept through the Kamp model. The
resulted ﬂood was moderate, the peak at Zwettl being 35 m3/s. In
the catchments, the total snowmelt was between 44 and 54 mm
over 6 and half days, with local amounts between 55 mm (Neustift)
and 80 mm (Frauenhofen). The average snowmelt intensity Px,y,t is
low everywhere, less than 0.4 mm/h. Antecedent snowmelt saturated large parts of the catchment facilitating overland ﬂow once
rain started. Thus the value of the event-catchment runoff coefﬁcient Wx,y,t is elevated for all the catchments. The average hillslope
routing time has been assumed equal to 20 h for Zwettl, Rastenberg and Neustift, and equal to 5 h for Frauenhofen. The stream
velocity v has been assumed equal to 1.5 m/s everywhere.
The components of the storm-averaged catchment rainfall excess are shown in Table 1. The term of spatial covariance covx,y(Pt, Wt) is relevant in Frauenhofen only (+12% of Rx,y,t), while
the term of temporal covariance covt(Px,y, Wx,y) is always unimportant. This is because W is always constant and high in time and P in
space (because of the uniform snow cover).
The mean runoff time E(Tq) (see Table 2) is mainly controlled by
the snowmelt duration. In Frauenhofen the temporal and spatial
variability terms Er2 and Eh2 are signiﬁcant, corresponding to
5% of E(Tq) the ﬁrst and 7% the second. The hillslope routing
term is close to +20% everywhere except in Frauenhofen because
of the negative value of the spatial variability term Eh2. The channel routing terms are everywhere very low. Only in Zwettl E(Tn)
correspond to 4% of E(Tq).
The variance of the runoff time Var(Tq) (see Table 3) is controlled by storm duration with some contribution of the hillslope
routing (excluding Frauenhofen). The temporal variability term
Vr2 is below 0 meaning that the peakedness of the hydrograph is
much higher than what would be produced by a constant runoff
generation in time (i.e., if R(x, y, t) = Rt(x, y)). The temporal variability of runoff generation is given by the sinusoidal day/night
evolution of snowmelt and by the decrease of snowmelt because
of the retreat of snow cover. The spatial variability term Vh3 in
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Fig. 10. Spatial distribution of the hillslope response time th(x, y) compared to the storm-averaged rainfall excess Rt(x, y). The snowmelt event of April 1996 in Frauenhofen is
shown.

Frauenhofen is signiﬁcant because runoff is generated more on fast
responding hillslopes (Fig. 10). All other terms are irrelevant. Only
the term 2 Crh in Zwettl gives a minimal contribution, corresponding to 2% of Var(Tq). The term reﬂects snowmelt moving from low
elevations to high elevations (in average, low elevations have
slower responding hillslopes).

5. Discussion of event types and a dimensionless response
number
In the previous sections we showed how an analytical framework (see Viglione et al., 2010, for more details) can be used for
exploring the dependence of the catchment ﬂood response characteristics on the spatial and temporal variability of the rainfall patterns, runoff generation and runoff routing across hillslopes and
channel network. The catchment response characteristics analysed
are: the average rainfall excess rate (Eq. (4)), the mean catchment
runoff time (Eq. (5)), and the variance of runoff time (Eq. (6)). In
this study, the components of the equations have been calculated
for ﬁve different types of events in four catchments in the Kamp
area in northern Austria. Table 4 lists the components of the equations that are important for the different events and the four
catchments.
Regarding runoff production, the long-rain event of August
2002 was characterised by the maximum Rx,y,t, given the heavy
rainfall and the high runoff coefﬁcient over the catchments. The
rain-on-snow event of April 2006 gave a higher Rx,y,t compared to
the snowmelt event of April 1996 because of the highest volume
of water involved (precipitation + snowmelt) and also because
the runoff coefﬁcients are slightly higher. The two short-rain
events, on the contrary, have low precipitation volumes and low
runoff coefﬁcients, which results in low runoff production. For
these two events, August 1992 and August 1996, both the spatial
and temporal variability terms (i.e., R2, R3 and R4) can be important, which would be expected because of the moderate spatial extent of the storms and their concentration in time. For the event of
August 1996 in Zwettl, the movement of the storm contributed
non-negligibly to determine the runoff production (which implies
that R4 is important). For the long-rain event of August 2002 the
spatial variability term R3 is irrelevant, which makes sense because
the frontal event was spatially uniform and stationary on the area.
For the snowmelt and rain-on-snow events the temporal variability term R2 is negligible, because of the quasi-constant temporal
evolution of runoff coefﬁcient, but the spatial variability term R3
can be important, because of the distribution of snow with
altitude.
Regarding the runoff time, the long-rain event of August 2002 is
characterised by quite fast and concentrated response. The re-

sponse is slower and much more smoothed for the two short-rain
events of August 1992 and August 1996 because of the slower response of hillslopes (giving high values of Eh1 and Vh1). Because of
the small amount of water, the connectivity of ﬂow on the surface
of the hillslopes was not established determining a slower and dispersed response. In the case of the rain-on-snow and snowmelt
events, the delay and smoothness of the produced runoff is due
to the long duration and smoothness of rain + snowmelt (giving
high values of Er1 and Vr1). If one considers the mean response
times of the catchments, i.e., the delay between the centroid of
rainfall (+snowmelt) and produced discharge, they are not so different between event types, ranging between 17.4 h (August
1996) and 30.3 h (April 2006) in Zwettl and between 8 h (August
1992) and 12 h (August 1996) in Frauenhofen. In the short-rain
event of August 2002, both temporal and spatial variability terms
(the correlation between spatial distribution of runoff generation
and hillslope response time) are important for the peakedness of
the hydrograph (so Vr2, Vh2 and Vh3). Channel routing is not very
important for this event, neither for the delay, nor for the spread of
the hydrograph, because the associated channel timescales are
small compared to the corresponding runoff production and hillslope timescales. For the short-rain events, the spatial variability
of runoff generation is always important (increasing the importance of Eh2, En2, Vh2, Vh3, 2 Crh, 2 Crn and 2 Chn, depending on
the catchment/event), which is expected because of the local nature of thunderstorms. In all of the catchment, this is related to
the spatial distribution of hillslope travel times. In Zwettl, which
is the biggest catchment, channel routing also plays a role in these
two events. For the event of August 1996 in Zwettl, the movement
of the storm contributed non-negligibly in reducing the peakedness of the hydrograph, mainly because, on average, runoff is produced earlier on the fast responding hillslopes, and later on the
slowly responding ones (i.e., 2 Crh is important). In the rain-onsnow and snowmelt events, the temporal variability term Vr2 is
very important in increasing the peakedness of the hydrograph.
The value -2277 of the temporal variability term at Zwettl for the
event of April 2006 looks like a huge number but is only one third
of 6580, i.e., Vr1. Event duration (and hence time components)
dominates the spread of the hydrograph. The temporal variability
terms in Table 3 are negative because runoff production decreases
with time as snow melt decreases (the snow cover retreats). It is
not the diurnal oscillation of snowmelt that matters, but the time
trend within the entire event.
As discussed, the analytical framework gives the magnitudes of
the process components in determining some key characteristic of
the ﬂood hydrograph. To provide a visual example of the information which two of these characteristics have, i.e., the storm-averaged catchment rainfall excess Rx,y,t and the variance of the
runoff time Var(Tq), in Fig. 11 we compare the ﬂood peaks of the
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Fig. 11. Response number and dimensionless response number vs. peak discharges in the four catchments for the ﬁve events: (a) response number vs. the peak discharge
simulated by a distributed model, which follows the assumptions of the analytical framework; (b) response number vs. the observed peak discharge; (c) dimensionless
response number vs. the non-dimensional peak discharge simulated by the distributed model; (d) dimensionless response number vs. the non-dimensional observed peak
discharge.

ﬁve events in the four catchments with a combination of them. A
measure of the ﬂood peak can be given by the response number
[m3/s], which we deﬁne as

A  Rx;y;t  T m
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3:6  VarðT q Þ

ð16Þ

where A [km2] is the catchment area, Rx,y,t [mm/h] is the stormaveraged catchment rainfall excess of Eq. (4), Tm [h] is the duration
of the storm, Var(Tq) is the variance of the catchment runoff time of
Eq. (6) and 3.6 is for unit conversion. The response number dimensionally corresponds to a discharge and is expected to be related to
the ﬂood peak because it accounts for volume and dispersion of the
hydrograph.
Speciﬁcally, ARx,y,tTm is the volume of runoff, and
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
VarðT q Þ is the characteristic time over which that runoff is distributed, so the ratio of the two may correspond with the peak discharge. Fig. 11a compares the value of the response number with
the ﬂood peaks Qp simulated by a distributed model, which has
the same assumptions as the analytical framework. We expect the
points of the graph not to follow a 1:1 relationship because the simulated Qp result from volume, dispersion and other shape characteristics (such as bimodality) of the hydrograph while the response
number only accounts for the ﬁrst two characteristics. Fig. 11, however, shows that the points in Panel (a) lie close to the 1:1 line,
which means that the response number captures the magnitude
of Qp very well. Fig. 11b is analogous to Panel (a) where the measured ﬂood peaks Qp are shown. Since the variables of the framework have been derived from a calibrated model, we expect Panel
(b) to be similar to Panel (a), which is the case.
More interesting are Panels (c) and (d). One could argue that the
near 1:1 correspondence of the points in Panels (a) and (b) might

be a consequence of catchment areas and rainfall volumes only,
in which case the analytical framework provides little new information. In Fig. 11c and d, we therefore compare the non-dimensional peak 3.6Qp/(A  Px,y,t) [ ], with the dimensionless response
number [ ]

Rx;y;t  T m
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Px;y;t  VarðT q Þ

ð17Þ

where Px,y,t is the time- and catchment-averaged precipitation rate
[mm/h]. The dimensionless response number originates from the
idea of dimensional analysis (see Dooge, 1986; Wagener et al.,
2007). It does not depend on the magnitude of the rainfall event
and on the catchment size, but on the runoff generation and routing
only.
It is event
runoff coefﬁcient (Rx,y,t Tm/Px,y,t) times peakedness
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(1= VarðT q Þ) and corresponds to the free parameter (often indicated by C) of the rational formula (see e.g., Chow et al., 1988, page
497). The dimensionless response number is also related to the peak
discharge response variable of Wood and Hebson (1986) and Robinson and Sivapalan (1997), which was deﬁned for a steady rainfall
rate (see also Woods, 1997).
The points in Panels (c) and (d) are also close to the 1:1 line,
meaning that the framework captures the dominant features of
runoff generation and routing through the catchment. This is a
somewhat surprising result because of two reasons. First we would
have expected considerable scatter of the relationship in Panels (c)
and (d) as the framework used here is only a second moment
approximation, while it neglects the higher order moments of
the hydrographs. Bimodal and multimodal shapes are non explicitly represented in the framework. Apparently, the approximation
works well for the diverse event types (and hydrograph shapes)
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examined here. Second there is not only a tight relationship; there
is, in fact, a very good 1:1 correspondence. This means that the
dimensionless response number also captures the absolute magnitudes of the peaks well. The excellent representation of the peaks
for a range of events is a tremendously useful result because the
framework allows to capture the components that contribute to
the peak of a ﬂood in a natural way, through ﬁrst and second order
moments of rainfall, runoff coefﬁcient, hillslope and channel routing in space and time. Importantly, as shown here, it can be applied
to a range of event types, which gives additional relevance to the
framework.
The dimensionless response number proposed here is one
example of numbers which could be used for dimensional analysis
in catchment hydrology, similar to the way the Froude and Reynolds numbers have been used in hydraulics. Potentially, the components obtained using the framework could be combined into
other dimensionless numbers. They could be used to establish relationships that are valid over a wide range of scales in the same
fashion as the Moody diagram (e.g., Chow et al., 1988). One example in catchment hydrology is provided by Zoccatelli et al. (2010)
who use dimensionless numbers from our framework to quantify
the effects of spatial and temporal rainfall aggregation on ﬂood response modelling.
The framework discussed in this paper can be used for any type
of simulated data, regardless of the actual model employed for
generating them. This is a fundamental aspect, since it enables
evaluating the role of different process conceptualisations and
model structures in the simulated response, and the accuracy with
which rainfall events need to be observed for a given type of hydrological model. The framework could be also applied directly to observed data, provided spatial patterns of runoff coefﬁcients are
available. At the sub-catchment scale, this could be done in intensely monitored catchments, such as in the MARVEX experiment in
New Zealand (Woods et al., 2001). At larger scales, soil moisture
from satellite data could be used as a surrogate for the runoff coefﬁcient (Wagner et al., 2007; Wagner et al., 2008).

6. Conclusions
In this paper various ﬂood event types are characterised in terms
of the magnitude of the components that contribute to particular
hydrograph characteristics (volume, mean time and dispersion in
time) and to the peak, through a (dimensionless) response number.
The results indicate that the components obtained by the framework clearly reﬂect the individual processes which characterise
the event types. For the short-rain events, temporal, spatial and
movement components can all be important in runoff generation
and routing, which would be expected because of their local nature
in time and, particularly, in space. For the long-rain event, the temporal components tend to be more important for runoff generation,
because of the more uniform spatial coverage of rainfall, while for
routing the spatial distribution of the produced runoff, which is
not uniform, is also important. For the rain-on-snow and snowmelt
events, the spatio-temporal variability terms typically do not play
much role in runoff generation and the spread of the hydrograph
is mainly due to the duration of the event. In addition, the proposed
dimensionless response number, which is event runoff coefﬁcient
times hydrograph peakedness, captures the absolute magnitudes
of the observed ﬂood peaks.
We believe that the main strength of the framework lies in a
better understanding of the contributions of the various process
components to a ﬂood of a given magnitude and shape. It would
be useful to check the framework for a wider variety of catchments
and events to explore whether the results obtained here can be
extrapolated to other cases. The framework should be also very

useful for practical purposes in ﬂood estimation and ﬂood forecasting as it may assist in better understanding hydrologic systems and
hydrological modelling for a range of event types.
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