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Abstract This study proposes a new process�based framework to characterize and classify runoff events
of various magnitudes occurring in a wide range of catchments. The framework uses dimensionless
indicators that characterize space�time dynamics of precipitation events and their spatial interaction with
antecedent catchment states, described as snow cover, distribution of frozen soils, and soil moisture
content. A rigorous uncertainty analysis showed that the developed indicators are robust and regionally
consistent. Relying on covariance� and ratio�based indicators leads to reduced classi�cation uncertainty
compared to commonly used (event�based) indicators based on absolute values of metrics such as duration,
volume, and intensity of precipitation events. The event typology derived from the proposed framework
is able to stratify events that exhibit distinct hydrograph dynamics even if stream�ow is not directly used for
classi�cation. The derived typology is therefore able to capture �rst�order controls of event runoff
response in a wide variety of catchments. Application of this typology to about 180,000 runoff events
observed in 392 German catchments revealed six distinct regions with homogeneous event type frequency
that match well regions with similar behavior in terms of runoff response identi�ed in Germany. The
detected seasonal pattern of event type occurrence is regionally consistent and agrees well with the
seasonality of hydroclimatic conditions. The proposed framework can be a useful tool for comparative
analyses of regional differences and similarities of runoff generation processes at catchment scale and their
possible spatial and temporal evolution.

1. Introduction
Understanding event runoff generation processes at catchment scale is crucial for gaining insights about
event�to�event variability of runoff response and solutes export from catchments (McGlynn &
McDonnell, 2003). This knowledge is instrumental in a wide variety of applications ranging from hydrolo-
gically sound �ood frequency predictions (Merz & Blöschl, 2008) to the derivation of effective indicators
for water quality assessment at management (i.e., catchment) scale (Minaudo et al., 2019). In a changing
world, understanding generation processes of runoff events is pivotal for elucidating mechanisms behind
intensi�cation and shifts in the seasonality of river �ows (Blöschl et al., 2017), trends in long�term �ood ser-
ies (Slater & Wilby, 2017), and possible changes in the magnitude of �ood hazard in the future (Turkington
et al., 2016). Therefore, the development of a general framework for understanding and comparing typical
runoff event generation processes and event runoff response at large (i.e., from catchment to regional) scales
is an important task. Such a framework would be a valuable tool to link a wide variety of event runoff gen-
eration processes to individual catchment responses at the event time scale. It would also enable a detailed
analysis of the transformation of dominant processes from small to large runoff events, thus unveiling pos-
sible differences between processes responsible for the occurrence of unexpected extreme and ordinary
events (e.g., Rogger et al., 2012; Smith et al., 2018).

Classi�cation frameworks are essential for reducing information into a manageable amount of classes by
grouping together similar objects, and are widely used in hydrological science (e.g., Knoben et al., 2018;
Sawicz et al., 2014; Sivakumar & Singh, 2012; Wagener et al., 2007). Process�based classi�cation of hydrolo-
gical events, such as river �oods and hydrological droughts, also gained momentum in the last decades (e.g.,
Merz & Blöschl, 2003; van Loon & van Lanen, 2012) as it provides a basis for understanding the observed
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variety of hydrological behaviors and their causes. Large scale studies dealing with process�based classi�ca-
tion of hydrological events usually focus on large runoff events (e.g., maximum annual �oods). Applications
at regional (e.g., Diezig & Weingartner, 2007; Hirschboeck, 1987; Nied et al., 2014; Sikorska et al., 2015),
country�wide (Berghuijs et al., 2016; Merz & Blöschl, 2003), continental (Berghuijs et al., 2019), and even glo-
bal scales (Stein et al., 2019) exist. A comprehensive overview of existing causative �ood classi�cation
approaches is given by Tarasova et al. (2019). Yet a consistent framework for process�based characterization
and classi�cation of runoff events that, beside �ood events, analyzes a wide range of runoff magnitudes and
is suitable for varied catchment sizes is still lacking.

Although the above�mentioned �ood classi�cations could theoretically be used to sort generation processes
of a larger sample of runoff events (i.e., including small events), they mostly adopt spatially and temporally
lumped characteristics of precipitation events (e.g., catchment� and event�averaged amount of rainfall),
often neglect pre�event wetness states, and are therefore unsuitable to capture the spatiotemporal interac-
tions of rainfall and soil moisture (Tarasova et al., 2019). This is, however, known to be a key driver of runoff
generation. For example, Freyberg et al. (2014) found that only a small fraction (1�26%) of the total catch-
ment area generates stream�ow during rainfall events in a small pre�alpine catchment. Similarly,
McGlynn and McDonnell (2003) showed that contribution from riparian zones dominates runoff for smaller
events, while hillslope runoff generation increases for larger events in a New Zealand catchment. According
to Seo et al. (2012) and Mei et al. (2014), space�time dynamics might also be crucial to correctly mimic mag-
nitude and timing of �ood events.

In recent decades, high�resolution observed and simulated hydrometeorological data sets became available
(e.g., Zink et al., 2017), thus providing tools to analyze variations of runoff generation processes at catchment
scale and their drivers (Viglione, Chirico, Komma, et al., 2010; Woods & Sivapalan, 1999). This advances aim
to bridge the gap between small scale studies that investigate runoff generation processes by means of
detailed observations (e.g., Jencso et al., 2009; Rinderer et al., 2019; Tromp�van Meerveld & McDonnel,
2006) and large scale studies which offer predictions of future changes of these processes purely based on
modeling approaches (e.g., Donnelly et al., 2017; Gosling et al., 2017).

Another drawback of most existing �ood classi�cation frameworks is the use of classi�cation thresholds
that are only valid for speci�c regions. This limits the transferability of the frameworks to other regions
and hinders their application at larger (e.g., global) scales. To overcome this issue, Stein et al. (2019) intro-
duced thresholds expressed as catchment�speci�c percentiles of the considered indicators. However, the
application of percentiles might be less justi�ed when a wider sample of runoff events is considered
and variability of indicators based on absolute values (e.g., maximum precipitation intensity and volume
of precipitation events) are much higher than for samples that include only maximum annual �ood
events. Therefore, it is important to develop a framework that relies primarily on dimensionless indicators
and is transferable across climatic conditions and to catchments and events of different sizes
(Tarasova et al., 2019).

The quality of data�based characterization and classi�cation schemes largely depends on the quality of the
available data and the robustness of the applied classi�cation methods with respect to several aspects of
uncertainty (Tarasova et al., 2019). In fact, classi�cation results are sensitive to the uncertainty of input
data from different sources (e.g., different observed temperature or precipitation data (Kampf &
Lefsky, 2016), various soil moisture, and snowmelt simulations (Stein et al., 2019), to the choice of
indicators used to characterize event types and to the values of thresholds applied to attribute events to
different classes (Sikorska et al., 2015; Stein et al., 2019). All these aspects must be examined to provide
a robust characterization framework and guidelines for selection of input data, indicators, and their
corresponding thresholds.

Finally, existing automated event classi�cation frameworks (e.g., Sikorska et al., 2015; Stein et al., 2019) uti-
lized prede�ned classi�cation trees, whose structures were devised based on hydrological reasoning about
possible runoff generation processes. The underlying assumption is that similar hydrometeorological and
catchment state conditions within an individual catchment (i.e., the blocks of the classi�cation tree) result
in similar hydrological responses (e.g., Sikorska et al., 2015). Although this assumption is rarely tested
(Tarasova et al., 2019), proving its soundness would con�rm the validity of the classi�cation and lay the
foundation for transferring classi�cation results to ungauged locations.
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This study aims to amend gaps and limitations of the existing classi�cation frameworks discussed above.
First, we propose a new multilayer framework (section 3.1) for process�based characterization of runoff
events of various sizes (i.e., a large numbers of events are analyzed in addition to peaks over thresholds or
events with large magnitude and recurrence intervals). The proposed framework relies on a set of transfer-
able dimensionless indicators which describe the nature of the inducing meteorological event, its spatiotem-
poral dynamics and the interaction of precipitation and catchment wetness state, and does not use
stream�ow data. We test the effects of the uncertainty of input data and chosen indicators, as well as their
sensitivity to the choice of classi�cation thresholds, and compared their performance to that of traditional
indicators relying on absolute values and lumped characteristics of inducing events and catchment states
(sections 3.3 and 4.1). By using the proposed characterization framework, we then derive an event typology
for Germany (section 3.2). We investigate the adequacy of the hypothesized runoff generation processes by
testing whether the derived event types group events with similar hydrograph dynamics (section 3.4).
Finally, we examine spatial and temporal (seasonal) patterns of event type occurrence in a wide set of
German catchments (section 3.5) and thus reveal spatial heterogeneity and temporal variability of dominant
catchment�scale stream�ow generation processes across Germany (section 5).

2. Data and Study Area
The event classi�cation is performed on the set of 183,955 runoff events occurred in 392 German catchments
(Figure 1) during the course of 22 years (1979�2002) of observations reported by Tarasova, Basso, Poncelet,
et al. (2018). Catchment sizes range from 36 to 23,843 km2. The median area of catchments in the data set is
494 km2. Runoff events were identi�ed from continuous hydroclimatic time series using the procedure illu-
strated in Tarasova, Basso, Zink, et al. (2018). First we separated base and quick �ows using a simple smooth-
ing algorithm (IH, 1980); then we attributed precipitation to each quick �ow event if it occurred within the
seasonal lag time of the respective catchment (Mei & Anagnostou, 2015); �nally we identi�ed single�peak
components of multiple�peak events by using a set of iteratively adjusted re�nement thresholds. The itera-
tive procedure is based on an equality test between the two distributions of event runoff coef�cients derived
from a reference single�peak and a re�ned single�peak event groups. For a detailed description of the event
separation procedure, we refer the reader to Tarasova, Basso, Zink, et al. (2018).

The initial rainfall�runoff event attribution described above essentially de�nes the lag time from the starting
point of the considered runoff event backwards within which rainfall events are searched at each individual
location (i.e., gauge). However, inducing events (i.e., precipitation) in the headwaters might start earlier than
the observed stream�ow reactions at the outlet of large river networks (Diederen et al., 2019). Therefore, pre-
cipitation events considered for the same runoff event at upstream and downstream locations might differ
when the start of the precipitation event lays inside the search distance de�ned by the lag time for the
upstream location, but is outside of this distance for the downstream location (see supporting
information Text S1 and Figure S1 for a visual explanation). To remedy this issue in the case of nested catch-
ments, individual runoff events were organized along the river network they belong to and the starting
points of runoff events at downstream locations were adjusted in a way that the earliest starting date among
upstream locations was assigned to all the downstream locations. These starting dates of runoff events were
then used to search for the corresponding precipitation event for each individual catchment according to the
seasonal median lag time as described above (see also supporting information, Figure S1b). The search time
range backwards was bounded by the starting date of the precipitation event at the upstream location. The
above�described procedure ensures that no precipitation is accidentally discarded in larger catchments and
allows for characterizing nested catchments consistently. We used the identi�ed beginning and end dates of
the attributed precipitation event to subset daily gridded products of hydrometeorological variables and
compute event�based indicators according to the proposed characterization framework.

We used daily gridded rainfall data (1�km grid) from the REGNIE (Regionalisierte Niederschlagshöhen) data
set (Rauthe et al., 2013) provided by the German Weather Service, and snowmelt and soil moisture time ser-
ies (on a 4�km grid) simulated by the mesoscale Hydrologic Model (mHM; Samaniego et al., 2010; Kumar
et al., 2013) along with air temperature interpolated using external drift kriging (Zink et al., 2017). For uncer-
tainty analysis and robustness check, we additionally used a precipitation data set interpolated by means of
external drift kriging (as reported in Zink et al. [2017]), a temperature data set interpolated by using the
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