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Abstract. This article reviews river flood generation pro-
cesses and flow paths across space scales. The scale steps
include the pore, profile, hillslope, catchment, regional and
continental scales, representing a scale range of a total of
10 orders of magnitude. Although the processes differ be-
tween the scales, there are notable similarities. At all scales,
there are media patterns that control the flow of water and are
themselves influenced by the flow of water. The processes
are therefore not spatially random (as in thermodynamics)
but organized, and preferential flow is the rule rather than
the exception. Hydrological connectivity, i.e. the presence
of coherent flow paths, is an essential characteristic at all
scales. There are similar controls on water flow and thus on
flood generation at all scales but with different relative mag-
nitudes. Processes at lower scales affect flood generation at
larger scales, not simply as a multiple repetition of pore-scale
processes but through interactions which cause emergent be-
haviour of process patterns. For this reason, when modelling
these processes, the scale transitions need to be simplified
in a way that reflects the relevant structures (e.g. connectiv-
ity) and boundary conditions (e.g. groundwater table) at each
scale. In conclusion, it is argued that upscaling as the mere
multiple application of small-scale process descriptions will
not capture the larger-scale patterns of flood generation. In-
stead, there is a need to learn from observed patterns of flood
generation processes at all spatial scales.

1 Introduction

The importance of research on flood generation processes
cannot be overestimated. Numerous recent floods in the last
years in Europe and worldwide have highlighted that floods

continue to be one of the most serious threats to humankind
(Merz et al., 2021). Major recent events include the July 2021
flood in Germany with more than 200 fatalities and a flood
at the same time in China’s Henan province with more than
300 fatalities; the July 2020 flood in Bangladesh where the
monsoon season was one of the worst on record; the more lo-
cal June 2016 flood in Simbach, Bavaria; and the June 2013
flood in central Europe, all with enormous economic damage.
While, previously, much of the flood planning and manage-
ment has been based on empirical approaches, these are no
longer sufficient. This is because better accuracy is required
than simple extrapolations from observations permit and be-
cause any changes in the flood characteristics, be it through
climate, land use or river works, can be much more reliably
predicted when explicitly accounting for the flood generation
processes (Blöschl et al., 2015).

The purpose of this article is to review our present under-
standing of flood generation processes across space scales.
The focus is on the land phase of the processes, i.e. on what
happens to extreme rainfall when it falls on the ground. At
each scale, the mechanisms of runoff generation are dis-
cussed, as are the processes that control the flow paths and
thus the magnitude of the floods. A sound understanding of
these processes will assist in building more reliable models
of floods and their probabilities and ultimately enhance the
robustness of flood management methods.

2 How do raindrops aggregate to form a flood?

Let us take one step back and conceptually envisage the fate
of one raindrop when it falls on the ground. Obviously, its
flow path will depend on where it falls. Depending on the
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surface characteristics, it may infiltrate into the soil, remain
on the soil surface until it evaporates, or else run off on the
surface. The raindrop may in fact not even reach the ground
and get intercepted in the canopy of the vegetation, or it may
fall as snow when it is cold. The raindrop, if not evaporated,
will start its journey to the ocean, either at low speed in the
subsurface where resistance is high or on the surface where
it quickly reaches a stream or – as is often the case – as a mix
of the two.

So far, so good. In flood generation one is interested in the
effect of many raindrops on the flow of water in the streams
and on the land surface, so, again, thinking conceptually, the
task seems easy. There is “only” a need to follow the path
of each and every raindrop to the ocean, and the cumula-
tive effect of all of them will give an exact representation of
the water cycle, including flooding. Alas, there are too many
drops. For example, the 2013 Danube flood at Vienna had a
volume (including baseflow) of 9.5×109 m 3. (Blöschl et al.,
2013), which, assuming a raindrop diameter of 1 mm, gives
a total of 2 × 1019 drops. If one needed only 1 s to simulate
the path of a drop on a computer, the total computation time
would be 6 × 1011 years; i.e. the simulations would be fin-
ished at a time when the state of the universe will be rather
uncertain. So this is clearly not feasible, apart from observa-
tional difficulties. Alternatives are needed, and they involve
some kind of aggregation, which leads us to the following
question: “how do raindrops aggregate to form a flood?”

Hydrology has first fully realized this to be a problem
with the advent of digital computers (Sivapalan and Blöschl,
2017). The classical treatment of this question is Allan
Freeze’s “Blueprint for a physically-based model” (Freeze
and Harlan, 1969) where they conclude that “The level of de-
velopment is not adequate to permit the construction of com-
plete physically-based, hydrologic response models at this
time” and “simplification of the model is needed [. . . ] while
maintaining physical relevance of the controlling hydrolog-
ical parameters.” (Freeze and Harlan, 1969, pp. 255–256).
Since then the aggregation problem has also become known
as the “scale issue” and has given rise to numerous initia-
tives and publications, among them a series of workshops
on the topic in Caracas, Venezuela; Princeton, United States;
Robertson, Australia; and Krumbach, Austria (Rodriguez-
Iturbe and Gupta, 1983; Gupta et al., 1986; Kalma and Siva-
palan, 1995; Blöschl et al., 1997).

A key element in understanding how best to scale from
the point scale to large areas is the nature of hydrological
variability. Again, a classic is the paper of Dooge (1986),
who, drawing on Weinberg (1975), suggests that variability
may fall into three types: (i) organized simplicity (which can
be treated analytically, e.g. by the methods of mechanics),
(ii) unorganized complexity (which can be treated statisti-
cally, e.g. by the methods of thermodynamics) and (iii) or-
ganized complexity (the treatment of which is difficult).
Dooge (1986, p. 49S) notes that “Most problems arising in
catchment hydrology fall in the category of complex systems

with some degree of organization” which means the diffi-
cult one. The discussion on the degree to which spatial or-
ganization and patterns need to be represented in catchment
and subsurface hydrology (as opposed to a purely statistical
treatment as in thermodynamics) has not subsided since then
(Western et al., 2001; Rajaram, 2016).

A related issue is the interpretation of variability on which,
too, no last word has been spoken in hydrology. Specifi-
cally, the question is whether randomness and thus uncer-
tainty are inherent in the processes (so there is no way of
reducing them, and a probabilistic treatment is unavoidable)
or simply a reflection of a lack of knowledge (so more accu-
rate measurements will allow a deterministic treatment). Two
contrasting opinions on the subject are the following. The
first, in the context of a new hydrological blueprint, suggests
that uncertainty is inherent in the processes: “a probability
based theoretical scheme for building process-based models
of uncertain hydrological systems, thereby unifying hydro-
logical modelling and uncertainty assessment” (Montanari
and Koutsoyiannis, 2012; p. 1). The second, more pragmatic,
interprets it as a lack of knowledge: “It should be noted that
the possibility of using, in the treatment of a real process,
schemes of well determined or of only stochastically definite
processes stands in no relation to the question whether the
real process is itself determined or random.” (Kolmogoroff,
1931; p. 417). The concept of “Digital Twins” (Rigon et al.,
2022) may perhaps provide further opportunities for testing
alternative conceptualizations of variability and uncertainty.

While these considerations seem to highlight the chal-
lenges of connecting the scales, there is perhaps also a posi-
tive side to it, drawing on the opportunities of scale research.
As Blöschl (2001, p. 711) remarked, “Given that scale issues
are common to all of the hydrologic subdisciplines (and in-
deed far beyond them), scaling work may perhaps reveal its
greatest potential as an umbrella under which a rich spec-
trum of concepts, tools, and measurement techniques cov-
ering a range of areas can be unified.” Such concepts may
include characteristic scales, hydrological similarity and co-
evolution; tools may include those that combine heteroge-
neous pieces of knowledge; and measurement techniques
may exploit patterns of qualitative data sources; and they
may all contribute to catalysing the collaboration among hy-
drologists in diverse fields (Blöschl et al., 2019).

We now turn to the more concrete question of how floods
are generated. Given that the scale issues are of paramount
importance, we will deal with flood generation separately at
different space scales, starting from the pore scale (at a char-
acteristic length of 1 mm) and moving up to the profile, hill-
slope, catchment, regional and continental scales, covering a
scale range of a total of 10 orders of magnitude (Fig. 1). We
will review the mechanisms of flood generation at each scale
with the ultimate purpose of linking them across scales. For-
tunately, there is a very rich body of hydrological literature
on the processes at each scale, although their linkages have
been studied less.

Hydrol. Earth Syst. Sci., 26, 2469–2480, 2022 https://doi.org/10.5194/hess-26-2469-2022



G. Blöschl: Flood generation: process patterns from the raindrop to the ocean 2471

Figure 1. Scale transitions across 10 orders of magnitude.

3 The pore scale: 10−3 m

At the pore scale we are in the domain of soil physics which
has a mature theory of water movement in unsaturated soils
under the influence of gravity and capillary forces between
water and the soil grains (e.g. Jury and Horton, 2004) as
well as of infiltration (Smith et al., 2002). Much has been
said about the overwhelming spatial variability of soil char-
acteristics (e.g. Bierkens et al., 2000), but, even at one single
point, there is enormous complexity. Clay minerals for exam-
ple, important components of many soils, may have diverse
shapes and tend to change their form and size very signifi-
cantly as they become wet or dry out (Tessier, 1990), lead-
ing to soil swelling and shrinking. The implication of this is
that traditional theories of water flow no longer apply, but
attempts at accounting for swelling and shrinking exist. For
example, Tuller and Or (2003) have modelled the changes in
volume and pore space induced by the swelling and shrink-
ing behaviour of clay minerals for predicting the permeabil-
ity of clayey soils as a function of soil suction. An even more
daunting task is the understanding of water–soil–water feed-
backs, i.e. the phenomenon that the moisture state will mod-
ify the hydraulic characteristics of the soil, which will modify
the flow and thus moisture, which will modify the hydraulic
characteristics and so forth. If plants interact with the wa-
ter and the soil characteristics, these feedbacks become even
more complex (Alaoui et al., 2018)

The swelling and shrinking processes of the soil, while op-
erative at the scale of micrometres, can become very relevant
at larger scales, visible to the naked eye, and a major deter-
minant of infiltration and flood generation. An example is
shown in Fig. 2, where water flowing overland infiltrates into
the shrinkage cracks, giving rise to preferential water move-
ment in the soil and reducing the amount of runoff generated
locally. One would expect that, for small storms, these cracks
will reduce flood peaks, while, when they are filled with wa-
ter, flood discharges may abruptly increase.

4 The profile scale: 100 m

At the soil profile scale, there is, again, established theory,
and the dominant paradigm is Richards’ equation (Richards,
1931), which combines Darcy’s law with mass balance for

Figure 2. Shrinkage cracks in the Hydrological Open Air Labora-
tory (HOAL), Lower Austria, which will lead to preferential infil-
tration. Photo: Alexander Eder.

representing the vertical flow of water in the soil matrix
and thus infiltration on the soil surface. Its physical basis
(i.e. Darcy’s law) is sometimes used as a justification for a
widespread use in hydrology, and one could even say it is
occasionally idolized as a “sacred cow”. Notwithstanding all
its favourable properties, one has to remember that it is only
applicable to some soils, and, perhaps more importantly, it
represents only one out of many processes controlling runoff
generation. Not only do the issues discussed at the pore scale
also apply here, but additional phenomena also occur at the
profile scale not captured by Richards’ equation.

Based on dye-tracing experiments carried out at 14 field
sites in Switzerland, Flury et al. (1994, p. 1945) noted the
following: “The spatial structure of flow patterns showed re-
markable differences. In most soils, water bypassed the soil
matrix.” Preferential flow is thus the rule rather than the ex-
ception (Fig. 3). Macropores and soil layers tend to con-
tribute to the preferential nature of the flow, as does the vary-
ing moisture state. Based on simulations, Zehe et al. (2007)
explored the effect of initial soil moisture on the occurrence
of vertical preferential flow and found that at intermediate
soil moisture, when a transition between matrix and prefer-
ential flow occurs, flow becomes very sensitive to small-scale
soil moisture variations. Thus, “it seems that small uncertain-
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Figure 3. Preferential infiltration. Dye flow patterns observed at the
Weiherbach irrigation site, Germany. From Zehe et al. (2007).

ties can easily amplify under certain conditions and will limit
predictability.” (Blöschl and Zehe, 2005, p. 3923).

5 The hillslope scale: 102 m

The analysis at the profile scale considers one point in the
landscape at a time and thus treats runoff generation as a lo-
cal phenomenon, usually referred to as the infiltration excess
runoff generation mechanism attributable to Robert Horton
(Horton, 1933). In reality, spatial connections of the pro-
cesses are often important, so a treatment at the hillslope
scale is appropriate. The classical contribution here is that of
Dunne and Black (1970), who have highlighted the relevance
of saturation excess runoff generation based on field obser-
vations in the Sleepers river watershed in Vermont. They
note that “. . . overland flow generated by the mechanism de-
scribed by Horton did not occur. [. . . ] When the water ta-
ble rose to the surface of the ground, however, overland flow
was generated on small areas of the hillside.” (Dunne and
Black, 1970, p. 478). Since the water table is controlled,
among other factors, by the lateral subsurface redistribu-
tion, this is no longer a local mechanism. A similarly spa-
tial process was observed on the Panola hillslope in Georgia:
“When connectivity was achieved, the instantaneous subsur-
face stormflow rate increased more than fivefold compared to
before the subsurface saturated areas were connected to the
trench face.” (Tromp-van Meerveld and McDonnell, 2006,
p. 1). In this case, the critical process is saturation near the
bedrock–soil interface, as opposed to surface saturation in
the case of saturation excess runoff.

A term mentioned in the Panola study is “flow connectiv-
ity”, representing the presence of coherent flow paths along
the hillslope. Traditionally, connectivity had mainly been

Figure 4. Connectivity of overland flow on 2 March 2015 in the
Hydrological Open Air Laboratory (HOAL), Lower Austria. Left:
observations of precipitation (at a rain gauge), saturation area (from
an analysis of the videos) and runoff (at a flume). Right: video im-
ages of the saturation patterns. From Silasari et al. (2017).

studied in fractured rocks (e.g. Andersson and Dverstorp,
1987), and it is only in the 1990s that it has received in-
creased attention in catchment hydrology (e.g. Western et al.,
1998, 2001; Grayson and Blöschl, 2001). Of key relevance
has been the recognition in hydrology (although long known
to pedology, Milne, 1935; Jenny, 1941) that the soil charac-
teristics are organized along a hillslope and that this orga-
nization is critically important for runoff generation. Here,
again, feedbacks can occur between the soil structure and
flow but this time modulated by animal activity. An exam-
ple is the role of earthworms. In some climates, there is a
tendency for larger soil moisture at the foot of a hillslope,
which favours the presence of earthworms and thus increases
the number of earthworm holes, which in turns increases the
flow conductivity, with repercussions on soil moisture (Zehe
et al., 2010).

Flow connectivity and feedbacks can also be very relevant
in the context of sediment movement. As overland flow con-
centrates along rills, in particular in agricultural landscapes,
erosion is enhanced (because shear stress is proportional to
flow depth; Biron et al., 2004), which leads to a deeper in-
cision of rills and therefore more flow concentration. While
traditional stream gauge measurements are not very good at
capturing these connectivity patterns, novel techniques such
as terrestrial or aerial video images can provide detailed pat-
tern information (Silasari et al., 2017; Deng et al., 2020).
As an example, Fig. 4 shows the saturation patterns in the
HOAL. As the saturation area exceeds 80 m2, the flow paths
connect, and runoff from the hillslope starts abruptly.

6 The catchment scale: 103 m

A catchment is of course composed of many hillslopes, but
how the flood generation responses of many hillslopes com-
bine exactly has been the subject of a long debate in hy-
drology. At one end of the spectrum is again the blueprint
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of Freeze and Harlan (1969), which describes the processes
on each hillslope in a detailed way, to subsequently combine
them to catchment response, an approach sometimes called
“upward”. At the other end of the spectrum is the “down-
ward” approach that views catchments as organized com-
plex systems, in the sense of Dooge (1986), that co-evolve
(Sivapalan and Blöschl, 2015) and “develop features of spa-
tial organization, including surface or sub-surface drainage
patterns, as a by-product of this evolution.“ (Savenije and
Hrachowitz, 2017, p. 1107). If the latter is true, flood gener-
ation should no longer by treated as a boundary value prob-
lem (as in Freeze and Harlan, 1969) because “models that
fail to account for patterns and the associated feedbacks miss
a critical element of how systems at the interface of atmo-
sphere, biosphere and pedosphere function.” (Savenije and
Hrachowitz, 2017, p. 1107). So how do we reconcile these
views? Sivapalan (2003, p. 1040) suggests the following:
“One way to achieve this reconciliation is to focus on com-
mon concepts, features or patterns that have physical mean-
ings that transcend the range of scales in question, and which
are easily scalable.” Common concepts are, for example,
travel time distributions. Additionally, instead of analysing a
single catchment in detail, comparing many catchments with
contrasting characteristics may be useful for understanding
the controls in a holistic way, an approach known as compar-
ative hydrology (Gaál et al., 2012).

Experimental basins provide evidence of how the hillslope
responses combine to that of an entire catchment. One exam-
ple is the 66 ha Hydrological Open Air Laboratory (HOAL),
where streamflow is observed at 13 flumes, along with nu-
merous other hydrological variables. The moisture observa-
tions of Fig. 5 show that the spatial patterns differ between
winter and summer, with a stronger spatial organization in
winter because of the higher relevance of lateral redistribu-
tion of water, in line with studies in Tarrawarra, Australia,
for example (Grayson et al., 1997). The HOAL is partic-
ularly interesting as it features different runoff generation
mechanisms within a rather limited area, including runoff
generation through overland flow (partly infiltration excess
during high-intensity storms in summer, partly saturation ex-
cess during winter), runoff generation via tile drains (with
very fast response times of less than an hour, even though
the drain pipes are about 60 cm below ground) and runoff
from permanently saturated areas (local wetlands) (Blöschl
et al., 2016). Soil moisture is a major control on runoff gen-
eration in this catchment, as illustrated in Fig. 6, but the peak
flow–soil moisture relationship depends very much on the
runoff generation mechanism – threshold-type behaviour for
the overland flow mechanism and more gradual for the other
mechanisms, and the total outflow of the catchment is a mix
of these processes. The threshold behaviour observed in the
HOAL is not an exception. For example, a similar relation-
ship was found by Penna et al. (2011) in a catchment in the
Italian Dolomites. In order to explain the non-linear runoff
generation in a spatial context, various theoretical studies

Figure 5. Soil moisture patterns in the Hydrological Open Air Lab-
oratory (HOAL), Lower Austria. (a) A summer event (9 and 10 Au-
gust 2014). (b) A winter event (6 and 7 December 2014). Note the
more pronounced spatial organization of soil moisture in winter, in
particular during the event. Bottom left shows the flumes used in
Fig. 6: O (overland flow), T (tile drains), S (saturation area) and E
(entire catchment). See Blöschl et al. (2016) for details.

Figure 6. Non-linear runoff generation in the Hydrological Open
Air Laboratory (HOAL), Lower Austria. Scaled peak runoff of
events plotted against scaled soil moisture at the beginning of these
events. Each point represents one event. The panels refer to the
flumes shown in Fig. 5, which represent different runoff generation
mechanisms. From Vreugdenhil et al. (2022).

have explored the aggregation of hillslope response in the
spirit of these observations, accounting for the space–time
covariance of precipitation and soil moisture by an upward
approach (Woods and Sivapalan, 1999; Viglione et al., 2010).
These studies assist in generalizing the understanding of the
scaling behaviour beyond individual case studies.
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Figure 7. Frequency of regional flood process types in Austria
based on observed maximum annual peak discharges of 12 000
events classified according to their type. Each polygon represents
a gauged catchment. From Merz and Blöschl (2003).

7 The regional scale: 105 m

At the regional scale, the comparative, diagnostic approach
to identifying flood generation processes is particularly pow-
erful. For example, Thompson et al. (2011, p. 1) “sug-
gest that the spatial patterns of vegetation may offer a lens
through which to investigate scale dependence of hydrol-
ogy”. Analysing various regions in the United States, they
found that the organization of vegetation imposes spatial de-
pendence in areally averaged hydrologic variables such as
soil moisture and the partitioning of flow paths. Theirs is an
example of the downward approach that harmonizes with the
identification of spatial organization in catchments viewed as
complex systems (Savenije and Hrachowitz, 2017). The find-
ings are directly relevant to scale effects in flood generation,
given that soil moisture is a key control at all scales (West-
ern et al., 2002). A similar comparative approach, albeit with
a stronger focus on climatic controls, identifies flood types
such as snowmelt floods, rain-on-snow floods, flash floods
and synoptic floods. An example is shown in Fig. 7. The pat-
terns of the frequency of types could not easily be inferred
from other variables such as topography. For example, rain-
on-snow floods are most frequent in the north of Austria,
and this is related to the seasonal interplay of snowmelt pro-
cesses and soil moisture that differs from other regions. The
more frequent flash floods in the east are related to the higher
frequency of convective storms and the faster catchment re-
sponse times (Gaál et al., 2012). The typology approach has
recently been extended to also include processes related to
infiltration and runoff routing (Tarasova et al., 2019, 2020).
The importance of these typologies for understanding flood
generation derives from the process similarity of events per-
taining to the same class, e.g. similarity in terms of the tran-
sition to extreme events and in terms of changes of flood pro-
cesses with time (Merz et al., 2021; Blöschl et al., 2015).

Similar to the other scales, the aggregation processes at the
regional scale are complex. Figure 8 shows the spatial flood
hydrograph pattern of the June 2013 flood in the Danube
basin as an example. The flood response of the Bavarian
Danube in the northwest of the basin is delayed, and the
runoff coefficient at Hofkirchen is only 0.27 because of the
highly permeable subsurface, while the Inn in the south-
west exhibits a faster response, and the runoff coefficient at
Schärding is around 0.5 because of shallower soils, steeper
terrain and higher rainfall (Blöschl et al., 2013). The Up-
per Inn shows very little flood runoff, and the flood wave
built up through tributaries in Bavaria. The confluence of the
Inn at Schärding with the Bavarian Danube at Hofkirchen re-
sulted in a characteristic, combined shape of the flood wave
at Achleiten, where the fast and slow contributions of the
Inn and Danube are clearly visible. During the propagation
of the flood wave along the Austrian Danube, it changed
shape due to retention in the flood plains. It can be appre-
ciated that the spatial patterns of runoff controlled by precip-
itation, some snowmelt, soil characteristics and soil moisture
are aggregated and modulated as the flood wave propagates
through the stream network. Understanding these patterns is
extremely important, both for flood forecasting and for flood
risk mapping (e.g. Vorogushyn et al., 2010; Viglione et al.,
2013; Merz et al., 2014; Nester et al., 2015).

8 The continental scale: 107 m

As one moves up in scale to an entire continent, one could
– similarly as at other aggregate scales – view flood genera-
tion simply as the sum of the processes in many pores, pro-
files, hillslopes, catchments and regions. This upward view
(in the spirit of Freeze’s blueprint) has given rise to the hy-
perresolution modelling paradigm at continental and global
scales (Wood et al., 2011; Bierkens et al., 2015; O’Neill et
al., 2021). There is much to be said in favour of these mod-
els as they codify existing system knowledge, and modern
computer resources permit simulations at resolutions of hun-
dreds or even tens of metres globally. On the other hand,
Sivapalan (2018, p. 1674) noted that “ [upward] reduction-
ist type models are best suited to represent ‘known’ knowl-
edge, and are at their weakest to reveal ‘unknown’ knowl-
edge [..]; vice versa for [downward] [. . . ] models”. Complex-
ities such as preferential flow, connectivity and media–flow
interactions are rarely codified at each scale they can be ob-
served, let alone their summary effect at the continental scale
modulated by cross-scale feedbacks. Hydrologists have been
sorely aware of these scale issues since the 1980s. Ways for-
ward may include downward diagnostics, i.e. learning from
observed patterns not only at small scales, but also at the con-
tinental scale, in order to capture the summary effect of all
these interactions on runoff generation.

Meteorology has a longer tradition of continental-scale
(and global-scale) diagnostics. At the continental scale, the
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Figure 8. Spatial flood hydrograph pattern of the 2013 event in the Danube basin upstream of Vienna, Austria. Red circles indicate the stream
gauges. The scale shown on the bottom right relates to all hydrographs (light blue areas). From Blöschl et al. (2013).

structure of the stream network tends to become less im-
portant, and, instead, the atmospheric situation controls the
movement and direction of cyclones, the intensity of the rain-
fall they produce and thus the flood characteristics. Classify-
ing cyclone tracks based on air pressure and other data al-
lows those cyclones to be identified that are most prone to
producing regional floods. For example, Vb tracks (van Beb-
ber, 1891) that propagate from northern Italy to Poland tend
to produce the highest precipitation rates in central Europe,
such as those responsible for the June 2003 flood (Fig. 8).
Figure 9 illustrates that, in the Ore mountains, the 20-year
maximum annual daily precipitation during Vb events is
62 mm d−1, while it ranges between 20 and 35 mm d−1 for
other event types (Hofstätter et al., 2016, 2018). Superpo-
sition of the polar and the subtropical jet stream over the
western Mediterranean has been identified as a main feature
triggering Vb cyclones (Hofstätter and Blöschl, 2019). It ap-
pears that connectivity is also important at the continental
scale, e.g. through preferential pathways of flood-generating
cyclones; in the particular case of Vb events through the con-
nection of the eddy-driven polar jet stream and the subtrop-
ical jet stream over the western Mediterranean; and through
the role of teleconnections (e.g. as quantified by the North
Atlantic Oscillation (NAO) and Arctic Oscillation (AO) in-
dices in affecting flood-relevant cyclones; Hofstätter and

Blöschl, 2019). Another example of connectivity in the at-
mosphere is atmospheric rivers (Kim et al., 2021).

A classification of flood generation mechanisms similar to
that of Fig. 7 can also be performed at the continental scale.
For example, Kemter et al. (2020) showed that synoptic rain-
fall is particularly important in the Alps and the Carpathians,
soil moisture excess in the Atlantic climate of western Eu-
rope, and snowmelt in the north and east of Europe. Rain-on-
snow has some relevance in the midlands of central Europe.

A simple, but very efficient, diagnostic of these runoff gen-
eration processes at the continental scale is the timing of the
year floods occur, which is illustrated in Fig. 10a. In Europe,
the timing of the floods varies gradually from winter floods
in the west to spring floods in the east because of increasing
continentality (distance from the Atlantic) and from winter
floods in the south to spring floods in the north because of the
increasing influence of snowmelt. The effect of snow storage
and melt in the Alps and the Carpathians (summer floods) is
superimposed on this spatial pattern. The spatial pattern in
Fig. 10a is quite different from that of the individual drivers,
as illustrated for the case of extreme precipitation (Fig. 10b).
This is because of the interplay between the seasonality of
event precipitation, snowmelt, soil moisture and evaporation.

Hydrologists are not commonly used to interpreting ob-
served patterns at the continental scale, but there is a lot to
be learned from them, also for small-scale studies. For ex-
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Figure 9. Storm tracks of cyclone types and associated heavy precipitation in the Ore mountains, for 2500 cyclone events. From information
in Hofstätter et al. (2018).

Figure 10. (a) Observed average timing of river floods in Europe based on maximum annual discharge series 1960–2020 from 4062 stream
gauges. Light blue: winter floods; green to yellow: spring floods; orange to red: summer floods; purple to dark blue: autumn floods. (b) Similar
maps but for 7 d maximum annual precipitation based on E-OBS data. Redrawn from Blöschl et al. (2017).

ample, one notes that the west coasts of the European islands
and peninsulas (e.g. UK, Denmark, Iberia, Italy, and Greece)
all tend to have earlier flood occurrence by 1 month than the
respective east coasts, a finding that also suggests similari-
ties between the relative magnitudes of flood generation pro-
cesses at the catchment scale. Comparative hydrology (Siva-
palan, 2018) exploits these similarities and helps avoid being
“frogs in the well” (as the Chinese saying goes) and instead
see the bigger picture that is also valuable in a local context.

9 Conclusions

This paper has reviewed flood generation processes across
scales with a focus on spatial process patterns. Understand-
ing these processes is not only of scientific interest, but also
has enormous practical importance for risk management pur-
poses, including flood forecasting and flood risk assessment
in a changing climate. Examples of the latter include flood
design, which has benefitted from the use of process patterns
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such as those in Fig. 6 (runoff generation) and Fig. 7 (flood
types) in the flood frequency hydrology approach (Merz and
Blöschl, 2008) recommended in the German and Austrian
flood estimation standards (DWA, 2012; ÖWAV, 2019); flood
forecasting, which has benefitted from using observed snow
and soil moisture patterns, as well as preferential flow rep-
resentations in the soil (Blöschl et al., 2008; Blöschl, 2008);
and risk assessment of spring contamination, which has ben-
efited from observed patterns of evidence on surface runoff
(Reszler et al., 2018).

The observed process patterns discussed here show that
there is remarkable similarity of the flood generation mecha-
nisms between the scales from the pores to the continent. At
all scales, processes are not random (as in thermodynamics),
but they exhibit organized structures that control the flow of
water. There is often an interplay between the structure (e.g.
soil characteristics and topography) and the flow characteris-
tics (e.g. flow velocity). For example, overland flow is con-
trolled by the rills on the surface, but they themselves are
created by overland flow. Remarkably, there is preferential
water flow at all scales – flow in pores and macropores in
the soil, rills on the land surface, preferential flow paths in
aquifers, rivers in the landscape and atmospheric storm tracks
that transport moisture in a preferential way. Connectivity is
important as it controls whether flow paths connect and thus
the overall behaviour of the system. While the controls on
flood generation are similar at all scales, their relative mag-
nitudes differ between scales.

Given all this process complexity, an obvious question
is how these scales can be linked, e.g. through upscaling.
From the discussion it seems to be clear that processes at all
scales affect flood generation at the continental scale in some
way. Additionally, large-scale processes possess emergent
behaviour. They are not simply the multiple reoccurrence of
pore-scale processes. This is reminiscent of the very differ-
ent behaviour of groups of people compared to that of indi-
viduals (studied respectively in sociology and psychology).
Groups mainly behave differently because people interact
and talk to each other. In the domain of hydrology, these in-
teractions are feedbacks: feedbacks between processes (such
as flow and structure), feedbacks between places (such as the
subsurface and the surface) and feedbacks between scales.
Often, a small number of people play a disproportionally
large role in influencing the group’s opinion, e.g. influencers
in social networks (Langner, 2013), and this phenomenon is
similar to the effect of preferential flow on flood generation
at higher scales. Without capturing preferential flow, it will
thus be difficult representing runoff generation across scales.

In modelling these processes, simplifications of the scale
transitions are needed that reflect the respective structures
(e.g. connectivity) and the boundary conditions (e.g. ground-
water table). Upscaling by a million-fold repetition of pore-
scale process will unlikely give the right patterns at the con-
tinental scale because of emergent behaviour. On the other
hand, we can learn from observed patterns at all scales in a

downward way. As Dunne (1998, p. 24) put it, “When for-
mulating a particular problem, the scale must be chosen judi-
ciously to maximize its utility. This challenges the belief that
only progressively finer-scale studies are really “scientific”
and “rigorous” and that ‘scaling up’ from some presumably
fundamental understanding is the only way to solve prob-
lems in hydrology.” It is hoped that scientific curiosity will
push hydrologists further to learn about processes from ob-
served patterns at all scales, to better understand how floods
are generated as water moves from the raindrop to the ocean.
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