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Abstract. The severity of floods is shaped not only by event-
and catchment-specific characteristics but also depends on
the river network configuration. At the confluence of rele-
vant tributaries with the main river, flood event character-
istics may change depending on the magnitude and tempo-
ral match of flood waves. This superposition of flood waves
may potentially increase the flood severity downstream in the
main river. However, this aspect has not been analysed for
a large set of river confluences to date.

To fill this gap, the role of flood wave superposition in
the flood severity at downstream gauges is investigated in
four large river basins in Germany and Austria (the Elbe, the
Danube, the Rhine and the Weser). A novel methodological
approach to analyse flood wave superposition is presented
and applied to mean daily discharge data from 37 triple
points. A triple point consists of three gauges: one in the
tributary as well as one upstream and downstream of the con-
fluence with the main river respectively. At the triple points,
differences and similarities in flood wave characteristics be-
tween the main river and the tributary are analysed in terms
of the temporal match and the magnitudes of flood peaks.

At many of the confluences analysed, the tributary peaks
consistently arrive earlier than the main river peaks, although
high variability in the time lag is generally detected. No large
differences in temporal matching are detected for floods of
different magnitudes. In the majority of cases, the largest
floods at the downstream gauge do not occur due to perfect
temporal match between the tributary and the main river. In
terms of spatial variability, the impact of flood wave super-
position is site-specific. Characteristic patterns of flood wave
superposition are detected for flood peaks in the Danube
River, where peak discharges largely increase due to inflow

from alpine tributaries. Overall, we conclude that the super-
position of flood waves is not the driving factor behind flood
peak severity at the major confluences in Germany; however,
a few confluences show the potential for strong flood magni-
fications if a temporal shift in flood waves was to occur.

1 Introduction

Floods result from an interplay of several factors along a cas-
cade of processes beginning with precipitation and runoff
generation in a catchment down to river routing. Event-
specific characteristics such as the intensity and spatial pat-
terns of precipitation exert an impact on river discharge. The
impact of a precipitation event on the timing and magnitude
of a flood is further modulated by the prevailing soil mois-
ture conditions in the catchment that control the timing and
amount of runoff generation (Merz and Bloschl, 2003; Nied
et al., 2013). Moreover, flood patterns are characteristic for
each catchment due to the specific physiogeographic condi-
tions, i.e. the elevation and slope or geological formation,
that result in site-specific runoff generation processes. In par-
ticular, floods are impacted by the river network configura-
tion and the related geomorphological catchment character-
istics. Several studies have indicated the impact of drainage
density (or hillslope lengths), which is related to the network
configuration, on the runoff coefficients (e.g. Plaut-Berger
and Entekhabi, 2001). Travel times of water to the catchment
outlet or confluence are also influenced by the distributions
of hillslope-channel lengths (Di Lazzaro et al., 2015). Hence,
the river network configuration can lead to a higher/lower
probability of flood wave superposition (Seo and Schmidt,
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2013), and the impact from different tributaries to the main
river can be highly variable. Each tributary has specific catch-
ment characteristics and typical flood characteristics. Thus,
the shape of the flood wave can significantly change at each
relevant confluence (Bloschl et al., 2013; Skublics et al.,
2016).

According to the definition in this study, flood wave super-
position is based on both (i) a temporal match of flood peaks
and (ii) a high peak magnitude in both the main river and
the tributary. A superposition of flood waves at confluences
may increase the flood magnitude and lead to an accelera-
tion of the flood wave (Bloschl et al., 2013; Skublics et al.,
2014). Conversely, low or medium discharge conditions in
a tributary may prevent further aggravation of the flood event
(Thomas and Nisbet, 2007; Pattison et al., 2014). In a study
of the 2013 flood in the Danube Basin, Bloschl et al. (2013)
noted the synchronous occurrence of flood waves at the con-
fluence of the Salzach and the Inn rivers in Austria. They
emphasised that the Inn River flood wave typically occurs
earlier than the flood wave of the Danube at the confluence
of the Inn and the Danube rivers at the German—Austrian
border. An earlier or later flood occurrence in the tributary
relative to the main river leads to a weaker flood wave super-
position due to a temporal peak mismatch (Skublics et al.,
2014). In a simulation study, Skublics et al. (2014) analysed
how a temporal shift of a flood event of two tributaries to the
Danube of 20 h affects the flood peak in the main river. In
one case, they showed that temporal peak matching would
increase the flood peak in the main river downstream of the
confluence by up to twice the observed value.

Although flood wave superposition could potentially im-
pact flood magnitudes, only a few studies have addressed this
topic to date (Vorogushyn and Merz, 2013; Geertsema et al.,
2018). Lane (2017) suggested the possibility of decoupling
the tributary and main channel waves, i.e. enforcing a tempo-
ral shift through enhanced storage and attenuation, as a mea-
sure for flood risk reduction. At the lowland confluence in
the Meuse catchment, Geertsema et al. (2018) concluded that
the time lag between peaks is of minor importance due to the
long duration of flood waves compared with the typical vari-
ability of the time lags. They stated that the typical time lags
are less relevant for the impact of flood wave superposition
for long flood durations. In contrast, the time lag may be of
high importance in smaller and fast reacting catchments with
shorter flood durations. Hence, it is important to understand
whether patterns of flood wave superposition are typical for
a confluence or whether they are event-specific and change
between small and large floods.

To quantify flood wave superposition, we select triple
points. These are three gauging stations that are located close
to the confluence: one on the tributary and two on the main
river, upstream and downstream of the confluence. At these
triple points, two flood event characteristics are considered
simultaneously. First, the timing of the flood wave peak de-
scribes whether the tributary flood peak reaches the conflu-
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ence at the same time as the main flood wave or if there is
a temporal shift. Second, the flood magnitudes at all three
gauges are used for the assessment of similarities or differ-
ences in flood intensity. Therefore, a perfect overlay of flood
waves means that a high tributary wave peak matches (in
time) a high main channel peak at the confluence.

The aim of this study is to investigate the role of flood
wave superposition in flood severity downstream of relevant
confluences in the main rivers in Germany, including Aus-
trian tributaries. It provides a first analysis of the flood wave
superposition problem for a large set of river confluences. We
develop and test a method to jointly analyse temporal match-
ing and (dis)similarities in flood peak magnitudes between
the tributary and main river (at upstream and downstream
sites). We address the following research questions:

1. Is the temporal match of flood waves a key factor in the
occurrence of large floods?

2. To what extent does the peak discharge in the tribu-
tary contribute to the severity of the main river flood
via wave superposition?

3. Is the impact of flood wave superposition higher for
large floods than for small floods?

2 Study area and data
2.1 Study area

In this study, triple points from four large river basins in Ger-
many and Austria (the Elbe, the Rhine, the Danube and the
Weser) are analysed; the selected gauges, the main rivers
(De Jager and Vogt, 2007) and a digital elevation model
(EEA, 2017) that is presented in a resampled version as
described in Samaniego et al. (2018) are shown in Fig. 1.
The Elbe River originates in the Czech Republic and flows
through eastern Germany into the North Sea. The middle
Elbe is mainly influenced by two tributaries from the Ore
Mountains (the Mulde and the Saale, which are both left-
bank tributaries). The lower Elbe flows through the North
German Plains with its major tributary the Havel (right-
bank tributary). The Rhine River originates in Switzerland
and flows northwards to the North Sea. In Switzerland, the
Rhine Basin is characterised by alpine topography and the
nival flow regime. Our analysis is mainly focused on the
Upper Rhine and Middle Rhine. The largest tributaries are
the Neckar at the Upper Rhine and the Main (both from the
east; right-bank tributaries) and the Mosel (from the west;
left-bank tributary) that are both at the Middle Rhine. The
Danube River drains the catchments in southern Germany
and is fed by quick-reacting steep tributaries from the Ger-
man and Austrian Alps. There are several large tributaries
feeding into to the Danube within Germany such as the Naab
and the Regen from the north (left-bank tributaries) and the

www.hydrol-earth-syst-sci.net/24/1633/2020/
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Iller, Lech, Isar and Inn from the south (right-bank tribu-
taries). The northern and southern tributaries have different
climatological and hydrological regimes and exhibit differ-
ent flow dynamics relative to the main stream. The Weser is
the only large river basin that is completely located in Ger-
many and originates in the Central German Uplands at the
confluence of the Werra and Fulda. It flows through the North
German Plains into the North Sea.

Floods in Germany are controlled by two major gradients
(Beurton and Thieken, 2009; Merz et al., 2018): (1) the ele-
vation increases from the lowlands in the north via the Cen-
tral German Uplands up to the Alps in the south; and (2) the
climate regime changes from maritime in the western and
coastal areas to more continental in the eastern parts of Ger-
many. As a consequence, the Weser and the Middle Rhine
are characterised by winter floods evoked by long precipita-
tion events. Winter floods are also dominant in the Elbe Basin
and on the left side of the Danube, but seasonal variability is
higher in these regions. In the south of Germany, i.e. in catch-
ments on the right side of the Danube, floods mostly occur in
summer due to high precipitation and/or the snowmelt from
the Alps.

2.2 Discharge data set

The data set consists of 37 triple points (Fig. 1), for which
mean daily discharge data with a time series length of more
than 30 years are available. We do not consider small catch-
ments (area < 500km?) for which hourly discharge data
would be required due to very short catchment response
times. Table 1 shows all of the triple points clustered by the
major basins. They are manually assembled based on two
criteria.

Firstly, the size of the tributary catchment is larger than
2% of the downstream catchment. The 2 % threshold was
empirically estimated by investigating which tributary catch-
ment size influences the main river peak discharge. Tribu-
taries that are too small have no relevant impact, as the con-
tributing flood volume is too small compared with the flood
volume in the main river.

Secondly, the sum of the catchment size of the tributary
(Cuib) and upstream gauge (Cyp) is at least 70 % of the down-
stream gauge (Cgown)- Thus, there is a short distance be-
tween the three gauges of a triple point to minimise the effect
of travel time lags. This criterion is needed to avoid overly
large lateral inflows to the river between the two upstream
gauges and the downstream gauge. In such cases, this in-
flow may dominate the downstream behaviour, strongly re-
ducing the value of the information from the two upstream
branches for the analysis. Due to the daily resolution of the
discharge data, a tributary peak occurring around midnight
may be recorded in the previous/next day compared with the
main stream peak. In this case, some peaks can be recorded
on 2 different days if they occur around midnight. Thus, time
lags of &1 d may also be seen as strong superposition. At this
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point, we neglect the flood wave travel time from the gauges
to the confluence, or we assume it to be within the same day
for the tributary and the upstream gauge.

We have carried out an analysis on discharge data alone
without using information on overbank flow, as a detailed
consideration of flood inundation and backwater effects was
not possible for this large set of stations and events.

Cup_

CRyp =
o Cdown

ey

is the ratio of the upstream gauge catchment size to the down-
stream gauge catchment size.
Curib

down

CRyip =

2

is the ratio of the tributary catchment size to the downstream
gauge catchment size.

The catchment size of the downstream gauges ranges from
3803 to 139549 km?. The ratio of the tributary catchment
size to the downstream catchment sizes (CRyip) varies be-
tween 4 % and 55 %. For the upstream gauges, this ratio
(CRyp) ranges from 33 % to 95 %. Thus, the relevance of the
tributary and upstream gauges varies considerably between
the triple points.

Figure 2 shows the catchment size of the upstream and
tributary gauges to demonstrate the variability in the contri-
bution of both gauges. Points along the diagonal line show
a similar catchment size ratio. Among the major tributaries to
the Elbe, the Mulde has much smaller catchment size com-
pared with the Saale and the Havel. The catchment ratio of

www.hydrol-earth-syst-sci.net/24/1633/2020/



B. Guse et al.: The role of flood wave superposition in the severity of large floods

1637

Table 1. Triple points of the four major river basins ordered by the catchment size of the downstream gauge. The percentages in parentheses
denote the share of the tributary and of the main river upstream gauge in relation to the catchment size of the downstream gauge. The last

column shows the number of years for each of the triple points.

Upstream main river ‘ Tributary ‘ Downstream main river
Gauge name/River Size (km2) ‘ Gauge name/River Size (km?) ‘ Gauge name/River Size (km?)  No. years
Elbe
Wechselburg/Zwickauer Mulde 2107 (39 %) | Kriebstein/Zschopau 1754 (32 %) | Golzern/Vereinigte Mulde 5442 78
Naumburg-Grochlitz/Saale 11449 (64 %) | Oberthau/Weisse Elster 4939 (28 %) | Halle-Trotha/Saale 17979 40
Bernburg/Saale 19639 (83 %) | Hadmersleben/Bode 2758 (12 %) | Calbe/Saale 23719 56
Wittenberg/Elbe 61879 (89 %) | Golzern/Vereinigte Mulde 5442 (8 %) | Aken/Elbe 69 849 61
Aken/Elbe 69849 (74 %) | Calbe/Saale 23719 (25 %) | Barby/Elbe 94 060 76
Tangermiinde/Elbe 97780 (79 %) | Havelberg/Havel 24037 (20 %) | Wittenberge/Elbe 123532 54
Rhine
Schwiirbitz/Main 2424 (57 %) | Schenkenau/Itz 956 (23 %) | Kemmern/Main 4251 52
Plochingen/Neckar 3995 (51 %) | Pforzheim/Enz 1479 (19 %) | Lauffen/Neckar 7916 66
Kemmern/Main 4251 (33 %) | Pettstadt/Regnitz 7005 (55 %) | Schweinfurt/Main 12715 50
Wiirzburg/Main 14031 (78 %) | Wolfsmiinster/Fraenk. Saale 2131 (12%) | Steinbach/Main 17914 43
Steinbach/Main 17914 (83 %) | Tauberbischofsheim/Tauber 1584 (7%) | Kleinheubach/Main 21505 48
Kleinheubach/Main 21505 (87 %) | Hanau/Kinzig 921 (4 %) | Frankfurt/Main 24764 50
Speyer/Rhein 53131 (77 %) | Rockenau/Neckar 12710 (19 %) | Worms/Rhein 68 827 56
Worms/Rhein 68827 (70 %) | Frankfurt/Main 24764 (25 %) | Mainz/Rhein 98206 50
Mainz/Rhein 98206 (95 %) | Grolsheim/Nahe 4013 (4 %) | Kaub/Rhein 103488 71
Kaub/Rhein 103488 (74 %) | Cochem/Mosel 27088 (19 %) | Andernach/Rhein 139549 79
Danube
Landsberg/Lech 2287 (60 %) | Tiirkheim/Wertach 671 (18 %) | Augsburg/Lech 3803 56
Miinchshofen/Naab 4104 (74 %) | Dietldorf/Vils 1096 (20 %) | Heitzenhofen/Naab 5426 52
Berg/Donau 4073 (54 %) | Wiblingen/Iller 2064 (27 %) | Neu-Ulm/Donau 7617 45
Jenbach-Rotholz/Inn 7231 (85 %) | Hart/Ziller 1095 (13 %) | Brixlegg/Inn 8504 38
Dillingen/Donau 11315 (75 %) | Harburg/Wornitz 1578 (11 %) | Donauworth/Donau 15037 70
Donauworth/Donau 15037 (75 %) | Augsburg/Lech 3803 (19%) | Ingolstadt/Donau 20001 49
Ingolstadt/Donau 20001 (87 %) | Eichstaett/Altmiihl 1400 (6 %) | Kelheim/Donau 22950 78
Eschelbach/Inn 13354 (52 %) | Burghausen/Salzach 6649 (26 %) | Schirding/Inn 25664 48
Oberndorf/Donau 26448 (75 %) | Marienthal/Regen 2613 (7 %) | Schwabelweis/Donau 35399 81
Oberndorf/Donau 26448 (75 %) | Heitzenhofen/Naab 5426 (15 %) | Schwabelweis/Donau 35399 81
Pfelling/Donau 37687 (79 %) | Plattling/Isar 8839 (19 %) | Hofkirchen/Donau 47496 54
Hofkirchen/Donau 47496 (62 %) | Passau/Inn 26084 (34 %) | Achleiten/Donau 76 653 81
Weser
Brenneckenbriick/Aller 1638 (37 %) | Gross Schwiilper/Oker 1734 (40 %) | Celle/Aller 4374 66
Greene/Leine 2916 (55 %) | Heinde/Innerste 897 (17 %) | Herrenhausen/Leine 5304 59
Grebenau/Fulda 2975 (47 %) | Fritzlar/Eder 1804 (28 %) | Guntershausen/Fulda 6366 48
Herrenhausen/Leine 5304 (82 %) | Wunstorf/Westaue 558 (9 %) | Schwarmstedt/Leine 6443 34
Celle/Aller 4374 (61 %) | Feuerschiitzenbostel/Ortze 738 (10 %) | Marklendorf/Aller 7209 53
Guntershausen/Fulda 6366 (51 %) | Letzter Heller/Werra 5487 (44 %) | Hann.-Miinden/Weser 12442 72
Marklendorf/Aller 7209 (49 %) | Schwarmstedt/Leine 6443 (44 %) | Rethem/Aller 14730 71
‘Wahmbeck/Weser 12996 (88 %) | Helmarshausen/Diemel 1739 (12 %) | Karlshafen/Weser 14794 51
Liebenau/Weser 19910 (53 %) | Rethem/Aller 14730 (39 %) | Intschede/Weser 37720 58

the three Rhine tributaries (the Neckar, Main and Mosel) is
relatively similar. Along the Danube, the catchment ratios
mostly increase downstream. The Weser confluences (the
Aller, Leine and Werra) are characterised by the highest simi-
larities in catchment sizes between the upstream and tributary
gauges. Within a triple point, the upstream gauge is always
the gauge on the same river, whereas the tributary gauge is on
a different river branch even when the catchment size and/or
mean discharge is larger in the tributary. This explains why

www.hydrol-earth-syst-sci.net/24/1633/2020/

the tributary catchment is larger than the catchment associ-
ated with the upstream gauge in a few cases.

3 Methods
We present four types of flood wave superposition in relation

to matches and mismatches in time and in flood magnitude
using stylised figures (Fig. 3).

Hydrol. Earth Syst. Sci., 24, 1633-1648, 2020
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I. A perfect overlay (matching in time and with respect to
peak magnitude): peaks Qp occur at all three gauges at
the same time with the same relative intensity, i.e. the
same specific discharge.

II. Temporal mismatch: there is a time lag A, between the
flood peaks of main river and tributary gauges, while the
specific discharge is the same.

III. Peak magnitude mismatch: there is a strong difference
in specific discharge. For example, high specific dis-
charge in the upstream gauge is compensated for by
a low specific discharge in the tributary which prevents
an increase in downstream flood severity.

IV. Temporal and peak magnitude mismatch: both the peak
magnitude and peak timing vary between the three
gauges. Although there are no clear boundaries between
these conceptual types of wave superposition, this ty-
pology is helpful to classify and describe the superposi-
tion.

Specific terminology is used to distinguish between the
impact of timing and magnitude. Flood synchronicity is de-
fined as a temporal match of flood peaks (types I and III).
Flood amplification means that the downstream flood magni-
tude increases due to the peak overlay of upstream and trib-
utary waves (types I, I and IV). The compensation effect
refers to the fact that a high flood magnitude in the upstream
gauge is compensated for by a low flood magnitude in the
tributary or vice versa. Both cases are characterised by a mis-
match in peak magnitudes (type III).

Our objective regarding analysing a large set of flood
events is to detect whether one of these cases dominates at
a particular triple point and how it impacts flood severity at
the downstream location. Moreover, we are interested in de-
termining whether spatially coherent patterns of flood wave
superposition types occur in Germany. In particular, we in-
vestigate if and where case I (perfect overlay of all three
waves) occurs and how it impacts flood severity.

3.1 Derivation of flood peaks

For the selected 37 triple points, we consider the annual max-
imum flood series (AMS) at the downstream gauge and the
corresponding tributary flood waves in the analysis. To derive
flood event hydrographs, the methodology from Klein (2009)
is modified. First, the AMS peak at the downstream gauge is
selected. Each event is characterised by a peak value, a start
and an end point. The event start point is located between the
annual maximum peak and the previous independent peak.
An independent peak is identified if it fulfils the criteria fol-
lowing Bacchi et al. (1992) and LAWA (2018): (1) the low-
est discharge between two peaks is smaller than 70 % of the
smaller peak; (2) the smaller peak is greater than 20 % of
the annual maximum peak; (3) the minimum flow between

Hydrol. Earth Syst. Sci., 24, 1633-1648, 2020

two peaks drops below 20 % of the annual maximum flow;
and (4) the time lag between two peaks is at least 7 d. These
criteria were empirically derived by Bacchi et al. (1992)
and LAWA (2018) to prevent the identification of oscillatory
peaks as independent flood events.

To estimate the start and end point, the gradient in dis-
charge between 2 consecutive days is first calculated. The
start point of the flood event is then identified by tracing
back the gradient prior to the peak flow. If the gradient is
lower than a predefined threshold for 7 consecutive days, the
starting date is set to the latest date in this time window. We
have empirically identified the 90th percentile of all gradients
for the selected gauge as the threshold using a trial-and-error
procedure and visual inspection. If no starting point is de-
tected within 40 d prior to the peak flow, the lowest discharge
value in this time window is selected. The event end point is
analogously determined by looking forward from the peak.
The corresponding flood peaks of the upstream and tributary
gauge are defined as the largest discharge values within the
event period of the downstream gauge (from the start to end
point).

A flood peak is characterised by two indicators: the time
of peak occurrence #, and the peak discharge Qp, which are
calculated for all selected events at the three gauges of each
triple point. To assess flood wave superposition, the time lags
Atp, Aty up and Aty yip between the peak flows at the triple
points are calculated using the following: # down, Which is
the time of the peak of the downstream gauge; #p, up, Which is
the time of the peak of the upstream gauge; f, yip, Which is
the time of the peak of the tributary gauge; Qp, down, Which is
the peak discharge of the downstream gauge; Qp, up, Which
is the peak discharge of the upstream gauge; Qp, wib, Which
is the peak discharge of the tributary gauge.

Therefore,

Aty = tp, up — Ip, tribs

which gives the time differences in the peak between the up-
stream and tributary gauge;

Atp, up — tp, down — tp, up>

which gives the time differences in the peak between the
downstream and upstream gauge; and

Atp, trib = tp, down — tp, trib»

which gives the time differences in the peak between the
downstream and tributary gauge.

3.2 Design of the analyses

The impact of flood wave superposition on flood severity in
terms of the peak magnitude and temporal match is analysed
using three steps, as shown in Fig. 4 and described in detail
below. For each step, four examples are given. These exam-
ples do not represent the complete spectrum; thus, Fig. 4 does
not correspond to Fig. 3.

www.hydrol-earth-syst-sci.net/24/1633/2020/
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3.2.1 Degree of temporal flood wave superposition utary and upstream gauges At,. The time lags of all of the
events at a triple point are presented as an empirical density

curve. A peaky density curve shows low variability of tem-

The ﬁr.st. step investigated Whether temporal flood wave su- poral matching, i.e. a relatively constant time lag. A perfect
pe.rposmon is a key factor in the occurrence of large.ﬂOOQS temporal flood wave superposition is indicated by Af, = 0.
(Fig. 4). The degree of temporal flood wave superposition is Additionally, we analysed whether small time lags are (in-

represented by the time lags between flood peaks at the trib-
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versely) related to the magnitude for the largest events. In
this way, the hypothesis that temporal peak matching leads to
larger flood peaks is tested: the time lags of the eight largest
flood peaks are shown as shaded circles (Fig. 4a) to check
whether the largest floods are amplified due to flood wave
superposition (flood synchronicity).

Four cases of temporal flood wave superposition are
schematically shown in Fig. 4a:

— Case Al: the time lags between the tributary and up-
stream gauge At, are widely spread around zero. In con-
trast, the four largest floods have perfect temporal match
which could potentially explain the occurrence of these
large floods.

— Case A2: the peak discharge occurs earlier in the trib-
utary. Most of the largest floods also occur earlier with
a constant time lag. However, the two largest floods oc-
cur when flood waves are synchronous, which suggests
that temporal superposition is a relevant driver for large
floods.

— Case A3: as in case Al, time lags are variable around
zero, but there seems to be no systematic difference in
temporal matching between small and large floods.

— Case A4: as in case A2, most of the flood peaks occur
earlier in the tributary. Similar to case A3, the superpo-
sition of flood waves does not result in the occurrence
of large floods.

The first two cases show a high relevance of temporal
flood wave superposition for the occurrence of large floods
at the downstream gauge. Here, the largest floods coincide
with zero time lag, which suggests that temporal superpo-
sition contributes to high severity. Thus, flood synchronicity,
i.e. temporal matching of floods at the upstream and tributary
gauges, is detected for cases Al and A2. The last two cases
are examples with a low impact of flood wave superposition.

3.2.2 Contribution of the tributary and main river to
downstream flood severity

In the next step, the peak magnitude and temporal match-
ing are jointly investigated for all events of a triple point. An
analysis of flood synchronicity alone is not sufficient to eval-
uate flood wave superposition; thus, an understanding of the
impact of flood amplification and an analysis of whether high
discharge values at both the tributary and upstream gauges
cause an increase in flood severity at the downstream gauge
are also required. Otherwise, a low discharge magnitude ei-
ther in the tributary or upstream gauge may lead to a com-
pensation effect and a low downstream flood severity.

The relationship between the peak magnitude at the trib-
utary and upstream gauges is analysed taking their time
lag and the downstream peak magnitude into consideration
(Fig. 4b). In this analysis, both axes are scaled to the same

Hydrol. Earth Syst. Sci., 24, 1633-1648, 2020

specific discharge. The diagonal line indicates the same spe-
cific discharge at the tributary and upstream gauges. A flood
peak below the 1 : 1 line indicates a higher specific discharge
in the main river compared with the tributary and vice versa.
The size of the triangles is scaled by the flood magnitude at
the downstream gauge, and the colour code corresponds to
the time lag between the tributary and upstream gauge. Four
cases are distinguished in Fig. 4b:

— Case B1: the specific discharge is similar at the tributary
and upstream gauge. Thus, with increasing discharge
in the main river the tributary and the downstream dis-
charges also increase. The flood peak occurs at the trib-
utary and upstream gauges on the same day for the four
largest events (grey), whereas the tributary peak occurs
earlier (blue) or later (red) for smaller flood events (here
ranks 5-8). This suggests that synchronous peaks at the
upstream and tributary gauges contribute to large down-
stream floods.

— Case B2: the specific discharge is similar at the tribu-
tary and upstream gauges for most of the flood events,
but the tributary peak typically occurs a few days earlier.
Only the two largest flood peaks occur on the same day.
High peaks in the tributary and main river lead to large
floods in the downstream part of the river, and flood
wave superposition clearly contributes to the amplifica-
tion of the largest flood peaks.

— Case B3: the specific discharge is sometimes higher and
sometimes lower in the tributary. The peak sometimes
occurs earlier and sometimes later, although rarely on
the same day as for the upstream gauge. The flood peak
severity at the downstream gauge is instead driven by
the upstream and tributary flows, and the superposition
plays a minor role for peak amplification.

— Case B4: as in case B3, the specific discharges are vari-
able. However, for the majority of the events, the peak
occurs earlier in the tributary (dark blue triangles). The
largest floods downstream are instead driven by specific
flows in the tributary and upstream branches, and flood
wave superposition is of minor importance for flood am-
plification.

3.2.3 Contribution of the tributary and main river to
the largest downstream floods

In the last step, we analysed whether the impact of the tribu-
tary and upstream gauges on the downstream gauge changes
for different flood magnitudes. In this way, we test whether
the relevance of flood synchronicity and flood amplifica-
tion increases for large downstream floods. In contrast to the
previous analyses, the flood timing of the tributary and up-
stream gauges is related to the downstream gauge. The time
lags between the upstream and downstream gauges (Atp, yp)
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and between tributary and downstream gauges (Afp, uip), re-
spectively, are coloured accordingly. This shows whether the
flood peak magnitudes at the tributary and upstream gauges
change relative to each other for the largest downstream flood
peaks.

Four cases are distinguished (Fig. 4c):

— Case Cl: high discharges at both the tributary and up-
stream gauge lead to high floods in the main river down-
stream of the confluence. For the largest floods, the
flood peaks occur at all three gauges on the same day;
thus, flood wave superposition enhances the flood peaks
at the downstream gauge. A temporal mismatch is ob-
served for lower-ranked flood events.

— Case C2: also here, high discharges in the tributary and
upstream gauges evoke large floods downstream. Due to
flood wave synchronicity for the two largest events, the
flood peaks at the downstream gauge are disproportion-
ally amplified. This indicates a significant role of flood
wave superposition in driving flood severity.

— Case C3: the relevance of peak flows in the two
upstream branches changes between different events.
A relatively small flood at the upstream gauge (com-
pared with other events) can be compensated for by
a large flood in the tributary and vice versa. The syn-
chronicity of flood peak occurrence is not systematic
and is not a major driver of large floods downstream.

— Case C4: the relevance of peak flows also changes be-
tween different events. However, the tributary peaks
systematically occur earlier, and flood wave superposi-
tion is not a significant driver of flood severity down-
stream.

Cases C3 and C4 show a flood compensation effect for
some events. A high flood magnitude in the upstream gauge
can be compensated for by a low flood magnitude in the trib-
utary and vice versa.

4 Results

All results are presented in separate subplots for the four ma-
jor basins (the Elbe, the Danube, the Rhine and the Weser)
and are analysed consecutively.

4.1 Degree of temporal flood wave superposition

In the Elbe River basin, the tributaries generally have the
lowest degree of temporal superposition among the four
basins (Fig. 5). The flood peaks in the Mulde occur about
4 d earlier for most of the events, including large floods. The
time lags of the Saale peaks are more variable with some
waves arriving few days earlier or later than the main Elbe
flood. Few large floods show strong temporal superposition,
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but this is not an unequivocal pattern: large floods also oc-
cur for preceding and subsequent waves. The vast majority
of the Havel peaks runs behind the Elbe flood wave and ap-
pears not to control the peak magnitude downstream. A per-
fect match of flood waves is detected for the small catchment
of Zschopau, where flood wave superposition enhances the
majority of flood events (case Al). Thus, all confluences in
the Elbe Basin except Zschopau belong to case A4.

In the Danube Basin, high flood synchronicity is identified
in most of the tributaries (cases Al and A2). There is a high
share of perfect matches for several triple points (e.g. Wer-
tach, Ziller and Naab). In the Wertach, the largest flood peaks
occur on the same day, showing a perfect wave superposition.
For the largest flood events at the confluences of the Salzach,
Regen, Naab and Isar, a perfect match or a time lag of 1d is
observed. This suggests the strong role of temporal wave su-
perposition in flood generation in the lower German Danube.
This applies in particular for Salzach, where a perfect tem-
poral match or a time lag of 1d is observed for the largest
events, whereas small events exhibit high variability in time
lags (case Al). Hence, at this triple point, a difference in tem-
poral matching is detected between small and large floods,
and wave superposition appears to enhance large floods.

In the Rhine River basin, high flood synchronicity is iden-
tified for the small tributaries (Itz, Enz and Regnitz). They
exhibit relatively small time lag variability due to short catch-
ment reaction times. At the Neckar-Rhine confluence the
largest flood is characterised by strong peak synchronicity,
whereas the majority of the events arrives slightly earlier
(case A2). This could indicate the enhanced role of wave su-
perposition. For this confluence, a higher probability of tem-
poral matching due to river training and flood wave accel-
eration has been detected (e.g. Vorogushyn and Merz, 2013
and references therein). The Main tributary shows the highest
variability of time lags around zero in the Rhine Basin (case
A3). The largest floods downstream of the confluence occur
with the Main wave preceding or following the Rhine flood
by few days, respectively. This indicates that large floods are
not generated by temporal superposition. The vast majority
of Mosel floods occurs a few days prior to the Rhine floods.
Several floods occur at the ideal superposition of both waves,
although these are not the largest recorded discharges.

In the Weser River basin, high flood synchronicity is found
at the smaller tributaries (Oker and Innerste). In contrast,
there is high time lag variability at the confluence of the Eder
and Aller. At the Aller confluence, the largest recorded flood
is notably generated under perfect wave matching conditions
(case A2). Temporal matching is high at the Fulda confluence
(case A1) with several high floods characterised by a time lag
of 0-1d.

Many triple points show flood synchronicity with a sharp
peak around —1 to +1 d. For the majority of the triple points,
either most of the large floods are regularly enhanced by
wave superposition (case Al) or the superposition is not re-
lated to large floods (cases A3 and A4). For A3 and A4,
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flood synchronicity is not decisive for the generation of large
floods. A strong difference in temporal matching between all
of the selected floods (AMS) and the 10 largest floods could
only be observed for a few triple points. The largest floods
appear to emerge during perfect matching of the main river
and tributary waves (e.g. Salzach, Neckar). At the Salzach,
this also seems to be the case, and we characterised it as
Al. For the other cases, the causal relationship between su-
perposition and the emergence of the largest floods needs
to be further investigated. In the next steps, we analysed
whether these large floods are indeed generated by the strong
superposition of high floods in the tributary and upstream
branches. In this case, the wave superposition would have
the potential to produce large-magnitude floods.

4.2 Contribution of the tributary and main river to
downstream flood severity

Small tributaries in the Elbe Basin (Zschopau and Bode) have
a similar specific discharge to the respective upstream gauge
in the main river (Fig. 6; Fig. 4, cases B1 and B3). The Mulde
River has a much higher specific discharge than the Elbe,
but its waves reach the confluence more than 3 d prior to the
main river flood peak (case B4). The Saale and Havel tribu-
taries have much smaller specific discharges and, similar to
the Mulde, there is a time lag of several days. In the Danube
Basin, higher specific discharges are found in the major tribu-
taries (e.g. the Iller, Inn, Lech, Regen and Salzach) than in the
main river. There is a temporal mismatch between the Inn and
the upstream gauge, with earlier occurrence of the Inn peak.
The Isar peak generally arrives earlier than the main river
peak (Fig. 6). In the Rhine Basin, high specific discharge
is identified in several tributaries (the Mosel, Neckar, Nahe,
Kinzig and Tauber) with an earlier flood peak. A different
pattern is found for the Main River with changing contribu-
tions from the Main and the upstream Rhine gauge as well as
a later peak occurrence in the tributary (case B3). For most
of the largest events, the specific discharges of either the trib-
utary or the main river are exceptionally high. This suggests
that flood magnitudes in the upstream branches are the ma-
jor drivers of large floods downstream rather than the wave
superposition alone. In the Weser Basin, similar specific dis-
charges are detected for flood events in the Aller and Fulda
catchments. Overall, the tributary peaks are often later in the
Weser Basin.

In many cases, the analysis shows that the specific dis-
charge is larger in tributaries than in the main stream, but the
tributary peaks often occur earlier. The largest downstream
floods (largest triangles in Fig. 6) are often characterised by
the highest specific discharges, either in both branches or
in one of them. Many subplots show a quasi-linear relation-
ship, often deviating from the diagonal line that would indi-
cate similar specific discharge (Fig. 6). Other triple points are
characterised by event-specific behaviour with varying con-
tributions from the tributary and upstream gauges. There is
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no clear indication that perfect temporal matching (grey tri-
angles in Fig. 6) leads to the largest floods when the specific
discharges are moderate. Hence, wave superposition does not
seem to play a major role in generating large floods in Ger-
many.

4.3 Contribution of the tributary and main river to the
largest downstream floods

The contribution of the tributaries in the Elbe Basin is vari-
able among tributaries and across the largest flood events
(Fig. 7). While the Zwickauer Mulde has a similar contri-
bution to the main stream of the Freiberger Mulde (case C1),
the contribution of e.g. the Havel to the Elbe floods is minor.
The strong delay between upstream and downstream peaks
in the main river around the Saale confluence for the two
largest floods (2002 and 2013) clearly points to floodplain
inundation and wave attenuation, which indeed occurred af-
ter several dike failures.

In the Danube Basin, the largest floods are caused by
much larger peaks in the Inn tributary compared with the
upstream Danube. However, at the Inn—Danube confluence,
the Danube wave has typically a 2d lag. At the confluence
of the Salzach and Inn rivers, similar peak values are ob-
served. Thus, large flood peaks at the Inn confluence with
the Danube are driven by both the Inn and the Salzach. No-
tably, the Wornitz, Naab, Regen and Isar tributaries as well as
the Inn (to a lesser degree) appear to behave somewhat asyn-
chronously with respect to the Danube floods (a “see-saw”
pattern). Large floods in the main river are typically matched
by lower floods in the tributaries and vice versa (the flood
compensation effect). At the confluence of the Lech and the
Danube, high variability in the flood peak values is detected.
The largest downstream flood peaks only occur if both rivers
show large peaks. Low flood peaks in the Lech also lead to
lower values at the Danube downstream gauge. The same sit-
uation is observed for the Regen and Naab tributaries. The
ranking of the flood peaks is largely different between the
upstream and downstream gauges due to the changing con-
tribution from the Regen and Naab.

In the Rhine Basin, large floods occur with relevant contri-
butions from the three major tributaries (the Mosel, Main and
Neckar); however, the relative contributions vary between the
events (cases C3 and C4). These tributaries and the main river
flows exhibit a “see-saw” pattern (Fig. 7), where relatively
low magnitudes in the main river are compensated for by rel-
atively large flows in the tributaries and vice versa. For ex-
ample, the flood severity in the Rhine is partly reduced due
to a relatively low flood peak in the Mosel. Otherwise, a large
flood peak in the Mosel could increase the downstream flood
peak in the Rhine. The effect of wave superposition is not
dominant in these cases either. This pattern suggests that the
extent of flood-generating storms or their specific tracks have
not been able to affect the upstream Rhine catchment and
the tributary catchments to an equal degree in the past. The
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the time lag between the tributary and upstream peak: blue shows that the upstream peak occurs later, and red shows that the tributary peak
occurs later.

Hydrol. Earth Syst. Sci., 24, 1633-1648, 2020 www.hydrol-earth-syst-sci.net/24/1633/2020/



B. Guse et al.: The role of flood wave superposition in the severity of large floods

largest flood downstream of the Neckar confluence is caused
by moderate main stream and tributary flows, but here the
temporal matching of the Neckar wave is strong, which sug-
gests the enhanced role of wave superposition at this conflu-
ence as mentioned above.

In the Weser Basin, the contributions from upstream and
the tributary are similar at the Fulda and Aller confluences.
The largest flood peaks at the confluence of the Leine and
the Aller are evoked by large flood peaks from both up-
stream branches. In the majority of the cases, the Leine peak
is 1d later and the upstream Aller peak. For the seventh
largest flood at the Leine—Aller confluence, the tributary peak
is clearly larger than the downstream peak, which indicates
strong attenuation effects due to inundation in the tributary.
A flood compensation effect is found at the confluence of
the Werra and the Fulda. Here, large discharges in the Fulda
alone are not sufficient to generate a large flood downstream.

For some triple points, the flood peaks in the main river can
be strongly enhanced by inflow from the tributaries. Flood
wave superposition alone is not identified as a driver of the
largest floods; however, in a few cases at some confluences,
flood wave superposition appears to compensate for lower
discharges in the upstream branches and, thus, contributes to
the generation of floods.

5 Discussion

In contrast to former studies using a few confluences, our
study focused on a large set of gauging stations to explain
general patterns and not on the specific characteristics of in-
dividual events.

Regarding discharge data, measurement uncertainty may
be a limiting factor for various hydrological analyses. How-
ever, we do not expect this to have a significant impact on
our results, as we analyse flood waves and events jointly in
relation to each other. We expect that the uncertainty is sim-
ilar for different events at the same gauge and for gauges at
one triple point.

The relevance of flood wave superposition for flood sever-
ity also depends on the physiogeographic catchment char-
acteristics and the catchment size. Geertsema et al. (2018)
concluded that flood wave superposition is less important in
large lowland rivers due to the long duration of flood waves.
In our study, flood wave superposition may play a role at
several confluences. We consider catchments ranging across
2 orders of magnitude from lowland areas via the Central
German Uplands to alpine regions with the whole range of
reaction times. Hence, there is high variability in the time
lags at the confluences and flood durations of the incoming
flood waves.

In several cases, our study has derived a time lag of some
days between the tributary and upstream peak. A perfect tem-
poral match of flood peaks could potentially lead to a large
increase in peak discharge. For example, in the Mulde, the
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two largest events (2002 and 2013) have the highest spe-
cific discharges in both streams (the Elbe and the Mulde),
but the Mulde peak occurs 4-6d earlier. A meteorological
situation in combination with a catchment response, which
would reduce the time lag at the Mulde confluence, would be
rather dangerous. Hence, the potential for a delayed Mulde
response (in comparison to the Elbe) needs to be investi-
gated in the future. A possible scenario would be long last-
ing extreme rainfall (e.g. a Vb cyclone; Petrow et al., 2007)
in combination with dry catchment conditions in the Mulde
catchment. This could result in a delayed Mulde response
and a surprisingly large flood downstream.

The sensitivity of precipitation timing and soil wetness
conditions was analysed by Bloschl et al. (2013) in a com-
parison of the flood waves of the Inn and Danube rivers. The
flood peak in the Inn occurs earlier than in the Danube; how-
ever, there is some temporal variability in these time lags
among different floods. Bloschl et al. (2013) explained the
lower time lag for the 2013 floods by the earlier onset of
the precipitation event in the Danube Basin compared with
the Inn catchment and by strongly saturated soils that lead to
a faster runoff response.

In order to investigate the impact of a delay in the trib-
utary peak, Skublics et al. (2014) shifted the discharge time
series of a tributary to achieve temporal matching of the flood
peaks of tributary and main river in their simulation study in
the Danube Basin. They showed that flood wave superposi-
tion could highly increase the flood peak. However, this study
did not analyse whether this temporal shift was realistic. In
future, we see the need to analyse storm tracks and precipita-
tion patterns, which may potentially reveal if specific storm
movements could induce temporal wave matching and large
floods.

6 Conclusions

In this study, flood wave superposition between the tribu-
tary and main river is analysed at 37 confluences in four
large basins in Germany. Each confluence is characterised
by a triple point of three gauges (one in the tributary and
two on the main river: upstream and downstream) which are
jointly analysed regarding temporal matching and similari-
ties in specific peak discharge during flood events. An ap-
proach is presented to disentangle the impact from tributaries
on the downstream peak flow in terms of the temporal occur-
rence and peak magnitude.
The major outcomes of this study are as follows:

1. Flood wave superposition is not the major driver of
flood peak occurrence downstream of most of the con-
fluences analysed in this study. Flood wave superposi-
tion can be regarded as an amplification mechanism for
downstream flood peaks. These are largely driven by
discharges from upstream branches.
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Figure 7. Event peaks at the upstream, tributary and downstream gauges, shown in decreasing order according to the downstream peak
discharge. The points show the timing of the upstream and tributary peak in relation to the downstream peak.

2. In general, the temporal superposition is sometimes the potential for strong flood amplification if a delayed
constant with respect to the time lag, and there is some- response were to occur. Future work will analyse the
times strong variability in time lags among the floods probability of specific storm and catchment states that
at a specific triple point. In several cases, the tributary are capable of reducing the time lag with a simultane-
peaks precede the main river peak by about 2-5d for ously high peak magnitude.

most flood events. Several highly relevant tributaries in
terms of their contribution show a prevailing peak de-

lay (the Mulde, Mosel and Inn), but they also show 3. The impact of flood wave superposition is event-specific

in terms of peak discharges in the tributary and main
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river. At most of the confluences, no systematic differ-
ences are observed between the small and large floods.
Either all floods are enhanced systematically by wave
superposition or the mechanism does not lead to ex-
tremes.

4. At several confluences, “see-saw” patterns of main
stream and tributary flows are detected, i.e. lower flows
in the main stream are compensated for by larger flows
in the tributary and vice versa. These confluences show
the potential to generate large floods if both upstream
subcatchments react in resonance. Future work will in-
vestigate the circumstances under which such resonance
is possible (different event and soil moisture patterns
and different storm tracks).

Overall, we conclude that the superposition of flood waves
is not the driving factor of flood severity in Germany. The de-
veloped methodology can be transferred to other basins and
confluences and is not region-specific.
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