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Computation of backwater effects in surface watersof lowland
catchments including control structures — An efficent and re-usable
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Abstract. Backwater effects in surface water streams asageadin adjacent lowland areas caused by mostly leardpainage
and flow control structures are not directly congoutvith hydrological approaches, yet. A solutiontliis weakness in
hydrological modelling is presented in this article developed method enables to transfer dischamgewater levels and
to calculate backwater volume routing along streamd adjacent lowland areas by balancing waterl Islepes. The
implemented and evaluated method extends the afiplicof hydrological models for rainfall-runofisulations of backwater
affected catchments with the advantages of (1) tingeeomplex flow control systems in tidal backeaaffected lowlands,
(2) less effort to parameterise river streams, dBgctly defined input factors of driving forcesligate change and
urbanisation) and (4) runtime reduction of onewo brders of magnitude in comparison to coupledrdggnamic models.
The developed method is implemented in the operceaainfall-runoff model Kalypso-NA (4.0). Evaluatisesults show
the applicability of the model for simulating radtifrunoff regimes and backwater effects in an gxany lowland catchment
(Hamburg, Germany) with a complex flow control gystand where the drainage is influenced by a tataje of about 4 m.
The proposed method is applicable to answer a widpesof hydrological and water management questiers water
balances, flood forecasts and effectiveness ofiftoitigation measures. Itis re-usable to otherdlpdjical numerical models,

which apply conceptual hydrological flood routingpaoaches (e.g. Muskingum-Cunge or Kalinin-Miljukov

1 Introduction

Open demand exists in hydrological modelling offali-runoff regimes in backwater affected lowlan@ke flow routing in
lowland catchments is characterised by artificidligined catchments using manifold flow contralistures. The occurrence
of backwater effects in such complex lowland risteeams as well as on adjacent lowland areas posgem research question
in hydrological modelling. Adjacent lowland areastliis article are distinguished by a low groungeleand connection to
rivers. The size of lowlands varies from narrowaripn areas, wetlands, shallow retention spacasdfilains or vast partly
urbanised marsh- or swamplands. Hydrological modedsapplied to simulate processes in the compatsma the (1)
surface-atmosphere interaction, (2) the transhietween soil-vegetation-atmosphere, (3) the presdssthe vadose zone of
the soil and (4) the flood routing in the receivisigrface waters. In lowlands, the last two issweegiire more detailed
considerations because of mostly high groundwatezl$ and the drainage against fast changing Weatels in tidal streams
of complex flow control systems. For simulating thieraction between groundwater and surface veatiée a few approaches
are available (Brauer et al., 2014; Waseem €2@20; Sun et al., 2016). However, modelling backwaffects in tidal streams
with fast changing water levels in complex flow trohsystems of lowland catchments directly witldiglogical models is
not implemented in most hydrological approachetougpow (Waseem et al., 2020).

Simulating backwater effects, velocity fields ahe spatial distribution of water depths for floodimdation maps demands
for 2D or 3D hydrodynamic-numerical models with ti@merical integration of the partialffiirential equations describing

the flood routing processes. To compute spatial lddtaimulation results in river streams and floddins, coupled
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hydrological and hydrodynamic model approachesvéitl to meet the required modelling objectives. ,Butdrodynamic-
numerical models require larger effort to paranisgeriver streams and simulation times, which ateast one to two orders
of magnitudes longer in comparison to conceptuardipgical flood routing approaches to model rigégreams. High
resolution data describing the topography of thénnchannel and the natural flood plain in the casbamk overflow is
necessary. Hence, the availability of suitable itbetaprofile data from measurements is significamt Hgdrodynamic-
numerical modelling. The larger effort in data nr@®@s and runtime for hydrodynamic-numerical magielulations is no
limitation for answering special research questiand to create detailed inundation maps. Howevaplyang a coupled
hydrological-hydrodynamic model shows disadvantagele application on meso to regional catchmeates (>100 km2)
and for operational forecast applications. Theesfiris proposed in this article, that a stanchalbydrological approach can
be beneficial in flood forecasting models to engdalesimonious and efficient modelling of flood rogtand backwater effects
in lowlands, by a conceptual hydrological methoaddoicing less detailed results.

The demand to solve this weakness in hydrologicatarical models increases, since in low lying tidatchments, the
pressure on current storm water flow control systesises due to combined impacts of enlarged whton on the one hand
and climate change induced sea level rise in coatibim with heavy storm events on the other han@QP2013b, 2013a;
UN DESA, 2018). Studies about the combined riskigh tides (storms) and stormwater events are dghe(Lian et al.,
2013; Nehlsen, 2017; Klijn et al., 2012; Zeebe@02 Huong and Pathirana, 2013; Sweet et al., 2007gse selected
examples all show a conformity about the tendehaylbw lands will be faced by higher pressuresitigate flooding in the
future. A promising flood mitigation measure agaithe effects of (high) precipitation events in lbxing catchments is the
controlled temporary storage of water in retenticgas. However, state-of-the-art hydrologic apgreaceveal shortcomings

in modelling the flood routing and retention volummebackwater affected lowland catchments.

Objectives
To resolve the afore described shortcomings in Hgdical approaches to model the flood routing ickveater affected
lowland catchments five objectives are defined. method shall be (1) applicable to model complewftontrol systems in
backwater affected lowlands, (2) efficient by usshgrt run-times for real-time operational modgblagation, (3) open for
further model developments, (4) re-useable for rofiyelrological model solutions and (5) parsimoniaith regard to the
complexity of input parameters. Reaching a baléeteeen model structure details (namely complexihg data availability
is an important issue to keep the model as parsousrand efficient in runtime as possible, but ctamgnough to explain
the heterogeneity in the areas and the dynamitgihydrological processes. To accomplish the ddffive objectives for a
re-usable, open, efficient and parsimonious hydjickl method to model backwater effects, the astBaggest to develop a
conceptual extension approach for state-of-thefladd routing methods (for instance Muskingum-Curaye Kalinin-
Miljukov).

Outline
The literature review in section 2 discusses curnvggaknesses in hydrological models to simulate Watdr effects and
subsequent flooding of adjacent lowland areas. tfiberetical concept in section 3 and the develapethod in section 4
explain the worked out solution. The implementatfrthe methodology is realised in the open sousa¥diogical model
Kalypso-NA version 4.0 (section 5). The evaluatidrth® method is done using observed data of an pheeynlowland
catchment study in Hamburg, Germany, where a congrgnage system and backwater affected streamesdaignificant
impact on the flow regime (section 6). A discussidmresults point out the main findings and linitat in section 7. The

article closes in section 8 with a summary andwfook on follow-up research.
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2  State-of-the-art in hydrological modelling to compute flood routing and backwater effects in lowlands

Flood routing describes the processes of translatitd retention of a flood wave moving along a stré@a downstream
direction. To simulate the flood routing in riveddferent approaches are applied: (1) pure black @mamely empirical,
lumped), (2) hydrological conceptual or (3) hydrodgnic-numerical approaches (Maniak, 2016; Hingtagl.e 2014). The
applicable flood routing method needs to be chost#mrespect to the modelling purpose and availdbta. Computation of
water depths and backwater effects in rivers abagebn forelands by using hydrological approadtiesnd 2) is rarely done
and up to now mostly linked with comparatively higicertainties. The missing applicability of hyamical approaches for
simulating backwater effects is shown in a recardyswithin the North German lowlands (Waseem e2@p0).

Commonly applied conceptual hydrological approaches the ‘storage routing’ by Puls (1928), ‘Musking or
‘Muskingum-Cunge’ routing described by McCarthy(i938) or (Cunge, 1969), ‘Kalinin and Miljukov raog’ (1958) or
‘linear reservoir and channel cascade routing’ gmésd by Maddaus in (1969). The purpose of hydictddlood routing
approaches is to compute the discharge hydrograplise considered stream segments. For hydrologipgloaches,
conceptual or empirical parameters are calibratesg:d on observed events like in the frequently agegskingum method. A
compromise are hydrological methods using profita dastreams to model the flood routing, for exép the Muskingum-
Cunge approach (Cunge, 1969) as well as the agpaoddcalinin and Miljukov, 1957. These concepts psafile information
in a conceptual way and require far less calcugatiifiort for meso scale modelling (> 100 km2) tigdrodynamic numerical
approaches.

Only few related studies are available with respeanhodel backwaterfiects in meso scale catchments with hydrological
approaches, while none of the reviewed studiesleddibe computation of backwater retention in lowdareas for mitigating
backwater induced flooding. Coupled hydrological#eglynamic computation models like in MIKE SHE couplgth MIKE
11 (Waseem et al., 2020) or in the German Model NA&upled with a hydrodynamic computation moded¢h and Rothe,
2014; Dorp et al., 2017) are not part of this congom, because of the afore described disadvantagkgdrodynamic
approaches. A focus is set on direct or stand-ahgdeological model enhancements.

In (Waseem et al., 2020), a review of models idiphed with regard to simulate important hydrol@jiprocesses in coastal
lowlands. This review shows weaknesses in the m8#eéIM (soil and water integrated model) and HSP¥dfblogical
simulation program—FORTRAN). The approaches in tloelels SWAT (soil and water assessment tool) und MB&HE
show good conformity to simulate processes in ladgawhile both are not applicable to model backnetfects in the river,
on floodplains or other adjacent lowlands and batkweffects caused by control structures (sluiges)ping stations and
tide gates). An enhanced approach in SWAT for igpawetlands (SWATrw) is presented in (Rahman eRall6) to compute
the surface water interaction between river streants explicitly defined wetlands, while backwatéfeets in streams are
unconsidered. The modified SWAT-Landscape Unit (S\AJ) model enables to compute horizontal hydraulteliactions
between a river and the aquifer beneath the adjdloeiplain (Sun et al., 2016). Similarly, in thaiRfall-Runoff Modell
WALRUS (Wageningen Lowland Runoff Simulator) a lurdpgpproach is realized to model the following peses: (1)
groundwater—unsaturated zone coupling, (2) groutetwsurface water feedbacks and (3) seepage afadesuvater supply
(Brauer et al., 2014). These are important modglfes to model the runoff regime in lowlands, teither of the approaches
enable to compute backwater effects (1) alongsiseé2) among stream sections and the land suafat€3) in river sections
influenced by upstream of control structures.

More national specific studies to model backwafécts in streams are done with the German modeE&MO (by the
‘Buro fir Angewandte Hydrologie’, Berlin). The hyaogical model ‘ArcEGMO’ takes into account backerméfects by
hindering the downstream flood routing when the whieel at the downstream segment is higher thanufistream one
(Pfutzner, 2018). The method presented by Nationarélogical Forecasting Service (NHFS) in Hunga®gzilagyi and
Laurinyecz, 2014) applies a discrete linear cascadéel to account for backwateffects in flood routing by adjusting a
storage coicient of the cascade. The ArcEGMO and NHFS metladclitate a retained flood rooting, but neither corapu
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backwater volume being routed into upstream segriaynta reverse flow direction nor the backwater gediuflooding of
adjacent lowland areas.

In a study by (Messal, 2000), backwatéieets among river streams and the subsurface flaiven banks are modelled
exemplarily for the catchment Stor (1157 km?) ihi8swig-Holstein, Germany. Messal applies a propoal relationship
between upstream and downstream elements for atidibrpurposes. The model serves well for the catchistudy Stor, but
the parameter values are non-transferable to aiiehments because of a lack in physical descniptio

Another approach is presented by (Riedel, 200/ ddel the backwatefffects among river streams in German lowlands on
the example of two tidal tributaries of the Wedger. The approach uses the reservoir cascadeytfieduding the input
parameters of the roughness fiméent by Manning-Strickler and geometric descripsi@f the profiles for the flood routing
computation. The river is modelled as a cascadesdrvoirs (namely a NASH-cascade), while the wigtegl from the
previous time step of the downstream segmentsaentinto account to compute the flood routing.metistep shift in the
computational approach is accepted by (Riedel, B@dause he reduced the simulation time steptsinee minute. The
model computes a reservoir cascade on the basislefined boundary condition at the downstream segri@wever, the
explicit simulation of backwater induced floodingfliod prone areas or adjacent lowland areas isohtded.

These reviewed hydrological methods compute backwefects in a more or less conceptual way with the riteest
weaknesses and limitations. None of these studiglysed the backwater induced flooding of lowlareharor in this specific
case, retention areas. Consequently, none of tldéestaccomplish to simulate a controlled retentibbackwater volume in
such areas, a subsequent drainage and neitheortifgutation of hydrological processes influencedbgkwater induced
flooding. Further on, most studies do not applysitai-based parameters to transfer validated valndsknowledge from

one catchment to other studies. A methodology westhese shortcomings is proposed in this article.

3  Theoretical approach to enhance a hydrologic concéymal flood routing method to compute backwater effets

To reach the described objectives, a state-of-thearceptual hydrological method is extended toapplicable for the
computation of backwateffects in streams and adjacent lowland areas (gtelntion areas). This section describes the theory
of the conventional hydrological approaches to cataphe flood routing (3.1), the concept of modejlcontrol structures in
tidal lowlands (3.2) and the approach to computkWater effects with a conceptual hydrological aagh in streams and

adjacent lowland areas (3.3).

3.1 Conceptual hydrological flood routing approach

State-of-the-art hydrological flood routing theamfriee flow conditions describes the flood wave pgagian in streams which
are not &ected by downstream conditions. This means thaffarx @ front of obstacles downstream of the congdestream
segment is assumed to have no impact on the upsegments. With this assumption, backwaffercés are not considered.
Flood routing processes depend on the charactsristithe drainage network comprising the geomeftyrofiles, gradients
and roughness of the streams. Linear or non-linaaskigum approaches have no physically based péedssion and
require input parameters, which are based on obdeatata in upstream and downstream segments o$ rilkerefore, these
hydrological approaches are not suitable for thaukition with changed geometries or changed flond@d®ns in streams
where no observed data is available. This lacklieeglan two approaches, which are based on physhalacteristics such
as river geometry, stream length, roughnes#fictent and river bed slope. On the one hand, thekMgam—Cunge (often
used in the United States) and on the other haed<alinin-Miljukov (KM) flood routing approach asgpplicable. For this
work, the approach of Kalinin-Miljukov is chosemmee this approach is widely applied in Germany Badtern Europe.
The approach of (Kalinin and Miljukov, 1957) (KM-appach) divides a stream into a number of charatielengths. Each

length is considered to be short enough for assyimpuasi-stationary relationship on the basishyfséeresis curve. Berent
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derivations of the KM-approach are given in literatand are discussed for example by Koussis [2008]e details about
the applied approach in this work is explainechiestppl. section 4.

With such conceptual hydrological flood routing egaches the magnitude and time of flow along a strea the basis of
stream characteristics is determined. It desctibegfree flow) propagation of discharge througkains, whereby translation
and retention processes along the stream changhépe of the hydrograph from an upstream to a gtveam point. The
explicit direction of computation from upstreamdownstream in flood routing approaches limits tude effects derived
from downstream obstacles. Backwater effects cabgeaah afflux are ignored in these conceptual higdjical approaches

and an extension is therefore developed in thislaifsee section 3.3).

3.2 Concept to model control structures in lowland catbments

Backwater effects in river sections are often cdwebstacles like weirs, (tide) gates, retentiodetention reservoirs, which
also function as control structures in streamis.iéquired to model these structures in hydrollgizodels since such control
structures are regularly used to control the flowatchments. In this article, we focus on corgtnictures frequently applied
in lowland drainage areas. Operation rules of abrsttructures are mostly pre-defined depending erative criteria. The
criteria are normally based on thresholds of whiteel, discharge or precipitation intensity witlimdcasted or forecasted
data (see Fig. 1). Since the data time seriesanéle the status of control structures, they anaekin this article as drivers.
There is a difference between pre-set and on-thetibgessed driver data. Pre-set data time sereesnmguorted such as
observed water level or precipitation data. Additilly, data series which are computed during ruat{eng. discharge) can
serve likewise as drivers and are processed ofiythe-

When a threshold of an operative criteria is redah&ing the runtime of the model, the status efghistem is changed (e.g.
opening or closing a gate). The change of the staéised on reached thresholds is described inotdutrctions, which are
checked per time step. In a control structure étaimed water can cause backwatéeas in upstream direction if afflax
of water occurs. Control structures are one compioiyee within a hydrological network. Other compahtypes are streams
(linear data structures), areas (spatial datatstres) and nodes (point data structures). An egpiam of these components

of a hydrological network is given in the supplem@appl. section 3).

3.3  Concept of the flood routing enhancement to computbackwater effects

The afore described hydrological conceptual appr@aete, of Kalinin and Miljukov) is enhanced byngsthe resulting water
level, volume and discharge (WVQ) relation to coteghackwater effects per stream element. The coecgles to compute
a backwater volume routing according to the wageel slope. This is illustrated in a scheme in RBifpr a river longitudinal
segment which is separated in several strandheAtidwnstream segment a control structure is |dchtestage (1) the free
flood routing in downstream direction is computé¢hen the barrier (e.g. a tide gate) is closed yjrobfunctions (stage 2),
an afflux of water is generated (stage 3). Theugffhitiates a ‘backwater volume routing’ (stage #heaning that the water
volume is routed in upstream direction to equalsesurplus water level of the afflux. When thertesiis opened, the backed
up water volume is routed downstream (stage 5)sé&liige stages are computed according to the ieatet slope in each
time step. The methodology to realise the codintpigftheoretical concept into a numerical hydratagjimodel is explained
in the following chapter 4.

4  Methodology to compute backwater effects in riversand adjacent lowland areas with complex flow contrb
systems

The methodology to calculate backwater effects wittydrological conceptual approach, consists @fetmain algorithms:

a transfer of discharges to water levels and votupse stream segment and time step (section Aelyaculation of (inter-)
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active control structures (section 4.2) and a bat&mwolume routing according to the water levabslalong stream segments

and adjacent lowland areas (section 4.3).

4.1  Transfer of discharges to water levels and volumes

The flood routing in stream segments of the hydriclighetwork is computed with conceptual hydroladiapproaches like
Kalinin-Miljukov or Muskingum—Cunge (see sectiolB.A transfer of discharges into water levels aallimes is done by
calculating the flow regimes using the approacHédanning-Strickler or Darcy-Weisbach.

According to the Kalinin-Miljukov approach, eachrestm segment is divided into a cascadenakservoirs with a
characteristic length. and the coficientK.. The WVQ-relations for diierent statesn,,,) in the stream segment are defined
with an interpolation between supporting pointsvater level heights. This results in a division ledé bankfull water level
heightHg,; (m a.s.l) into 4,,,,,) States with a water levelftérencedH (m). Three calculation routines are integratechi t
flood routing method to compute the flow velocitgiream segments. The appropriate calculation roigtseected according
to the stream segment’s profile and data availgbfitream segments with a circular profile are casgbwith the Darcy-
Weisbach approach. Stream segments with rectanguiia@pezoidal (angular) profiles are computedndike with the Darcy-
Weisbach or with the Manning-Strickler approache Téquivalent sand roughndssin (m) using the Darcy-Weisbach
approach or the roughneKs (m*3/s) using the Manning-Strickler approach are inpatameters. The algorithof these
three calculation routines is illustrated in thevfichart in Fig. 3. The FORTRAN code and equatioreotapute the following
list of flood routing parameters are explainedha suppl. section 4: flow velocity v, characteristic lengths,,,,, number of
characteristic reservoirs,,,, retention parameters,,,,, water leveld/, volumesV and dischargeg, wherekm indicates the

parameter calculation according to the Kalinin-Mkipv approach.

4.2  Calculating (interactive) control functions of drainage systems

A control structure of a linear stream segmeneifingd with unsteady WVQ-relations and the floodinmuis modelled with

a storage indication method. In this work the medifPuls method is applied. The outflow of the aargtructure can be
distributed to four receivers (Fig. 4). Operativiesia of control structures are defined for thigees of driver time series
which are precipitation intensity, water level sagnd discharge values. Hydrographs of water Eagles and discharges
are results given at junction nodes, while preath time series are related to subcatchmenfgambkinput data. The status
of control structures is checked per time steprduiiie execution of the numerical model. £afientiation of control function
types is done according to their operative critdegpending on pre-set (external pre-processedfefiy (internal processed)
or interactive on-the-fly driver time series. Theete control function types and the dependenchetocation of the operative
criteria are listed in Fig. 4. Control function &/§1) depends on observed or externally forecadtiogr time series for
instance, precipitation intensity or water leveliga data. These control functions are computederpth-processing phase
of the simulation run to set the status of a cdstraicture. With forecasted data a time duratiam loe set to change the status
of control functions (closing or opening a gatedhva specific leadtime before the threshold (opezatriteria) is reached. In
the control functions type (2), criteria dependimmoutput of computed parameters of the hydroldgietwork, namely water
level or discharge. The functions are computedchduthie simulation run “on-the-fly”. This procedurepgnds on the condition
that the driver elements are located upstreameo€ttimtrol structure and are not influenced by batdmw# the criteria of a
control structure depend on downstream or backwaitected conditions in an interactive system, @urgive calculation
routine is started to compute the control functigpe (3). The recursive calculation routine is eipd in the following

section 4.3.
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4.3 Calculating backwater effects along river streams iad adjacent lowland areas

An afflux due to natural or artificial obstructions (fosti@ince gates or weirs) leads to a rise of watet iewipstream segments.
To simulate the resulting backwater effects, thertkiveam directed surplus water volume is reversdzhekwater, when the
downstream water level is higher than upstream. Thigept is illustrated in the theoretical approacisection 3.3 and
comprises the simulation of backwatéieets, which cause the flooding of upstream lowlaeds The developed algorithm
to compute these backwatdfeets is illustrated in the flow chart in Fig. 5. Tdadculation routines are nested in computational
loops as follows: A spatial loop of streams andaans nested in a time loop. The time loop is agaisted in a backwater
system loop.
Each backwater system includes several componeas tgpa hydrological network: linear structurese@in segments),
spatial structures (sub-catchments of lowland dr@asction nodes and a control structure (tideegatwater level gauge) at
the downstream segment. For the control functigps {1) and type (2) (see section 4.2) the caliciiabutines (a) to (c) in
Fig. 5 are executed while at any element fifuxa condition is present (see query: ‘Is backwatetesn active?’ = yes).
Additionally, per backwater system (j) and per tistep (t) a query checks if an interactive backwsystem with a control
function type (3) is defined. An interactive systdapends on both, downstream and upstream conditiorsase of an
interactive system, the flag for a ‘recalculatiomdp is activated. The final balanced stage is rehaleen in a backwater
affected system the downstream water levels are gbehithan the upstream water levels within a rasfge minimum
‘tolerated’ water level dierence. The method demands to define a minimtiereince £Wmin) according to the application
purposes. A smaller tolerated water levéatence increases the accuracy of computed watdrriesults. At the same time,
this increases the number of backwater computdtiana ¢ = k + 1) before reaching a maximum number (curreritly:
10.000). This critical state prevents infinite calculatimutines and a warning shows if this limit is rfead to check the input
parameters, which include an adjustment of thedtde water level dlierence. In the exemplary evaluation study (seéosect
6), a water level dierence of abouaWy,in=0.01 m gives dficient results for meso scale stream segments.o€at $cale
stream segments afidirence of abouAWnin=0.001 m gives adequate results (Hellmers, 202@rk®ater &ects are
computed in open stream segments and adjacentndwdeeas, which are part of the defined backwatstesy For
intermediate closed circular profiles having a tadi storage capacity, the backwater volume is tbupstream to the next
open stream segment.
In the calculation routine a (Fig. 5), the initialisation of formal parameterseach linear and spatial data structure for the
backwater fflect computation is performed. This includes anahgation of the water level, volume and dischgrgetime
step. Discharges are computed with the flood rowtpmroaches described in section 3.1. The correlapgpmvater levels and
retained water volumes are derived from the caledlsVVQ-relations per stream segment (see sectign®he initialisation
of the parameters for the backwatéfieet computation is illustrated in Fig. 6. For tlemputation of backwateftects, the
formal parameters of each linear and spatial datetsre are initialised. This includes an initaliion of the water level,
volume and discharge per time step. Dischargesoanputed with the flood routing approaches desciiilbdte supplementary
section S3. The corresponding water levels andnedavater volumes are derived from the calculd@dQ-relations per
stream segment. When the volume in the controtttre is increased’(t) > V(t — 1)), aflux is generated and the flag
for afflux conditions is set to 'true’. TheftBrence in volume between time stepg(¢ — 1)) is revised continuously during
the following backwater calculation routines (byldn) (Fig. 5). When the volume in the control systis decreasedl (t) <
V(t — 1)) or not changed/(t) = V(t — 1)) the flag for &lux conditions is set to ‘false’ and the volurd®’ (t — 1)) is
reduced by the proportion of the changed volutievhich has been processed already in the timebstiepe. The upstream-
directed backwater routing is computed if thélte-conditions-flag’ is set to ‘true’. The downstreaimected backwater
routing is computed if the fAux-conditions-flag’ is set to ‘false’.

In thecalculation routine b (Fig. 5), the backwateffect computational loop in upstream direction isvated, while

afflux conditions are present in the backwater sysfém. calculation is done per stream segment in a atatipnal loop

7



starting at the downstream element n). If the diference in water levels between the actual andgbhraam segment is
larger than the defined tolerated water levefedenceAW,,,;,,, an algorithm to compute the backwatffeet is activated. The
backwater quantity derived from afflax at the downstream segment, is routed to theegstsegments. Along the streams,
spatial structures (like lowland catchments) an&kdd, where the water is retained or causes baekwiatoding. This
285 developed concept is illustrated in the schemeidgn F, where the backwateffect computation between stream segments
with linked spatial structures (retention areashiswn. The formal parameters of the WVQ-relatioithe current (i) and the
upstream (i-1) segment are processed. The computatidone in three sub-calculation routines (nan#el\B and C) to
compute the water level and volume stages.
Explanation of the sub-calculation routine (A): In case of adjacent lowland areas (linked spdtd structures), a portion of
290 water flows from the stream segment (i) into theeetve linked areas (i) if the water level excetmsriver bank. The inflow
continues until the water level in the stre®i(t) is in balance with the water level in the linkgzhal data structures
W, areas(t). The result is a decreasedfeience in volumaV;(t) to be routed to the upstream segmeént {) per time step.
Explanation of the sub-calculation routines (B) and (C): The computed backwateffect in the calculation routine (B)
describes, how the water volum#®;(t) is added to the upstream linear data struckliye, (t) = V;_, (t) + 4V (¢),
295 whereupon the water level is derived from the W\&@ions. If the upstream segment is linked witbther spatial data
structure as illustrated in Fig. 7 (case C), tHamzing of water level and volume is done respettito the procedure in (A).
As long as a backwater effect is present in angrrsegment or adjacent lowland area, the calculasioepeated (tikk =
10 000). The algorithm to compute upstream directed badckmeffiects on the water levels and volumes is illustrateeig.
8. If the following queries are true, the upstrelaackwater fect computation is executed. These queries aredcatl the
300 beginning of the calculation routine (see: ‘Affix conditions present?’) with the following equatio
iSWi(t) = Wi_1(£) > AWn?and is Vi () > Vi freo(£)? 1)

where the water levéV;(t) (m a.s.l.) and volumg(t) (m°) are defined by the WVQ-relation per stream segmétht the

index i.AW,,;,(t) is the tolerable backwateffacted water level rise given for the stream segsén) in the backwater

systemV; ¢ (t) is the water volume in the segment without backwafects, which is computed with the flood routing
305 method.

While aflux conditions are present, the water level in theent stream segment (i) is reduced by the mininnater level

differenceAW,,,;,, (t). The adjusted storage volume of the stream segWigin) is defined accordingly by the WVQ-relation.

The adjustment of the stream segment (i) is donte tvé following equations 2 to 4:

W,i(t) = VVl(t) - AVl/min (2)
310 V'i(t) = f(W'i(t)) - Derivationof the WVQ-relations (3)
AVi(t) = V(&) = V'i(0) 4

where i indicates the adjusted stage in the streagment (i). This results in afidirence of volumaV;(t) which is routed to
a linked spatial data structure (for example réd@nareas). This calculation routine is indicateithwA). Otherwise, the
backwater is directly routed to the upstream lirdgta structure (i — 1). These calculation routiaesindicated as (B) and
315 (C)in Fig. 8.
In the calculation routine ¢ (Fig. 5), the backwater volume is routed downstream, ifafiex conditions at the downstream
segment of the backwater system is not present amgyrfor instance by opening a gate or startingtiathél pumping. The
water level and storage volume in the stream setmaea reduced per time step until free flow coodgiare reached. In the
developed calculation routine the drainage prooéske backed up water volume is calculated. Theastr segments are
320 computed in the order from upstream (i = 1) to dsineam (i = n). The algorithm for the computatiortttg subsequently
drained backwater in downstream direction is ddep wise with the current (i) and the downstreafi)idata structures

using the sub-calculation routines (C) to (A) imeesed order (see Fig. 7 and Fig.8).
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In calculation routine d (Fig. 5) interactive systems are computed. Wheaordrol structure depends on criteria of a
downstream backwateffacted system, an interactive computational loogctssated. In this case a ‘recalculation’ loop is
started and revises control structure settingseéf tesults of the interactive backwater system aaalable. Then the
recalculation loop restarts the computation ofddéleulation routines (a) to (c) (Fig. 5). The réswoif this developed algorithm
to compute backwatelffects are the time series of water levels (m adidgharges (#s) and volumes (& for stream
segments and linked spatial data structures @agahd catchments). Additionally, the activatedteolfunctions per control

structure are given as time series for verificafiarposes.

5 Implementation of the hydrological method for calcuating backwater effects in Kalypso-NA (4.0)

Implementing the developed method into a targdtsot is done for evaluation and application puggo3he implementation
is realised in the open source model Kalypso-NA)(4vhich is constantly under development and apptince more than
20 years in research and practice. The numericalemi@@tures are: semi-distributed, deterministiailtimlayered and
combined conceptual-physical based. The model sktnesgths in short computation times, which ithim range of max 3
minutes on typical desktop computers (with e.gs6B0U CPU processor) for large catchments (ca.k2@) using a time
step size of 15 minutes for a 14 days simulatibis &pplicable for real-time operational simulasdn flood forecasting. In
combination with the Kalypso Project providing @&uiterface, the model Kalypso-NA is applicable ¢alculating the
rainfall-runoff regime in catchments by users, vene not familiar with input scripts. Open accessfevelopments and user
application is supported by an online accessiblernitment management via Source Forge platform anikisas an online
manual. More information about the software prod(alypso and the model Kalypso-NA is provided ia $hppl. section 1.
Such an open source module provides the accesstbithe implemented methods and therewith supgonte-use it in other
hydrological models. It is the purpose to suppabad scientific practice towards open and repridescience.

The algorithms in the source code Kalypso-NA areereded for the integration of the developed methfods
backwater fflect computation in rivers and adjacent lowland aréae hydrological numerical model comprises aigors
in the form of time loops executed within a spatiaé structure (time-before-space algorithm) gradial calculation routines
executed within a time loop (space-before-time @digm). Both approaches are integrated in the sooode of Kalypso-NA
(4.0) as illustrated in Fig. 9. A time loop nested spatial loop accomplishes the simulation daddructures (such as sub-
catchments, stream segments, junction nodes atti@teareas) in downstream direction on the basiseoverall results of
the upstream data structures. This means thatati@aestfuctures are computed for the whole simulgteriod consecutively
in the order given by the hydrological network framstream to downstream. More information aboutHiérological
network is given in theuppl. section 3. The first implementation (Part A) provides acttimle-dependent results of data
structures to set control functions or drainagéeds in the hydrological network. This method pphled in the extended
algorithm to model processes in sub-catchmentsttikesoil water balance and the downstream direftwed routing. This
algorithm is explained in more details in the jalrpaper (Hellmers and Frohle, 2017).

Additionally, an algorithm is implemented wherasal calculation routines are nested in time lodjés secondary
algorithm provides the overall results of a baclevaffected system per time step before calculating éxé time step. The
time loop is additionally nested in a backwaterteysloop. In that calculation routine the backwaf®ects in streams and
adjacent lowland areas as well as the evaporatmm Submerged water surfaces are computed. Thissmggitation is
labelled as space-before-time algorithm and isstitated in (Fig. 5). The implemented hydrologicaldeloapproach is
applicable to other catchment studies, while ugimgsical-based input parameters. The input andubpigrameters are listed

in thesuppl. section 2 and 5.
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6  Exemplary model application and evaluation

Objective of the model evaluation is to determime teliability of the numerical model results toibe sifficient range of
accuracy for the designated field of application (L2@808; Oberkampf and Roy, 2010; Refsgaard and ikke, 2004;
Sargent, 2014). An evaluation of the extended mKdblpso-NA (4.0) is performed by comparing theutessof the numerical
model with observed data of gauging stations imtlesoscale catchment ‘Dove-Elbe‘. This exemplaryhcaént comprises
a tide gate as well as several sluices, weirs andyling catchments drained by pumping stations. dtaénage through the

tide gate depends on low tide conditions. At higk,tthe gate is closed causing backwater effadisa streams.

6.1 Description of the backwater affected lowland catciment ‘Dove-Elbe’

The mesoscale catchment area ‘Vier- und Marschlahdga size of 175 km? and is located in the S&att-of Hamburg,
Germany (see Fig. 10). The downstream river segiene-Elbe is a stream of 18 km in length and autaly of the tidal
influenced Elbe River. Further tributary streams Whicain into this main river segment are the Gose Ebchleusengraben,
Brookwetterung and a downstream segment of the.Bilhese streams are part of the analysed mesasteifenent. The soil
is mainly peat and clay with a varying spatial ilisttion and thickness. Another regional scaleluaient (namely of the river
Bille) with a size of about 337 km? drains into ttedy area ‘Vier- und Marschlande’. Thus, an overaichment area of
about 512 km? is drained through the tide gate fitag¢eger Deichsiel’.

The downstream situated water level in front oftitie gate is fiected by a mean tidal range of about 3.7 m (Neh&@hv).
The Mean Low Water (MLW) is at about -1.5 m a.s.H &me Mean High Water (MHW) is at about 2.2 m aEhle tide gate
closes when a water level of about 0.9 m a.sXdéeeded in the Elbe River. During the closure peabthe tide gate, water
is retained in the stream segments of the ‘Vied Mdarschlande’ catchment leading to dfux of water which causes
backwater fects. The numerical model includes 75 subcatchmé@btgunction nodes, 75 meso scale stream segmeénts,
gauging stations and 7 control structures. Thesgaamiructures comprise gates, weirs, pumpindastatand a tide gate (see
Fig. 10). The control functions comprise the operaagvell as closure of gates and sluices or stpdippumps according to
defined criteria. The backwatefected river segments in the Dove-Elbe with a lenftibout 12.5 km are characterised with
wide profiles (width >100 m) and wide flood proneaaréwvidth >200 m) on the mesoscale.

For the computation of the flood routing, the KadiMiljukov method for mainly irregular profiles vhtfive reservoir
parametrisations is applied. An explanation is giwethesuppl. section 4.3. Additionally, a scenario simulation is performed
within the research project StucK (www.stuck-hhldeng term drainage management of tide-influencestal urban areas
with consideration of climate change) with threeenéion areas (300 000 m2) which are indicatedign F0. The application
and evaluation results of the research projectkStioc the Dove-Elbe streams as part of the ‘Vierdudarschlande’

catchment are summarised in the following section.

6.2 Application and evaluation results

An evaluation of the developed method to computiWater effects with Kalypso-NA (4.0) is done bymmaring numerical
model results with data of gauge measurements dlengver stream segments of the Dove-Elbe. Théysigaof two flood
events are presented. Measurements of five gastatigons in the Dove-Elbe stream segments are alailar a flood event
in February 2011 and the measurements of the dosamstgauging station are available for a flood ewrefebruary 2002.
The locations of gauging stations and control stmas are indicated in Fig. 10.

The results at the downstream gauging station (fAlténer Deich”) are illustrated in Fig. 11 for thpeming and closing
function of the tide gate (in red) according to evdévels at the downstream gauging station ‘Sdtéf}é’ in the Elbe River
(in dotted violet) for the event in 2002. The tideecloses when a water level of 0.9 m a.s.l. ieeded at the downstream
gauging station ‘Schopfstelle’. In the illustratedample of February 2002, the tide gate remainesked two times during

storm tides. Meaning, the Elbe River water levelrtutow tide periods did not fall below the requirminimal water level
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of 0.9 m a.s.l. The long closure times generatéarge dflux up to a water level of 1.7 m a.s.l. and consetiydarge
backwater ffects in the Dove-Elbe streams. The simulated andadbpeak water levels show an averadfedince of about
0.02 m. The differences in peak water levels atbarrange of 0.01 m to 0.10 m. This correspondsveriation of 1 to 10 %
in the streams with a backwatdfexted water level variation larger than 1 m. ThetRdéean Square Error (RMSE) ( < 0.12
m) and coefficient of determination (R2?) ( > 0.9)tlee flood event analysis confirm the good resuthluation. The RMSE
and R2 show a very good fit for the rising limbtbé flood event. Because of an exceptional manuabpening of the tide
gate by the authority, ca. 1.5 hours before reacttie water level of 0.9 m a.s.| in the Elbe, theudated control function
and observed status of the control structure arearaparable for the falling limb (details are #tcated insuppl. section 6).
During the rainfall storm event February 2011, tegter level increased due to backwater effectsezhiny high flood
discharge from upstream catchments. Here, a difteref less than 0.01 m is shown between obsemedianulated peak
water levels. The scatter plot, the R2 and the R§t8Ehe flood event analysis on the 07.02.20118®9.2011 show a good
concordance. An interactive backwater system isgrefor the downstream Dove-Elbe river sectionciviig influenced by
the control structures ‘Reitschleuse” (blue, Fitj) 4nd ‘Dove-Elbe Schleuse” (green, Fig. 11). Bathtol structures depend
on thresholds of the downstream water levels intbee-Elbe stream segments (black, Fig. 11). In¢hie, the method to
model interactive control systems is applied. Thalwation results show a good performance of theaiddhe closing and
opening times of the sluices according to the tiolkels are met.

Details and further results of the events Febr2832 and February 2011 for the control structufesténberger Schleuse’,
‘Reitschleuse’ and ‘Dove-Elbe Schleuse’) are givethesuppl. section 6. The average fference in observed and simulated
water level peaks is aboiWW = 0.04 m. This corresponds to d@felience of about 5 % in relation to the 1 m largetdiation
range of the water table in the stream segmentiseobove-Elbe catchment. Additionally to the goddrfipeak values, the
hydrographs in the supplement of this article stiwat the temporal sequence (1) of opening andwdssa closing the control
systems and (2) of the rising and visa versa faliimb in the hydrographs in the river segmentssget simulated. The results
show a good reliability of the computed flood rogtand backwaterffects in streams. It is stated that with these figslithe
reliability of the numerical model results are isufficient range of accuracy for the designated fielapplication.
Additionally to the presented evaluation studieffipad peak reduction measure is analysed in teeareh project StucK. By
excavating three retention areas with a total gfZ&30.000m? from +2m a.s.l. to +In a.s.l., an additional retention volume
of 330.000m3 is created when the water level exceeds the biaeks at +In a.s.l. The location of retention areas is indi¢ate
in Fig. 10. With the additional retention volumiee tpeak water level can be reduced by 0.08 m.Heoevent 2011 the result
is shown in thesuppl. section 6. More results of the model application for thes@sh project StucK are published in (Fréhle
and Hellmers, 2020).

7  Discussion of model results and limitations

In low lying lands, backwateiffects and backwater induced flooding of areas ammportant issue. The literature review in
chapter 1 revealed that modelling backwaffgats is not or rarely implemented in stand alordrdipgical numerical models
up to now. In this paragraph, the findings of thespnted conceptual method to model backwatertefiiedowlands caused
by flow control structures using a stand alone bigdyical model and the evaluation results are dised. It points out the
achievements and limitations in accomplishing thiectives of this work.

The developed, implemented and evaluated methocthémtelling backwater feects transfers discharges into water levels
using a conceptual approach. Backwater volumernrgisicalculated by taking into account the wageel slope along streams
and adjacent lowland areas. The conceptual appaaulies a pre-defined water level tolerance toutate the backwater
volume routing. The use of physical-based inputapeaters (e.g. profile geometries) enables to apipdy presented
hydrological model for other catchment studies. Tt parameters comprise data of the stream pspfjedients and
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roughness along the flow path. The objective in Mindethe effects of e.g. tidal ranges on flow cohstructures and the
resulting backwater effects on the flow regime fistueam lowlands are reached by the conceptuablogical method.

In comparison to coupled hydrodynamic models, tipaii parameters are parsimonious. Another advatathe developed
method is the direct computation of hydrologicabgasses in backwateffected areas. For example, the infiltration,
groundwater recharge, evaporation of water fromnmrged areas are simulated. To simulate prospedtadges in
urbanisation or effects by climate change on pi&tipn patterns can be defined directly in theroaical numerical model.
The implementation of the method is realised iroffen source rainfall-runoff model Kalypso-NA 4.@€fconceptual method
is re-useable to extend other hydrological moddisfvare based e.g. on the often applied floodmguhethods of Kalinin-
Miljukov and Muskingum Cunge.

Limitations of the conceptual method exist in madelidetails of the spatial and temporal variabilitythe velocity and tidal
flow regime within stream sections. In the concaptnethod each stream section is computated asartroir” according to
the linear reservoir theory. Meaning, that the baatler profile is assumed to be flat within eaclerisection. The exactness
of the water level heights depends on the definattmlevel tolerance and the scale of the rivetiaas This means, in
contrast to hydrodynamic-numerical approachesdthesloped hydrological model does not compute vigldields within
streams and water levels represent average vatetrpam segment. This hydrological flood routinghome is appropriate
to accomplish the objectives of this work to modajional scale backwateffacted catchments (>100 km?) with the
requirement to keep the computing times small aitld & parsimonious parametrisation. It does nolaepthe demand to
model two or three-dimensional velocity fields andcompute the distribution of water levels withtreams or submerged
areas by the use of coupled hydrodynamic-numemcalels for specific research questions.

The evaluation results (chapter 6) show the applibabf the model for simulating rainfall-runoffegimes and backwater
effects in an exemplary lowland catchment (175 kiadnburg, Germany) with a complex flow control systand where the
drainage is influenced by a tidal range of abont. Zhe flood event analysis confirm good evaluat&sults: the comparison
of observed to simulated results show a low RMSE)(12 m) and a high R2 ( > 0.9). In the presenfgalieation studies a
standard desktop computer with i7-5600U CPU prawessd 2.6 GHz is applied. The computation timenithe range of
max 3 minutes even for large catchments (here 1 ksing a time step size of 15 minutes for a dysdimulation. With
these short simulation times the presented methogsa good potential to be used in flood foresimstlation models, where

results in form of time series (e.g. water level discharge) per river section and flood prone areasufficient.

8  Summary and outlook

Numerical models are required in forecast simutetiand to assess the consequences by future inly@ctshanges in
magnitude as well as probability of stormwater ésechanges in urbanisation and predicted mealegekrise on the runoff
regime in catchments. Especially in coastal lowlatiis pressure on stormwater drainage and flowabsystems raises due
to a combination of all three impacts. The literatteview shows weaknesses in modelling water degpttidbackwaterfects
in streams and lowland areas using stand aloneological numerical models. A method to resolve ¢heaknesses is
presented in this article. The developed numerieghod is:

(1) applicable to model complex drainage and flow adrgystems in backwater affected lowlands,

(2) efficient by using short runtimes for real-time cgt@nal model application,

(3) open for further model developments,

(4) re-useable for other hydrological model solutiond a

(5) parsimonious with respect to the complexity of inparameters.
The evaluation results in the application studyhefcomplex and tidal influenced lowland catchmemgr\und Marschlande’

illustrate good conformance in the simulated badkweffects on the flow regime. Additionally to tfiedings in this article,
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485 the published outcomes in (Hellmers, 2020; Frohkt ldellmers, 2020) show the reliability of the nuioal model results to
be in a sfficient range of accuracy for the designated fieldpgflication to answer a wide range of hydrologarad water
management questions. The numerical model is $aifab operational flood forecasting, real-time eohtrisk analyses,
scenario analyses and time series gap filling irrartic regional scale catchments. The presented mhéshie-useable for
other hydrological numerical models which apply agptual hydrological flood routing approaches (&gskingum-Cunge

490 or Kalinin-Miljukov).

Outlook

The presented method in the model Kalypso-NA (a®@dmpute backwater affected flood routing willdoapted to model

hydrological processes in local scale drainage oreagaka SUDS, GI, BMP as parts of nature badeti@s). Preliminary
495 research study results of local scale drainage uneasre published in (Hellmers and Frohle, 20hd)ia (Hellmers, 2020).

The integration of Kalypso-NA in flood forecastingstems (e.g. Delft-FEWS) is in progress.
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505 Name of the modified computation model: Kalypso-NA (version 4.0)
Developer of the modified part: (IWB) Institute of River and Coastal Engineering @d-Hamburg University of Technology)
Contact address: Denickestrasse 22, 21073 Hamburg, Germany.
Phone: +49 4042878 4412.
Homepage: https://www.tuhh.de/wb/forschung/software-entvicig/kalypso/kalypso-na.html

510 Firsttimeavailable: BCENA renamed to Kalypso-NA (around 2000).
License: GNU Lesser General Public License (LGPL) as pubtishy the Free Software Foundation, version 2.1.
Hardware required: PC
Program language; FORTRAN
Programsize: 5.8 MB

515 Awvailability and cost: Compiled code is freely available fatp://kalypso.wb.tu-harburg.de/downloads/KalypsdN®ource
code of the modified part of the model presentethig paper is published in (Hellmers, 2021) (D00-.15480/882.3522

http://hdl.handle.net/11420/9508ain code sections of flow diagrams and equatan@ published in the supplement of this
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Figure 1: (a) lllustration of operative criteria in a control function depending on driver time serie®f precipitation, water level and
discharge. (b) Scheme of a control structure with aontrol function changing the water level W(t), viume V(t) or outflow Q(t) per
time step t.
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Figure 2: Scheme of five computation steps in theesteloped concept to compute backwater effects with hydrological approach:
(1) free flood routing computation downstream, (2)control structure simulation, (3) afflux computation, (4) backwater volume
routing computation in upstream direction including adjacent lowland areas (as well as retention arepand (5) free flood routing
computation after opening the barrier.
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Figure 3: Algorithm to compute the relations betwea water level, volume and discharge (WVQ) per strea segment.
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Figure 4: Scheme of a control structure with dischage distribution functions to four receivers and tre three control function types
630 depending on operative criteria.
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Figure 5: Algorithm to compute backwater dfects in streams and lowland areas (like retentionraas) with the indicated calculation
routines (a, b, c, d). It is realised with a spacbefore-time algorithm for modelling backwater dfects and control structures per
635 backwater system.
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calculation routine b and c (Figure 5).
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Figure 9: Structure of the implemented primary andsecondary algorithm in the source code of Kalypso-A(4.0). The enhancement
of the primary algorithm is published in (Hellmers and Frohle, 2017). The new (secondary) algorithm isxplained in section 4.3.
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Figure 10: Map of the application study area ‘Vier-und Marschlande” (175 km?): subcatchments, gaugingtations (1 to 7), studied
backwater affected streams of the Dove-Elbe, threetention areas in the main stream and control stratures (A to G).
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Figure 11: Closure and opening state of the contrddtructures as well as simulated and observed watégevels at the downstream
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670 fluctuation of about 1 m. The RMSE for the flood eent analysis shows a deviation of up to 0.12 m.



