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Abstract. Backwater effects in surface water streams asagedin adjacent lowland areas caused by mostlyleardpainage

and| flow control structures_are not directly computed with hydratagiapproaches, yet. A solution of this weakness in- - Kommentiert [sh2]: Using the description of “control
. Lo . . . . . structures” instead of drainage structures is ansent by the first
10 hydrological modelling is presented in this articlae developed method enables to transfer diselango water levels and anonymous reviewer. We ag%ee in describingthaﬂw{ control

structures” (tide gates, weirs, pumps,...).

to calculate backwater volume routing along streamd adjacent lowland areas by balancing waterl Isiepes. The
implemented and evaluated method extends the afiplicof hydrological models for rainfall-runofisulations of backwater
| affected catchments with the advantages of (1) findeomplexdrainage flow controsystems in tidal backwater affected
lowlands, (2) less effort to parameterise riveeans, (3) directly defined input factors of drivilogces (climate change and
15 urbanisation) and (4) runtime reduction of onewio brders of magnitude in comparison to coupledrdggnamic models.
The developed method is implemented in the operceaainfall-runoff model Kalypso-NA (4.0). Evali@t results show
the applicability of the model fenedeling simulatingainfall-runoff regimes and backwater effects inresemplary lowland
catchment (Hamburg, Germany) with a complesinage flow contradystem and where the drainage is influenced hyeé ti
range of about 4 m. The proposed method is appdéicabanswer a wide scope of hydrological and watanagement
20 questions, e.g. water balances, flood forecasts edfettiveness of flood mitigation measures. Itrésusable to other
hydrological numerical models, which apply conceptuydrological flood routing approaches (e.g. Mogkm-Cunge or
Kalinin-Miljukov).

1 Introduction

(Open demand exists in hydrological modelling ofnfaii-runoff regimes inbackwater affectedowlands —which—are

25 distinguished-by-complex THow routing inlowland catchments is characterised-by-mesthy-sitady- artificially drained

catchments$y-usingmanifold flow _control structures{. ‘The occurrence of backwatezotdfin suctcomplexlowland river _ - { Kommentiert [sh3]: Comment of Reviewer 2: .” | think this
. . . . - S sentence tries to say too many thigs, considettisgliup the points
streams as well as on adjacent lowland areas pospen research question in hydrological modellindjacent lowland “. | peing made.”
N
areas in this article are distinguished by a loaugd level and connection to rivers. The size efldmds varies from narrow \[Kommentiert [sh4R3]: The sentence is splitted up. ]
riparian areas, wetlands, shallow retention spdtmsiplains or vast partly urbanised marsh- ormspiands. Hydrological
| 30 models are applied to simulate processete compartmentef the (1) surface-atmosphere interaction, (2)ttaesition
between soil-vegetation-atmosphere, (3) the presassthe vadose zone of the soil and (4) the fronting in the receiving _ - -{ Kommentiert [sh5]: The specification of “in the compartments’
. . . . . . is given to answer a question by the reviewer 1o agked for the
surface waters. In lowlands, the last two issugsire more detailed considerations because of ynbigth groundwater levels difference between (1) and (2). Details are givethe answer to

| and the drainage against fast changing water lévéidal streams of complekainage flow contradystems. For simulating reviewer 1.

the interaction between groundwater and surfacervptite a few approaches are available (Brauat.e2014; Waseem et [Femfunktion gedndert
35 al., 2020; Sun et al., 201$). However, modellingkueater effects in tidal streams with fast changirger levels in complex
drainage _flow controlsystems of lowland catchments directly with hydgidal models is not implemented in most

hydrological approaches up to npw (Waseem et 0202\ - { Kommentiert [sh6]: Change is done on behalf of a comment Ty
7777777777777777777777777777777777777 the second reviewer.
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Up-te-new;,-Simulating -water-depthmckwater effects, velocity fields and the spatiatribution of water depths for flood
inundation mapsnd-backwater effects in-complex-profiles-as-webmfloodplains-and etheradjacentlowlands deméod

4B,-2D or 3D hydrodynamic-numerical models with themerical integration of the partialfféirential equations describing

the flood routing processe¥o compute spatial detailed simulation results iirerr streams and flood plains, coupled
hydrological andhydrodynamicalhydrodynamimodel approaches fit well to meet the required efiod) objectives. But,
hHydrodynamic-numerical models-shew-drawba inmanson-to-hydrological-models: hey requéneermere effort

ectly-parameterised-in the

rmodel-approach and3)-simulation timeswhich -are at least one to two orders of magnitudes loilge€omparison to
conceptual hydrological flood routing approachestudel river streamdHigh resolution data describing the topography of

to parameterise-the river strt

€58

the main channel and the natural flood plain indhse of bank overflow is necessary. Hence, theadititiy of suitable

detailed profile data from measurements is signifian hydrodynamic-numerical modelling. The largeffort in data [ Formatiert: Nicht Hervorheben

resources and runtime for hydrodynamic-numericalehsimulations is no limitation for answering sigétesearch question

and to create detailed inundation maewever, applying a coupled hydrological-hydroagic model shows disadvantages
in the application on meso to regional catchmealesc(>100 km?) and for operational forecast apfibns.Therefore}it is

to_enable parsimonious and efficient modelling lmiod routing and backwater effects in lowlandyy a conceptual

hydrological method producing less detailed results

The demand to solve this weakness in hydrologicaherical models increases, since in low lying tidaichments, the
pressure on current storm watkainage flow contradystems raises due to combined impacts of enlandethisation on the

one hand and climate change induced sea levahrisembination with heavy storm events on the otiard (IPCC, 2013b, [ Feldfunktion geindert

2013a; UN DESA, 2018). Studies about the combirsdaf high tides (storms) and stormwater evengsgaven by (Lian et _ - [ Feldfunktion geéndert

al., 2013; Nehlsen, 2017; Klijn et al., 2012; Zegh®009; Huong and Pathirana, 2013; Sweet e@l7). These selected\ N {Formatiert: Englisch (USA)

examples all show a conformity about the tendehaylow lands wilbefacel by higher pressures to mitigate flooding in the
future. A promising flood mitigation measure agaiie effects of (high) precipitation events in Ing catchments is the
controlled temporary storage of water in retentiogas. However, state-of-the-art hydrologic apgreaceveal shortcomings

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

Objectives

To resolve theafore describeghortcomings in hydrologicalpproaches to model the flood routing in backwafécted

lowland catchments five objectives are defined. ig¢hod shall be (1) applicable to model complewftontrol systems in

backwater affected lowlands, (2) efficient by ussfmprt run-times for real-time operational modgblagation, (3) open for

further model developments, (4) re-useable for rokiyelrological model solutions and (5) parsimonieuith regard to the

/{ second reviewer.

Kommentiert [sh7]: Changes on behalf of the comments by t

meterfReaching a balance between model structure details
(namely complexity) and data availability is an orjant issue to keep the model as parsimoniougtiuiknt in runtime as
possible, but complex enough to explain the hetrety in the areas and the dynamics in the hydicéd processeddest
promising-t1o accomplish the defined five objectives for a sehle, open, efficient and parsimonious hydroldgica
moedelmethod to model backwater effedtse authors suggest—is-thaetevelopdevelop-ament-of a conceptuaktension
approach for state-of-the-art flood routing meth@ds instance Muskingum-Cunge or Kalinin-Miljukoyahich-ean-be
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Outline
The literature review in section 2 discusses curvezaknesses in hydrological models to simulateater effects and
subsequent flooding of adjacent lowland areas.tfiberetical concept in secti@8 and the developed method in section 4
explain the worked out solution. The implementatidrihe methodology is realised in the open sotmarological model
Kalypso-NA version 4.0 (section 5). The evaluatidithe method is done using observed data of ampbeaytidatlowland

catchment study in Hamburg, Germany, where a congri@inage system and backwater affected streamesdaignificant

impact on the:esulisof therainfall-runsffflovregime (section 6)Al discussion of results point out the main findirend _ - {v iert [sh8]: Additional chapter on behalf of the
L . . . . . . P comments by the second reviewer.
limitations in section 7The article closes in secti@h8 with a summaryfthe-mainfindingand an outlook & follow-up M

research.

2 State-of-the-art in hydrological modelling to compte flood routing and backwater effects in lowlands

Flood routing describes the processes of translaim retention of a flood wave moving along a stréa downstream
direction. To simulate the flood routing in rived#ferent approaches are applied: (1) pure black fmamely empirical,
lumped), (2) hydrological conceptual or (3) hydrodsnic-numerical approach@dlaniak, 2016; Hingray et al., 2014). The
applicable flood routing method needs to be chos#mnaspect to the modelling purpose and availdhta. Computation of
water depths and backwater effects in rivers abagebn forelands by using hydrological approaghesnd 2) is rarely done
and up to now mostly linked with comparatively higicertainties. The missing applicability of hydmical approaches for
simulating backwater effects is shown in a recardyswithin the North German lowlands (Waseem e2@20).
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‘linear reservoir and channel cascade routing’ gmesd by Maddaus in (1969). The purpose of hydicéddlood routing

approaches is to compute the discharge hydrograplhise considered stream segments. For hydrologipaloaches,
conceptual or empirical parameters are calibrated on observed events like in thelely frequentlyused Muskingum

method. A compromise are hydrological methods upiogile data of streams to model the flood routfiog,example in the

Muskingum-Cunge approach (Cunge, 1969) as weli@approach of Kalinin and Miljukov, 1957. Theseaepts use profile _ - [ Feldfunktion geéndert ]

information in a conceptual way and require fas lesiculating effort for meso scale modelling (® k@n?) than hydrodynamic { Feldfunktion geéndert ]

numerical approaches.
Only few related studies are available with respeanodel backwaterfiects in meso scale catchments with hydrological
approaches, while none of the reviewed studiesleddhe computation of backwater retention in lovdareas for mitigating

backwater induced flooding. Coupled hydrological#eglynamic computation modelske in MIKE SHE coupled with



MIKE 11 (Waseem et al., 2020) or in the German Mo#&SIM coupled with a hydrodynamic computation regfl och and - [Feldfunktion geindert ]

Rothe, 2014; Dorp et al., 2017) are not part of duimparison, because of the afore described distatyes in hydrodynamic [Feldfunktion gedndert ]

approaches. A focus is set on direct or stand-ggdeological model enhancements.

125 In (Waseem et al., 2020), racent-comparisonreviewf modelsis published with regarth §im9|§t§d9§i§‘+\iei important _ - ‘{ K iert [sh11]: Changes on behalf of the comments by}'he
\ second reviewer.

hydrological processes in coastal lowlandbis reviewshows weaknesses in the model SWIM (soil and wategrated >

) ) . ) ) \ \[ Formatiert: Hervorheben ]
model) and HSPF (hydrological simulation program—RA®AN). The approaches iine_modelsSWAT (soil and water ]

[ Feldfunktion gesindert

assessment tool) und MIKE SHE shawgood conformity tomedel simulateprocesses in lowlands while both are not
applicable to model backwater effects in the rigerfloodplains or other adjacent lowlands and batkr effects caused by

130 control structures (sluices, pumping stations @®ldgates). An enhanced approach in SWAT for rgmawetlands (SWATrw)

is presented in (Rahman et al., 2016) to compudestiiface water interaction between river streamisexplicitly defined - [Feldfunktion geindert ]

wetlands, while backwater effects in streams amonsidered. The modified SWAT-Landscape Unit (SWAT) model

enables to compute horizontal hydraulic interactibatween a river and the aquifer beneath the exljdoodplain (Sun et [ Feldfunktion gesndert ]
al., 2016). Similarly, in the Rainfall-Runoff Mod&/ALRUS (Wageningen Lowland Runoff Simulator) arlped approach

135 is realized to model the following processes: (fgugdwater—unsaturated zone coupling, (2) grounelwatrrface water

feedbacks and (3) seepage and surface water s(Bralyer et al., 2014). These are important modsufes to model the [ Feldfunktion geindert ]

runoff regime in lowlands, but neither of the aproes enable to compute backwater effestte-land-surface-or (A)ong

the-streams (2) among stream sections and the land surdack-(3) in river sections influenced by upstreamcohtrol

structuresn-thereceiving-streams
140 More national specific studies to model backwafézcts in streams are done with the German modeESMO (by the

‘Buro fir Angewandte Hydrologie’, Berlin). The hydogical model ‘ArcEGMO’ takes into account backeméfects by

= [ Feldfunktion geandert ]

| Formatiert: Hervorheben J

145 National Hydrological Forecasting ServiGéHFES) in Hungary, (Szilagyi and Laurinyecz, 2014) applesliscrete linear [ Feldfunktion geindert ]

cascade model to account for backwateats in flood routing by adjusting a storage fioent of the cascade. h

ArcEGMO and NHFS-isnethod-calculates a retained flood rootingps-in-the ArcEGMO-medel), but-—and hkewmeithed_ _ — -| Kommentiert [sh12]: Changes on behalf of the comments by}lhe
first reviewer.

computes backwater volume being routed into upstreagments by a reverse flow direction nor the batéminduced
flooding of adjacent lowland areas.

150 In a study by (Messal, 2000), backwatéieets among river streams and the subsurface flaiwen banks are modelled - [Feldfunktion geindert ]

exemplarily for the catchment Stér (1157 km?) imiBswig-Holstein Germany Messal applies a proportional relationship
between upstream and downstream elements for atidibmpurposes. The model serves well for the cagett study Stor, but

the parameter values are non-transferable to oitehments because of a lack in physical descniptio

155 the example of two tidal tributaries of the Weseer. The approach uses the reservoir cascadeytlieduding the input

parameters of the roughness f€iméent by Manning-Strickler and geometric descripti@f the profiles for the flood routing
computation. The river is modelled as a cascadeesérvoirs (namely a NASH-cascade), while the wkeeel from the

previous time step of the downstream segmentsaientinto account to compute the flood routing.metistep shift in the

computational approach is accepted by (Riedel, pB8dause he reduced the simulation time steptsipee minute. The - [Feldfunktion geindert ]

160 model computes a reservoir cascade on the basislefined boundary condition at the downstream segri®wever, the
explicit simulation of backwater induced floodingflaiod prone areas or adjacent lowland areas igoltded.
These reviewed hydrological methods compute backwefects in a more or less conceptual way with the rieed
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
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such areas, a subsequent drainage and neitheonfgutation of hydrological processes influencedbhgkwater induced
flooding. Further on, most studies do not applygitgl-based parameters to transfer validated vandsknowledge from
one catchment to other studies. A methodology heesthese shortcomings is proposed in this article.

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

To reach the described objectives, a state-of-theanceptual hydrological method is extended toapplicable for the
computation of backwateffects in streams and adjacent lowland areas (&telntion areas). This section describes the theory
of the conventional hydrological approaches to cat@phe 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 thaffux in front of obstacles downstream of the considestream
segment is assumed to have no impact on the upstegments. With this assumption, backwafeces are not considered.
Flood routing processes depend on the charactsristithe drainage network comprising the geomeftiyrofiles, gradients
and roughness of the streams. Linear or non-liMskingum approaches have no physically based peaisation and
require input parameters, which are based on obdetata in upstream and downstream segments of.riVeerefore, these
hydrological approaches are not suitable for theukition with changed geometries or changed flond@é@®ns in streams
where no observed data is available. This lackligesl in two approaches, which are based on physi@aacteristics such
as river geometry, stream length, roughnessfictent and river bed slope. On the one hand, thekMgem—Cunge (often
used in the United States) and on the other haedKalinin-Miljukov (KM) flood routing approach aegplicable. For this

work, the approach of Kalinin-Miljukov is chosemee this approach is widely applied in Germany Badtern Europe.

The approach of (Kalinin and Miljukov, 1957) (KM{apach) divides a stream into a number of charatitefengths. Each [Feldfunktion geiindert

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

With such conceptual hydrological flood routing eggches the magnitude and time of flow along a strea the basis of
stream characteristics is determined. It desctiegfree flow) propagation of discharge througkains, whereby translation
and retention processes along the stream chahgeshape of the hydrograph from an upstreamdmvanstream point. The
explicit direction of computation from upstreamdownstream in flood routing approaches limits tdude effects derived
from downstream obstacles. Backwater effects calmeadn afflux arenot-implemented ignoreih these conceptual

hydrological approachestand an extension is therefore developed in thislaiseesection 3.3).

3.2 Concept to model control structures in lowland catcments

BA-backwater effectin a-catchment river sections areften caused at obstacles like weirs, (tide) gaétention or detention
reservoirs, which also function as control struesun streams. It is required to model these strastin hydrological models
since such control structures are regularly usetrol the flow in catchments. In this articles ¥ocus on control structures
frequently applied isidatlowland drainage areas. Operation rules of comstroictures are mostly pre-defined depending on
operative criteria. The criteria are normally basedthresholds of water level, discharge or prégijein intensity within
hindcasted or forecasted data (see Fig. 1). Sirecdata time series influence the status of costrottures, they are defined

in this article as drivers. There is a differeneéi®en pre-set and on-the-fly processed driver @ataset data time series are



imported such as observed water level or precipitatata. Additionally, data series which are cotagwduring runtime (e.g.
205 discharge) can serve likewise as drivers and axeegsed on-the-fly.

When a threshold of an operative criteria is redah&ing the runtime of the model, the status efdftstem is changed (e.g.

opening or closing a gate). The change of the sta@ised on reached thresholds is described inotduairctions, which are

checked per time step. In a control structure ¢t@imed water can cause backwatéats in upstream direction if afflax

of water occurs. Control structures are one compioiype within a hydrological network. Other compantypes are streams
210 (linear data structures), areas (spatial datatsires) and nodes (point data structures). An egpiam of these components

of a hydrological network is given in the supplemnappl. section 3).

3.3 Concept of the flood routing enhancement to computbackwater effects

The afore described hydrological conceptual apprg¢laere, of Kalinin and Miljukov) is enhanced byngsthe resulting water
level, volume and discharge (WVQ) relation to coterhackwater effects per stream element. The corcgples to compute
215 a backwater volume routing according to the wateel slope. This is illustrated in a scheme in Bifpr a river longitudinal
segment which is separated in several strandhiedddwnstream segmentide-gate control structuis located. In stage (1)
the free flood routing in downstream direction @snputed. When the barrier (e.g. a tide gate) iseddy control functions
(stage 2), an afflux of water is generated (stggdi3e afflux initiates a ‘backwater volume routirfgtage 4), meaning that
the water volume is routed in upstream directioedoalise the surplus water level of the afflux.aiVtthe barrier is opened,
220 the backed up water volume is routed downstreaag¢ss). These five stages are computed accordihg twater level slope
in each time step. The methodology to realise tuing of this theoretical concept into a numeriegdirological model is

explained in the following chapter 4.

4 Methodology to compute backwater effects in riversand adjacent lowland areas with compleMnageM _ — -| Kommentiert [sh13]: Changes on behalf of the comments by fthe
control systems first reviewer.

225 The methodology to calculate backwater effects wittydrological conceptual approach, consists m@fetfmain algorithms:
a transfer of discharges to water levels and votupez stream segment and time step (section Aelgalculation of (inter-)
active control structures (section 4.2) and a bat&nwolume routing according to the water levepslalong stream segments

and adjacent lowland areas (section 4.3).

4.1 Transfer of discharges to water levels and volumes

230 The flood routing in stream segments of the hydjiolal network is computed with conceptual hydrotadiapproaches like
Kalinin-Miljukov or Muskingum—Cunge (see sectior13.A transfer of discharges into water levels aokimes is done by
calculating the flow regimes using the approactieédanning-Strickler or Darcy-Weisbach.

According to the Kalinin-Miljukov approach, eactlrestm segment is divided into a cascadenakservoirs with a

characteristic length, and the caicientK,. The WVQ-relations fdr dierent staten,,,,,;) in \the stream segment are defined_— { Kommentiert [sh14]: Changes on behalf of the comments by}lhe
7777777777777777 | first reviewer.

235 with an interpolation between supporting pointsmatter level heights. This results in a divisiontieé bankfull water level
heightH,; (m a.s.l) into 4,,,4) States with a water levelftérencedH (m). Three calculation routines are integratethi
flood routing method to compute the flow velocitgiream segments. The appropriate calculation migiselected according
to the stream segment’s profile and data availgbfitream segments with a circular profile are casgwith the Darcy-
Weisbach approach. Stream segments with rectanguteapezoidal (angular) profiles are computednike with the Darcy-

240 Weisbach or with the Manning-Strickler approache Tdquivalent sand roughnédssin (m) using the Darcy-Weisbach
approach or the roughneg (m*¥s) using the Manning-Strickler approach are inpatameters. The algorithof these
three calculation routines is illustrated in theviichart in Fig. 3. The FORTRAN code and equationsimpute the following
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list of resuit flood routingparameters are explained in thappl. section 4: flow velocity v, characteristic lengths,,,,, number
of characteristic reservoirs,,,, retention parametefs,,,,, water leveld¥, volumesV and dischargeg, wherekm indicates
the parameter calculation according to the Kaliviljukov approach.

4.2  Calculating (interactive) control functions of drainage systems

A control structure of a linear stream segmenefingd with unsteady WVQ-relations and the floodinguis modelled with

distributed to four receiver@ig. 4) Operative criteria of control structures are defif@dthree types of driver time series

which are precipitation intensity, water level gsagnd discharge values. Hydrographs of water kagles and discharges
are results given at junction nodes, while preatwn time series anelated to subcatchments -as-parspatialstructures
input data-(ramely-subeatehmeniThe status of control structures is checked pee tstep during the execution of the
numerical model. A dierentiationbetween-three-functioraf control structures function typeis done according to their
operative criteria depending on pre-set (externadgrocessed)-oron-the-fly (internal processed) interactive on-the-fly

driver time series. The thrdenctions-ef-control-structurescontrol function égmndthe dependency on the location of the

operative criteria are listed in Fig{#ft). Control function type (1) dependn observed or externally forecasted driver time
series for instance, precipitatioriensityor water level gauge data. These control functéasessomputed in the pre-processing
phase of the simulation run to set the statusaifrdrol structure. With forecasted data a time tiomacan be set to change
the status of control functions (closing or opergngate) with a specific leadtime before the tho&bKoperative criteria) is
reached. In the control functions type (2), criaedepend on the output of computed parametersedfyttirological network,
namely water level or discharge. The functionscamputed during the simulation run “on-the-fly”.i§iprocedure depends
on the condition that the driver elements are kedaipstream of the control structure and are rilteinced by backwater. If
the criteria of a control structure depend on ddwveasn or backwater affected conditions in an irtve system, a recursive
calculation routine is started to compute the adrftinction type (3). The recursive calculation tine is explained in the
following section 4.3.

4.3  Calculating backwater effects along river streams ad adjacent lowland areas

An afflux due to natural or artificial obstructions (fostiance gates or weirs) leads to a rise of watet Iewpstream segments.
To simulate the resulting backwater effects, therkiream directed surplus water volume is reveasdshckwater, when the
downstream water level is higher than upstreams Thincept is illustrated in the theoretical apphoacsection 3.3 and
comprises the simulation of backwatéiieets, which cause the flooding of upstream lowlaeds The developed algorithm
to compute these backwatéfeets is illustrated in the flow chart in Fig. 5. Tdadculation routines are nested in computational
loops as follows: A spatial loop of streams andaaris nested in a time loop. The time loop is agaisted in a backwater
system loop.

Each backwater system includes several componeettygf a hydrological network: linear structurese@m segments),
spatial structures (sub-catchments of lowland r@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 calimniabutines (a) to (c) in
Fig. 5 are executed while at any element filwa condition is present (see query: ‘Is backwagetesn 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 ‘recalculatiomop is activated. The finabalanced stage is reached when 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 minimdéierelnce 4\Wnmin) according to the application

purposes. A smaller tolerated water levéleence increases the accuracy of computed watrriesults. At the same time,

7
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this increases the number of backwater computdtiana ¢ = k + 1) before reaching a maximum number (curreritly:
285 10.000). This critical state prevents infinite calculatimutines and a warning shows if this limit is rieed to check the input
parameters, which include an adjustment of thedtde water level dierence. In the exemplary evaluation study (seéosect

6), a water level dierence of aboutWni»=0.01 m gives dficient results for meso scale stream segments.oeef scale

stream segments afidirence of aboutWni,»=0.001 m gives adequate resuylts (Hellmers, 202@rkBater fects are [ Feldfunktion geindert ]

computed in open stream segments and adjacentridvdeeas, which are part of the defined backwatstesy For
290 intermediate closed circular profiles having a tedistorage capacity, the backwater volume is tbufistream 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 ffect computation is performed. This includes anahsation of the water level, volume and dischapge time

step. Discharges are computed with the flood rowproaches described in section 3.1. The correlsppmater levels and

295 retained water volumes are derived from the caledl&/VQ-relations per stream segment (see sectihn¥e-algorithm

K iert [sh16]: Changes on behalf of the comments by fthe
B . . . " S second reviewer.
illustrated in Fig. 6. For the computation of baeiter dfects, the formal parameters of each linear anda$pita structure -~
\[ Formatiert: Hervorheben ]

are initialised. This includes an initialisationtb® water level, volume and discharge per timp.§ischarges are computed

with the flood routing approaches described in tgpEementary section S3. The corresponding wateideand retained

300 water volumes are derived from the calculated W¢@tions per stream segment. When the volume iedh&ol structure

is increasedV (t) > V(t — 1)), aflux is generated and the flag féflax conditions is set to 'true’. Thefférence in volume

between time stepAV(t — 1)) is revised continuously during the following ba@ler calculation routines (b) and (c) (Fig.
5). When the volume in the control system is desgdel/ (t) < V(t — 1)) or not changecV/ (t) = V(t — 1)) the flag for
afflux conditions is set to ‘false’ and the volunAV (t — 1)) is reduced by the proportion of the changed vel4Viwhich

305 has been processed already in the time step befbeeupstream-directed backwater routing is contpiftehe ‘aflux-

conditions-flag’ is set to ‘true’. The downstreamedied backwater routing is computed if thffitc-conditions-flag’ is set

tofalsel = ‘[Kommentiert [sh17]: ]

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

afflux conditions are present in the backwater sysfiéme. calculation is done per stream segment in goatational loop
310 starting at the downstream element{ n). If the diference in water levels between the actual andgbream segment is
larger than the defined tolerated water levéfedencedW,,;,,, an algorithm to compute the backwatffeet is activated. The
backwater quantity derived from afilax at the downstream segment, is routed to theegrstsegments. Along the streams,
spatial structures (like lowland catchments) ankdid, where the water is retained or causes baekwimioding. This
developed concept is illustrated in the schemeign #, where the backwateffect computation between stream segments
315 with linked spatial structures (retention areashiswn. The formal parameters of the WVQ-relatiofthe current (i) and the
upstream (i-1) segment are processed. The computatidone in three sub-calculation routines (ngndelB and C) to
compute the water level and volume stages.
Explanation of the sub-calculation routine (A): In case of adjacent lowland areas (linked spdtgd structures), a portion of
water flows from the stream segment (i) into thpeesve linked areas (i) if the water level excetsriver bank. The inflow
320 continues until the water level in the stre®i(t) is in balance with the water level in the linkquatal data structures
| Wi areas(t). The result is ahanged decreasdifference in volumaV;(t) to be routed to the upstream segme#t (- 1) per
time stepExplanation of the sub-calculation routines (B) and (C): The computed backwateffect in the calculation routine
(B) describes, how the water volumyg(t) is added to the upstream linear data strudtlrg (t) = V;_, (t) + 4V (t),
whereupon the water level is derived from the W\&ions. If the upstream segment is linked witbther spatial data
|325 structure as illustrated in Figé (case C), the balancing of water level and volisngone respectively to the procedure in

(A). As long as a backwater effect is present in aver segment or adjacent lowland area, the taicn is repeated (till
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k =10000). hé algorithm to compute upstream directed backvetifects on the water levels and volumes is illustrated . - {v iert [sh18]: Changes on behalf of the comments b;
second reviewer.

y}lhe

Fig. 8. If the following queries are true, the upaim backwaterfect computation is executed. These queries aredcallthe

beginning of the calculation routine (see: ‘Affiax conditions present?’) with the following equatio

iSWi(®) = Wi_y(£) > AW pin?and is Vi(£) > Vi free(£)? [}

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

index i.AW,,;,(t)_is the tolerable backwateffected water level rise given for the stream segsnén) in the backwater

systemV; rr...(t)_is the water volume in the segment without backwaffects, which is computed with the flood routing

method.

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

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

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

W' (t) = Wi(t) — AW (2
V') = f(W';(t)) - Derivationof the WVQ-relations (3)
AV (0) =V () = V'i(®) (4)

where i’ indicates the adjusted stage in the streegment (i). This results in afirence of volum@V;(t) which is routed to

a linked spatial data structure (for example rédenareas). This calculation routine is indicateithwA). Otherwise, the

backwater is directly routed to the upstream linggta structure G 1). These calculation routines are indicatedBysaid
(C)in Fig. 8.

== ‘[Formatiert: Hervorheben

In the calculation routine ¢ (Fig. 5, the backwater volume is routed downstream, iféffieix conditions at the
downstream segment of the backwater system isnesept anymore, for instance by opening a gateaotirgg additional
pumping. The water level and storage volume instheam segments are reduced per time step uriflire conditions are
reached. In the developed calculation routine tiaéndge process of the backed up water volumeldsilezed. The stream
segments are computed in the order from upstreanijito downstream (i = n). The algorithm for g#@mputation of the
subsequently drained backwater in downstream direez done step wise with the current (i) anddbenstream (i+1) data
structures using the sub-calculation routines ¢QA) in reversed order (see Figs and Fig.R

In calculation routine d (Fig. 5) interactive systems are computed. Wheorgrel structure depends on criteria of a
downstream backwateffacted system, an interactive computational loogctézated. In this case a ‘recalculation’ loop is
started and revises control structure settingsef rtesults of the interactive backwater system aaalable. Then the
recalculation loop restarts the computation ofcileulation routines (a) to (c) (Fig. 5). The résuoff this developed algorithm
to compute backwaterffects are the time series of water levels (m adisgharges (fts) and volumes (f for stream
segments and linked spatial data structures @dahd catchments). Additionally, the activatedteolfunctions per control
structure are given as time series for verificafiorposes.

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

Implementing the developed method into a targetsot is done for evaluation and application puegod he implementation
is realised in the open source model Kalypso-NA)(4vhich is constantly under development and apipdince more than
20 years in research and practice. The numericalemfeatures are: semi-distributed, deterministiclti-layered and
combined conceptual-physical based. The model skstnwngths in short computation times, which ithim range of max 3
minutes on typical desktop computers (with e.g5680U CPU processor) for large catchments (ca.k?® using a time

step size of 15 minutes for a 14 days simulatibis &pplicable for real-time operational simulagan flood forecasting. In

9



combination with the Kalypso Project providing auinterface, the model Kalypso-NA is applicable ¢alculating the
rainfall-runoff regime in catchments by users, velne not familiar with input scripts. Open accessdevelopments and user
370 application is supported by an online accessibieroiiment management via Source Forge platform anikiaas an online
manual. More information about the software prodtatiypso and the model Kalypso-NA is provided ia $hppl. section 1.
Such an open source module provides the accesstbilhe implemented methods and therewith supgorte-use it in other
hydrological models. It is the purpose to suppagbad scientific practice towards open and repridescience.
The algorithms in the source code Kalypso-NA axtereded for the integration of the developed meshfuod
375 backwater fflect computation in rivers and adjacent lowland ir@ae hydrological numerical model comprises atgors
in the form of time loops executed within a spattiaé structure (time-before-space algorithm) gradial calculation routines
executed within a time loop (space-before-time wilgm). Both approaches are integratedhe-exiended-algorithin the
source code of Kalypso-NA (4.0) as illustrated ig. B7. A time loop nested in a spatial loop accomplighessimulation of
data structures (such as sub-catchments, streameség junction nodes or retention areas) in dawast direction on the
380 basis of the overall results of the upstream datatsires. This means that the data structures@rputed for the whole
simulation period consecutively in the order givernn the hydrological network from upstream to dowrestne More
information about the hydrological network is givierthesuppl. section 3. The first implementation (Part A) provides actual
time-dependent results of data structures to sgtadunctions or drainage criteria in the hydwgitmal network. This method

is applied in the extended algorithm to model psses in sub-catchments like the soil water balamcethe downstream

385 directed flood routing. This algorithm is explairiednore details in the journal paper (Hellmers &nihle, 2017).

[ Feldfunktion gedndert

Additionally, an algorithm is implemented whera#gl calculation routines are nested in time lodihss secondary
algorithm provides the overall results of a baclewaffected system per time step before calculating &x¢ time step. The
time loop is additionally nested in a backwatertaysloop. In that calculation routine the backwat@cts in streams and
adjacent lowland areas as well as the evaporatimmm submerged water surfaces are computed. Thieimgntation is

390 labelled as space-before-time algorithm and isstitated in (Fig. 5). The implemented hydrologicadd®l approach is

applicable to other catchment studies, while upimgsical-based input parameters. The input andubpgrameters are listed

in the suppl. section 2 and 75. he ompiled ode eely—available—at—http: #B-td- _ — | Kommentiert [sh19]: The availability is given at the end of th
paper. The developed code sections to compute lzaekeffects are|

published as open source document:

' ) https://doi.org/10.15480/882.3522
provided-upen-requestto-the-corresponding-author.

395 6 Exemplary model application and evaluation

Objective of the model evaluation is to determine teliability of the numerical model results toibe sifficient range of

accuracy for the designated field of applicationw(.2008; Oberkampf and Roy, 2010; Refsgaard andikiam, 2004; [Feldfunktion geindert ]

Sargent, 2014). An evaluation of the extended migebipso-NA (4.0) is performed by comparing theutesof the numerical
model with observed data of gauging stations imtlesoscale catchment ‘Dove-Elbe‘. This exemplatgtzaent comprises

400 atide gate as well as several sluices, weirs amdyling catchments drained by pumping station d@tainage through the
tide gate depends on low tide conditions. At high,tthe gate is closed causing backwater effedisei streams.

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

The mesoscale catchment area ‘Vier- und Marschiamale a size of 175 km? and is located in the St of Hamburg,

Germany (see Fid.08). The downstream river segment Dove-Elbe is astref 18 km in length and a tributary of the tidal
405 influenced Elbe River. Further tributary streamsaluhdrain into this main river segment are the Gelbe, Schleusengraben,

Brookwetterung and a downstream segment of the.Bilhese streams are part of the analysed mesastelenent. The soil

is mainly peat and clay with a varying spatial ilsttion and thickness. Another regional scaleloaient (namely of the river
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Bille) with a size of about 337 km? drains into ttedy area ‘Vier- und Marschlande’. Thus, an ole@chment area of
about 512 km? is drained through the tide gateefaérger Deichsiel’.

= [ Feldfunktion geandert

The Mean Low Water (MLW) is at about -1.5 m aarld the Mean High Water (MHW) is at about 2.2 mil.alhe tide gate
closes when a water level of about 0.9 m a.sXdégeeded in the Elbe River. During the closure gedbthe tide gate, water
is retained in the stream segments of the ‘Vied Marschlande’ catchment leading to afiux of water which causes
backwater ffects. The numerical model includes 75 subcatchm@atgunction nodes, 75 meso scale stream segménts,
gauging stations and 7 control structures. Thesg@cstructures comprise gates, weirs, pumpintiosta. and a tide gate (see
Fig. 108). The control functions comprise the opening al ageclosure of gates and sluices or startinguofips according to
defined criteria. The backwatdfected river segments in the Dove-Elbe with a leldibout 12.5 km are characterised with
wide profiles (width >100 m) and wide flood proneaaréwidth >200 m) on the mesoscale.

For the computation of the flood routing, the KaliMiljukov method for mainly irregular profiles whtfive 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-influenasabtal urban area: [ Feldfunktion geéndert

with consideration of climate change) with threngion areas (300 000 m2) which are indicatedgn 08 The application
and evaluation results of the research projectkStiac the Dove-Elbe streams as part of the ‘VienduMarschlande’

catchment are summarised in the following section.

6.2  Application and evaluation results

An evaluation of the developed method to computkiater effects with Kalypso-NA (4.0) is done bymmaring numerical
model results with data of gauge measurements dlengver stream segments of the Dove-Elbe. Tladyais of two flood
events are presented. Measurements of five gasgatigns in the Dove-Elbe stream segments areadlaifor a flood event
in February 2011 and the measurements of the dosamstgauging station are available for a flood ewrefrebruary 2002.
The locations of gauging stations and control stmas are indicated in Fig08

The results at the downstream gauging station €fAlbher Deich”) are illustrated in Fi§j19 for the opening and closing
function of the tide gate (in red) according to @vdevels at the downstream gauging station ‘Sctéfié’ in the Elbe River
(in dotted violet) for the event in 2002. The tigkgte closes when a water level of 0.9 m a.s.ixéeeded at the downstream
gauging station ‘Schopfstelle’. In the illustratexample of February 2002, the tide gate remainesed two times during
storm tides. Meaning, the Elbe River water leveirtulow tide periods did not fall below the reqdrminimal water level
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 consetjydarge
backwater ffects in the Dove-Elbe streams. The simulated asdrobd peak water levels showaveragdifference of about
0.02 m.The differences in peak water levels are in thgeasf 0.01 m to 0.10 m. This corresponds to a tiariaf 1 to 10 %

in the streams with a backwatdfemted water level variation larger than 1 m. ThetRdean Square Error (RMSE) (< 0.12

m) and coefficient of determination (R?) ( > 0.9)tlee flood event analysis confirm the good reswkluation.The RMSE

Roet-Mean-Square-Errer{RMSandeoefficient-of-determinatiorR® show a very good fit for the rising limb of thedid

event. Because of an exceptional manual pre-opaifitige tide gate by the authority, ca. 1.5 howfte reaching the water

level of 0.9 m a.s.l in the Elbe, the simulatedtomrfunction and observed status of the contmalcttire are not comparable
for the falling limb (details are illustrated snppl. section 68). During the rainfall storm event February 201t water level
increased due to backwater effects caused by gt flischarge from upstream catchments. Hereferelce of less than
0.01 m is shown between observed and simulatedpatgt levels. The scatter plot, the R2 and the ENt® the flood event
analysis on the 07.02.2011 to 08.02.2011 show d gem#tconcordanceAn interactive backwater system is present fer th
downstream Dove-Elbe river section, which is infloed by thecontrol structures ‘Reitschleuse” (blue, Fid9) and ‘Dove-
Elbe Schleuse” (green, Figi19). Both —whichcontrol structuredepend on thresholds of the downstream waterdenehe
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450 Dove-Elbe stream segments (black, Eijl). In this case, the method to model interactivetrad systems is applied he
evaluation results show a good performance of tbdain The closing and opening times of the slu@mesording to the
thresholds are met-and-evaluated

Details and further results of the events Febr2@Q2 and February 2011 for the control structufEst¢nberger Schleuse’,
‘Reitschleuse’ and ‘Dove-Elbe Schleuse’) are gietihesuppl. section 68. The average fference in observed and simulated
455 water level peaks is abo¥V = 0.04 m. This corresponds to dfeience of about 5 % in relation to the 1 m largetdiaiion
range of the water table in the stream segmentseoDove-Elbe catchment. Additionally to the goidrf peak values, the
hydrographs in the supplement of this article stiwat the temporal sequence (1) of opening andwéissa closing the control
systems and (2) of the rising and visa versa falimb in the hydrographs in the river segmentsreek simulated. The results
show a good reliability of the computed flood rogtand backwaterfects in streams. It is stated that with these figslithe
460 reliability of the numerical model results are isuificient range of accuracy for the designated fieldpgpfication.
Additionally to the presented evaluation studiefipad peak reduction measure is analysed in theareh project
StucK. By excavating three retention areas withtal size of 330.00M2 from +2m a.s.l. to +1In a.s.l., an additional retention
volume of 330.000n3 is created when the water level exceeds the biarks at +In a.s.l. The location of retention areas is
indicated in Fig108 With the additional retention volume, the peakewéevel can be reduced by 0.08 m. For the evebt 2
465 the result is shown in treeippl. section 86. More results of the model application for theedash project StucK are published

in(Frohle and Hellmers, 2020). __ - { Feldfunktion gesndert )
‘e { Formatiert: Standard ]
7__|Discussioh of model results and limitatons ___ — | Kommentiert [sh20]: Changes on behalf of the comments by fthe
second reviewer.

In low lying lands, backwaterfiects and backwater induced flooding of areas aimportant issue. The literature- - { Formatiert: Standard ]

470 review in chapter 1 revealed that modelling backwaffects is not or rarely implemented in stand alondrdiggical

numerical models up to now. In this paragraphf{itigings of the presented conceptual method to inoaiekwater effects in

lowlands caused by flow control structures usirsigad alone hydrological model and the evaluatsulis are discussed. It

points out the achievements and limitations in egaeshing the objectives of this work.

The developed, implemented and evaluated methochéatelling backwaterffects transfers discharges into water

475 levels using a conceptual approach. Backwater weltguting is calculated by taking into accountitager level slope along

streams and adjacent lowland areas. The conceptpabach applies a pre-defined water level toleranccalculate the

backwater volume routing. The use of physical-baspdt parameters (e.g. profile geometries) enablepply the presented

hydrological model for other catchment studies. @it parameters comprise data of the stream esofigradients and

roughness along the flow path. The objective in riodethe effects of e.qg. tidal ranges on flow aohistructures and the

480 resulting backwater effects on the flow regime pstveam lowlands are reached by the conceptuablogical method.

In_ comparison to coupled hydrodynamic models, tpaii parameters are parsimonious. Another advarmhtie

developed method is the direct computation of higdjioal processes in backwatdfegted areas. For example, the infiltration,

groundwater recharge, evaporation of water fromnmrged areas are simulated. To simulate prospestiadges in

urbanisation or effects by climate change on pietipn patterns can be defined directly in theroahical numerical model.

485 The implementation of the method is realised imghen source rainfall-runoff model Kalypso-NA 4Te conceptual method

is re-useable to extend other hydrological modéiEfwvare based e.g. on the often applied floodmguhethods of Kalinin-

Miljukov and Muskingum Cunge.

Limitations of the conceptual method exist in méidgldetails of the spatial and temporal variapilit the velocity

and tidal flow regime within stream sections. le #tonceptual method each stream section is conepuéet a “reservoir”

490 according to the linear reservoir theory. Meanihgt the backwater profile is assumed to be flahiwieach river section.
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The exactness of the water level heights dependieodefined water level tolerance and the scatbefiver sections. This

means, in contrast to hydrodynamic-numerical apgres, the developed hydrological model does nopcevelocity fields

within streams and water levels represent averahges per stream segment. This hydrological floading method is

appropriate to accomplish the objectives of thiskwo model regional scale backwatélieated catchments (>100 km?2) with

the requirement to keep the computing times snmallwith a parsimonious parametrisation. It doesraplace the demand

to model two or three-dimensional velocity fieldsl 4o compute the distribution of water levels witstreams or submerged

areas by the use of coupled hydrodynamic-numemcalels for specific research guestions.

——The evaluation results (chapter 6) show the apilitaof the model for simulating rainfall-runoff

regimes and backwater effects in an exemplary legvtzatchment (175 km2, Hamburg, Germany) with aglem
flow control system and where the drainage is erflted by a tidal range of about 4 m. The flood egenlysis

1

Formatiert: Einzug: Links: 1,27 cm, Keine Aufzéhlungen
oder Nummerierungen

confirm good evaluation results: the comparisonlifferved to simulated results show a low RMSE (12 @) and

a high R2 (> 0.9). In the presented applicationlists a standard desktop computer with i7-5600U @Ridessor

and 2.6 GHz is applied. The computation time ithérange of max 3 minutes even for large catchsn@wtre 175
km?) using a time step size of 15 minutes for aldys simulation. With these short simulation tirtfespresented

method shows a good potential to be used in floogichst simulation models, where results in forrmimé series

(e.q. water level and discharge) per river sediiot flood prone area are sufficient.

78 _Summary and outlook

Numerical models are required in forecast simufetiand to assess the consequences by future infpa@cthanges in

magnitude as well as probability of stormwater ¢sechanges in urbanisation and predicted meatesekrise on the runoff

regime in catchments. Especially in coastal lowdartide pressure on stormwater drainage flow controsystems raises due

to a combination of all three impacts. The literatteview shows weaknesses in modelling water degoitl backwaterfects

in streams and lowland areas usignd alonéhydrological numerical models. A method to resdlvese weaknesses is

presented in this article. The developed numenwthod is:

(1) applicable to model complex drainagied flow controlsystems irtidatbackwater affected lowlands,
(2) efficient by using short runtimes for real-time ogt@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 studthefcomplex and tidal influenced lowland catchm¥fer- und Marschlande* - - { Formatiert: Listenabsatz

illustrate good conformance in the simulated badkweffects on the flow regime-
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show the reliability of the numerical model resdtde in a sfficient range of accuracy for the designated fielpplication

to answer a wide range of hydrological and wateragament questions. The numerical model is suifablgperational flood

forecasting, real-time control, risk analyses, aceranalyses and time series gap filling in miorcegional scale catchments.

The presented method is re-useable for other hygicdl numerical models which apply conceptual biafyical flood

routing approaches (e.g. Muskingum-Cunge or KalMitjukov).

Outlook
The presented method in the model Kalypso-NA (ta@ompute backwater affected flood routing willdmapted to model
hydrological processes in local scale drainage oreagaka SUDS, GI, BMP as parts of nature baseticus). Preliminary

The integration of Kalypso-NA in flood forecastiagstems (e.g. Delft-FEWS) is in progress.
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910 Software availability.

Name of the modified computation model: Kalypso-NA (version 4.0)

Developer of the modified part: (IWB) Institute of River and Coastal Engineerifidd HH-Hamburg University of Technology)
Contact address: Denickestrasse 22, 21073 Hamburg, Germany.

Phone: +49 4042878 4412.

Homepage: https://www.tuhh.de/wb/forschung/software-entvlirig/kalypso/kalypso-na.html

First time available: BCENA renamed to Kalypso-NA (around 2000).

License: GNU Lesser General Public License (LGPL) as psiigldl by the Free Software Foundation, version 2.1.
Hardware required: PC

Program language: FORTRAN

Programsize: 5.8 MB

on-the-29.01-2021Source code of the modified part of the modelgtsl in this papes publishedn (Hellmers, 2021)

(DOI: 10.15480/882.3522; http://hdl.handle.net/10/9508)can-beprovided-uponreguest-to-the-corneipg-authorMain

code sectionsPartf flow diagrams and equatioase published in the supplement of this article.
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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), veume V(t) or outflow Q(t) per
time step t.
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Figure 2: Scheme of five computation steps in theedeloped 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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