t uLnI.\EgE B UCLouvadin

Université de Liege Université catholique de Louvain
Faculté des Sciences Faculté des Bioingénieurs
Département d’Astrophysique, Earth and Life Institute

Géophysique et Océanographie

Multiscale hydrodynamic modelling of
the Danube Delta

Doctoral dissertation presented by

LAURANNE ALAERTS

in partial fulfillment of the requirements for the degree of

Doctor in Sciences
and
Doctor in Agronomical Sciences and Biological Engineering

Thesis committee:

Prof. Marilaure Grégoire (Supervisor) ULiege
Prof. Emmanuel Hanert (Supervisor) = UCLouvain

Dr. Luc Vandenbulcke ULiege
Dr. Olivier Gourgue Royal Belgian Institute of Natural Sciences
Dr. Christian Ferrarin Institute of Marine Sciences

of the National Research Concil of Italy
Dr. Jonathan Lambrechts (Secretary) UCLouvain
Prof. Xavier Fettweis (President) ULiege

Liege, December 2025






You cannot get through a single day

without having an impact on the world around you.
What you do makes a difference, and you have to decide
what kind of difference you want to make.

Jane Goodall



Floodplains are a key component of deltaic systems, influenc-
ing hydrodynamics, ecosystem functioning, and local socio-
economic activities. Situated at the interface between the Danube
River and the Black Sea, the Danube Delta forms a complex mo-
saic of channels, lakes, and floodplains. Despite its key role as
a transition region—that filters nutrients, buffers floods, sup-
ports biodiversity, and sustains local livelihoods and economic
activities—the Danube Delta remains understudied. In this
thesis, we use the 2D version of the multiscale hydrodynamic
model SLIM to evaluate the influence of floodplains on the hy-
drodynamics of the Danube Delta. We first examine the role
of mesh configuration in such braided river-floodplain environ-
ments and propose hybrid curvilinear—unstructured meshes as
the best compromise between accuracy and computational effi-
ciency. We then present a first comprehensive, high-resolution,
easily accessible bathymetric dataset for the three main branches
of the Danube Delta, filling a key gap in available data for hydro-
dynamic modeling in the region. Finally, we demonstrate that
including floodplains in deltaic hydrodynamic models improves
hydrodynamic representation and offers alternative pathways for
water flows. In the Danube Delta, we estimate that the propor-
tion of the upstream discharge reaching the sea through routes
other than the six main river mouths ranges from 10.0+4.1%
(2024) to 10.8+4.8% (2021). This thesis highlights the essen-
tial role of floodplains in deltaic environments and represents
an important step toward a more realistic representation of the
Danube-Black Sea continuum.



Résumé

Les plaines inondables sont des composantes clés des systemes
deltaiques, influengant I’hydrodynamique, le fonctionnement
des écosystemes et les activités socio-économiques locales. Situé
a linterface entre le Danube et la mer Noire, le delta du
Danube forme une mosaique complexe de canaux, de lacs et
de plaines inondables. En dépit de son role essentiel de ré-
gion de transition—filtrant les nutriments, atténuant les crues,
soutenant la biodiversité et les activités économiques locales—le
delta du Danube demeure encore sous-étudié. Dans cette these,
nous utilisons la version 2D du modele hydrodynamique multi-
échelle SLIM pour évaluer l'influence des plaines inondables sur
I’hydrodynamique du delta du Danube. Nous examinons d’abord
I'impact de différentes configurations de maillages dans des en-
vironnements fluvio-deltaiques composés de riviéeres en tresses
et des plaines inondables, et proposons des maillages hybrides
curvilinéaires—non structurés comme le meilleur compromis en-
tre précision et efficacité de calcul. Nous présentons ensuite un
premier jeu de données bathymétriques complet, facile d’acces
et a haute résolution, couvrant les trois branches principales
du delta, comblant ainsi une lacune majeure dans les données
disponibles pour la modélisation hydrodynamique de la région.
Enfin, nous démontrons que l'inclusion des plaines inondables
dans les modeéles hydrodynamiques améliore la représentation
de la dynamique fluviale et ouvre des voies d’écoulement d’eau
alternatives. Dans le delta du Danube, nous estimons que la pro-
portion d’eau atteignant la mer par d’autres voies que les six em-
bouchures principales varie entre 10.0+4.1% (2024) et 10.8+4.8%
(2021). Cette these souligne ainsi le role essentiel des plaines
inondables dans les environnements deltaiques et constitue une
étape importante vers une représentation plus réaliste du contin-
uum entre le Danube et la mer Noire.
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Introduction

11 Connecting the river to the sea: The Danube Delta

11.1 The Danube

The Danube River, Europe’s second-longest river, flows over 2,800 kilo-
meters from its source in Germany’s Black Forest to its outlet in the
Black Sea (Figure 1.1). Along its course, the Danube passes through
ten countries and four European capitals. Its basin stretches across
19 countries, covering more than 800,000 km?>—approximately 10%
of continental Europe—making it the most international river basin in
the world (ICPDR, 2021; Eder et al., 2022; Sommerwerk et al., 2022).
Humans have lived in the Danube River Basin (DRB) since the Pale-
olithic, and nowadays between 70 and 90 million people depend on the
it for drinking water, agriculture, energy production, transport, recre-
ation, and ecosystem services (ICPDR, 2021; Kovacs & Zavadsky, 2021;
Minoiu & Craciun, 2021; Eder et al., 2022; Sommerwerk et al., 2022).

The size of the DRB makes it highly heterogeneous in terms of natural
conditions (climate, hydrology, topography, geology, geomorphology),
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river characteristics (discharge, sediment load, biogeochemistry, sea-
sonality), as well as socioeconomic conditions (economic development,
political situation, urbanization, land management plans) and cultural
behavior (languages, traditions) (Schiller et al., 2010; Kovacs & Zavad-
sky, 2021; Sommerwerk et al., 2022; Probst & Mauser, 2023; Ionita
et al., 2025). From this complexity emerges a need for international
cooperation in the basin’s management, which led in 1994 to the cre-
ation of the International Commission for the Protection of the Danube
River (ICPDR), which now includes 14 countries and has published a
Danube River Basin Management Plan (DRBMP) every six years since
2009 (ICPDR, 2021).
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Figure 1.1: The Danube's course through Europe. The river is shown as a dark blue
line. Countries and capitals along its path are labeled on the map. A small globe in
the top right corner indicates the extent of the main map with a red rectangle.

Although international cooperation has improved basin-wide manage-
ment, the Danube still faces numerous anthropogenic pressures. In
the second half of the 20th century, water quality was negatively im-
pacted by intensified agriculture, urbanization, and industrial devel-
opment. These pressures altered the river’s physical (e.g., temperature,
sediment load), chemical (e.g., nutrient and contaminant loads), and
biological (e.g., biodiversity, invasive species) characteristics (Manoiu
& Cridciun, 2021). The most recent DRBMP identifies the key pres-
sures on the river as hydromorphological alterations, climate change,
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and pollution from nutrients, organic substances, and hazardous com-
pounds (ICPDR, 2021).

Among these, hydromorphological alterations are particularly signif-
icant. Dams, weirs, and navigation works have fragmented the river
continuum, disrupted sediment transport, and reduced floodplain con-
nectivity (ICPDR, 2021; Mdnoiu & Craciun, 2021). Since the 1970s, the
Danube water regime have changed and sediment transport has de-
clined by two-third, mainly because of dam construction (Sandu et al.,
2025). The river’s original floodplain area has been reduced by 70-80%,
with uneven distribution of the loss as the Upper Danube is the most
affected and the Danube Delta the most preserved (Eder et al., 2022;
Sommerwerk et al., 2022; Frank et al., 2025).

In parallel, water quality has been a long-standing concern. In the
1960-1990s, nitrogen inputs to the basin increased fivefold, and phos-
phorus inputs doubled. While water quality has since then improved
thanks to better wastewater treatment and agricultural management,
nutrient and pollutant loads remain a concern. Between 2015 and
2018, the river received a yearly load of approximately 500,000 tonnes
of total nitrogen and 31,000 tonnes of total phosphorus, mostly origi-
nating from agriculture and urban wastewater systems (ICPDR, 2021;
Minoiu & Criciun, 2021; Hikov et al., 2023). In addition, contami-
nation from heavy metals, persistent organic pollutants, and emerg-
ing hazardous substances—often linked to industrial activity or his-
toric mining—remains an issue in some parts of the basin (Vijdea et
al., 2022; Hikov et al., 2023; Zessner et al., 2025).

Finally, climate change is expected to further exacerbate these chal-
lenges. Rising air and water temperatures have already been observed
throughout the basin and are projected to continue increasing (ICPDR,
2019; Pekarova et al., 2023; Probst & Mauser, 2023). Precipitations
regime will change, with projections for 2050-2100 suggesting that wet
regions and seasons will become wetter, and dry ones drier. Although
average annual discharge is expected to increase, variability and sea-
sonality will also grow, and the likelihood and severity of extreme
events such as floods and droughts is expected to increase (ICPDR,
2019; Stolz et al., 2025).
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11.2 The Black Sea

At the end of its course, the Danube discharges into the Black Sea (Fig.
1.2). The Black Sea (BS) is a semi-enclosed basin located between Eu-
rope, Anatolia and the Caucasus, connected to the Mediterranean via
the Bosporus Strait and to the Sea of Azov through the Kerch Strait. Its
surface area is ~423,000 km?, with an average depth of ~1240 m and
a maximum depth reaching ~2500 m (Toderascu & Rusu, 2013; Bakht-
yar et al., 2020). The BS receives important freshwater input at the
surface through rivers and precipitations, and denser saline water in-
flow from the Mediterranean at depth, resulting in low overall salinity
and a strong vertical stratification. A permanent halocline is present at
depth between 100 and 200 meters, below which the waters are com-
pletely anoxic. This makes the Black Sea the largest anoxic water body
on Earth, with anoxic conditions prevailing in roughly 90% of its vol-
ume (Bakan & Buyukgiingor, 2000; Toderascu & Rusu, 2013; Bologa &
Bloesch, 2025). Interestingly, the deep waters also contain the largest
natural reservoir of toxic hydrogen sulfide (H,S), only separated from
the surface by the oxic layer. During the peak eutrophication period
of the 1970s and 1980s, the thickness of this oxic layer decreased sig-
nificantly due to increased oxygen demand. The situation has since
improved, mainly due to reductions in nutrient inputs from the rivers
(Bakan & Buyukgungor, 2000; Capet et al., 2016).

In terms of horizontal dynamics, circulation in the BS is primarily
wind-driven, as tidal amplitudes are relatively small-—typically be-
tween 7 and 12 cm. The main feature of the BS’s circulation is the Rim
Current, a cyclonic flow that follows the continental slope of the cen-
tral basin (Fig. 1.2). The circulation also includes two cyclonic gyres,
called the western and eastern gyres, along with transient mesoscale
structures such as eddies, meanders, dipoles, and filaments found on
either side of the Rim Current. These features play an important role in
shaping water transport and biogeochemical processes across the basin
(Oguz & Besiktepe, 1999; Bakan & Buytikgiingor, 2000; Toderascu &
Rusu, 2013; Sadighrad et al., 2021).

Most of the riverine input to the BS happens on the North-Western
Shelf (NWS) (Fig. 1.2). This shallow continental shelf, spanning ap-
proximately 200 kilometers in width and reaching depth up to 200 m,
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Figure 1.2: The Black Sea. General circulation patterns are illustrated with white
dotted lines and arrows. The four main river contributors to the Black Sea—the
Danube, Dniester, Dnieper, and Southern Bug—are shown as dark blue lines. A
small globe in the top right corner indicates the extent of the main map with a red
rectangle.

accounts for about 30% of the sea’s surface area but only 1-2% of its
total volume (Panin & Jipa, 2002). The NWS receives inputs from sev-
eral large rivers—namely the Danube, Dniester, Dnieper, and Southern
Bug (Fig. 1.2)—but the Danube is by far the main contributor. With
an average discharge of 6000 to 6500 m3/s, it provides almost 60% of
the freshwater inflow to the Black Sea. This flow is highly seasonal,
peaking in late spring (on average ~9000 m3/s) and a minimum in au-
tumn (on average ~4000 m3/ s) (Jaoshvili, 2022; Sommerwerk et al.,
2022). Beyond freshwater, the Danube also plays a significant role in
the biogeochemistry of the NWS through the large quantities of nu-
trients it discharges. Its nitrogen input alone is estimated to exceed
the combined contributions of the Dniester and Dnieper by more than
thirty-fold (Grégoire & Friedrich, 2004) and it accounts for approxi-
mately 48% of all suspended matter inputs to the Black Sea (Giittler et
al., 2013). During the 1970s-1990s, high nutrient discharges from the
Danube triggered widespread eutrophication and hypoxia events, lead-
ing to severe biodiversity losses in the northwestern Black Sea (ICPDR,
2021; Kovacs & Zavadsky, 2021). While the situation has improved,
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and the river basin retains part of the nutrient input—reducing the
load entering the sea by approximately 22% for nitrogen and 23% for
phosphorus——current nutrient delivery to the sea still exceeds bench-
mark values from the 1960s (~2.5x10% kg TN and ~2x107 kg TP per
year), showing that there is still room for improvement (ICPDR, 2021;
Kovacs & Zavadsky, 2021).

Once discharged into the sea, the nutrient-rich Danube plume can in-
fluence the Black Sea biogeochemistry hundreds of kilometers from the
delta, depending on shelf circulation (Miladinova et al., 2020; Ferrarin
et al., 2025). The plume’s dispersion is primarily governed by wind
patterns and the Rim Current, the latter typically acting as a barrier
between the deep BS waters from the shallower NWS. While the plume
usually flows southwestward along the coast, seasonal and interannual
variability can produce a range of propagation patterns (Kubryakov et
al., 2018; Miladinova et al., 2020). For example, Kubryakov et al. (2018)
identified four dominant summer propagation patterns: (i) western
propagation, that occurs in years with prevailing north-eastern winds,
where an along-shore southward current push the plume along the
coast; (ii) southeastern propagation, where winds blow to the south-
southeast, leading a substantial portion of the plume eastward, where
it interacts with mesoscale eddies along the shelf break and can reach
the central western BS; (iii) northern propagation, where anticyclonic
winds form an eddy that retains the plume in the northern NWS for a
considerable part of the summer; and (iv) eastern propagation, driven
by an anticyclonic wind system extending over the entire western Black
Sea that pushes the plume eastward toward the Rim Current and asso-
ciated eddies.

In addition to these natural dynamics, the NWS is subject to mul-
tiple anthropogenic pressures. Eutrophication had major impacts in
the past, with the northern NWS experiencing benthic hypoxia during
the peak nutrient loads to the sea in the 1970s-1980s. It remains a
key concern today, as benthic communities still show incomplete re-
covery from the biodiversity losses, and seasonal hypoxia events per-
sist in some areas (Chevalier et al., 2024; Bologa & Bloesch, 2025).
At the same time, reduced sediment supply—mainly due to up-
stream damming——leads to coastal erosion, especially in deltaic and
nearshore environments (Sandu et al., 2025). Other ongoing pressures
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on the NWS include climate change, intensive navigation, dredging,
tourism, fisheries, pollution, land use changes, and the spread of inva-
sive species. More recently, geopolitical instability with Russia’s in-
vasion of Ukraine has introduced additional stressors, linked to in-
frastructure damage and an increased military presence in the region
(Bologa & Bloesch, 2025). The ongoing war has had both direct and
indirect impacts on the NWS ecosystems. Direct effects include phys-
ical damage from weapons and explosions, shockwaves, intense noise,
sonar use, as well as flooding and fires. Indirect effects arise from oil
spills due to sinking ships and aircraft, toxic and heavy metal con-
tamination from ammunition, and the release of untreated sewage and
pathogens following the destruction of wastewater facilities. Together,
these disturbances degrade water quality and threaten ecosystem ser-
vices across the region (Kharchenko, 2023; Safranov et al., 2024; Kvach
et al., 2025).

1.1.3 At the interface: the Danube Delta

At the interface between the Danube River and the Black Sea lies the
Danube Delta (Fig. 1.3). The delta begins at Ceatal Izmail, the site
of the first bifurcation of the Danube, where the river divides into the
Tulcea and Chilia branches. The Chilia branch, which serves as a bor-
der between Ukraine and Romania, is the longest (117 km) and least
disturbed of the three main branches of the delta. About 20 km before
reaching the sea, the Chilia branch forms a smaller secondary delta
(Panin et al., 2016). Approximately 17 km east of Ceatal Izmail, the
Tulcea branch splits again at Ceatal Sfantu Gheorghe into the Sulina
and Sfantu Gheorghe (Saint George) branches. The Sulina branch is the
shortest (71.7 km, including 8 km of marine jetties) and the most trans-
formed of the branches, as its course was straightened and deepened
between 1868 and 1992 to facilitate navigation. The Sfantu Gheorghe
branch, 108.8 km in length, was also altered during a "cut-off" program
in the 1980s-1990s, which shortened its course by 31 km (Panin et al.,
2016). Water levels and discharges in the delta fluctuate seasonally
and interannually, with peak levels typically observed in late spring
(April-June) and lower levels in autumn (September—November) (Giit-
tler et al., 2013) (Fig. 1.4).
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Figure 1.3: The Danube Delta. The Danube and its three main branches are shown
in dark blue. The two main cities in the area—Tulcea and Sulina—are indicated
on the map, as well as the two main bifurcations—Ceatal Izmail and Ceatal Sfantu
Gheorghe—of the Danube

The exact Danube Delta boundaries are not fixed in the literature,
and vary depending on wether Ukrainian territories, adjacent lakes,
or lagoons (geologically and ecologically connected to the delta) are in-
cluded. As such, reported surface areas range from approximately 4000
to 8800 km? (Sommerwerk et al., 2022). Regardless of delineation, the
delta is predominantly flat, with more than 90% of its surface lying
below 2 meters above sea level (Driga, 2008). The Danube Delta is
composed of a mosaic of interconnected ecosystems, including semi-
natural wetlands, marshes, lakes, reed beds, grasslands, sand dunes,
forests, and human-modified landscapes such as agricultural lands,
aquaculture zones, and scattered settlements. A complex network of
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Figure 1.4: Discharge evolution at Isaccea, upstream of the Danube Delta, for years

2021, 2023 and 2024. Data collected by the Galati Lower Danube River Adminis-
tration (AFDJ).

channels and backwaters connects over 300 to 500 lakes. These shal-
low lakes (average depths of 1.7 to 3.9 meters) vary greatly in size (0.7
to 43 km?) and can be seasonally or permanently connected by chan-
nels or through dense reed vegetation (Guttler et al., 2013; Poncos et
al., 2013; Cioaci et al., 2018). In total, the delta contains over 3,000
km? of river-connected wetlands, making it the largest nearly undis-
turbed wetland in Europe. Approximately half of this area is flooded
year-round, while the remainder experiences seasonal inundation.

The Danube Delta plays a central buffering role in regulating ex-
changes along the Danube-Black Sea continuum. It helps attenuate
discharges to the sea (Driga, 2008), processes and retains nutrients (Su-
ciu et al., 2002; Friedrich et al., 2003), and captures sediments (Cioacd
et al., 2018). In addition, the delta provides other ecosystem services,
including drinking water, food supply, flood protection, and opportu-
nities for agriculture, aquaculture, navigation, fishing, and tourism. It
is also a known hotspot for biodiversity: it is famous for its abundant
birdlife, with more than 310 important bird species, and it hosts count-
less invertebrates, valuable plant communities, and a diverse range of
fishes and mammals (Lupu et al., 2022). Studies show that more than
half of the 137 fish species recorded in the broader Danube-NWS re-
gion depend on the delta at some point in their life cycle (Bandduc
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et al., 2023). This ecological value has led to multiple conservation
measures. Since 1990, large portions of the delta, its floodplains, the
Danube River, and the Razim-Sinoe lagoon complex have been pro-
tected as the Danube Delta Biosphere Reserve. The site has been desig-
nated a Ramsar Wetland of International Importance (since 1991) and
a UNESCO World Heritage Site (since 1998). In total, an area of ap-
proximately 6265 km? is now under protection (Giittler et al., 2013;
Sommerwerk et al., 2022; Nichersu et al., 2025).

Although most of the Danube Delta is now protected, its ecosystems
had already been heavily altered by human interventions through-
out the 20th century. The modification of the course of the Danube’s
branches led to a significant redistribution of water among them.
In 1902, 72% of the Danube’s discharge was flowing into the Chilia
branch, while the Sulina and Sfantu Gheorghe branches received 9%
and 19%, respectively. By 2003, these proportions had shifted to 52,
20 and 28% (Panin et al., 2016) and in 2015, to 45, 34 and 21 (Bloesch
et al., 2025). More recent data from 2021 and 2024, provided by the
Institutul National de Hidrologie si Gospodarire a Apelor (INHGA) in-
dicate a continuing shift, with roughly 45% of discharge through the
Chilia branch, ~20% through Sulina, and 30-35% through Sfantu Ghe-
orghe. Additional changes to delta hydromorphology include the con-
struction of 8-km-long jetties at the Sulina outlet, which altered sedi-
ment transport dynamics and contributes to coastal erosion (Panin &
Jipa, 2002). Beyond the main branches, more than 300 km of canals
were dug throughout the delta to facilitate inland navigation, and ap-
proximately 30% of the deltaic area was dammed or polderized for fish
farming, reed harvesting, agriculture, or forestry. These interventions
have disrupted natural water circulation and led to extensive wetland
fragmentation (Driga, 2008; Cioacd et al., 2018). Restoration efforts
have been underway since 1994, but progress remains limited and
many challenges persist (Cioacd et al., 2018). Today, despite its pro-
tected status, the Danube Delta remains vulnerable. Long-standing
anthropogenic modifications are now being aggravated by the large-
scale pressures—-climate change, erosion, pollution—that affect the
broader Danube-Black Sea system and do not stop at the delta’s borders
(Nichersu et al., 2025).
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1211 Existing modeling efforts

Hydrodynamic modeling offers a powerful tool to investigate the func-
tioning of aquatic systems, their interactions, and their responses
to various natural and anthropogenic pressures. Given the eco-
logical complexity and socioeconomic importance of the Danube
River-Danube Delta-Black Sea continuum, such models are particu-
larly valuable for understanding and managing this interconnected en-
vironment. While the river, delta, and sea have each been extensively
studied through modeling, they are still most often treated separately.
This separation reflects both practical challenges (such as computa-
tional cost or model architecture) as well as disciplinary divides. As
one of Europe’s major rivers, the Danube has been the subject of nu-
merous modeling efforts in recent years. These include a wide range
of applications, spanning flood risk analysis, sediment dynamics, nav-
igability, and water quality management. Models vary in dimension-
ality (box models, 1D, 2D, 3D) and in spatial scope, depending on the
objective and region of focus (Glock et al., 2019; Bezak et al., 2021,
Liptay & Gauzer, 2021; Savu & Drobot, 2021; Gogoase-Nistoran et al.,
2022). Similarly, various hydrodynamic models have been applied to
the Danube Delta, targeting processes such as flooding, sediment trans-
port, or restoration planning (Jugaru Tiron et al., 2009; Gogoase et al.,
2011; Popescuetal., 2015; Tudor et al., 2022). However, the quasi total-
ity of these studies focus on limited areas of the delta, and there is still
a lack of high-resolution (10-100 m), system-wide models that incor-
porate the full floodplain network and dynamic water redistribution
within the delta.

The Black Sea also has a long history of hydrodynamic modeling, with
studies addressing among other things circulation, stratification, bio-
geochemistry, and hypoxia (Grégoire et al., 1997; Beckers et al., 2002;
Grégoire & Friedrich, 2004; Enriquez et al., 2005; Capet et al., 2013;
Bajo et al., 2014; Vandenbulcke & Barth, 2015; Dorofeyev & Sukhikh,
2017; Bouzaiene et al., 2021; Causio et al., 2021; Ciliberti et al., 2021).
Yet, in most of these sea models, the Danube’s contribution is poorly
represented. River inputs are often simplified, for example by using
seasonal climatological means or fixed values in time, or by reducing
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them spatially to a single-point discharge. In most cases, the delta is
omitted entirely. In some of the most recent studies, effort to better
represent the Danube discharge has been made by splitting the obser-
vation or climatological means upstream of the delta between branches
through percentages found in the literature (Bajo et al., 2014; Causio
et al., 2021; Ciliberti et al., 2021). However, such approaches must
be done carefully, especially in a context of changing discharge reparti-
tion, and they might also completely miss small time-scale events, such
as rising water level induced by storms, that have a definite impact on
river—sea exchanges. The poor representation of river-sea exchanges
has been identified as a key source of uncertainty in coastal models
globally (Breitburg et al., 2018; Lewis et al., 2019), and specific mod-
eling studies in the Black Sea have pointed the poor representation of
the Danube as a possible explanation for observed discrepancies with
ground-truth observations (Capet et al., 2013; Bouzaiene et al., 2021).

In light of these limitations, there is a clear need for integrated models
that resolve the delta not just as a boundary, but as an active zone me-
diating river-sea interactions. A recent effort by Ferrarin et al. (2025)
has explored this continuum using a 3D setup and gave good insight
on the river-sea interactions, but the study did not include the flood-
plain system of the delta. This thesis aims to address this gap by in-
vestigating the hydrodynamic role of those floodplains in the Danube
Delta. Specifically, it tackles the following question: What are the im-
pacts of the Danube Delta and its floodplains on the hydrodynamics of the
Danube—Black Sea continuum?

12.2 Challenges in modeling the Danube-Black Sea continuum

Modeling land-sea continuum implies representing processes across a
wide range of spatial and temporal scales. In particular, accurately sim-
ulating riverine and coastal hydrodynamics demands high spatial reso-
lution to capture small-scale features such as channel networks, shore-
line complexity, and complex bathymetry. However, applying such fine
resolution to large domains comes with high computational cost. For
instance, the Copernicus Marine Service (CMEMS) operational model
for the Black Sea is based on the structured grid model Nucleus for
European Modelling of the Ocean (NEMO) and has a horizontal reso-
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lution of about 3 km (Ciliberti et al., 2021), which is insufficient to re-
solve processes in narrow river branches or complex coastal zones. Two
main strategies exist to address this challenge. The first one is the use of
structured nested grids, in which high-resolution grids are embedded
within coarser ones (Debreu et al., 2012; Marta-Almeida et al., 2013).
While effective in many contexts, nested grids lack flexibility and be-
come increasingly difficult to apply in domains where relevant spatial
scales vary from a few meters to several kilometers (Hasan et al., 2016;
Haidvogel et al., 2017; Nudds et al., 2020). An alternative is the use
of unstructured meshes, which allow for spatially varying resolution,
with small elements in rivers and near the coast and larger elements
offshore (de Brye et al., 2010; Y. ]J. Zhang et al., 2023). Though unstruc-
tured mesh models have historically been considered too computation-
ally expensive, recent advances in computational power—particularly
through GPU acceleration—have made them increasingly viable and
competitive (Dong et al., 2025; De Le Court et al., n.d.)

In addition to spatial resolution, vertical structure is another key
consideration when choosing a hydrodynamic model. As previously
mentioned, the Black Sea is a highly stratified basin, with a strong
permanent halocline between 100 and 200 meters, separating oxy-
genated surface waters from anoxic deep layers (Bologa & Bloesch,
2025). Accurately representing this stratification typically requires
three-dimensional (3D) baroclinic models, which resolve density vari-
ations driven by temperature and salinity and can simulate inter-
nal waves, stratification, and density-driven flows (Cushman-Roisin &
Beckers, 2011). However, in shallow and well-mixed environments
such as the Danube River and Delta, a 2D barotropic model is gen-
erally sufficient (Brinkman et al., 2002). In such models, a vertically
homogeneous water column is assumed and the flow is driven solely
by external forces—such as river inflow, wind and tides—and by sur-
face elevation gradients. Two-dimensional barotropic typically solve
the depth-averaged shallow water equations, which are derived from
the Navier—Stokes equations under the hydrostatic and incompressibil-
ity assumptions, i.e., assuming vertical accelerations are negligible and
vertical pressure gradients are balanced by gravity. This approach is
valid when horizontal scales of motion greatly exceed vertical scales
(Cushman-Roisin & Beckers, 2011).
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In this thesis, we employed the two-dimensional barotropic module of
the latest version of the Second-generation Louvain-la-Neuve Ice-ocean
Model (SLIM). SLIM is a discontinuous Galerkin finite element model
based on unstructured meshes, designed for high-resolution simula-
tions over complex domains. It has already been applied in several
land-sea continuum studies (Gourgue et al., 2009; de Brye et al., 2010;
Gourgue et al., 2013; Le Bars et al., 2016; Sampurno, Vallaeys, et al.,
2022), although not yet in its latest version. SLIM 4 introduces support
for GPU-based computations, enabling finer resolutions and longer
simulations at significantly reduced computational times (De Le Court
et al., n.d.). While SLIM also includes a 3D baroclinic version (Alaerts
et al., 2022; Ishimwe et al., 2025), the choice of a 2D barotropic ap-
proach was motivated by the physical characteristics of the domain.
In both the Danube River and Delta, water columns are shallow and
largely vertically homogeneous, rendering 3D effects negligible in this
context. Additionally, the 3D module of SLIM 4 is still under devel-
opment and currently lacks support for wetting and drying processes,
which are necessary when modeling floodplains. Indeed, one of the
main challenges in hydrodynamic models of floodplains is the repre-
sentation of flooding and drying dynamics. As water depth approaches
zero, the shallow water equations become numerically unstable. This
issue is commonly addressed through wetting and drying algorithms,
which enable a stable transition between wet and dry states (Gourgue
et al., 2009; Medeiros & Hagen, 2013). During this thesis, a new ver-
sion of SLIM’s wetting and drying algorithm was developed and imple-
mented in the 2D version of the model, making this work the first to
describe and use it. Details on the algorithm and its implementation
can be found in Chapter 2.

Finally, every model needs data, whether for calibration, validation,
or boundary conditions. Despite the ecological and geopolitical im-
portance of the Danube Delta, open-access easy-to-use data remain
scarce. This data scarcity stems from a combination of logistical and
financial challenges, commercial restrictions, and the inherent com-
plexity of the deltaic environment. A simple but telling example is the
absence of discharge data at the mouths of the three main branches-
—-a gap that partly motivated this study. Another major limitation,
which became one of the main focus of this thesis, was the absence of
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an integrated, easily accessible bathymetry dataset for the three river
branches of delta. Similarly, finding an easy-to-use product to validate
flooding extents proved difficult, mainly due to the nature of the veg-
etation which interfere with satellite-based flood detection methods.
This scarcity of data poses a significant challenge for modeling efforts,
affecting both parameter calibration and model validation (Camacho
et al.,, 2014). Nevertheless, in this thesis, the model was parameter-
ized to the best of our ability, using the most reliable data available
and literature-informed assumptions. It was then evaluated against
available in situ and remotely sensed observations. Despite these limi-
tations, the development of a physics-based hydrodynamic model re-
mains valuable. As the popular saying goes "all models are wrong,
but some are useful". In environments where direct measurements are
sparse, numerical models can help bridge data gaps by offering estima-
tions of ground-truth reality. They can also serve as tools to assess the
plausibility of unobserved or unobservable dynamics, inform monitor-
ing strategies, and support decision-making under uncertainty. This
thesis aims to be one of many building blocks in the ongoing effort to
understand the functioning of the Danube Delta.

All this leads us to refine the aforementioned research question into
four more specific ones:

1. How do different mesh-building strategies affect the representation of
river—floodplain interactions? (Chapter 3)

2. How can heterogeneous bathymetric datasets be combined to produce
a coherent description of the braided river bed in the Danube Delta?
(Chapter 4)

3. How does the inclusion of floodplains influence the modeling of the
hydrodynamics within the Danube Delta? (Chapter 5)

4. How do floodplains modify the fluxes of water from the Danube to the
Black Sea? (Chapter 5)
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1.3 Outline of the thesis

This thesis follows the path taken to address the research questions
outlined above. In Chapter 2, we first present the current version
of SLIM, the hydrodynamic model used in this study, along with the
necessary developments for this thesis to which I contributed. Chap-
ter 3 discusses mesh design in complex braided river systems such as
the Danube Delta, and its impact on flood simulations. Chapter 4 fo-
cuses on the development of a bathymetry product for the three main
branches of the delta, highlighting the major gaps in readily available
data for this region. Chapter 5 presents the full land-sea continuum
model, and evaluates the influence of the Danube Delta and its flood
plains on the Danube-Black Sea system under different hydrological
scenarios. Finally, Chapter 6 summarizes the main findings and out-
lines perspectives for future research, including potential model im-
provements and discussions on data availability and delta manage-
ment.

14 Supporting publications

Alaerts, L., Dobbelaere, T., Gravinese, P. M., & Hanert, E. (2022).
Climate change will fragment Florida stone crab communi-
ties. Frontiers in Marine Science - Sec. Global Change and the
Future Ocean, 9. 10.3389/fmars.2022.839767.

Alaerts, L., Lambrechts, J., Randresihaja, N. R., Vandenbulcke,
L., Gourgue, O., Hanert, E., & Grégoire, M. (2025). An in-
tegrated high-resolution bathymetric model for the Danube
Delta system. Earth System Science Data, 17(7), 3125-3140.
10.5194/essd-17-3125-2025.

Lecart, M., Dobbelaere, T., Alaerts, L., Randresihaja, N. R., Mo-
hammed, A. V., Vethamony, P., & Hanert, E. (2024). Land
reclamation and its consequences: A 40-year analysis of wa-
ter residence time in Doha Bay, Qatar. PLOS ONE, 19(1),
€0296715. 10.1371/journal.pone.0296715.


https://doi.org/10.3389/fmars.2022.839767
https://doi.org/10.5194/essd-17-3125-2025
https://doi.org/10.1371/journal.pone.0296715

1.4 Supporting publications 17

Dobbelaere, T., Dekens, A., Saint-Amand, A., Alaerts, L., Hol-
stein, D. M., & Hanert, E. (2024). Hurricanes enhance coral

connectivity but also superspread coral diseases. Global
Change Biology, 30(6), e17382. 10.1111/gcb.17382.

Randresihaja, N. R., Gourgue, O., Alaerts, L., Fettweis, X,
Lambrechts, J., De Le Court, M., Grégoire, M., & Han-
ert, E. (2025). How atmospheric forcing resolution impacts
storm surge model results: Insights from Xaver Storm in
the North Sea-Scheldt Estuary continuum. SSRN Preprint.
10.2139/ssrn.5333301.

Grégoire M., Vandenbulcke L., Chevalier S., Choblet M., Drozd
I., Grailet J.-F.,, Ivanov E., Macé L., Verezemskaya P, Yu
H., Alaerts L., Randresihaja N. R., Mangeleer V., Maertens
de Noordhout G., Capet A., Meulders C., Mouchet A.,
Munhoven G., Soetaert K. (2025). The BiogeochemicAl
Model for Hypoxic and Benthic Influenced areas: BAMHBI
v1.0. EGUsphere preprint. 10.5194/egusphere-2025-4196


https://doi.org/10.1111/gcb.17382
http://dx.doi.org/10.2139/ssrn.5333301
https://doi.org/10.5194/egusphere-2025-4196




2

Setting up SLIM on a braided river
floodplain

In this chapter, we present the Second-generation Louvain-la-Neuve
Ice-ocean Model (SLIM) model as used in this thesis, along with the
developments to which I contributed. Specifically, I describe the
mesh generation and bathymetry interpolation procedures designed
for braided river environments, and the latest version of the wetting
and drying algorithm implemented in SLIM. Finally, I introduce a sim-
ple Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) model de-
veloped as a first step toward a coupled hydro-biogeochemical model
of the Danube-Black Sea continuum.

2.1 Hydrodynamic model

211 SLIM and SLIM2D

SLIM is an unstructured hydrodynamic model that wuses a
Discontinuous-Galerkin (DG) Finite Element (FE) method. The

19
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model is available in one-dimensional (1D, section-averaged), two-
dimensional (2D, depth-averaged), and three-dimensional (3D) con-
figurations. Each module offers specific advantages depending on the
application context, and all have been successfully applied in various
environments worldwide. SLIM1D can be used for well mixed river
systems or networks where the flow is mainly unidirectional (Draoui
et al., 2020; Patil, 2025). SLIM2D is suited for well-mixed shallow-
water environments where vertical variations of the hydrodynamics
are negligible. It includes a wetting and drying algorithm that en-
ables simulation over intertidal zones, tidal marshes, or floodplains.
This 2D version of the model has been applied extensively in coastal
(Saint-Amand et al., 2022; Dobbelaere, Dekens, et al., 2024; Lecart
et al., 2024; Scherpereel et al., 2025) and riverine systems (Gourgue
et al., 2009; Le, Gratiot, et al., 2020; Sampurno, Ardianto, & Hanert,
2022; Randresihaja et al., 2025). SLIM3D solves the hydrostatic three-
dimensional baroclinic ocean circulation equations and is applicable
in settings where vertical stratification plays a significant role in the
dynamics. It has been applied to coastal waters (Alaerts et al., 2022),
lakes (Delandmeter et al., 2018; Duquesne et al., 2021), and river estu-
aries (Vallaeys et al., 2018, 2021). Both SLIM2D and SLIM3D support
coupling with Lagrangian particle tracking and Eulerian transport
modules (Duquesne et al., 2021; Alaerts et al.,, 2022; Saint-Amand
et al., 2022). Recent development have enabled the latest version of
SLIM to run on GPUs, allowing for longer, larger and higher-resolution
simulations (De Le Court et al., n.d.).

In this thesis, we employ the 2D version of SLIM, as both the river and
the delta are shallow, well-mixed systems, which allows for 2D-depth
averaged representation. Additionally, the wetting and drying algo-
rithm enables the inclusion of floodplains in the simulation domain.

SLIM2D solves the barotropic shallow water equations:

I
e 4 -(Hu) =0, 2.1
2L V) (Hu) = 0 (2.1)
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where 77 [m] is the water surface elevation, H =  + h [m] (Fig. 2.4) is
the water column height, i [m] is the bathymetry, u = (u,v) [m s™!] is
the depth-averaged horizontal velocity, f [s™!] is the Coriolis parame-
ter, T [kg m~! s72] is the wind stress, p [kg m~>] is the water density,
x [m? s7!] is the horizontal eddy viscosity, g [m s72] is the gravity
acceleration, a, [s7!] is the nudging coefficient and .y, [m s7!] is the
depth-averaged velocity from a larger-scale 3D baroclinic model used

for flow relaxation.

SLIM’s eddy viscosity is calculated using the Smagorinsky (1963)’s
model, which accounts for the local grid size and strain rate:

du\> _(w\* (du v\’
= C3AlISI = CiAN[2| == | +2[==| +|=-+==] . 2.
Kk = CA|lS|| = Cg e + 79 + 8y+8x (2.3)
where Cg is the dimensionless Smagorinsky coefficient, usually set to

Cs = 0.1, A [m?] is the area of the triangular element and ||S|| [s™!] is
the norm of the strain-rate tensor. The wind stress is expressed as

T= paircwluwluwr (2-4)

where p,;, [kg m™3] is the air density, C, [m s7!] is wind drag co-
efficient computed using the Smith and Banke formulation(Smith &
Banke, 1975; Cushman-Roisin & Beckers, 2011) and u,, is the horizon-
tal wind velocity 10 m above sea level. The bottom friction formulation
is based on Chezy-Manning-Strickler’s formulation for 2D shallow wa-
ter equations, which defines the bottom friction y as

3 n2g|Hu|

H7/3 (2.5)

where n [s m™/3] is the Manning coefficient (Hervouet, 2007). Fi-
nally, the term a,,(Hu,,; — Hu) describes the way SLIM’s velocity is re-
laxed towards the depth-averaged velocity of a larger-scale baroclinic
model. The aim of this relaxation is to correct SLIM’s barotropic veloc-
ity in deep area, where the 3D baroclinic effects are no longer negligi-
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ble. Consequently, the relaxation coefficient a,, usually increases with
bathymetry.

212 Meshing in braided river environment

As stated above, SLIM solves the equations on an unstructured mesh.
The common practice among SLIM-users is to create such mesh by
using the state-of-the-art mesh-generation software GMSH (Geuzaine
& Remacle, 2009) through the Python library seamsh, which enables
the construction of unstructured meshes whose resolution can vary
according to different criteria, such as the distance to specific loca-
tions or the bathymetric gradient. In river models, several studies have
shown the advantages of using hybrid meshes, that combine curvilin-
ear structured meshes in unidirectional river segments with unstruc-
tured meshes in connection zones and floodplains (Horritt et al., 2006;
Kim et al., 2014; Bomers et al., 2019; Bilgili et al., 2023). Such meshes
had never been used in SLIM until now, and I contributed to the devel-
opment of a method to generate them using GMSH. The meshes gener-
ated through this approach are a combination of structured curvilinear
meshes composed of triangles elongated along the river within unidi-
rectional segments, coupled with fully unstructured triangular meshes
in the connection zones between those segments and outside the river.

The meshing process goes as follows. In a complex floodplain-river-sea
environment, the river is first separated from the rest of the domain
and meshed independently. The different steps of the mesh generation
process for a braided river are illustrated in Fig. 2.1. First, the river is
divided into unidirectional segments and connection zones (i.e. zones
where the river segments splits or merge, Fig. 2.1.a.). To do so, the
river is cut at a distance L [m] from the points where the river segments
intersect, with L being the target length of the elongated edge of the
triangles. The connection zones are meshed using triangular elements
with a targeted resolution of I [m] (Fig. 2.1.b.). Each segment is then
subdivided into quadrilaterals by cutting both riverbanks at L-meter
intervals. To optimize this division of the segments, we create the fol-
lowing quality metric for each quadrilateral:

Q=10(b|-L)*+(b-4)%, (2.6)


https://gmsh.info/
https://jlambrechts.git-page.immc.ucl.ac.be/seamsh/index.html
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where b is a vector following one of the quadrilateral edges along the
riverbank, whose target length is L, and a is a vector following the edge
of the same quadrilateral that serves as a cross section of the river, with
a the unit vector along that direction (Fig. 2.1.c.). Each quadrilateral
therefore has two possible edges that can serve as a and two that can
serve as b, leading to four possible combinations (ay —by, ay —b,, a, — by,
a,—b;) per quadrilateral. The quality metric Q is computed for each of
those combinations, and the sum of Q is minimized for each segment.
The aim of this optimization is to have quadrilaterals where b is as
close as possible to the desired length L, and where the angle between
a and b is as close as possible to 90°. This way, we avoid having ele-
ments that are too small in curved river segments or near connections.
The weighting factor (10) and the exponent (4) were chosen empirically
through trial and error to provide a good balance between both terms
of the metric. A brief sensitivity analysis (not shown) indicated that the
exact values of these parameters had little influence on the final mesh
structure.

To ensure smooth transitions between unidirectional segments and
transition zones, the first and last quadrilaterals in each segment are
further subdivided into smaller quadrilaterals using a geometric pro-
gression of their edge length along the riverbank (Fig. 2.1.d.). This
avoids abrupt jumps in resolution, which would otherwise be problem-
atic once the floodplains are included. The segments are then reassem-
bled with the connection zones, and quadrilaterals in the segments are
further subdivided into elongated triangles aligned with the flow to
match the triangular elements in the connection zones (Fig. 2.1.e.).

Once the river mesh is optimized and assembled, it serves as the back-
bone for the mesh on the entire the domain. Unstructured meshes
are used to represent the surrounding floodplains and the sea, with
element sizes matching those at the river mouths and along the river-
banks. The use of unstructured mesh outside of the river also allows
the use of coarser elements where fine resolution is less critical, such as
in the outer floodplains or offshore in the sea, reducing computational
cost while maintaining fine resolution where it matters most. The ben-
efits of the approach developed in this section are further discussed in
Chapter 3.
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(a)

(<) (d)

Figure 2.1: Creation of the mesh in the river. (a) The braided river is divided into
unidirectional segments (black and blue) and connection zones (turquoise). (b)
Connection zones are meshed with triangular elements at a resolution of approx-
imately I m. (c) Segments are divided into quadrilaterals, where parameters 2 and
b are optimized across each segment to ensure that b edges are as close as possi-
ble to the target length L, and that 2 and b remain as perpendicular as possible (Eq.
2.6). (d) The first and last quadrilaterals of each segment are subdivided using a ge-
ometric progression of their riverbank edge length. (e) Segments and connection
zones are reassembled. Each quadrilateral is further divided into elongated trian-
gles aligned with the river flow to match the triangular elements in the connection
zones.
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2.1.3 Bathymetry interpolation

Another key aspect of hydrodynamic modeling is the correct interpo-
lation of the bathymetry on the mesh. Interpolation of bathymetry in
rivers requires specific consideration due to the inherent anisotropy of
the data (Merwade et al., 2006). For this reason, we used two distinct
interpolation strategies in this thesis, one for the river and one in the
surrounding areas. I participated in the development of a two-step
bathymetry interpolation process tailored for braided rivers, using the
hybrid mesh described above as a framework. The first step involves
reprojecting bathymetric data into a local s,n-coordinate system, and
the second consists in the interpolation itself, performed within this
transformed space. A concrete example of this process and its results
are presented in Chapter 4.

The projection of the bathymetry data in a segment-oriented s,n-
coordinate system is a common first step in river interpolation (Mer-
wade et al., 2005, 2006; Legleiter & Kyriakidis, 2008; Pelckmans et al.,
2021). This projection improves interpolation results, as conventional
cartesian interpolation methods often struggle to capture riverbed to-
pography accurately because of the strong anisotropy of river systems.
Depth variations are typically much more pronounced across the river
(perpendicular to the flow) than along its course. The initial projec-
tion of bathymetric data into an s, n-coordinate system allows us to ac-
counts for this anisotropy in the following interpolation. In this thesis,
s represents the distance along the centerline of the river, while # is the
distance on the perpendicular to s.

Each river segment, as defined during mesh generation, has its own
s,n-coordinate system. The projection process inside a segment is de-
scribed below and illustrated in Fig. 2.2:

1. Definition of the s, n-coordinate system:
The river centerline is computed as the midpoint between each
pair of opposing bank nodes (Fig. 2.2.a.). This centerline serves
as the s axis. The s-coordinate of each pair of opposing bank node
is determined by measuring the centerline distance from the seg-
ment’s starting point to the line connecting the two nodes (Fig.
2.2.b.). The n-coordinate is assigned to each node on the banks,
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by halving the distance between opposing nodes (Fig. 2.2.c.).
Nodes on the left bank are assigned positive n-coordinate, while
those on the right bank have negative ones. This results in a grid
of quadrilateral elements, where each corner node has a new co-
ordinate within the s, n-system of the segment.

2. Reprojection of the bathymetry points:
Each bathymetry point is assigned to the quadrilateral it falls
within (Fig. 2.2.d.). The s,n-coordinates of the bathymetry point
are calculated (Fig. 2.2.e.) with:

1-9, 1406,

5= 7 Sx, + 5 Sxy»
1-9, 1406, 1-9,
n= ( 5 Ny, + > nxl) 5 (2.7)
1-06, 1406, 1+9,
+( 2 mT T ”"2) 2

where 0, and 0, are the point’s local coordinates within the

quadrilateral, and s, and n,, are the s,n-coordinates of the ith
corner node of the quadrilateral.

In a second step, we interpolate the bathymetry values on the mesh in
this new s,n-coordinate system. To account for the river anisotropy
during interpolation in the segments, one approach is to give more
weight to points with similar n-coordinate (i.e., directly upstream
or downstream), than those with similar s-coordinates (i.e. on the
same transect) (Merwade et al., 2006, 2008; Wu et al., 2019). To
achieve this, we multiplied the n-coordinate of each point by an, a di-
mensionless anisotropy factor, to artificially increase the distance be-
tween bathymetry points in the direction perpendicular to the river.
Bathymetry values at mesh nodes were then computed using Inverse
Distance Weighting (IDW) interpolation:
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S =S1+S,+s;
s
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Figure 2.2: Reprojection of the bathymetry points in the s, n-coordinate system.
The bathymetry point is represented by a green star. The nodes on the riverbanks
are represented by red circle. The mesh is represented by gray lines. (a) We find
the centerline (blue dotted line) of the river segment. The centerline passes in the
middle (blue stars) of every pair of opposing nodes. (b) Every node on the river-
banks receives an s-coordinate. (c) Every node on the riverbanks receives an n-
coordinate. (d) Coordinates of the bathymetry points in the quadrilateral in which
it is located. (e) Bathymetry point in the s, n-coordinate system.
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np
Zt = Zwizi, (2.8)
i=1

where z* is the interpolated depth, i = 1,..np are the np bathymetry
points closest to the node, z; is the depth of the i*# bathymetry point,
and w; is the weight associated to this point:

1
ar
w; = ———, (2.9)
an 1
i=1 ;p
di

where d; is the distance between the node and the i*" bathymetry point
and p is an exponent controlling the influence that the points have on
the interpolation. A higher p value reduces the effect of distant points
on the interpolation. Similar methods, where the IDW interpolation is
modified to take into account the anisotropy of the river, have given
good results in previous studies, even outperforming other interpola-
tion methods, such as kriging or spline interpolation (Merwade et al.,
2006; Diaconu et al., 2019; Liang et al., 2022). In this anisotropic IDW
method, a new parametrization is needed for every new grid on which
the bathymetry is interpolated. An example of a sensitivity study to
find the optimal values for the parameters an, np, and p on a particular
mesh for the entire Danube Delta is presented in Chapter 4.A.

Because of data scarcity in the Danube Delta, the parametrization
is done by minimizing the error obtained through a "leave-one-out"
method. This approach works well for sparse, randomly distributed or
high-density input bathymetry, but is less effective when the available
bathymetric data consist of widely spaced transects with many obser-
vations along each transect. In such cases, optimal an values found in
the parametrization are often low, creating step-like bathymetry when
the interpolation process is applied on a mesh with L value smaller
than the distance between transects, thereby disrupting along-channel
continuity.

To address this issue, we developed a modified two-step interpolation
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technique within the s,n-coordinate system for segments where such
input data dominate. The first step is based on the idea pursued by
several studies that the bathymetry changes linearly following lines of
constant n-coordinates (Goff & Nordfjord, 2004; Caviedes-Voullieme et
al., 2014; Dysarz, 2018). For each grid point of the grid used for repro-
jection, we computed the bathymetry by identifying the closest points
from the upstream and downstream transects and then applying a sim-
ple IDW interpolation using those two points in Eqgs. 2.8 and 2.9, with
np =2 and p = 1. This process results in bathymetric data whose coor-
dinates align with the mesh within the segment but not in the connec-
tion zones. To resolve this, a second interpolation is performed using
the same method as with other bathymetry sources, but with the grid-
interpolated bathymetry as the source. Since the grid and the mesh
coincide within the segments, the interpolated bathymetry in these ar-
eas remains unaffected by the second step, while the bathymetry on the
mesh points in the connections continues smoothly from the segments.
More information on this other technique and the errors it can yield
can be found in Chapter 4.A.

Another challenge in braided river interpolation is handling interpola-
tion in the connection zones, where multiple river segments converge
or diverge. In these areas, the deepest parts of the river do not fol-
low a single, easily defined direction that can be approximated by a
centerline s. Instead, bathymetric features form complex patterns, of-
ten extending from adjacent segments and intersecting in "T" or "X"
configurations. Few studies on river bathymetry interpolation focus on
braided rivers with multiple river segments. Goff and Nordfjord (2004)
included the connections zones within the river segments and took the
maximum interpolated depth at points with multiple interpolation re-
sults. Hilton et al. (2019) employed an s, n-coordinate system that cov-
ered the entire braided river network, with the n-coordinate spanning
from 1 at the northernmost riverbank to -1 at the southernmost river-
bank, thus avoiding the need to divide the network into separate seg-
ments. Similarly, R. Lai et al. (2021) kept the whole river network and
linearly interpolated the bathymetry along streamlines. In contrast,
Dey et al. (2022) segmented the network, and interpolated points in
connection zones using a 2- or 3-neighbor IDW approach, depending
on whether the points were on the tributary side of the thalweg. While
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these methods produce satisfactory results, they also present limita-
tions in terms of complexity or compatibility with our domain.

In this thesis, we chose to elongate the segment’s mesh, to create a
grid that extends into the surrounding connection zones. This grid
then serves as a reference grid for projecting both the mesh points and
bathymetric data within the connection areas, following the procedure
illustrated in Figure 2.2. Interpolation is then performed as if the mesh
points of the connection zones included in this extended grid belonged
to the segment. As a result, each point in a connection zone can be as-
signed multiple bathymetry values from the interpolation in the differ-
ent neighbouring segments. To determine the final bathymetry value
at these points, we average the interpolation results with weights in-
versely proportional to the distance from the segment generating each
result. More details on this choice can be found in Chapter 4.A

In floodplains and coastal areas, bathymetry do not follow a predomi-
nant direction, and interpolation can therefore be performed isotropi-
cally. We apply here the standard interpolation procedure commonly
used by SLIM users to project bathymetric data onto unstructured
meshes. Bathymetry values are interpolated from structured grid
datasets onto the mesh using a bilinear weighted interpolation. For
each mesh node, the cell of the dataset containing the node is identi-
fied, and its normalized coordinates in that cell are computed as

x; —lon _yi—latg

& (2.10)

~ lon; —lony’  lat; —laty’
where x; and y; are the longitude and latitude of mesh node i, lon;
and lat are the longitude and latitude of the grid cell’s sides, with j,
k =0, 1 corresponding respectively to the western/eastern and south-
ern/northern side (Fig. 2.3). The interpolated bathymetry at the i
mesh node is then obtained as a weighted sum of the bathymetry val-
ues at the four surrounding grid-cell corners:

hi = Zzwj,k hj ks (2.11)

1
j=0 k=0



2.1 Hydrodynamic model 31

where the bilinear weights are defined as

wo,0 = (1-&) (1-9), wo1 =(1-&) Y, wio=E(1-9), w1 =&P. (2.12)

In some cases, parts of the domain are covered by finer-resolution
bathymetric datasets. Within the extent of such datasets, we apply
the same bilinear weighted interpolation process as described above.
To ensure a smooth transition between regions derived from different
data sources, the interpolated bathymetric values at node i are com-
bined using a distance-weighted formulation:

hi =A hi,ﬁner + (1 - /\) hi,coarserl (2-13)

where h; fner and h; coarser are the interpolated bathymetry at node i
based on the finer and coarser bathymetry datasets, respectively, and A
is a weighting coefficient defined as

{ min(l, p 4 ) if inside the extent of the finer bathymetry,
A — buffer

0 otherwise,
(2.14)

where d; is the distance between the mesh node and nearest boundary
of the finer bathymetry, and dyg, is a user-defined buffer distance in-
side the finer bathymetry extent, beyond which the coarser dataset has
no influence. This approach ensures a continuous and gradual transi-
tion between coarse and fine bathymetric datasets, preventing artificial
discontinuities along dataset boundaries.

After interpolation, the resulting bathymetry may still exhibit some
abrupt depth variations or local anomalies, which can have a partic-
ularly strong impact in shallow areas. To mitigate these, a smoothing
algorithm is applied to the bathymetry field expressed in its continuous
form, enforcing a local slope constraint within each mesh element:
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Figure 2.3: Schematic representation of the coordinate system used for the bilinear
interpolation. The black square represents a cell of the bathymetric dataset, with its
corner nodes (lon;, laty) and corresponding bathymetric values /1 ;. The green star
marks the mesh node of coordinates (x;,;), for which the interpolated bathymetry
h; will be computed.

(hmax - hmin) < Csmooth |h|max + mindeltar (2-15)

where Cg,,00in = 0.5 is a smoothing coefficient controlling the relative
slope limit, h,,,, and h,,;, are the maximal and minimal bathymetry
values on the element, |h|,,,,, is the maximum absolute bathymetry and
Ming,;;; = 0.3 m is a minimum absolute threshold ensuring smoothness
even in shallow regions. The smoothing is performed iteratively. At
each iteration, the following scaling factor is computed:

Csmooth [lmax + Mingelta 1 (2.16)
max ((hmax - hmin)’ 6)

f =min

where € = 1078 prevents division by zero. The bathymetry at each node
i is then updated as
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h?ew = hmean + f (hl - hmean)l (217)

where hean is the mean bathymetry of the element. The iterations con-
tinue until the convergence criterion max (0,1 — f) < 0.01 is met, indi-
cating that all local slopes satisfy the imposed constraint. This process
limits depth variations within individual elements, allowing steeper
gradients in deep regions while enforcing smoother transitions in shal-
low areas. This smoothing is not used in the river, as it tends to exces-
sively flatten the bathymetry in the channels.

214 Wetting and drying

In hydrodynamic models, floodplains can be a source of numerical in-
stabilities, caused by dry areas, i.e. areas where H = 0, within the com-
putational domain. To mitigate these instabilities, Wetting and dry-
ing (WD) algorithms are employed. Over the years, different WD al-
gorithms have been incorporated in SLIM, including both implicit and
explicit schemes (Gourgue et al., 2009; Karna et al., 2011; Le, Lam-
brechts, et al., 2020). The kind of algorithm currently implemented in
SLIM, and used in this study, is called a "thin-film" wetting and dry-
ing algorithm. The idea behind it is to ensure that a thin layer of water,
with a minimal depth Hyy;,,, is maintained on every element by limiting
the fluxes of water when necessary (Medeiros & Hagen, 2013) (Fig. 2.4).
In the current version of SLIM, this algorithm is designed for explicit
time integration schemes.

Our WD algorithm consists of three main steps. The first step aims to
prevent elements from becoming completely dry by limiting the outgo-
ing fluxes through their edges. This is achieved by computing, for each
element, a coefficient C&,D used afterwards to scale fluxes between ele-
ments in such way that no more water than what can be safely removed
is extracted from the element. To determine this coefficient, we only
consider the outgoing fluxes. Four different situations are considered
(Fig. 2.5). The first situation is the case where there is not enough water
in the element to sustain outflow (Fig. 2.5 (a)). To determine if this is
the case, we look at the volume that can be safely removed, defined by
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Figure 2.4: Schematic representation of the vertical reference system and height
components used in SLIM. The blue area represents the water column, with total
water height H, free-surface elevation # and the bathymetry h. The water eleva-
tion # and bathymetry h are both measured compared to a common reference
level (horizontal black line), with # representing the vertical distance from the ref-
erence level to the water surface and 4 the distance from the bottom to the ref-
erence level. Upward arrows denote positive values and downward arrows denote
negative values for H, 7 and k. In SLIM, the convention is that # increases upward,
and & increases downward. In WD schemes based on thin-film approach, the wa-
ter height H is constrained to remain above a minimum admissible depth Hyyn,
shown as a red dashed line.

3
- A
V=3 ) (Hi=Huin), (2.18)

where A the area of the element and H; is the water depth at node i
of the element. If V < 0, the element does not contain enough water
to sustain any outflow, and Cly, is set to zero. In the second situation,
the element contains sufficient water, but there is no net outflow (Fig.
2.5 (b)). To ascertain whether this is the case, we compute the total
outgoing volume of the element as

_ ext,out
AV = Z oo, (2.19)
jeedges
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tout
where F;x ou

is the outward flux through edge j of the element. By
convention, AV < 0 indicates a net outflow, while AV = 0 means no
water is leaving the element. When V >0and AV =0, there is therefore
enough water in the element and no risk of emptying it, and C{y, is set
to 1. In the third situation, the element contains enough water (V > 0)
and part of it is leaving the element (AV < 0), but the water leaving
does not bring the water level below what is safe (-V > AV, Fig. 2.5
(c)). As the outgoing flux does not deplete the element below the safe
threshold, no limitation is required, and C\I,:VD is also set to 1. In the last
situation, there is enough water in the element, but the outgoing flux
would remove too much water (-V < AV, Fig. 2.5 (d)). In this case,
outgoing fluxes must be scaled and Cly, is set to —~V/AV.

Once the coefficient are determined, each edge flux is multiplied by
Clyp of the element from which the flux originates. In the configuration
shown in Fig. 2.6, the flux through edge i is multiplied by the C
of triangle 1, while the fluxes through edges ii and iii are scaled by
the Clyp of triangle 2. This ensures that elements at risk of drying
have their outflow limited, while preserving both mass conservation
and numerical stability.

After controlling the fluxes at the element scale, the next step ensures
that water depth at individual nodes within each element does not go
below the minimum water depth of Hy,;,. This is achieved by redis-
tributing water within each element. However, special care is required
at the interface between rivers and floodplains, where steep bathymet-
ric gradients often occur. In such cases, one or more nodes located on
the riverbank may be dry while others, typically in the channel, remain
wet. A naive redistribution of water in these elements could lead to un-
physical uphill flow across the bank crest and trigger artificial flooding.
To avoid this, we use two distinct methods to redistribute water within
the elements.

In the first case, elements have a mean water elevation that is below
the minimum admissible elevation of the highest node, #yean < Hihin —
hmin, Where hy;, is the lowest nodal bathymetry of the element (i.e.
the bathymetry of the highest node) (Initial state in Fig. 2.7). Such
a configuration typically occurs along riverbanks, when one node on
the banks has its water depth going below Hy,;,. The goal here is to
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(a) (b)

Figure 2.5: Schematic representation of the four possible situations in the deter-
mination of the flux-limiting WD coefficient C\fVD. The light blue triangular-based
prisms represent the water level at the beginning of the time step, the red-framed
prisms represent the volume that can be safely removed (V'), the dark blue prisms
with dotted black edges indicate the water level at the end of the time step, ob-
tained by applying the outgoing fluxes only (i.e. by removing the total outgoing
volume AV from the initial volume), and the blue arrows show the net direction of
the fluxes through the element edges. (a) The element does not contain enough
water to sustain outflow (V < 0); C\fVD = 0. (b) The element contains sufficient wa-
ter, but there is no net outflow on any edge (V > 0 and AV = 0); C\fVD = 1. (c) Water
is leaving the element, but the volume loss does not lower the water level below
the safe threshold (V > 0, AV < 0and -V > AV); Clj5 = 1. (d) The element con-
tains sufficient water, but the outgoing flux would remove too much water (V > 0,
AV <0and -V < AV),Clyp =-V/AV.
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Figure 2.6: Schematic representation of the water fluxes between elements,
viewed from above. Triangular elements are identified by numbers (1—-4) shown
in dark blue circles, while the edges of element 2 are labeled with Roman numerals
(iiii). The dark blue arrows represent the direction of water fluxes through these
edges, each of which is multiplied by the C{| ; of the element from which the flux
originates as part of the WD algorithm.

bring the water height at that node to Hy,;, with the smallest possible
transfer of water from the river, thereby preventing artificial backflow
up the slope.

The nodes are first sorted according to their minimal admissible water
elevation, defined as #j; = Hyp,;,, — h;, where h; is the bathymetry at node
i. For clarity, we assign subscripts i=1,2,3 to represent the nodes with
the highest, middle, and lowest values of #j;, respectively. As nodes on
the banks have a lower bathymetric value (i.e., the ground is higher
there) than those in the river, they also have higher #; values.

In a first redistribution step, the water elevation at the highest node is
brought to its admissible minimum (7; = #j;) (Step 1 in Fig. 2.7). The
water added to that node diff; = 7j; —71; is equally taken from the two
other nodes
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i = 1 - dlfl fori=2,3. (2.20)

On some elements, both nodes 1 and 2 lie on the riverbank. In this
situation, removing water equally from nodes 2 and 3 may undesir-
ably transfer water uphill, even though node 2 could alone supply the
deficit at node 1. This case is identified by comparing the minimal
water elevation between nodes 2 and 3 (#,,;,) with the lowest admissi-
ble elevation of node 2. If 7,,;, < 1j,, node 2 is considered part of the
riverbank. A second redistribution step is then performed, in which
node 2 is also set to its minimal admissible elevation (1, = #j;), and the
resulting water difference diff, = 1j, —#, is subtracted from the water
elevation at node 3. If H, > Hy,, after the first step, then diff, < 0
and node 3 gains water in this second step, making node 2 the primary
contributor to the filling of node 1. Conversely, if H, < Hyjy, diff, > 0,
and node 3 serves as a water source to maintain sufficient depth on
both nodes along the bank. This two-step process effectively prevents
spurious flooding across steep slopes while maintaining realistic mass
redistribution within the element.

As a last step in this case, the momentum of each node of the element is
set to 0. This step suppresses any residual motion within the element,
preventing spurious flow that could otherwise cause artificial flooding
along the banks after redistribution.

In other cases where water elevation of the element satisfies #yean >
Hihin — Bimin, two situation can still arise (Fig. 2.8). In the first, mean
water height (Hyean) is lower than or equal to Hy,j,. In this case, the
element is considered fully dry. The water height at each node is then
uniformly adjusted to the mean value by setting #; = #; + Hyean — H;
(Fig. 2.8 (a)). The second situation corresponds to elements that are
only partially dry, with a mean depth above the admissible threshold
(Hmean > Hinin) but at least one node having a H; < Hyy, (Fig. 2.8 (b)).
In this case, water is redistributed from the nodes where water is in
excess (H; > Hipin) to those where we have a deficit of water (H; < Hyjp)
to ensure a minimum water depth across the element while preserving
mass conservation. The redistribution translates into
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Initial state

Figure 2.7: Schematic representation of the two-step water redistribution proce-
dure of the WD algorithm in the case where two nodes lie on the riverbank. The
blue prisms represent the water height (H), and the three nodes of the element are
shown as black dots, numbered from highest to lowest according to their minimal
admissible water elevation (1j; = Hyp;,, — h;). The red-framed prism indicates the
minimal admissible water depth (Hinin)- The prisms are shown from a frontal view,
with nodes 1and 2 (on the riverbank) aligned on the same plane at the back. The
horizontal gray line corresponds to 1 = 0 and the pink vertical lines show the nodal
water elevations #; at each substep, highlighting how water is redistributed be-
tween nodes during the process. In the initial state, #/mean < Hthin—Pmin = Hthin—1-
In the first step, water is taken equally from nodes 2 and 3 to bring H; to Hjn. In
second step, since both nodes 1and 2 are on the riverbank, water is taken at node
2 to fill node 3 and limit the amount of water going uphill.

i = 11i + Ciyp; - (Henin = Hi), (2.21)

where C{}(,D’i is a nodal wetting and drying coefficient defined by

1 if Hi < chinl

Civp,; =3 Lijed (chin - Hj) (2.22)
Hi = chinl
Zjee (Hj - chin)

with d as the set of nodes of the element experiencing a water deficit
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and e the set of nodes with excess water. This formulation ensures that
the total redistributed volume within the element is conserved while
preventing any node from becoming artificially dry.

Figure 2.8: Schematic representation of the two situations requiring water redis-
tribution in the case where no node is located on a riverbank. The blue prisms
represent the water height (H), and the red-framed prism indicates the minimal
admissible water depth (Hyp;n). The left column shows the state of the element at
the beginning of the time step, and the right column shows the element after re-
distribution. (a) The mean water height (Hyean) is lower than or equal to Hynin; the
water height is flattened toward H,ean- b At least one node has a H; < Hyi,; water
is redistributed from nodes with excess water (H; > Hy,n) to those with a deficit
(H; < Hhin)-

In the final step of our WD process, we limit the momentum Hu =
(Hu,Hv) at each node to avoid supercritical flow in shallow areas,
which can cause numerical instabilities. In this step, we compute the
new safely usable water depth at each node i, H; = max(0, H; — Hypin)
and the norm of the momentum

|Hu;| = \/(Hu,-)z +(Hv;)% (2.23)

The maximal allowable momentum value is defined as

Hui,max = Hz’ gHi Frmax; (2-24)
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where Fr,,;, = 1 is the maximum Froude number allowed in this case.
At nodes where |Hu;| > Hu; 5, the momentum is set to a maximal
value of

H Ui max

H’U,Z' :H’U,im.
1

(2.25)
This operation preserves the flow direction while reducing its magni-
tude to avoid numerical instabilities.

As a final safeguard, and to avoid the accumulation of numerical
rounding errors that can lead to increasingly negative water depths,
we also force all values of H < Hy,;, to be set equal to Hyy;,, after each
time step. This step does not affect the physical realism of the model,
as the errors it targets are on the order of the machine precision. How-
ever, it enhances numerical robustness by preventing the emergence of
spurious instabilities.

This three-step WD algorithm allows us to enhance the stability of
hydrodynamic simulations with partially dry domains, such as those
found in deltas with floodplains or estuaries with intertidal zones. It is
a slightly modified version from the one described by Randresihaja et
al. (2025), where the second step does not include the check on #,.,,,.
This new sub-step is particularly important to avoid water going over
dikes and causing excessive flooding. By ensuring a minimum water
depth, redistributing water within elements, and controlling momen-
tum in shallow regions, the method preserves physical realism while
maintaining numerical robustness. Its integration into the current ver-
sion of SLIM enables accurate simulation of dynamic coastal and estu-
arine environments where wetting and drying processes are significant.

2.2 First steps towards a coupled hydro-biogeochemical
model

Beyond the scope of this thesis, I also worked on implementing a sim-
ple NPZD model, using SLIM Eulerian transport model. This is a first
step in the development of a coupled hydro-biogeochemical model on
the Danube-Danube Delta-Black Sea continuum. A similar approach
with SLIM’s 3D version has already been applied to Lake Titicaca by
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Duquesne et al. (2021). We define DIN as the dissolved inorganic ni-
trogen, P the phytoplankton nitrogen biomass, Z the zooplankton ni-
trogen biomass, and D the detrital nitrogen (all in mmol Nm~3).

The equations used in this model are based on a lake model presented
by Soetaert and Herman (2009) and read:

dDIN

= " 4+ADIN)= D + loZ —Uptake(DIN,PAR)P
dt ~—— ~——
mineralization excretion uptake
+D(DIN), (2.26)
dpP
— + A(P) = Uptake(DIN,PAR) P — Graze(P) Z -  IlyortpP
dt —_— _
grazing phyto_mortality
+D(P), (2.27)
iz ,
E + A(Z) = (1 - pFaeces)Graze(P) Z- lmortZZ _lech
—_——
zoo_growth zoo_mortality
+D(2), (2.28)
dD R
E + A(D) = PFaeces Graze(P) Z +lmortPP + lmortZZ - lminD
faeces
+D(D). (2.29)

where A(X) and D(X) are the advection and diffusion of tracer X, re-
spectively, and are defined as follow:

AX)=V,-(uX), DX)= %Vh-(KHVhX) (2.30)

with u as the depth-averaged velocity and « the horizontal diffusivity.
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The uptake and grazing functions are

PAR DIN
Uptake(DIN,PAR) = , 2.31
ptake( )= MaXuptake GAR fpur DIN 4Ky 201
p
Graze(P) = max _— (2.32)
graze P+kgraze

where maxypiake is the maximum DIN uptake rate by P, maxg,ze is the
maximum grazing rate of Z, ky and kg, are the half saturation con-
stant for N uptake by P and for grazing by Z, kpay is the half-saturation
coefficient for PAR, and PAR is the photosynthetically active radiation
at mid-depth, defined as
_ Light 4 m/

PAR = 0.5 x 3600 e ,
where Light is the solar radiation as provided by ERA5 (Jm~2 hour™!)
(Hersbach et al., 2023), the division by 3600 is used to transform
Jm~?hour™! into Wm™2, the factor 0.5 converts shortwave to PAR
(Kirk, 1994), and k; = 0.1 m™! is the light attenuation coefficient with
water depth. Model parameters and their values listed in Table 2.1 are
derived from Soetaert and Herman (2009), and a schematic of the fluxes
is provided in Fig. 2.9. Preliminary results using those parameters can
be found in Chapter 6.3.2.
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Table 2.1: Parameters used in the NPZD model. Processes in parentheses refer to
the fluxes in Egs. 2.26—2.29 in which those parameters are involved.

Symbol Description Value
Inin Mineralization rate 0.10 day!
(D — DIN)
loxc Zooplankton excretion rate 0.10 day™!
(Z — DIN)
InortP Phytoplankton mortality rate  0.05 day~!
(P - D)
PFaeces Fraction of grazed P 0.30 [-]
lost as faeces (P — D)
Inortz Zooplankton quadratic 0.40 (mmol Nm~3)~! day~!
mortality rate (Z — D)
maXypiake Maximum DIN uptake rate 1.00 day™!
by P (DIN — P)
kpar Half-saturation coefficient 55 Wm™?
for PAR (DIN — P)
kn Half-saturation constant 1.0 mmol Nm™3
for DIN uptake by P
(DIN — P)
MaXgr,,e  Maximum grazing rate 1.0 day!
of ZonP (P — Z/D)
kgraze Half-saturation constant 1.0 mmol Nm™3
for grazing (P — Z/D)
k4 Light attenuation coefficient ~ 0.10 m™!

(DIN — P)




2.2 First steps towards a coupled hydro-biogeochemical model 45

uptake

0"3
Suize.s

mineralization

ERERN
ywmoi8 ooz

i
Al
"l
S

zoo_mortality

Figure 2.9: Schematic representation of the NPZD model. Boxes indicate nitro-
gen pools: dissolved inorganic nitrogen (DIN), phytoplankton (P), zooplankton (Z),
and detritus (D). Arrows represent nitrogen fluxes between compartments, color-
coded to distinguish processes and improve readability.
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This chapter is based on the following article: Alaerts, L., Lambrechts,
J., Hanert,E., and Grégoire, M. What mesh for a braided river? Mesh
configurations impact on river and floodplain hydrodynamic using the
SLIM model. In preparation.
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Meshing in braided rivers

Abstract

Mesh type plays an important role in hydrodynamic modeling,
both in terms of simulation accuracy and computational perfor-
mances. In this chapter, we evaluate the impact of different mesh
configurations on the representation of rivers and floodplains dy-
namics with the discontinuous-Galerkin (DG) finite-element hy-
drodynamic model SLIM. A series of six mesh configurations—
—hybrid (structured-curvilinear combined with unstructured)
and fully unstructured, at varying resolutions—-were tested on a
reach of the Sfantu Gheorghe branch of the Danube Delta, under
both constant discharge and flood event scenarios. Results show
that accurate representation of river geometry and riverbanks is
the most critical factor in mesh performance. Hydrodynamic ac-
curacy is primarily governed by in-river resolution and explicit
riverbank delineation, while computational cost scales with the
number of elements and the size of the smallest elements. We
propose to combined a hybrid mesh of 20 x 20 m elements in the
river and an unstructured mesh with a gradually increasing ele-
ment size in the floodplain as the best trade-off between in-river
hydrodynamic accurate representation, estimation of the flooded
area and computational efficiency. These results can serve as
a basis for mesh design in larger-scale application for braided
river—floodplain systems like deltas.
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3.1 Introduction

Floods are a key process in river ecosystem. They can cause devastating
damage to infrastructure and human lives, and are one of the natural
disaster affecting the most people worldwide (Merz et al., 2021). At
the same time, floods are a necessary process in some environments,
because of their impact on the transport of sediments and dissolved
nutrients (Talbot et al., 2018). As a result, floods have been the focus
of many studies. Hydrodynamic models are a recurrent tool in such
studies, used to assess the impacts of flooding under a wide range of
conditions. Such models are applied to predict flood extent and plan
flood mitigation strategies (Abdella & Mekuanent, 2021; Timbadiya &
Krishnamraju, 2023), investigate sediment transport and erosion pro-
cesses (Yan et al., 2024; Hawez et al., 2025), assess ecological and biodi-
versity patterns (McCabe, 2024; Wegscheider et al., 2024) and explore
biogeochemical processes (Wohl, 2021).

Numerical hydrodynamic modeling of river systems involves a wide
range of approaches that differ in their mathematical formulation, nu-
merical schemes, dimensionality and the type of computational grid
employed. Each modeling approach comes with specific advantages
and limitations, and the choice of a suitable model often depends on
the nature of the study area, the processes of interest, and the available
resources (Horritt et al., 2007; Kim et al., 2014; Samir, 2024)

In terms of numerical schemes, most hydrodynamic river models can
be classified into one of three main categories: finite differences, fi-
nite volume and finite element methods. Among these, Finite Differ-
ences (FD) methods are computationally the cheapest and are relatively
easy to implement, making them suitable for applications where low
computational cost is a priority. However, they typically rely on struc-
tured grid, which limits their ability to represent complex geometries
such as meanders, bifurcations, or detailed floodplain features. This
leads to the dilemma of having to choose between accurately repre-
senting the boundaries or modifying the elements at the possible cost
of stability (Fanous et al., 2023). Although less commonly used than the
other two methods, FD methods are still applied in river modeling, as
seen in recent studies such as Altenau et al. (2017) and Gomiz-Pascual
et al. (2021).
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Finite Volume (FV) methods are currently the most widely used in river
modeling (Cobby et al., 2003; Bomers et al., 2019; X. Zhang et al., 2023;
Gaber et al., 2025). Their strength lies in their conservation proper-
ties, particularly for mass and momentum, making them well-suited
for advection-dominated flows such as those found in rivers. They are
computationally efficient and robust, but highly sensitive to mesh qual-
ity. Poorly shaped or irregular elements can degrade solution accuracy
or cause numerical instabilities (Karna et al., 2018; Vallaeys, 2018).
Some popular finite volume models used for river studies are MIKE
(Liu et al., 2021; X. Zhang et al., 2023), FVCOM (Chen et al., 2022; Qin
et al., 2023), Delft3D (Nuhjhat et al., 2023; Rivera & Heredia, 2023)
and HEC-RAS (Pilotti et al., 2020; Alipour et al., 2022), among others.

Finite Element (FE) methods, in contrast, offer higher-order discretiza-
tion and hence better accuracy. They are less sensitive to mesh irregu-
larities and support anisotropic triangular elements, which is advanta-
geous in cases with directional flow features (Shewchuk, 2002; Kamen-
ski et al., 2014). However, they are generally less suited to advection-
dominated problems unless stabilization techniques are employed—
techniques that are often computationally expensive and less scalable
in parallel computing environments (Schwanenberg & Harms, 2004;
Fanous et al., 2023). Popular finite element models used in river in-
clude TELEMAC (Le et al., 2023; Pelckmans et al., 2023), ADCIRC (Ba-
copoulos et al., 2017; Gayathri et al., 2021) and SHYFEM (Ferrarin et
al., 2025).

At the interface between FV and classical continuous FE methods, lie fi-
nite element Discontinuous-Galerkin (DG) methods. Like FE schemes,
they offer a higher-order accuracy and high geometrical flexibility. At
the same time, they also offer local conservation properties and are well
suited for advection-dominated problems, like FV methods (Dolejsi &
Feistauer, 2015; Karna et al., 2018; Vallaeys, 2018). The main disadvan-
tage of DG methods is their computational cost: their linear stability
limit (CFL condition) tends to be more restrictive than in FV methods
(Vater et al., 2019), and their large number of degrees of freedom leads
to higher computational and storage demands compared to traditional
finite element methods (Arico et al., 2011). However, DG schemes are
well suited for parallelization, which can significantly reduce the com-
putational time and, in turn, make them more efficient (Kubatko et al.,


https://www.dhigroup.com/technologies/mikepoweredbydhi/mike-21-3
https://inductiva.ai/simulators/fvcom
https://oss.deltares.nl/web/delft3d/about
https://www.hec.usace.army.mil/software/hec-ras/
https://www.opentelemac.org/index.php/presentation?id=17
https://adcirc.org/
https://github.com/SHYFEM-model/shyfem
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2009). Their suitability for river modeling has been demonstrated in
several studies (Gourgue et al., 2009; Kesserwani & Wang, 2014; Val-
laeys et al., 2018; Ayog et al., 2021; Patil et al., 2025). In this study, we
adopt the DG approach through the use of the hydrodynamic model
Second-generation Louvain-la-Neuve Ice-ocean Model (SLIM).

Alongside the choice of numerical scheme, mesh design plays a critical
role in simulation accuracy, stability, and efficiency. Three main mesh
types are commonly used in river hydrodynamics: structured Cartesian
grids, curvilinear grids, and unstructured meshes. Structured Carte-
sian grid are the easiest to implement and use. They also facilitate the
integration of river into larger domains containing floodplains, whose
topography are often represented on structured grids. However, these
grids do not follow the river’s shape, and achieving accurate represen-
tation of sinuous channels requires very high resolutions (Hodges &
Imberger, 2001; Altenau et al., 2017). Curvilinear grids, in contrast,
follow the riverbanks and allow for cell stretching, enabling a more ac-
curate representation of the river without the need for small elements.
A major drawback is that curvilinear grids are not well-suited for rep-
resenting complex geometric features, such as bifurcations, or flood-
plains (Y. G. Lai, 2010; Bomers et al., 2019). Unstructured grids share
the advantage of following the riverbanks and providing a more accu-
rate representation of the river delineation. They are also more flexible
than curvilinear grids, making them better suited for representing bi-
furcations and floodplains. However, even if they allow for larger ele-
ments than cartesian structured grids, an accurate river representation
with unstructured mesh still requires many small elements (Y. G. Lai,
2010; Bomers et al., 2019).

Other mesh types found in the literature include hybrid meshes,
which combine structured curvilinear grids within river channels with
unstructured—typically triangular—meshes in floodplains and at the
junctions between river segments. These meshes capitalize on the
strength of both curvilinear and unstructured meshes. They guarantee
a good representation of channel geometry and can adapt to complex
features, while keeping a relatively low number of elements, reduced
computational cost and smaller output sizes (Bomers et al., 2019).
Within the river channels, the elements are usually either rectangular
(Y. G. Lai, 2010; Bomers et al., 2019; Bilgili et al., 2023) or elongated
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triangles (Bates et al., 1998; Bunya et al., 2023). The latter are mainly
used in FE studies because elongated triangles do not respect the or-
thogonality principle. This principle states that (1) the circumcenter of
each cell must lie inside the cell, and (2) the line joining the circum-
centers of two adjacent cells must intersect their shared edge at a 90°
angle. If these conditions are not met in FV schemes, computation time
increases and accuracy decreases, which is why elongated triangles—
failing to meet the second condition—-are rarely used (Bilgili et al.,
2023).

Several comparative studies have evaluated the influence of mesh type
and resolution on the accuracy and computational cost of river simu-
lations. For instance, Horritt et al. (2006) investigated different mesh
resolutions of unstructured triangular grids on a section of the Thames
River. They found that mesh resolution had a greater influence on sim-
ulation results than the resolution of the underlying bathymetric data.
Kim et al. (2014) compared structured quadrilateral, structured trian-
gular, unstructured triangular, and mixed grids containing both tri-
angular and quadrilateral cells. Their results showed that no single
mesh type consistently outperformed the others across all scenarios,
and they advocated for the use of mixed meshes due to their flexibility.
Parsapour-moghaddam et al. (2018) compared unstructured triangu-
lar grids and curvilinear structured grids on the 2013 flooding of the
Bow River (Canada). They found that even if both model represent ad-
equately the hydrodynamics, unstructured triangular meshes showed
better accuracy at the same averaged resolution, albeit at the cost of
more computational resources. Bomers et al. (2019) compared curvi-
linear, unstructured triangular and hybrid grids at various resolutions
on the Waal River (Netherlands). They highlighted that both mesh
resolution—through its effect on bathymetric accuracy and numer-
ical friction—and element shape—through numerical viscosity—
can significantly affect simulation outcomes. They also found unstruc-
tured meshes to be the most sensitive to calibration and recommended
hybrid grids as a good compromise between computational efficiency
and model accuracy. Similarly, Bilgili et al. (2023) compared curvilin-
ear, triangular, and hybrid meshes using both idealized test cases and
real-world applications. They concluded that resolution and bathy-
metric discretization—that is, how well depth is represented on the
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mesh and the errors introduced by its interpolation—had the greatest
impact on results, with triangular meshes being the most sensitive to
changes in resolution. However, they found numerical effects to have
less impact on the hydrodynamic results.

However, these studies are all based on models employing FV meth-
ods. While DG FE methods are generally less sensitive to mesh quality
than FV methods, the structure and resolution of the mesh still influ-
ence model performance. For instance, it has been shown that mesh
resolution has a clear impact in the hydrodynamic of coastal models
(Saint-Amand et al., 2023). To our knowledge, no study has yet inves-
tigated the influence of mesh structure—specifically, unstructured tri-
angular versus hybrid curvilinear-unstructured triangular meshes—on
river hydrodynamic simulations using the DG FE method. This study
aims to address this gap by evaluating the effect of mesh design on river
simulations performed with the latest version of SLIM, focusing on how
mesh structure affects computational costs and flooding patterns.

3.2 Material and methods

In this section, we describe the six mesh configurations considered in
this work, and the case study on which they are applied.

3.21 Mesh generation

To evaluate the effect of meshing spatial patterns on simulation results,
we design six different mesh configurations. They can be classified
into three categories. The first two mesh types are hybrid curvilinear-
unstructured meshes. They combine elongated curvilinear triangles
aligned with the river path in unidirectional channels, and unstruc-
tured triangular elements in the connection zones and floodplains.
Their generation follow the process described in Chapter 2.1.2. We
test two resolutions: a coarse resolution with elements of 20 m x 200
m in the river, and a finer one with elements of 20 m x 20 m in the
river. Those simulation will be hereafter be referred to as the "H200"
and "H20" configurations. The next two meshes are unstructured con-
strained meshes, where riverbanks are explicitly represented by the
edges of the triangular elements. We test them at two resolutions, one
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with a uniform resolution of 200 m across the domain, and a finer one
with a uniform resolution of 20 m. It is important to note that due to
the river’s width being narrower than 200 m in certain locations, some
elements in the coarse mesh are necessarily smaller. These two meshes
will hereafter be called "C200" and "C20". The next category consid-
ers fully unstructured meshes, one with a uniform resolution of 20 m
("U20"), and one with a variable resolution that ranges from 20 m at the
riverbanks to 200 m in the floodplains ("US20"). The river being nar-
rower than 200 m in certain locations, we do not test a uniform mesh
of 200 m without imposing the riverbanks, as the mesh would simply
miss the river at those points.

All meshes are generated using the state-of-the-art mesh-generation
software GMSH (Geuzaine & Remacle, 2009), which allows to build un-
structured meshes of resolutions depending on different criteria, such
as the distance to specific locations or the bathymetry. In this test case,
we only used the distance to riverbanks criteria. For both constrained
mesh types (H and C), the river part was meshed first to ensure accu-
rate riverbank representation, followed by meshing of the surrounding
floodplains.

3.2.2 Model testing

To compare the different mesh configurations, they are applied on a
single test case. The chosen domain is a section of the Sfantu Gheorghe
branch and its adjacent floodplain, including two meanders—Dunavat
de Sus and Dunavit de Jos—as well as the artificial cut-off channels
constructed in the 1980s to straighten the river (Fig. 3.1). These cut-
off programs have had different results on the two meanders: while
water still flows comparably through both the original channel and
the cut-off at Dunavidt de Sus, sediment deposition has significantly
reduced flow through the Dunavit de Jos meander, diverting most of
the discharge into its cut-off channel (Tiron Dutu et al., 2014). This
section of the river therefore offers an ideal test case, featuring complex
channel geometries, bifurcations, varying bathymetry and floodplains.
On the eastern part of the domain, the Dunavat-Murighiol polders has
been excluded, as we know it will not be flooded.
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Figure 3.1: Bathymetry of the test case domain. The inset on the bottom left is the

position of the domain in the Danube Delta. The black line in the figure represents
the domain's boundaries.

Because mesh node positions differ between test cases, the bathymetry
is computed independently on each mesh and will obviously play a
role on the simulation results. To minimize discrepancies between the
bathymetries, a consistent methodology where the river and the flood-
plains are treated separately is applied. In the river, bathymetric data
from the Danube Delta National Institute for Research and Develop-
ment (DDNIRD) (DDNIRD, 2015) are interpolated onto the meshes us-
ing an anisotropic interpolation method described in Chapter 2. This
dataset consists of cross-sectional transects spaced ~300 m apart, with
an internal resolution of ~3 m within the transects. More details on
the bathymetry data can be found in Chapter 4. In the floodplain,
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bathymetry from Copernicus’ Digital Elevation Model (DEM) (Euro-
pean Space Agency, 2021) is interpolated on the meshes, and smoothed
following the methodology described in Chapter 2. The original DEM
is gridded at 30 m spatial resolution.

To evaluate the performance of each mesh configuration, two test sce-
narios are implemented. In the first one, a steady inflow of 2000 m3/s
is imposed at the upstream boundary, while the downstream bound-
ary is set at a constant water surface elevation of # = 0. The aim of
this first scenario is to assess whether the meshes allow water to flow
correctly through the river system under constant conditions. The sec-
ond scenario aims to evaluate the set-up’s response to a flood event. To
that aim, a base discharge of 2000 m3/s is maintained upstream for six
days, then gradually increased linearly over three days to 4000 m® s,
The inflow is then abruptly raised to a peak of 10* m3 s~!, which is
sustained for one day before decreasing linearly over three days to
8000 m® s~!. Finally, the discharge is returned to its base value at
day thirteen. Forcings at both open boundaries are imposed through
Flather boundary conditions, while the other model boundaries are
closed with weak no-slip conditions. Both scenarios use the same ini-
tial conditions, with velocities that are set to zero and the water surface
elevation as # = max(—h+ Hypjy,, 0), ensuring a minimum water depth of
H;p;, across the domain. Simulations are run for a total duration of 30
days. The simulations are run without wind forcing or nudging toward
an external model, and with a uniform manning coefficient of 0.025
mi/3s.

As we aim to assess both the computational performances and hydro-
dynamic patterns of every mesh, all simulations are run on one single
GPU NVIDIA A100-SXM4-40GB. In addition, the first scenario (con-
stant discharge) is run twice for every mesh. A first run is made with
a time step of At = 0.1 s, which is representative of typical simulations
over the entire delta. The second run uses a time step derived from a
Courant-Friedrichs—Lewy (CFL) stability condition, computed on the
initial condition. The CFL-limited time step is calculated as:

AtCFL:min (31)

[
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over all the nodes of the domain. For a given node i, A and P are the
area and perimeter of the triangular elements to which it belongs. The
ratio 2A/P corresponds to the inradius of the triangle, which is used
here as its characteristic length, and H; is the water column height
at node 7. This formulation ensures numerical stability by accounting
for both element size and water column height. Smaller elements and
deeper water tend to yield smaller allowable time steps. Computing
this CFL-limited time step on the initial condition provides a conser-
vative estimate of the stable time step magnitude. Using the inradius
as the characteristic length is likely too conservative for anisotropic
meshes that follow the riverbanks, since the flow is mostly aligned with
the element orientation. However, this conservative estimate guaran-
tees stability even in regions where flow is not aligned with the mesh,
such as bifurcations and connection zones, which typically impose the
most restrictive Atcpp. In addition, because the formulation is based
on the gravity-wave velocity (1/¢H), it may be overly conservative in
advection-dominated river flows, where stability is governed more by
flow velocity than by wave propagation. Nevertheless, this criterion
remains the standard approach in shallow-water modeling (Karna et
al., 2011; Garcia-Alén et al., 2021; Herbin et al., 2023; Chopra & Oza,
2025). Using it here provides a consistent and robust stability con-
straint across all meshes, ensuring that the simulations remain stable
even in locally supercritical or poorly aligned flow regions. For the
domain used in this study, the Atcp; numbers are larger than 0.1. Run-
ning each simulation with both time steps allow us to compare the
model performance for each mesh under equivalent conditions as well
as under optimal mesh-adapted time steps.

3.3 Results

In this section, we first present the different meshes used in this study.
We then compare the computational performances and hydrodynamic
results of the simulations carried out with these meshes, under both
steady discharge and flood event conditions.
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3.3.1 Meshes overview

The six mesh configurations used in this study are significantly differ-
ent in terms of resolution, element size distribution, and total number
of elements (Fig. 3.2 and Table 3.1). The largest meshes are C20, U20
and H20, with approximately 260 000 elements each. The constrained
unstructured mesh US20 includes roughly 50 000 elements, while the
hybrid mesh H200 contains around 8 000 elements. The coarsest mesh,
C200, is composed of only 2 000 elements. Most meshes include small
elements with edge sizes between 11 and 15 m. For the hybrid meshes,
these small elements can be found in the connection zones. The excep-
tion is C200, whose edge sizes do not go under 100 m. Mesh unifor-
mity varies among the configurations. As expected, the uniform mesh
U20 exhibits the lowest size standard deviation, followed by C20 and
H20 meshes. Among the coarser meshes, C200 is the most uniform,
followed closely by US20. Most of the variation in size for the former
is due to the the conforming to the river banks, while in the latter is
purely linked with the imposed variation in size according to the dis-
tance to the riverbanks. The mesh with the highest size standard vari-
ation is H200; due to the combination of small elements in connection
zones, elongated elements along the river segments, and coarser trian-
gular elements in the floodplains.

Table 3.1: Meshes characteristics. All sizes are expressed in meters.
H20 H200 C20 C200 U20 US20
Number of elements (x103) 256 8.4 263 2.4 262 50.6

Minimum size 12.46 11.8 11.3 104.7 14.0 154
Maximum size 56.0 2939 37.4 321.0 28.1 280.2
Mean size 20.9 116.4 20.2 221.7 20.0 37.8
Size standard deviation 3.2 85.3 0.7 28.5 0.3 30.7

3.3.2 First scenario: Constant discharge

Simulation runtimes vary significantly depending on both the mesh
configuration and the chosen time step (Table 3.2). When using a fixed
time step of At = 0.1 s, the fastest simulation is obtained with the hy-
brid coarse mesh H200, followed closely by C200 and US20. In con-
trast, the three finer meshes—H?20, C20, and U20—-all require more
than three hours of computation.
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Figure 3.2: Comparison of the six mesh configurations used in the study: hybrid
mesh with 20 x 20 m resolution (H20), constrained unstructured mesh with 20 m
resolution (C20), uniform unstructured mesh with 20 m resolution (U20), hybrid
mesh with 20 x 200 m resolution (H200), constrained unstructured mesh with
200 mresolution (C200), and unstructured mesh with variable resolution decreas-
ing from 20 m near the riverbanks to 200 m in the floodplains (US20). The color
scale shows the length of the longest edge of each triangular element. Each panel
displays the full domain and a close-up view (framed in blue), with the close-up
location marked on the full-domain panel. The thick black line delineates the river
boundary: in H20, H200, C20, and C200 it corresponds to the mesh edges, while
in U20 and US20—uwhere the mesh does not explicitly follow the riverbanks—
it is taken from the H20 mesh for consistency. In the close-ups, mesh edges are
drawn as thin black lines, but they are omitted from the full-domain views to avoid
masking the color patterns of the finer meshes.
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When using the CFL-limited time step Atcpr, the picture changes no-
tably. As expected, all Atcpp are bigger than 0.1, and all simulations’
computational times are considerably reduced. When looking at the
values of Atcpp, it ranges between 0.25 and 0.4 s for most mesh con-
figurations. The clear exception is C200, whose relatively large and
uniform elements allow for a much larger time step, with a Atcpp = 2
s. This results in a significant reduction in simulation time—to just
over two minutes—making it by far the most computationally effi-
cient configuration under CFL-based time stepping. Among the finer
meshes, H20 and C20, which closely follow the riverbanks, produce the
smallest Atcpp, due to the presence of small elements inside the river,
where the water depth is the highest. Although H200 is coarser overall,
its small elements in deep connection zones reduce the allowable time
step, bringing it just above those of H20 and C20. US20 and U20 both
perform better with Atcp; higher than 0.3 s. As a result, H200 who had
the best runtime at At = 0.1 s, drops to second place under CFL-based
time stepping, with US20 ranking third. Among the three most refined
meshes, U20 benefits the most from this new time step, completing the
simulation under one hour. In contrast, both C20 and H20 still require
around 1 hour and 15 minutes.

Table 3.2: Constant discharge scenario simulations cost. Runtimes are expressed
in HH:MM format, while Atc; is expressed is seconds
H20 H200 C20 C200 U20 US20

Runtime with At = 0.1 s 03:10 00:39 03:15 00:42 03:11 00:50
Atcrr 0.26 0.29 0.26 1.94 0.38 0.32
Runtime with At = Atcpp  01:12  00:14 01:16 00:02 00:52 00:16

The simulation outputs remain relatively stable throughout the simu-
lation period and and are consistent across both time-stepping strate-
gies. For this reason, we focus on the final outputs from the simulation
using CFL-based time stepping to compare water column heights (Fig
3.3), velocity magnitudes (Fig 3.4) and discharge distribution across the
different mesh configurations. Seeing that they exhibit similar patterns
in the river, we will use the finer mesh simulations as reference.

With the exception of C200, all simulations exhibit similar global water
repartition patterns and water remains confined to the river channels
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(Fig. 3.3). A closer look at the river reveals that, in all cases, water
extends over the first elements adjacent to the river. This is caused by
the transition from the river channel to the floodplain, which happens
over one element. In meshes aligned with the riverbanks (H20, C20,
H200, and C200, Fig. 3.3.a, b, d, and e) this transition appears as as a
band of semi-wet elements following the river’s path. In meshes H200
and C200, where the resolution in the flood plains near the river is rela-
tively low, this transition zone is more noticeable, producing a slightly
blurred effect along the riverbanks. In contrast, for meshes without
explicit riverbank alignment (U20 and US20, Fig. 3.3.c and {), the tran-
sition results in a horizontal step-like interface between wet and dry
zones. Within the river, all meshes except C200 reproduce the same
general patterns of water depth. H200, although coarser, still captures
the main features but with less precision, especially in curved sections
of the river.

In terms of discharge repartition between the different river segments,
all simulations except C200 display similar patterns. The values re-
ported below correspond to the mean and standard deviation com-
puted across all configurations except C200. A small, almost negli-
gible loss is observed before the first bifurcation, with discharge aver-
aging 97.35+0.74% of the imposed inflow. Downstream of this point,
discharge remain stable, with values of 98.00+£1.78% between the two
meanders and 97.25+1.41% at the downstream end of the domain. Re-
garding the repartition of discharge between meanders and their cor-
responding cut-off channels, 82.00+1.84% and 12.98+1.64% of the in-
flow pass through the Dunavit de Sus and its cut-off channel, respec-
tively, while 0.83+0.16% and 89.78+2.73% pass through the Dunavat
de Jos and its cut-off channel, respectively. In contrast, the C200 con-
figuration exhibits a markedly different behavior. A strong discharge
loss occurs immediately after the inflow boundary, with only 30.52%
of the imposed discharge remaining in the main channel upstream of
the first bifurcation. Discharge then partially comes back to the river
downstream, reaching 49.86% between the two meanders and 52.38%
at the downstream end. The repartition between meanders and cut-off
channels also deviates strongly from the other cases, with only 31.03%
and 5.87% of the inflow passing through the Dunavat de Sus and its
cut-off channel, and 2.05% and 31.34% through the Dunavat de Jos
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and its cut-off channel, respectively.

Looking at the velocity magnitude (Fig. 3.4), the four finer meshes
(H20, C20, U20, and US20, Fig. 3.4.a, b, ¢, and f) globally show the
same patterns. In the zoomed-in views of Fig. 3.4, an area of high
velocity is visible along the inner bank of the bend, shifting laterally
across the channel at the bend’s exit. Some meshes, notably C20 and
US20, display additional high velocities area on the inner bank down-
stream of the bend. H200 (Fig. 3.4.d), by contrast, tends to smooth
velocity distributions across the channel width. It slightly underesti-
mates peak velocities in the inner bend and completely fails to capture
the low-velocity zones near the outer bank. Contrarily to the water
depth results, we don’t see velocities extending outside the river in any
simulation - except the simulation with the C200 mesh.

For that mesh, we see water spillage north of the river (Fig. 3.3.e) and
it fails to represent localized variations across the cross-section of the
river channel (Figs. 3.3.e and 3.4.e). Both water levels and flow magni-
tudes appear overly smoothed when compared with the other simula-
tions.

3.3.3 Second scenario: Flood event

In the flood event scenario, all simulations were run using Atcp; to re-
duce computational costs. The runtimes, presented in Table 3.3, are
broadly similar to those observed in the constant discharge case, al-
though slightly larger.

Table 3.3: Flood event scenario simulations costs. Runtimes are expressed in
HH:MM format

H20 H200 C20 C200 U20  US20
Runtime with Atcp;  01:13  00:14 01:17 00:02 00:53 00:17

The hydrodynamic response of each mesh during the flood event sce-
nario reveals clear differences in flooding spatial patterns (Figs. 3.5 and
3.6). Among all configurations, H20 and C20 produce nearly identical
inundation patterns throughout the simulation (Fig. 3.5.a and b). Wa-
ter level increases over the entire river, with a more marked increase
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Figure 3.3: Comparison of water column height at the end of the simulation for the
six mesh configurations(H20, C20, U20, H200, C200 and US20). Each subplot
includes a view of the entire domain and two versions of the same close-up view.
The location of the zoomed area is indicated on the domain view by a red square.
Both close-ups show the same area, but in the second, the mesh is overlaid: thin
gray lines represent element edges, and the wider black line delineates the river
boundary. For meshes that do not follow the riverbanks, the river boundary from
the H20 mesh is used.
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Figure 3.4: Comparison of water velocity magnitude at the end of the simulation
for the six mesh configurations (H20, C20, U20, H200, C200 and US20). Each
subplot is made of a view of the entire domain, and two versions of the same close-
up view. The position of the close-up view is represented on the domain view by
a dark blue square. Both close-ups show the same area, but in the second, the
mesh is overlaid: thin black lines represent element edges, and the wider black line
delineates the river boundary. For meshes that do not follow the riverbanks, the
river boundary from the H20 mesh is used.
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before and inside the first meander. The second meander that was al-
most dry in the previous scenario widens for the time of the flood, be-
fore coming back to its original shape. When looking at the flooding
itself, water spills out of the river and flood the northern part of the
domain. We also notice a lake filling up north-east of the second me-
ander. After 11 days, both simulations flooded ~22 km?, and at the
end of the simulation ~20 km? stayed flooded. They also show consis-
tent patterns in term of discharge distribution (Fig. 3.7). Given their
high resolution, the alignment of their elements with the riverbanks
and their consistent agreement, these two meshes are used as reference
benchmarks for evaluating the others.

The unstructured mesh US20 reproduces similar flood extents but
slightly overestimates water depth in the inundated areas (Fig. 3.5.c). It
also provides a coarser representation of the flood pattern details. De-
spite this, the overall flooded area remains consistent with the bench-
mark simulations. In this configuration, ~22 km? are flooded after 11
days of simulation, and ~21 km? stayed flooded at the end. In con-
trast, U20 and H200 both show noticeable differences when compared
to benchmark simulations (Fig. 3.6.a and b). U20 predicts additional
flooded areas in the southwestern part of the domain, while H200 dis-
plays water spreading into the southeastern part of the floodplains. In
addition, H200 shows some irregularities near the river channel, due
to the transition zone. Both of these configurations show a flooded area
of ~27 km? after 11 day. However, the flooding extent differs at the
end, with ~20 km? flooded at the end of the H200 simulation, against
~25 km? in the U20 simulation. The coarsest mesh, C200, performs the
worst in term of spatial accuracy, with excessive water spillage every-
where north of the river (Fig. 3.6.c). Its flooding extent after 11 days is
of ~29 km?, which comes down to ~27 km? at the end of the simula-
tion. In all cases, once the flood peak has passed, a significant portion
of the water remains stored in the floodplains.

We do not observe major differences in the average discharge
repartition compared with the constant-discharge scenario, with all
simulations—except C200—showing consistent patterns. However,
there is a clear change in behavior during the flood event between the
two reference cases (H20 and C20) and the other four configurations
(Fig. 3.7). In H20 and C20, the discharge downstream of the domain
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Figure 3.5: Evolution of the water column height during the flood event simulations
fo H20 mesh, C20 mesh and US20 mesh. For each simulation, the first column
represents the initial condition, the second column is the state of the simulation
after eleven days (at the end of the flood peak) and the last column shows the
water height at 30 days, the end of the simulated period.

follows the values observed upstream of the first bifurcation and be-
tween the two meanders. In contrast, the other mesh configurations
produce a downstream discharge peak that temporarily exceeds the
upstream values. The relative proportions of flow in the other river
segments also deviate slightly from those observed in H20 and C20. In
addition, the downstream discharge curves of U20 and US20 display
a slightly delayed peak compared to the other cases. As in the con-
stant discharge scenario, there is again a significant discharge loss in
the C200 configuration compared with the others.
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Figure 3.6: Same as Fig. 3.5 but for U20 mesh, H200 mesh and C200 mesh.
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Figure 3.7: Discharge distribution between the river segments for the six mesh con-
figurations (H20, C20, H200, C200, U20 and US20). Each color corresponds to
one transect, as described in the legend. The map below shows the location of
the transects used to compute discharges, consistently color-coded with the plots,
with the model domain boundary is shown in gray. The name of each simulation is
indicated in the top-right corner of its respective panel.
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3.4 Discussion and conclusion

In this study, we evaluated the hydrodynamic and computational per-
formances of different mesh configurations for river—floodplain simu-
lations using a DG FE model. We found that in-channel hydrodynamic
representation and discharge distribution under non-flooding condi-
tions are primarily controlled by the in-river resolution, whereas flood
extent and discharge repartition during flooding events depend on the
representation of the riverbanks. On the other hand, computational
cost increases with the total number of elements and with decreasing
size of the smallest element. Based on these findings, we propose to
combine a hybrid mesh of 20 x 20 m elements in the river and an un-
structured mesh with a gradually increasing element size in the flood-
plain as the best compromise between accurate in-river representation,
best estimation of the flooding extent and computational efficiency.

Our results show that accurate representation of in-channel hydro-
dynamics in non-flooding scenarios requires sufficiently high resolu-
tion within the river; in our case, 200 m was too coarse to capture
the patterns reproduced at 20 m. With a 20 m in-channel resolution,
all mesh types tested—hybrid (H20), constrained unstructured (C20),
uniform unstructured (U20), and unstructured with graded resolution
(US20)——produce consistent water depth, velocity patterns and dis-
charge repartition. This aligns with prior findings in studies made with
FV models, who showed that mesh resolution, and through it accurate
bed shape representation, has greater impact on hydrodynamics mod-
els than input bathymetry resolution (Horritt et al., 2007), mesh struc-
ture (Bilgili et al., 2023) or other typical calibration parameters (Hardy
et al., 1999).

At high resolution (20 m), differences between hybrid and constrained
unstructured meshes are minor. While some local deviations occur—
—particularly in bends or near complex bathymetry—-they do not sig-
nificantly affect the global hydrodynamic behavior. However, at coarser
resolution, hybrid meshes clearly outperforms constrained ones. Simi-
lar observations were made by Bilgili et al. (2023) and Y. G. Lai (2010),
who reported that unstructured meshes require higher resolution to
achieve accuracy comparable to curvilinear grids. It must be noted that
in our case, the marked differences between H200 and C200 mainly
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stem from the fact that hybrid meshes retain higher resolution across
the river’s width, whereas constrained unstructured meshes reduce res-
olution more uniformly.

That being said, and while across-channel resolution remains more im-
portant than along-channel resolution in river modeling due to the in-
herent anisotropy of fluvial systems, our results show that high cross-
section resolution alone is not sufficient. Along-the-flow resolution
must also be adapted to the geometry and flow conditions, particu-
larly in bends and areas with variable bathymetry. In these zones in
particular, too coarse along-channel resolution can degrade the repre-
sentation of the flow velocity. However, the H200 mesh, despite its
lower resolution along the river, still performs reasonably well in re-
producing the water column height. This is in contradiction with the
significant increase in water depth that Bilgili et al. (2023) observed
with coarser meshes, but aligns with the findings of Y. G. Lai (2010),
who also concluded that water depth is generally less sensitive to mesh
structure and resolution than flow velocity. As a results, hybrid meshes
with lower longitudinal resolution may remain useful in studies fo-
cused solely on water levels, particularly in relatively straight river sec-
tions where complex flow dynamics are limited.

For overbank flooding scenarios, our results show that an accurate and
explicit representation of the riverbanks is essential. In our study,
meshes that do not align with the riverbanks—U20 and US20—either
show excessive water spillage or misplaced flooding, as well as a de-
layed downstream discharge peak. In the case of the uniform mesh,
the lack of alignment likely results in an inaccurate representation of
bank elevations, creating artificial pathways for water to spill south of
the channel. The US20 mesh, even if it is not explicitly constrained by
the riverbanks, still has a resolution depending on the distance to the
riverbanks, allowing for a more accurate representation of the flooded
area. However, it still overestimates the amount of water going into
the floodplains. This overestimation is likely due to an inaccurate rep-
resentation of the bank geometry, which lets more water going out of
the river. Yet, explicitly following the riverbanks is not sufficient if
resolution near the channel is too coarse. Both H200 and C200, while
aligned with the river geometry, provide insufficient resolution at the
bank interface. This results in water over-spilling, wrong evaluation of
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flooded area and spatially irregular flooding patterns along the chan-
nel banks. The excessive spilling observed in these four configurations
is reflected in the downstream discharge, which temporarily exceeds
the discharge upstream of the first bifurcation, indicating that part of
the flow transited through the floodplains rather than the river. These
findings aligns with those of Kim et al. (2014), who highlighted that
higher resolution and ability to follow riverbanks lead to higher model
accuracy.

As expected and seen in the literature (Kim et al., 2014; Bomers et al.,
2019), computational cost increases with the total number of elements
and decreases with larger minimum element sizes. When using a fixed
time step for all simulations, hybrid meshes are slightly more efficient
than constrained unstructured meshes at the same resolution. While
the difference is small on this small-scale test case, it could translate
into significant time savings in large-scale or long-duration simula-
tions. It should however be noted that, while flow-oriented structure
of hybrid meshes may offer slightly better memory locality and numer-
ical conditioning (Bomers et al., 2019), the difference in number of ele-
ments in the coarsest meshes (~8000 for H200 and ~2000 for C200) is
sufficiently marked that C200 should have shown better times. How-
ever, in both those meshes, the total number of elements is too small to
fully exploit the computational capacity of the GPU (Brodtkorb et al.,
2012; Ma et al., 2025). In this under-utilization regime, kernel-launch
and memory-management overheads dominate runtime, which makes
the small difference observed between C200 and H200 (42 min vs 39
min) not meaningful. When using CFL-based time stepping, the ben-
efits of hybrid meshes depend on their resolution. At high resolution,
they remain slightly faster than constrained meshes. However, at lower
resolution, the inclusion of small elements in connection zones where
the water is deep, significantly reduces the CFL-constrained time step
of the hybrid mesh, leading to longer simulation times than their con-
strained counterparts. Despite its computational performances, the
C200 mesh is not a viable option for this test case, as its coarse reso-
lution causes a substantial loss of accuracy, both in river and flooding
representation.

Overall, while hybrid meshes show a slight advantage in computational
time over triangular fully unstructured meshes, the performance gain



72 Meshing in braided rivers

is less pronounced than reported in other mesh comparison studies
(Kim et al., 2014; Bomers et al., 2019). This difference may be explained
by the nature of our test case: these studies focused on single channel
non-braided rivers, meaning they do not have to deal with river seg-
ment connections and the resulting small elements in deep water. As
a result, their allowable time step for hybrid meshes is higher than for
their fully unstructured meshes, leading to significant gains in com-
putational times. In contrast, our domain includes bifurcations and
connection zones, where hybrid meshes introduce small triangles in
deep water, ultimately limiting their computational advantage. Inter-
estingly, the unstructured mesh with variable resolution (US20) consis-
tently ranks third in terms of computational performance, achieving a
good balance between speed and accuracy. Although not the most ac-
curate or the fastest, its adaptability makes it an appealing compromise
for many practical applications.

It’s worth noting that our performance evaluation focused on runtime.
We did not include disk space or memory usage, but these are non-
negligible in large domains—especially for high-resolution meshes that
require significantly more storage. It must also be noted that we use an
explicit scheme, where the allowable time step is constrained by the
smallest elements. An implicit scheme would remove this constraint
and allow larger time steps, which might give hybrid meshes a clearer
performance advantage. However, this would come at the cost of the
drawbacks associated with implicit schemes, and a detailed compari-
son falls beyond the scope of this study.

Based on the meshes we tested in this study and our subsequent find-
ings, we suggest that the most suitable mesh configuration would be a
combination of a hybrid high-resolution mesh (similar to H20) in the
river, with an unstructured mesh whose resolution decreases with the
distance to the riverbanks (like US20) in the floodplains (see example in
Fig. 3.8). This approach would explicitly represent the riverbanks, en-
sure sufficient in-channel resolution for accurate hydrodynamics, and
limits computational cost by reducing resolution away from the main
flow paths while still capturing flood patterns realistically. The use of
this configuration should, however, be approached with caution, as our
results are based on simulations performed with a single DG model
and may not be directly generalizable to other models or numerical
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schemes. Nevertheless, our findings are consistent with previous stud-
ies conducted using FV approaches (Hardy et al., 1999; Horritt et al.,
2007; Kim et al., 2014; Bilgili et al., 2023). It should also be noted
that the comparison between configurations is sensitive to the under-
lying bathymetry and to the bathymetry smoothing applied, which can
influence both local flow distribution and floodplain connectivity.

As is often the case, there are several opportunities to extend or im-
prove this study. First, it should be noted that our results were not
validated against observational data. As a result, we cannot say with
absolute certainty that simulations using the H20 and C20 meshes re-
produce reality more accurately than others. Nevertheless, the con-
sistency of the trends we observe and their agreement with previous
studies, give us confidence in our conclusions. In addition, several
other mesh configurations could have been tested. While our results
clearly favor the finest resolutions in terms of accuracy, we only tested
two discrete resolutions—20 m and 200 m. Intermediate resolutions,
such as 50 m or 100 m, could potentially have offered better accu-
racy—cost trade-offs. These alternatives were not explored here in order
to limit the number of test cases. Another possibility would be to vary
the along-the-flow resolution based on river morphology. For example,
coarser hybrid meshes may be sufficient for straight channels, while
meanders or areas with complex bathymetry would benefit from finer
along-channel resolution. A further improvement that could be tested,
would be to introduce an additional row of elements along the river-
banks in the hybrid meshes, which would serve as a transition zone
between the river and the floodplains. This could be particularly bene-
ficial for the H200 mesh, potentially reducing excessive water spillage.
Beyond these adjustments, alternative mesh types could also be ex-
plored. Flow-aligned meshes, for example, have been used success-
fully for bathymetry reconstruction in rivers (R. Lai et al., 2021) and
hydrodynamic modeling in coastal systems (Kernkamp et al., 2011).
Another possibility would be adaptive mesh refinement, where spatial
resolution is dynamically adjusted during the simulation to refine the
mesh in regions of strong gradients or active flooding and coarsen it
elsewhere (W. Huang et al., 2015; Hu et al., 2019). These approaches
may provide improved representation of flow dynamics while main-
taining computational efficiency. Finally, further studies could also
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benefit from local time stepping, which assigns to element its own time
step, reducing the global computational time (Wang et al., 2024; Ping et
al., 2025). This approach would prevent the smallest elements—often
located near bifurcations or banks—from imposing unnecessarily re-
strictive time steps on the entire domain.

Ultimately, the “best” resolution depends on the goals of the study. Our
results confirm that high resolution in the river is essential for accu-
rate in-channel hydrodynamics, while proper representation of river-
banks is critical for reliable flood modeling. However, the level of res-
olution required may vary depending on domain size, computational
constraints, and the physical processes being modeled. Above all, this
study reinforces a central idea: for reliable riverine hydrodynamics, ac-
curate river and riverbank representation are paramount—regardless
of mesh type. Building on these findings, we apply a hybrid strategy in
chapter 5 for the hydrodynamic modeling of the Danube Delta, using
a hybrid mesh with fine (20 m) resolution in the river and gradually
coarsening unstructured elements in the floodplains to balance accu-
racy of river morphology representation and computational efficiency.
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Figure 3.8: lllustration of the hybrid—unstructured mesh configuration recom-
mended based on this study’s findings. The main panel shows the full model do-
main, while the inset on the left (outlined in blue) provides a close-up view of the
area highlighted in the full-domain panel. Colors represent the mean edge length
of each triangular element, with edge thickness also scaled to the mean edge length

for improved visual clarity. The thick black line delineates the river boundaries.
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An integrated high-resolution
bathymetric model for the Danube Delta
system

This chapter is based on the following article: Alaerts, L., Lambrechts,
J., Randresihaja, N. R., Vandenbulcke, L., Gourgue, O., Hanert,E., and
Grégoire, M. (2025). An integrated high-resolution bathymetric model
for the Danube Delta system. Earth System Science Data, 17 (7),
3125-3140. https://doi.org/10.5194/essd-17-3125-2025
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Danube Delta bathymetry

Abstract

Acting as a buffer between the Danube and the Black Sea, the
Danube Delta plays an important role in regulating the hydro-
biochemical flows of this land-sea continuum. Despite its impor-
tance, very few studies have focused on the impact of the Danube
Delta on the different fluxes between the Danube and the Black
Sea. One of the first step to characterize this land-sea continuum
is to describe the bathymetry of the Delta. However, there is no
complete, easily accessible bathymetric data on all three branches
of the Delta to support hydrodynamic, biogeochemical or ecolog-
ical studies. In this study, we aim to fill this gap by combin-
ing 4 different datasets, three in the river and one for the river-
banks, each varying in density and spatial distribution, to cre-
ate a high-resolution bathymetry dataset. The bathymetric data
was interpolated on a hybrid curvilinear-unstructured mesh with
an anisotropic Inverse Distance Weighting (IDW) interpolation
method. The resulting product offers resolutions ranging from
2 m in a connection zone to 100 m in one of the straight unidi-
rectional channel. Cross validation of the dataset underlined the
importance of the data source spatial pattern, with average Root
Mean Square Error (RRMSE) of 0.55 %, 6.3 % and 27.6%, for river
segments covered by the densest to the coarsest dataset. These
error rates are comparable to those observed in bathymetry inter-
polation in rivers with similar source datasets. The bathymetry
presented in this study is the first unique, high-resolution, com-
prehensive and easily accessible bathymetric model covering all
three branches of the Danube Delta. The dataset is available at
https://doi.org/10.5281/zenodo.14055741 (Alaerts et al., 2024).
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4.1 Introduction

The Danube, Europe’s second-largest river, flows through ten countries
and drains an extensive catchment area of ~800,000 km? before empty-
ing into the Black Sea, where it is the primary source of water and nu-
trients. About 110 km before reaching the coast, the river divides into
three main branches: the Chilia, Sulina and Sfantu Gheorghe branches
(Fig. 4.1). Between those three branches, spanning ~ 5000 km?, lies the
Danube Delta (Driga, 2008; Romanescu, 2013; Bdnaduc et al., 2023).
The Danube Delta is a complex system of lakes, channels and flood
plains. It acts as a crucial buffer zone for water, nutrients and sed-
iments between the Danube river and the Black Sea (Cristofor et al.,
1993; Suciu et al., 2002; Sommerwerk et al., 2022). The delta is also a
biodiversity hotspot and holds substantial importance for local inhab-
itants, providing essential resources such as drinkable water, fishing,
aquaculture, agricultural lands, transport and recreational activities
(Banaduc et al., 2016; Lazar et al., 2022; Bdnaduc et al., 2023).

Among the three branches, Chilia is the northernmost and serves as
natural boundary between Ukraine and Romania. It is the youngest
and least transformed of the three branches, and includes numerous
meanders and islands. It divides into four smaller branches before
reaching the sea, creating a secondary delta within the Danube Delta
(Romanescu, 2013; Banadduc et al., 2023). The Sulina branch is located
in the center of the delta. It is the shortest and most altered by an-
thropogenic activities of the three branches. The rectification of the
branch, during a so-called "cut-offs’ program, took place at the end of
the 19" century and greatly impacted the path and discharge of the
Sulina branch, now linking the cities of Tulcea and Sulina in an almost
straight line. The branch is the main shipping route of the delta (Panin
& Jipa, 2002; Driga, 2008; Dutu et al., 2018). Sfantu Gheorghe is the
southernmost branch. Like the Chilia branch, it meanders a lot, but
an other ‘cut-offs’ program was carried-out in the 1980s to rectified all
the meander bends, shortening the total length of the branch (Panin &
Jipa, 2002).

Despite its ecological and socio-economic importance, comprehensive
studies on the delta dynamics and ecological status as a whole are
scarce. In terms of bathymetry, some studies have focused on spe-
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Figure 4.1: Map of the Danube Delta. The zoomed-out view (bottom left) dis-
plays the countries through which the Danube flows, with the river represented by
a black line. The red rectangle outlines the area covered by the close-up view. In
the close-up view of the delta, the black line marks the boundaries of the zone of
interest, while the dashed line indicates the national borders. The basemaps are
the Ocean Basemap (Esri, 2018) for the zoomed-out view, and for the close-up
view the Voyager map tile by CartoDB, under CC BY 3.0. Data by OpenStreetMap
© OpenStreetMap contributors 2019. Distributed under the Open Data Commons
Open Database License (ODbL) v1.0.

cific channels (Jugaru Tiron et al., 2009; Rosu et al., 2022) and broader
campaigns have covered entire branches (DDNIRD, 2015; Dutu et al.,
2018). There is however no publicly available bathymetry product
covering the entirety of the three branches to support hydrodynamic,
biogeochemical or ecological studies on the Danube Delta as a whole.
Bathymetry plays an important role in the description of aquatic envi-
ronment. Overly coarse resolution or poor-quality bathymetric data
can result in substantial errors in predicting water column heights,
flood extents, velocities, and shear stress. In larger systems like deltas
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and estuaries, these inaccuracies can substantially affect the distribu-
tion of water (Merwade et al., 2005; Dey et al., 2022; Fuchs et al., 2022).

Our goal in this study is to produce a complete bathymetry model of
the three branches of the Danube Delta, from the city of Issacea to
the Black Sea (Fig. 4.1). To achieve that objective, we will use four
different datasets that will be interpolated on a hybrid curvilinear-
unstructured mesh. The resulting product will subsequently be used
in hydrodynamic models to better represent the role of the delta within
the Danube-Black Sea land-continuum.

4.2 Data and Method

4.2.1 Data sources

We used data coming from four different sources. The first source is
Copernicus’ Digital Elevation Model (DEM) (European Space Agency,
2021). We used it to determine the riverbanks’ position and height. It
has a resolution of 30 m, and the data dates from 2021. The three other
sources describe the bathymetry inside the river (Table 4.1). For the
section of the Danube upstream of the delta and the Chilia branch (rep-
resented in yellow in Fig. 4.2), the data come from measurements made
by the Ukrainian Scientific Center of Ecology of the Sea (UkrSCES) be-
tween 2014 and 2017. The data points were collected without adhering
to a specific sampling pattern, resulting in variable distances between
points and inconsistent sampling density (Fig. 4.2.b.). The averaged
distance between two points is 160 m but can decrease down to ~ 50
m. With 1925 data points, this dataset has an averaged point density
of 3.2x 107> points/m?, which is rather low compared to datasets used
in other studies (Legleiter & Kyriakidis, 2008; Merwade, 2009; Liang
et al., 2022). The section upstream of the Sulina-Sfantu Gheorghe sep-
aration and the Sulina branch (Fig 4.2.c.) are covered by data from the
Galati Lower Danube River Administration (AFD]J). This data is com-
posed of measurements made on a regular grid of ~ 1 m resolution
and dates from 2018. This dataset is composed of 14.5 x 10°® points,
which gives a data point density of 0.4 points/m?, which is a very high
density for a bathymetric survey (Legleiter & Kyriakidis, 2008; Mer-
wade, 2009; Liang et al., 2022). Data for the Sfantu Gheorghe branch
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comes from the Danube Delta National Institute for Research and De-
velopment (DDNIRD) (DDNIRD, 2015). This data is made of transects
spaced 300 m apart on average (Fig 4.2.d.). The distance between two
points within each transect is ~ 3 m. The measurement campaign was
carried out in 2015. There are 5.23 x 10* points in this dataset, and
the point density is 1.7 x 1073 points/m?. This density is in the lower
range of what is normally observed in bathymetry interpolation studies
(Legleiter & Kyriakidis, 2008; Merwade, 2009; Liang et al., 2022). Due
to data scarcity in the region, it was impossible to obtain bathymetric
data of the same year for the entire domain.

DDNIRD

0 250 500 m . — 0 250500m |10 250500 m
[ || . o L1 1 L1 1

(b) N ©@ ()
Figure 4.2: (a) Distribution of bathymetry sources within the delta. Each color rep-
resents a different source: UkrSCES in yellow, AFD] in red, and DDNIRD in blue.
Each black dot represents an individual bathymetry data point. (b-d) The bottom
three panels provide close-up views at the same scale, displaying the bathymetry
sampling points and highlighting the variations in sampling density among the
three distinct bathymetry sources. The background image is the Voyager map tile
by CartoDB, under CC BY 3.0. Data by OpenStreetMap © OpenStreetMap contrib-
utors 2019. Distributed under the Open Data Commons Open Database License
(ODbL) v1.0.
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Table 4.1: Characteristics of the different bathymetry data sources within the river.
Averaged spacing for the DDNIRD dataset corresponds to resolution within a tran-
sect/resolution between transects.

Source Sampling No. of Density Averaged Sampling
strategy points of points spacing years
[points/m?] [m]
UkrSCES Random 1925 3.2x107° 160 2014-2017
points
AFD] Regular 14.5x10° 0.4 ~1 2018
grid

DDNIRD  Transects 5.23x10* 1.7x1073 ~3/300 2015

4.2.2 Bathymetry interpolation

Given the diverse data sources, a certain degree of standardization was
necessary. First, we had to transition most of the data from their local
vertical datum to the WGS84 vertical datum. The UkrSCES data were
referenced to the Odessa datum, which is 0.17 m below the WGS84 ver-
tical datum. For AFD] data, most of the Sulina channel was referenced
to the Marea Neagra Sulina datum, 0.03 m above WGS84, while data
upstream of Tulcea and the beginning of the Sulina channel used the
Tulcea datum, 0.33 m above WGS84. DDNIRD data were referenced to
the Marea Neagra 75 datum, 0.25 m above WGS84 (Anastasiu, 2014).

To merge the different bathymetry sources into a unified bathymetry
product, a grid spanning the entire delta is required. In this study, we
used a hybrid curvilinear-unstructured mesh (Fig. 4.3). The mesh con-
sists of quadrilateral elements elongated along the flow in the unidirec-
tional river segments (Figs. 4.3.b. and 4.3.d.), combined with unstruc-
tured triangular elements in the connection zones between segments
(Fig. 4.3.c.). This configuration provides an accurate representation of
both the river’s course and the bottom topography, while minimizing
disk space requirements (Y. G. Lai, 2010; Bomers et al., 2019). As the
mesh elements adapt to follow the shape of the river, the resolution is
not constant. Perpendicular to the river, resolution varies between 2
and 12 m, with an average of 5 m. Along the river, element sizes range
from 37 to 102 m, averaging 52 m. In the connection zones, smaller el-
ements are used, ranging from 2 to 9 m, with an average resolution of 5
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m. Overall, mesh resolution varies from 2 m (in a connection zone) and
102 m (on an edge along the riverbank). Further details on the mesh
construction can be found in Chapter 3.
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Figure 4.3: (a) lllustration of the hybrid curvilinear-unstructured mesh on the
Danube, with zooms on (b) a bend in the river followed by a narrowing of the
river,(c) a connection zone between segments with its unstructured meshing and
(d) a straight portion of the river. The background image is the Voyager map tile by
CartoDB, under CC BY 3.0. Data by OpenStreetMap © OpenStreetMap contrib-
utors 2019. Distributed under the Open Data Commons Open Database License
(ODbL) v1.0.
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The data was then interpolated onto the generated mesh. Interpola-
tion in river systems present unique challenges due to their inherent
anisotropy: bathymetric variations tend to be more pronounced across
the river than along its course. To address this, most present-day meth-
ods involve projection into a channel-centered coordinate system, of-
ten referred as an s, n-coordinate system or curvilinear coordinate sys-
tem. In this system, s either represents the centerline or the thalweg
of the river, and # its perpendicular. Further explanations on the pro-
jection can be found in Chapter 2.1.3. Once the bathymetric data is
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projected in the s, n-coordinate system, an anisotropic interpolation is
performed. In this study, we chose an anisotropic Inverse Distance
Weighting (Inverse Distance Weighting (IDW)) interpolation method,
as it is easy to implement and has shown good results in previous stud-
ies (Merwade et al., 2006; Diaconu et al., 2019; Liang et al., 2022). Each
unidirectional river segment was assigned its own s, n-coordinate sys-
tem, and interpolation was performed segment by segment. To ensure
smooth transitions between adjacent segments, the connections zones
were included in the projection and interpolation processes of each of
their neighbouring segment. As a result, each point in the connection
zones was assigned multiple bathymetry values, which were then com-
bined using a weighted mean, with weights inversely proportional to
the distance from the corresponding segment. Further details on the
interpolation method can be found in the Appendix 2.1.3.

4.2.3 Validation
Cross-validation

The lack of data in the Danube Delta means that there was no inde-
pendent dataset to validate our bathymetry product. As a result, we
chose to use a ’leave-one-out’ cross-validation technique (Wu et al,,
2019; Liang et al., 2022). In this method, one observation point is
iteratively removed, and the interpolation is applied to estimate the
bathymetry at that location. The estimated value is then compared to
the actual observed data and this process is repeated for each point
in the dataset. We chose this technique because it is best suited for
datasets with low point density where every observation point is valu-
able. It is however time-consuming since the process has to be re-
peated for each point of the dataset. This becomes particularly chal-
lenging with very large datasets, like the one from AFD]J, that contains
14.5 x 10° data points. To counter this problem, we chose to use a ran-
domly selected subset of the points where the number of points is too
high. As the validation is done segment by segment, we took a random
sample of 1000 points for every segment that is covered by more than
1000 data points. In segments with less than 1000 points, all the points
were used. Errors in the connection zones were calculated separately
from those in the segments. The error metrics we used in the valida-
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tion are the Root Mean Squared Error (RMSE) and Relative Root Mean
Squared Error (RRMSE):

1 n
RMSE = J E Z(zobs,i - Zpredicted,i)zr (4'1)

i=1

RMSE
RRMSE = 1—5 x 100%, (4.2)

n .
; Zi:l Zobss 1

where i = 1,...n are the n points tested on the segment, z,,, ; represents
the observed value at the i*" point, Zpredicted,i T€PTesents the interpo-
lated bathymetry at the same point. The error in the connection was
computed separately from the error in the segments, to be able to find
the optimum combination method in the connection zone.

Comparison with global models

At present, there is no unique high-resolution bathymetry dataset eas-
ily available for the Danube Delta. In areas where such data is lack-
ing, hydrodynamic models can use global bathymetry models as an
alternative. To ensure that the bathymetry product developed in this
study offers a clear improvement over existing resources, we compared
it against two widely-used global bathymetry models: ETOPO 2022
(NOAA National Centers for Environmental Information, 2022) and
GEBCO 2024 (GEBCO Compilation Group, 2024). Both models pro-
vide bathymetric data on a global scale, delivered on a grid with a res-
olution of 15 arc-seconds (~330 m).

4.3 Bathymetry product

The final bathymetry product of this study covers the three main
branches of the Danube Delta, including all the channels and meanders
for which data were available, from Issacea to the Black Sea (Fig. 4.4).
Detailed views of three areas, each covered by a different bathymetry
data source, demonstrate the consistency between the interpolation
and the observed data (Fig. 4.4.b-d). The dataset includes over 5.8x10°
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points. The bathymetry values range from -3.4 m (negative values in-
dicate points above the reference level) on a dike, to 38.8 m in the river
near Tulcea, with an average depth of 8.2 +5.06 m.

Our results align with general river morphology. The bathymetry dis-
plays anisotropic patterns, with more pronounced depth variations
across the river than along its flow (Fig. 4.4 b, c. and d.). Greater
depths are observed at the center of straight channels (Fig. 4.4 c.), and
on the outer bends of the curves (Fig. 4.4 b. and d.). The meanders of
the Sfantu Gheorghe branch tend to be shallower than the man-made
straight channels created during the cut-off programs (Fig. 4.5). These
patterns derive from hydrodynamic forces and sediment transport pro-
cesses. Erosion tend to be more pronounced in areas with higher water
velocities, such as outer bends and the center of straights channels. By
contrast, sediment deposition is higher in slower-moving regions, like
inner bends and meanders. In meandering channels, secondary heli-
cal flows, which transfer water from the outer bend near the surface
downward toward the inner bend near the riverbed, further contribute
to sediment accumulation in the inner bend (Bridge, 2003; Nelson et
al., 2003).

Not all of the Sfantu Gheorghe branch meanders exhibit the same be-
haviours (Fig. 4.5). For example, while M1 and M3 meanders are in-
deed shallower than their respective artificial canals, the M2 meander
displays the opposite pattern. Tiron Dutu et al., 2014 observed the
same phenomenon, attributing it to the fact that the M2 meander has
retained much of its activity, with its artificial canal being compara-
tively less active than those associated with M1 and M3. This unequal
distribution of flow between the meander and the man-made channel
is attributed to several geomorphological control factors, including the
channel length ratios, the diversion angle (i.e. angle between the main
channel and the entrance of the diversion channel) and the bed level
differences.
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Figure 4.4: (a) Map of the interpolated bathymetry in the Danube Delta, with close-
up views (b-d) showing the interpolated bathymetry in the background and obser-
vations as colored dots. The modeled and observed bathymetry share the same
colorbar in all the panels. (b) Close-up on the Chilia branch. (c) Close-up on the
Sulina branch, where the observation data have been resampled to display 1/15 of
the points for clarity. (d) Close-up on the Sfantu Gheorghe branch, where the ob-
servation data have been resampled to display 1/7 of the points for clarity. The
background image is the Esri World Imagery basemap (ESRI, 2025).
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Figure 4.5: Map of the interpolated bathymetry in a section of the Sfantu Gheorghe
branch. M1and M3 meanders present a shallower bathymetry than their respective
artificial canal, while M2 meander is deeper than its man-made cut-off channel.
The background image is the Esri World Imagery basemap (ESRI, 2025)

4.4 Validation

4.41 Validation

The RRMSE for each segment is strongly influenced by the primary
bathymetric source (Fig. 4.6). Segments predominantly based on
UkrSCES data show an average RRMSE of 27.6 +13.4 % (RMSE = 1.78
m). In contrast, segments primarily using AFD] data exhibit a lower
average RRMSE of 0.55+0.34 % (RMSE = 0.07 m). In segments where
the DDNIRD serves as the primary data source, the average RRMSE is
6.3+2.55 % (RMSE = 0.5 m). In the connection zones, where a weighted
mean was performed to ensure smooth transitions between segments,
the average RRMSE is 1.90% (RMSE = 0.26 m).

Those results are comparable to those reported in studies using sim-
ilar interpolation techniques. We did not find any studies that used
datasets with a point resolution as low as that of the UkrSCES dataset.
However, the RRMSE obtained for UkrSCES covered segments are sim-
ilar to those of Merwade, 2009 for two rivers with a random point
distribution and a density approximately 3000 times higher than the
UkrSCES dataset. For the DDNIRD dataset, our results are on par with
or better than those found in the literature with transect and similar
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point densities (Merwade, 2009; Liang et al., 2022). We also found
no studies using datasets with a point density as high as that of the
AFDJ, but our RRMSE in AFD] dominated segments is close to 0, in-
dicating excellent alignment with the observed data. Additionally, our
results conform to well-established river morphological patterns. They
present a greater variation in depth across the river than along its flow,
and deeper areas on the outer bends. The bathymetry in the Sfantu
Gheorghe meanders reflects what has been observed by Tiron Dutu et
al., 2014. As a result, we consider the bathymetric product to be of the
highest possible quality with the available data sources.
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Figure 4.6: RRMSE for the bathymetry of each segment. The color and shape of
the markers correspond to the main bathymetry data source covering the segment.
The horizontal dotted line highlights the 0% RRMSE line.

4.42 Comparison with global bathymetry models

Our bathymetry product presents a significant improvement in repre-
senting the Danube Delta over global bathymetry models like ETOPO
2022 and GEBCO 2024 (Fig. 4.7). With a grid resolution of ~ 330 m,
these global models struggle to represent the river bathymetry. In many
cases, they either fail to capture the river’s course or significantly un-
derestimate its depth. Due to the coarse pixel size, which frequently ex-
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ceeds the width of the river, they are unable to represent the depth vari-
ations within the river channel. While ETOPO 2022 and GEBCO 2024
are good bathymetry product for oceanographic applications, they lack
the necessary resolution to represent river processes. In contrast, our
bathymetry product, which has a much higher resolution, is specifically
tailored to capture these critical riverine dynamics, making it a more
suitable tool for river-related studies and models.

4.4.3 Limitations

The most obvious limitation of this study comes from the data used.
The first problem is linked with the data resolution. In particular, ad-
ditional bathymetric data would be beneficial for river segments cov-
ered by the UkrSCES and DDNIRD datasets, and a higher-resolution
DEM could improve shoreline delineation. For the UkrSCES dataset,
the overall number of points is too low, and more data points should
be taken, with special care to take points all across the width of the
river. In the case of the DDNIRD, the overall density is good but the
spacing between transects is too high to ensure correct representation
of the continuity of the bed between measurements. To improve the
quality of the results, the best solution would be to increase the den-
sity of points in the river, particularly for the UkrSCES dataset, and
to a lesser extent for the DDNIRD dataset. For the former, any in-
put of bathymetry point would be useful, as random-based bathymetry
datasets can achieve performance comparable to transect-based data, if
the density is high enough and points are correctly distributed across
the width of the river (Merwade, 2009). For segments covered by the
DDNIRD dataset, we suggest increasing transect frequency or adding
longitudinal profiles parallel to the shores, as proposed by Diaconu
et al., 2019. Concerning the topography data, the 30 m resolution of
Copernicus’ DEM may be insufficient to precisely define the riverbank
positions. A higher-resolution DEM could improve accuracy, but to our
knowledge, no such dataset is publicly available for this region.

The other limitation linked with the data initiates from the temporal
disparity between datasets. The different measurements used in this
study were taken between 2024 and 2021. The AFDJ] and DDNIRD
datasets were each collected within a single year, in 2018 and 2015,



92 Danube Delta bathymetry

(a) =@
28.6 28.8 29.0 2%2 294 296 29.8

-3 0 3 6 9 12 15 18 21 24 27 30 33 36
Bathymetry [m]

Figure 4.7: Comparison of ETOPO 2022 and GEBCO 2024 bathymetry of the delta
with this study’s results and observations. The Black line represent the Danube
riverbanks. (a) Delta bathymetry according to ETOPO 2022 (NOAA National Cen-
ters for Environmental Information, 2022), with (b) a close-up view on ETOPO
2022 datain the Danube. (c) Delta bathymetry according to GEBCO 2024 (GEBCO
Compilation Group, 2024), with (d) a close-up view on GEBCO 2024 data in the
Danube. (e) Bathymetry product presented in this study. (f) Observations data
points used in this study.
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respectively. This is not the case for the UkrSCES dataset, whose data
spans three years (2014-2017). The topography readings originate from
the 2021 Copernicus DEM. Rivers are very dynamic ecosystem, and the
Danube is no exception, with both natural erosion/deposition of sed-
iments and man-made dredging happening at different points along
the river (Jugaru Tiron et al., 2009; Habersack et al., 2016; FAIRway
Danube, 2021). It is therefore highly unlikely that the bathymetry and
position of the riverbanks remained the same during the entire sam-
pling period. As such, it is only natural that we observed discrepan-
cies at places where two different bathymetry sources meet. Despite
this, the datasets used in this study were carefully selected to minimize
temporal gaps while prioritizing the highest available spatial resolu-
tion and accessibility, ensuring the best possible representation of the
riverbed for an easy-access bathymetry product. Regarding the Coper-
nicus DEM, since no product was available for the years corresponding
to the bathymetry measurements, we used the latest available dataset at
the time of data collection, as it provided the best possible topographic
coverage for the region.

The "by segment" interpolation used to allow reprojection in s,n-
coordinate system is also a source of discontinuities between segments.
The use of a weighted mean combination method in the connection
zones reduced those discontinuities in the interpolation results and al-
low for more realistic transitions.

4.4.4 Applications

This work presents the first bathymetry dataset that comprehensively
covers all three branches of the Danube Delta, marking a significant
advancement in the characterization and understanding of the delta.

One of the possible applications for this dataset is its use in a hydro-
biogeochemical model of the Danube-Black Sea continuum. The
Danube Delta plays an important buffering role between the river
and the sea, but most present-day models do not represent the delta
(Beckers et al., 2002; Grégoire & Friedrich, 2004; Kara et al., 2008;
Kubryakov et al., 2018; Lima et al., 2020). This oversimplification can
lead to inaccuracies in the representation riverine inputs to the sea,
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which can in turn significantly impact the simulation of coastal pro-
cesses (Rose et al., 2017; Breitburg et al., 2018; Ivanov et al., 2020;
Bonamano et al., 2024). Therefore, having a high-resolution, easily ac-
cessible bathymetry dataset for the Danube Delta’s branches is an im-
portant step toward improving the Black Sea coastal models and better
understanding interactions within the Danube-Black Sea continuum.
With that application in mind, future improvements to this dataset
could include extending coverage to the shallow coastal waters in front
of the delta.

Our bathymetry product could also be useful for flood risk assessment
in the Danube Delta. The region is characterized by low elevations and
minor altitude variations, with ~ 93% of its surface lying between 0 and
2 m above sea level. As a results, and despite the moderate rainfall in
that area, the Danube Delta experience annual flooding (Niculescu et
al., 2015). Coupled with a high-precision DEM, our bathymetry dataset
could be used to represent the flooding processes within the delta. It
could also support evaluations of infrastructure impacts, such as those
of dikes and floodplain modifications, on flood extent and dynamics.

In addition, this bathymetry dataset can be used in ecosystem and habi-
tat modeling. Designated a UNESCO World Heritage Site since 1990,
the Danube Delta is Europe’s largest nearly undisturbed wetland and
is considered a major biodiversity hotspot (Sommerwerk et al., 2022;
Simon & Andrei, 2023). Water depth, and by extension underwater
topography, are key components of habitat suitability models. They in-
fluence many wildlife activities, including fish breeding, benthic com-
munities distribution, reed bed development and bird nesting (Zigler
et al., 2008; Sultanov, 2019; Y. Zhang et al., 2024). High-resolution
bathymetry can help pinpoint areas of ecological importance and guide
conservation efforts.

While this dataset is currently only available through conventional
repositories, future developments could focus on integrating it into an
interactive WebGIS platform. WebGIS tools are getting increasingly
used for disseminating scientific datasets in various fields (Dragicevi¢,
2004; Pasquaré Mariotto et al., 2021; Foglini et al., 2025). They al-
low for an easy access and a larger dissemination of the information,
providing broader accessibility beyond the scientific community that
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typically engages with data repositories. Web-based platform enable
intuitive visualization, exploration, and interaction with the data, often
incorporating tools for processing, analysis, and modeling. Although
implementing such a system would require additional technical devel-
opment and falls beyond the scope of this study, it could be a logi-
cal step toward enhancing the usability and impact of this dataset for
a wider range of users, including policymakers, environmental man-
agers, and researchers.

45 Conclusion

This dataset is the first unique, high-resolution, comprehensive and
easily accessible bathymetric model covering all three branches of the
Danube Delta. We combined four different datasets of varying density
and spatial patterns on a hybrid curvilinear-unstructured mesh using
an anisotropic IDW interpolation method. The resulting product is
made of 5.8 x 10° elements, with a resolution ranging from 2 to 100
m. Cross-validation confirmed that the error rates are comparable to
those reported in similar interpolation studies, leading us to conclude
that this product is as accurate as possible, given the available data. By
offering better resolution and accuracy, this product will allow more
precise simulations of river-coastal dynamics, providing essential in-
sights for both scientific research and environmental management in
the region.






Appendix

4. A Parametrization

A sensitivity analysis was carried out to identify the optimal values for
the parameters an, np, and p of the interpolation method (Eqgs. 2.8 and
2.9) in the river segments. For the anisotropy factor an, we tested in-
tegers between 1 and 20, followed by multiples of 10 up to 100. The
maximum value of 100 was chosen based on the Danube Delta Na-
tional Institute for Research and Development (DDNIRD) data, where
the distance within a transect is approximately 3 m, while the distance
between transects is about 300 m. The values tested for the number
of neighbors np and the exponent p are respectively integers between
2 and 8, and integers between 1 and 3. To select the best set of pa-
rameters, we looked for the set of parameters that minimized the error
obtained with the ’leave-one-out’ cross-validation technique. For seg-
ments with more than 1000 points, where a random sample of 1000
points was used for testing, the same 1000 points were tested for each
parameter set.

The optimal parameters for each segments are presented in Tables
4.A.1 and 4.A.2. Overall, we did not find any definitive rule to de-
fine the optimum values of an, np and p parameters of the segments.
However, certain trends can be observed regarding the dimension-
less anisotropic factor an. Segments covered by bathymetry primar-
ily sourced from Ukrainian Scientific Center of Ecology of the Sea
(UkrSCES) data tend to require a higher an value, with a median of
18. Segments relying on Galati Lower Danube River Administration
(AFD]J) or DDNIRD data have lower median an of 1 and 2, respectively.
We observed no clear trend between the optimal values of the other
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parameters and the source of the observation data. Segments mainly
relying on AFD] data appear to be insensitive to variations in parame-
ter values.

Table 4.A.1: Combination of parameters for the interpolation of the bathymetry
that gives the lowest error for each segment covered by the UkrSCES dataset.

SegmentID np p an RMSE [m] RRMSE [%] Source

0 3 2 14 1.21 7.35 UkrSCES
1 5 3 8 2.48 28.52 UkrSCES
2 7 1 18 210 29.50 UkrSCES
3 2 1 15 1.57 29.45 UkrSCES
4 2 3 90 0.60 9.09 UkrSCES
5 4 1 13 1.02 11.39 UkrSCES
6 2 3 30 1.54 46.81 UkrSCES
7 4 1 8 1.44 25.68 UkrSCES
8 3 3 6 2.69 26.89 UkrSCES
9 5 3 40 3.58 37.94 UkrSCES
10 6 2 14 1.54 19.84 UkrSCES
11 8§ 2 100 0.97 15.49 UkrSCES
12 3 3 100 2.09 51.00 UkrSCES
13 5 1 50 4.30 59.24 UkrSCES
14 5 2 100 1.57 26.81 UkrSCES
15 3 2 5 3.06 37.75 UkrSCES
16 4 2 20 1.25 22.10 UkrSCES
17 2 1 18 1.64 25.22 UkrSCES
18 4 2 15 1.50 19.82 UkrSCES
19 6 2 8 1.61 30.48 UkrSCES
20 4 1 1 1.29 38.89 UkrSCES
21 4 1 20 1.91 43.83 UkrSCES
22 4 1 30 1.04 13.82 UkrSCES
23 2 3 9 1.14 13.34 UkrSCES
24 3 2 18 1.44 19.89 UkrSCES

This initial parametrization worked well for sparse, randomly dis-
tributed bathymetric data and high-density bathymetry, such as the
data from the UkrSCES and the AFD]J. For the DDNIRD data, where
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Table 4.A.2: Combination of parameters for the interpolation of the bathymetry
that gives the lowest error for each segment covered by the AFD] or the DDNIRD
datasets.

SegmentID np p an RMSE[m] RRMSE [%] Source

25 2 1 1 0.04 0.31 AFD]J

26 2 1 1 0.09 0.79 AFD]

27 6 3 7 031 4.13 DDNIRD
28 2 1 14 0.32 12.66 DDNIRD
29 2 21 0.51 3.50 DDNIRD
30 3 2 1 0.42 5.09 DDNIRD
31 4 3 2 027 3.02 DDNIRD
32 3 21 0.35 6.72 DDNIRD
33 6 2 1 0.47 4.59 DDNIRD
34 2 1 4 0.14 9.79 DDNIRD
35 2 2 9 0.63 4.38 DDNIRD
36 4 2 2 040 4.15 DDNIRD
37 4 1 1 0.28 7.01 DDNIRD
38 6 2 40 0.64 4.47 DDNIRD
39 4 2 1 0.37 3.07 DDNIRD
40 4 2 1 0.19 5.88 DDNIRD
41 2 1 8 0.65 4.51 DDNIRD
42 2 1 13 0.27 2.76 DDNIRD
43 4 2 1 0.40 4.09 DDNIRD
44 2 1 3 0.29 2.95 DDNIRD
45 2 21 0.54 7.56 DDNIRD

points within transects are densely packed and transects are widely
spaced, this method led to interpolation errors on the higher-resolution
grid. When optimizing parameters in segments with DDNIRD data by
sequentially removing points, the optimal an value was often low. This
is due to the fact that points within the same transect are very close to
each other and have similar bathymetry values, unlike the more distant
points in other transects. As a result, when the mesh resolution along
the s-axis is finer than the distance between transects, the np closest
bathymetric points to the mesh nodes are often all from the same tran-
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sect. This created a step-like interpolation, disrupting along-bed con-
tinuity.

To address this issue, we employed a modified two-step interpola-
tion technique within the s, n-coordinate system for segments where
DDNIRD data predominates. The first step is based on the idea pur-
sued by several studies that the bathymetry changes linearly follow-
ing lines of constant n-coordinates (Goff & Nordfjord, 2004; Caviedes-
Voullieme et al.,, 2014; Dysarz, 2018). For each grid point of the
grid used for reprojection, we computed the bathymetry by identify-
ing the closest points from the upstream and downstream transects
and then applying a simple Inverse Distance Weighting (IDW) inter-
polation using those two points in Eqs. 2.8 and 2.9, with np = 2
and p = 1. This process results in bathymetric data whose coordi-
nates align with the mesh within the segment but not in the connec-
tion zones. To resolve this, a second interpolation is performed using
the same method as with other bathymetry sources, but with the grid-
interpolated bathymetry as the source. Since the grid and the mesh co-
incide within the segments, the interpolated bathymetry in these areas
remains largely unaffected by the second step, while the bathymetry
on the mesh points in the connections continues smoothly from the
segments. To estimate the error with this method, we used a "leave-
one-out" cross-validation technique to compute the Relative Root Mean
Squared Error (RRMSE) on the observation points. It is important to
note that this approach does not provide an error estimation for the
mesh nodes between the transects.

In the connection zones, as each mesh point can receive one bathymetry
value per segment adjacent to the connection zone, we tested three dif-
ferent combination methods to determine the final bathymetry value at
these points. The first method followed Goff and Nordfjord, 2004’s ap-
proach, selecting the maximum value among the results. In the second
method, we calculated the mean of the values. In the third approach,
we averaged the interpolation results with weights inversely propor-
tional to the distance from the segment generating each result. Those
three methods are hereafter referred to as the Max, Mean and Weighted
mean methods, respectively. In addition to the Root Mean Squared Er-
ror (RMSE) and RRMSE, we also look here at the Mean Absolute Er-
ror (MAE) and Median Absolute Deviation (MAD), defined by:
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1 n
MAE = ; ;Izobs,i - Zpredicted,i| (4-3)
i=

MAD = median (|Zobs,i - Zpredicted,il) (4.4)

The three tested combination methods have similar errors (Table
4.A.3). They all gave low error metrics, with at least 50% of the tested
points with an absolute error below 3.5 cm. The Max method gives
the poorest results. Although the Mean method resulted in the lowest
overall error, the Weighted Mean method provided smoother transi-
tions between the segments and has a lower MAD.

Table 4.A.3: Error metrics in connection zones corresponding to the different com-
bination methods

Combination method RMSE RRMSE MAE MAD
[m] [%] [m]  [m]

Max 0.29 2.14 0.09 0.035
Mean 0.22 1.64 0.08 0.033
Weighted mean 0.26 1.90 0.08 0.032
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The Danube Delta: How do floodplains
impact the Danube-Black Sea
continuum?
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J., De Le Court, M., Randresihaja, N. R., Vandenbulcke, L., Gourgue,
O., Hanert,E., and Grégoire, M. The Danube Delta: How do floodplains
impact the Danube-Black Sea continuum? In preparation.
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Floods are both a necessary natural process and a threat to lo-
cal populations in deltas. Floodplains play a central role in flood
mitigation and water circulation in those environments, and the
Danube Delta is no exception. Yet no numerical model has so far
evaluated the contribution of floodplains to the flow dynamics of
this region. Here, we use the unstructured hydrodynamic model
SLIM to assess how floodplains influence water levels, discharge
distribution, and coastal circulation along this continuum. In
this study, we investigate the role of floodplains in the Danube
Delta and their impact on the regional hydrodynamics using the
unstructured hydrodynamic model SLIM. Simulations were con-
ducted with and without explicit floodplain representation, and
with different values of Manning coefficients to assess the sensi-
tivity of results to channel and floodplain roughness. Our results
show that including floodplains improves agreement with dis-
charge and water level observations in the Delta, and alters flow
distribution. In 2024, about 10% of upstream discharge entered
floodplains and reached the sea through pathways other than the
six main rivermouths. Floodplains reduce water levels and buffer
peak discharges, particularly during sustained high flows, while
their effect on coastal circulation is limited to within ~10 km of
the shoreline. Channel Manning coefficients has a stronger in-
fluence on water levels and discharges than floodplain inclusion,
underlining the importance of parameterization. The model still
shows signs that river-floodplain connectivity could be improved,
particularly through better representation of the topography and
the inclusion of channels in the inner delta. These findings
highlight the importance of explicitly representing floodplains
in deltaic hydrodynamic models. They also provide a basis for
future applications coupling hydrodynamic processes with sedi-
ment, nutrient, and pollutant dynamics along the Danube River-
Delta-Black Sea continuum.
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5.1 Introduction

Flooding has posed a threat to human settlements since the dawn of
time, and remains a major issue today. In 2024 alone, storms and flood-
ing in Europe affected 413 000 people, causing more than €18 billion
in damages (Copernicus ECMWF, 2025). Notably, Storm Boris brought
one of the most devastating and widespread flood events in recent Eu-
ropean history, impacting major river basins such as the Danube, Elbe,
and Oder, and affecting countries including Germany, Poland, Austria,
Hungary, Czechia, Slovakia, Romania, and Italy (Copernicus ECMWF,
2025). While such events are not unprecedented, projections indicate
that both fluvial and pluvial flood risks are likely to increase across
Europe in the coming decades (Bednar-Friedl et al., 2022).

Among all ecosystems, deltas are particularly vulnerable to flooding.
Their flat topography, location at the interface between rivers and the
sea, and often high population density contribute to this sensitivity
(Wolters & Kuenzer, 2015). In addition, deltas are under intense an-
thropogenic pressure: agricultural development, river engineering for
navigation, upstream dam construction, and altered river flows all
degrade their natural capacity to buffer floods (Syvitski et al., 2009;
Wolters & Kuenzer, 2015). These pressures also disrupt sediment trans-
port, contributing to land subsidence in many deltas worldwide and
further exacerbating flood risk (Syvitski et al., 2009).

The Danube Delta, with its average altitude of 0.52 m and 93% of its
surface below 2 m, is not an exception (Gittler et al., 2013). Stud-
ies show that flooding in the Danube Delta typically occurs when river
discharge exceeds 10,000 m?3/s or in case of high waves in the coastal ar-
eas (Jugaru Tiron et al., 2009; Gogoase et al., 2011). Between 1840 and
2000, 89 flood events were recorded in the region, with the most severe
in recent memory occurring in 2006 (Jugaru Tiron et al., 2009; Gut-
tler et al., 2013) and 2010 (Hackl, 2010; Niculescu et al., 2015). While
2024 was not classified as a high flood year in the delta, the Danube
River discharge observed after Storm Boris was unusually high for a
month of September, even if such values could be considered normal
at other times of the year (Fig 1.4). Projections indicate that flood fre-
quency and intensity in the Danube Delta will increase in the coming
decades, with scenarios assessed for both mid- (2050) and late-century
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(2100) horizons (Ciobotaru et al., 2025). Observations already suggest
rising discharges in recent decades, attributed to climate change, up-
stream damming, and loss of wetland storage capacity (Jugaru Tiron
et al., 2009).

Beyond these documented flood events, seasonal flooding is a natural
and recurring phenomenon in the Danube Delta. Although precipita-
tion levels in the delta itself are low, the area experiences inundation
every year as part of its natural hydrological cycle (Niculescu et al.,
2015). The Danube Delta’s intricate network of channels, lakes, and
floodplains forms a highly connected system that buffers the effects of
high river discharge (Poncos et al., 2013). The more than 300 lakes
scattered throughout the delta, along with the surrounding swamps,
marshes, and floodplains act as natural buffers. They absorb excess wa-
ter in spring, when melting snow from upstream regions raises Danube
discharge, and gradually release it as water levels recede (Gastescu,
2009; Guttler et al., 2013; Niculescu et al., 2015). Depending on the wa-
ter levels, some lakes are connected by the means of canals or directly
through the vegetation (Gastescu, 2021), while other, completely iso-
lated during low-water periods, rely on seasonal floods to renew their
waters and sustain ecological health (Giittler et al., 2013). However,
these natural dynamics have been increasingly disrupted by anthro-
pogenic activities, including channelization, damming, and polderiza-
tion. Although large portions of the delta remain relatively undis-
turbed due to limited accessibility, the region has nonetheless lost ap-
proximately 30% of its natural area since the early 20th century (Poncos
et al., 2013; Gastescu, 2021). The delta’s natural capacity to store and
redistribute water still remains important in mitigating the destructive
potential of extreme discharge events.

There have been many studies on flooding in the Danube Delta, includ-
ing both damaging and natural inundation events. Some have focused
on specific areas within the delta (Jugaru Tiron et al., 2009; Gogoase
et al., 2011; Niculescu et al., 2015; Banescu et al., 2020), while oth-
ers have assessed flood susceptibility across the entire delta (Mierla
et al., 2015; Craciun et al., 2022; Costache et al., 2024; Ciobotaru et
al., 2025). Beyond physical inundation, several studies have explored
the role of floodplains in shaping key environmental processes in the
Danube Delta, such as nutrient dynamics (Cristofor et al., 1993), heavy
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metal retention (Keller et al., 1998; Burada et al., 2015), water quality
(Pinay, 1992), flow and sediment transport (Jugaru Tiron et al., 2009),
and biodiversity (Navodaru et al., 2002).

While all these studies underline the importance of the Danube Delta
in the Danube-Black Sea continuum, none so far has evaluated the con-
tribution of the delta’s floodplains on the flow dynamics along this con-
tinuum. In this study, we use the unstructured hydrodynamic model
Second-generation Louvain-la-Neuve Ice-ocean Model (SLIM)to inves-
tigate how the Danube Delta’s floodplain system responds to both typi-
cal conditions and discharge surges. We compare simulations with and
without integrated floodplains to assess their influence on water level
distribution and outflows at the rivermouths. In addition, we evalu-
ate the impact of bottom friction through different values of Manning
coefficients.

5.2 Material and methods

5.2.1 Area of interest

For this study, our region of interest encompasses the Danube Delta
and the North-Western Shelf (NWS) of the Black Sea (Fig. 5.1). The
offshore boundary of the domain follows the 120 m isobath, to cap-
ture the entire shelf and its dynamics. Coastlines were extracted from
OpenStreetMap (OSM). In the configuration without floodplains, the
domain stops at the coastline and extends upstream along the river-
banks. In that configuration, features in front of the delta included in
the coastline dataset (such as sandbanks and the Sakhalin barrier is-
land) were removed and therefore excluded from the mesh. In the con-
figuration with floodplains, the inland boundary corresponds to the
10 m elevation contour (i.e., the —10 m isobath). In both configura-
tions, the upstream boundary of the river is set at Isaccea, 30 km up-
stream of the Danube Delta. The river network includes the three main
branches of the delta—Chilia, Sulina, and Sfantu Gheorghe—-along
with all associated meanders covered by the available bathymetric data
(see Chapter 4).

The Danube Delta includes five major polders—Pardina, Sireasa, Ta-
taru, Carasuhat and Dunavat-Murighiol, Fig. 5.1)—that are isolated
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from the regional hydrodynamics. These areas are primarily agricul-
tural and are protected against flooding by surrounding dikes and des-
iccation channels (Niculescu et al., 2017). Although no information
was found confirming that the polders are never flooded, and occa-
sional overtopping or managed inundation events can therefore not be
fully excluded, they are generally designed to remain dry. Detailed to-
pographic data describing the surrounding dikes are not available, and
their narrow embankments are not resolved in the available elevation
datasets covering the region. To avoid introducing uncertain or arti-
ficial structures and unrealistic flooding, the polders were therefore
removed from the domain rather than represented explicitly. Their
boundaries are drawn based on the map provided by Tandsescu and
Constantinescu (2020), although their exact extents remain approxi-
mate due to the lack of detailed distribution data.

5.22 Hydrodynamic model

To run the simulations, we use the unstructured finite element model
SLIM, as described in Chapter 2. To evaluate the impact of the flood-
plains on the Danube-Black Sea continuum, two set-ups were tested:
one with the floodplains (Fig. 5.2.b.), and one without (Fig. 5.2.a.).
Both configurations use the same mesh in the river (Figs. 5.2 a-3 and b-
3). This mesh is a hybrid curvilinear-unstructured grid. It is made of a
structured curvilinear mesh with elongated triangles in unidirectional
river segments, and fully unstructured triangular meshes at intersec-
tions between segments. This approach offers several advantages, as
discussed in Chapter 3. The mesh is constructed with targeted across-
channel and along-channel resolutions of 20 m. The resulting mesh in
the river is made of ~ 6 x 10° triangles. Because the mesh adapts to
the river’s shape, its resolution is not constant. On average, elements
in river have a size of ~ 26 m, but edge length ranges from 9.5 to 71
m (see Table 5.1 for details). For both configurations, the river mesh
is constructed first, followed by the mesh for the rest of the computa-
tional domain, which is built around it.

In the sea, both configurations follow similar rules for element sizing
and share the same open boundary. At the river mouths, element sizes
match those in the river (Figs. 5.2 a—4 and b—4). Beyond this, ele-
ment size increases linearly with distance from the river mouths and
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Figure 5.1: Map of the study domain. The black line represents the model bound-
aries in both panels. Inside this boundary, the color indicates bathymetry. (a) pro-
vides a close-up of the Danube Delta, and (b) shows the full domain, extending
to the northwestern shelf of the Black Sea. In panel (a), polders excluded from the
simulation are outlined in black, colored green, and labeled with initials: P (Pardina),
S (Sireasa), T (Tataru), C (Carasuhat), and DM (Dunavat—Murighiol). The red frame
in panel (b) indicates the extent of panel (a).
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the coastline (Figs. 5.2 a—1, a—2, b—1, b—2). The resulting meshes of
the NWS consists of ~ 3.5 x 10° elements, with sizes ranging from ~15
m at the river mouths to ~200 m along the coast and ~1.5 km offshore.

The floodplains are meshed starting from the elements adjacent to the
river, which are defined to match the size of those at the edges of the
river mesh (Figs. 5.2 b—3 and b—4). The element size in the flood-
plains is then set to be inversely proportional to the distance from
the riverbanks, the polders and domain boundaries, and the coastlines
(Figs. 5.2 b—2 and b—3). Consequently, element sizes range from ~9
m near the riverbanks to ~200 m near the coastlines, polders and flood-
plain boundaries, and up to ~600 m in the interior floodplains.

The final meshes contain approximately 9.6x10° and 1.6x10° elements
for the first and second configurations, respectively, with element sizes
ranging from ~9 m to ~1.5 km. These additional elements in the flood-
plain configuration lead to higher computational costs. With a time
step of At = 0.1 s, a one-year simulation without floodplains runs in 48
hours on four NVIDIA A100 GPUs (192 GPU hours in total). The same
period simulated with floodplains requires 44 h 30 min on eight GPUs
(354 GPU hours), corresponding to about 1.8 times the computational
cost of the simulation without floodplains.

An accurate representation of the bathymetry is crucial for hydrody-
namic models (Merwade et al., 2005; Dey et al., 2022; Fuchs et al.,
2022). In the sea we use data from (EMODnet Bathymetry consortium,
2021), which has a resolution of 1/16 arc-minutes (~115 m), completed
at places east of the NWS outside the Emodnet grid (i.e. the Karkinit
Gulf and the coast near Sevastopol) by the GEBCO 2024 bathymetry,
which has a resolution of 15 arc-seconds (~460 m) (GEBCO Compi-
lation Group, 2024). In the river, we combine bathymetry from the
Ukrainian Scientific Center of Ecology of the Sea (UkrSCES), the Galati
Lower Danube River Administration (AFDJ) and the Danube Delta Na-
tional Institute for Research and Development (DDNIRD) (DDNIRD,
2015). The bathymetry in the river is interpolated on the mesh fol-
lowing the method presented in Chapter 4, to take the anisotropic
nature of the river depth into account (Alaerts et al., 2025). For the
bathymetry in the floodplains, we use Copernicus’ Digital Elevation
Model (DEM) (European Space Agency, 2021), which as a 30 m reso-
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Table 5.1: Comparison of mesh configurations in terms of number of elements and
element sizes for different regions of the domain. Two mesh setups are compared:
Danube—-Black Sea (DBS) and Danube—Floodplains—Black Sea (DFBS). Element
sizes are reported as mean * standard deviation, with the with the range (mini-
mum-—maximum) given in parentheses. For the river, “CS edges” refer to cross-
section edges (across the channel), “AF edges” to along-flow edges (along the chan-
nel), and “CZ edges” to edges in connection zones between river segments.

Characteristics DBS mesh DFBS mesh
Number of elements
River 605 612 605 612
Sea 350 058 352 926
Floodplains - 687 051
Entire mesh 958 670 1 645 607
Elements size [m]
River
CS edges 26.1+£9.6 26.1+£9.6
(9.5-71.0) (9.5-71.0)
AF edges 25.6+4.7 25.6+4.7
(14.6 — 62.6) (14.6 — 62.6)
CZ edges 26.4+8.2 26.4+8.2
(13.1 -64.5) (13.1 - 64.5)
Sea 604.6 +318.8 598.9+329.0
(18.8—-1406.1) (11.3-1546.3)
Floodplains - 96.0+102.4
(9.4-619.4)
Entire mesh 241.3+337.9 179.5+276.6
(8.9-1406.1) (8.9-1546.3)
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Figure 5.2: Mesh configurations. (a—1-4) Configuration without floodplains, and
(b—1-4) configuration including floodplains. Panel 1 shows the mesh over the full
domain. Panel 2 provides a zoomed view of the Danube Delta. Panels 3 and 4
show close-ups of a connection zone between river segments and one of the river
mouths, respectively. Colored frames in Panels 1 and 2 indicate the spatial extent
of the close-up views, which are framed with the corresponding colors.

lution. The bathymetry of the lakes present in the floodplains comes
from the DDNIRD (DDNIRD, 2011).

To better understand the dynamic between the river and the flood-
plains, we test different parameterizations of the bottom friction (see
eqs. 2.2 and 2.5 for the formulation of bottom friction). In the river
part of the domain, we try three configurations. In the first one, we ap-
ply a uniform Manning coefficient of n = 0.025 sm!/3 throughout the
entire river network, which is in the range of values commonly used in
the delta (Banescu et al., 2020; Rosu et al., 2022). The second config-
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uration uses spatially varying coefficients, assigning # = 0.0345 sm!/3

to the main river sections and 7 = 0.043 s m!/3 to secondary segments.
Main sections were defined as navigable channels or, in the absence of
such information, the deepest or widest branches. The Manning values
in this scenario come from Horvat et al. (2020), based on their cali-
bration of a 2D hydrodynamic model for a section of the Danube and
one of its meanders. The third configuration also uses spatially vary-
ing coefficients based on the same criteria (main and secondary river
sections), but the Manning values were obtained from the empirical
relations of Arcement and Schneider (1989), which allow Manning val-
ues to be computed from channel and floodplain characteristics. The
resulting values are # = 0.013 s m'/3 for the main sections and n = 0.026
sm!/3 for secondary segments.

Two configurations are tested in the floodplains. In the first, a con-
stant Manning coefficient of n = 0.025 m'/3s was applied uniformly. In
the second, the Manning coefficient varied spatially according to land
cover, based on the LifeWatch land cover 10 m (version 2) product for
2018. The land cover classifications are translated into Manning values
using the approach of Arcement and Schneider (1989), as detailed in
Table 5.2.

Combined with the two mesh configurations (with and without flood-
plains), we produce 7 simulation scenarios (Table 5.3). For the mesh
excluding floodplains, three cases are tested, each corresponding to one
of the river Manning configurations. They are hereafter referred to as
CM (Constant Manning), HM (High Manning), and LM (Low Manning)
scenarios. For the mesh including floodplains, four configurations were
used: one with constant Manning in both the river and floodplains
(CMF - Constant Manning with Floodplains), and three in which flood-
plain Manning was derived from land-use data. Those three last sce-
narios correspond to the three river Manning configurations. They are
hereafter called CLMF (Constant river and Land-cover-based Manning
with Floodplains), HLMF (High river and Land-cover-based Manning
with Floodplain), and LLMF (Low river and Land-cover-based Man-
ning with Floodplains). In all simulations, the Manning in the sea is set
t0 0.025 sm'/3.

The last information the model need to run are boundary conditions
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Table 5.2: Manning values for the different land covers in the Danube delta. Land-
cover categories come from the LifeWatch land cover 10 m (version 2) product and
Manning coefficient values are determined using the approach of Arcement and
Schneider (1989).

Land covers Manning values [s m!/3]
Water 0.023
Recently disturbed area 0.011

Natural material (< 10% vegetation) 0.015
Artificially sealed ground surface 0.005

Buildings 0.054
Crops 0.034
Intensively managed grassland 0.022
Grassland and scrubs 0.032
Inundated grassland and scrubs 0.017
Small coniferous (< 3 m) 0.053
Coniferous (>3 m) 0.054
Small deciduous (< 3 m) 0.053
Deciduous (> 3 m) 0.054

and external forcings. We apply a weak no-slip conditions along all
closed boundaries, including coastlines (except along the Danube Delta
in configurations with floodplains), the outer limits of floodplains in
the floodplain configurations, and riverbanks in simulations without
floodplains. At the open boundary in the sea, water surface elevation
and depth-averaged velocity are imposed through a Flather boundary
condition, adding tidal forcing from TPXO9v5 (Egbert et al., 1994)
to depth-averaged velocities from NEMO Black Sea (Grégoire et al.,
2020a, 2020b). River inputs are also imposed via Flather conditions.
For the Danube river, discharges measured by the AFDJ at Isaccea
are imposed at the upstream boundary. The discharges of the next
three largest rivers contributing to the NWS freshwater input—the
Dnieper, Dniestr and Southern Bug—are also imposed at the domain’s
boundary. These values are obtained from the GEOGloWS ECMWF
Streamflow Service (Hales et al., 2025). The model is initialized with
water surface elevation (77) and velocities set to 0, with two notable
exceptions. The first one concerns areas where the terrain elevation
is above 0 m (h < 0), as setting # = 0 would result in a negative water
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Table 5.3: Summary of the Manning bottom friction coefficient values (s m/3) for
the different hydrodynamic configurations. In the "Manning in river" column, MS =
main sections and SS = secondary sections.

Configurations Manning in river Manning in floodplains
LM (Low Manning) 0.013 in MS /
0.026 in SS
CM (Constant Manning) 0.025 /
HM (High Manning) 0.0345 in MS /
0.043in SS
CMF (Constant Manning 0.025 0.025
with Floodplain)
LLMF (Low river and 0.013 in MS Land-cover-based
Land-cover-based Manning 0.026 in SS (Table 5.2)
with Floodplains)
CLMF (Constant river and 0.025 Land-cover-based
Land-cover-based Manning (Table 5.2)
with Floodplains)
HLMF (High river and 0.0345 in MS Land-cover-based
Land-cover-based Manning 0.043 in SS (Table 5.2)

with Floodplains)

depth since H = 1 + h. The second exception concerns areas where
terrain elevation is below 0 m (h > 0), but inundation is not expected.
These areas are identified using the LifeWatch land cover product and
correspond to regions classified as neither "Water bodies" nor "Inun-
dated grassland and scrub of biological interest." For both exceptions,
initial velocities remain 0, but initial # is adjusted so that H = Hthin,
which represents the minimum acceptable water depth below which
the model considers the area dry and the wetting—drying algorithm
takes effect (see Chapter 2). The wind velocity at 10 m is taken from
the European Center for Medium-range Weather Forecast (ECMWF)
ERAS5 reanalysis (Hersbach et al., 2018). Precipitations are not taken
into account, as the region has a low precipitation regime, and the
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water level variations in the Danube Delta are mainly driven by river
discharge. Since this discharge already integrates precipitation effects
from the entire Danube Basin, the local impact of precipitation within
the delta is considered negligible (Niculescu et al., 2015; Craciun et al.,
2022). During the simulation, the model is relaxed toward the sea
surface elevation and depth-averaged velocity from NEMO Black Sea.
The aim of this relaxation is to correct the model’s barotropic velocity
in deep areas, where the 3D baroclinic effects are no longer negligible.
Consequently, the nudging is set to 0 in the entire Danube Delta. In
the sea, the coefficient increases with depth, from 0 in coastal areas
shallower than 30 m to 3 x 107> s~! near the shelf break.

Model validation

The model validation focuses on surface elevation, discharge, flooding
extent, and circulation on the NWS. For the first three, observational
datasets were available, while circulation could only be assessed quali-
tatively against descriptions from the literature, as no dataset is avail-
able to validate circulation near the delta shoreline.

The simulated surface elevation values are compared with satellite-
derived water surface elevations from the Copernicus Land Monitor-
ing Service (European Union’s Copernicus Land Monitoring Service in-
formation, 2024). These measurements are available at six validation
points along the river (hereafter referred to as stations 1-6) with a tem-
poral resolution of 27 days (see location on Fig. 5.3). Stations 1-5 are
located along the Chilia branch, numbered from the most upstream
(eastward) to the most downstream (westward), and station 6 is located
on the Sfantu Gheorghe branch, approximately 20 km upstream from
its mouth. Coordinates of all validation points are listed in Table 5.4.
Discharge measurements were provided by the Institutul National de
Hidrologie si Gospodarire a Apelor (INHGA). Data were collected just
downstream of the city of Tulcea, at the upstream end of each of the
three main branches (Chilia, Sulina, and Sfantu Gheorghe), and on the
Danube just upstream of the delta (see location on Fig. 5.5). Exact
locations are listed in Table 5.4.

To assess the model’s accuracy with these two datasets, we compute
three common statistical metrics between simulated and observed val-


https://www.hidro.ro/en/
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ues: the Root Mean Squared Error (RMSE), the Relative Root Mean
Squared Error (RRMSE), and the Mean Bias Error (MBE), defined as

n

RMSE:J%Z(W—O{)Q, (5.1)

i=1

RMSE

RRMSE =

x 100%, (5.2)

n
MBE = lZ(mi—oi) (5.3)
" i=1
where i = 1,...n are the time steps for which observations are available,
m; is the simulated value of the variable of interest (here, discharge or
water elevation), o; is the corresponding observed value, and 0 is the
mean observed value.

Surface elevation is also validated using Taylor diagrams. Such dia-
gram allows us to evaluate how well the model reproduces the pattern
and variability of the observations by representing, on the same plot,
the standard deviation of the modeled variable (g,,), the correlation
coefficient (R) and the Centered Root Mean Squared Error (CRMSE),
defined as

O =~ ;(mi —m)? (5.4)
1=

1 1v¢
R=——=" (m;—)(0;~0) (5.5)

OoOm 1 i=

CRMSE? =1y ((m;—m)-(0; ~0))
(5.6)
=02 +02—20,0,

According to the Law of Cosines, in a triangle with sides 4, b, and c,
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where a = 0,,,, b = 0,, and the angle between them is 6 = arccos(R), the
length of edge c is equal to the CRMSE. Using this property, model per-
formance can be represented in a Taylor diagram, which is a polar coor-
dinate plot where the radial coordinate is r = ¢,,, and the angular coor-
dinate is 8 = arccos(R). As a result, CRMSE is the distance between the
position corresponding to the observation (or a perfect model, located
at r = 0,,0 = 0) and the model point of coordinate r = 0,,,, 6 = arccos(R).

To compare simulations across stations with different o, values, we use
a normalized Taylor diagram, where each quantity is divided by o, to
make them dimensionless:

CRMSE
CRMSE' = ——=, o, = ‘;—m ol = Z— -1 (5.7)
0 o 0

In this normalized space, a perfect match with the observations lies at
r =1 and 6 = 0, allowing direct comparison between simulations with
different variability scales since all reference datasets are mapped to a
unit standard deviation.

Table 5.4: Location and number of observations for each validation station for year
2021.

Station name Coordinates Number of observations

Elevation validation
Station 1 28.8464°E 45.3170°N 14
Station 2 28.9299°E 45.2808°N 14
Station 3 29.0061°E 45.3594°N 13
Station 4 29.2704°E 45.4283°N 12
Station 5 29.5004°E 45.4191°N 14
Station 6 29.4429°E 44.9742°N 13

Discharge validation
Danube 28.7285°E 45.2270°N 5
Chilia 28.7512°E 45.2346°N 5
Tulcea 28.8394°E 45.2030°N 5
Sulina 28.8963°E 45.1870°N 8
Sfantu Gheorghe 28.8954°E 45.1820°N 6

Finally, flooding patterns were compared with the LifeWatch land cover
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10 m (version 2) product for 2018. Although this dataset does not
provide direct flood extent, it gives useful information on wether or
not areas are expected to be flooded, thereby providing a useful refer-
ence for model validation. Other potential datasets, including the Glo-
FAS Global Flood Monitoring product (Copernicus Emergency Man-
agement Service, 2025), Sentinel-2 Normalized Difference Water In-
dex (NDWI) imagery (European Space Agency, 2025), and surface
soil moisture from the Copernicus Land Monitoring Service (Euro-
pean Union’s Copernicus Land Monitoring Service information, 2025),
were also considered. However, they exhibited unrealistic patterns (e.g.
flooding within polders) and were therefore excluded from the analy-
sis.

5.3 Results

In this section, we first present the validation of the different simula-
tions for year 2021, to find which of our model setups performs best.
The best set-ups with and without floodplains are then applied in 2024,
to see how well they are faring with the unusual increase of discharge in
September caused by storm Boris passing over Central Europe, and to
evaluate the impact of floodplains on the hydrodynamics in the delta.

5.3.1 Validation 2021

Validation of river water surface elevation shows that the best results
are generally associated with simulations where floodplains are in-
cluded (Fig. 5.8 and Tab. 5.5). CMF produces the lowest error metrics
at stations 1-3, while LLMF performs best at stations 5-6, indicating
that CMF captures upstream dynamics more accurately, whereas LLMF
tends to perform better downstream. The exception is station 4, where
the lowest errors are obtained with a configuration without floodplains
(LM). On average, CMF yields the lowest RMSE (0.27 m) and MBE (0.14
m) values, while LM shows the lowest RRMSE (31.8 %).

The Manning coefficient in the river is the most determinant factor of
water level. As expected, a higher Manning coefficient in the river
leads to an increased water level. The inclusion of floodplains is the
next most influential factor, generally lowering water levels in the river.
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This decrease is however not uniform, being more pronounced in time
and places where water level is higher. The influence of floodplains on
water levels also becomes stronger as the river Manning coefficient in-
creases. Differences in the floodplain Manning coefficient values have
little impact on water elevation in the river, at least in the case tested
where the Manning coefficient is constant in the river: CMF and CLMF
produce very similar results, though CMF performs slightly better.
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Figure 5.3: Validation of water surface elevation for all simulations in 2021, at six
stations along the Danube Delta. A map (bottom left) shows the location of the
six stations with numbered symbols, which are repeated in the top-right corner of
each corresponding plot.

Validation of the variability of river water surface elevation shows that
including floodplains generally improves model performance (Fig. 5.4
and Table 5.6). In the normalized Taylor diagram, model performance
is assessed through the normalized modeled standard deviation (a,,),
the centered root mean square error (Normalized Centered Root Mean
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Table 5.5: Error metrics (RMSE, RRMSE, MBE) on water elevation at each station
for simulations without and with floodplains in 2021. RMSE and MBE are expressed
in meters, while RRMSE are expressed in % of the observed values. The mean
across all stations of each error metric is presented at the bottom of the table. For
each combination of station-error metric, the lowest value across all simulations is
written in bold font. The background color indicates relative performance across
models for each line, from dark green (best) to white (worst), with shades varying
linearly according to the metric value.

Without floodplains With floodplains

HM CMF LLMF CLMF HLMF

1.08 0.66 0.77
71.4 43.7 51.1
0.97 -0.63 0.72

1.07 0.73 0.76
72.4 49.6 51.3
0.89 -0.63

1.15
92.6
0.97

1.02
118.0
0.90

0.68
154.6
0.62

0.79
179.1
0.69

0.96
114.7
0.84

— | Stations

Mean
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Squared Error (CRMSE’)), and the correlation coefficient (R). The ideal
model corresponds to o, = 1, CRMSE’ = 0, and R = 1. In that respect,
the best representations of variability are obtained with the LLMF and
LM configurations, followed by CMF, while HM consistently performs
the worst.

Our results show that R is primarily station-dependent, varying be-
tween 0.8 and 0.99, which indicates a very good overall agreement in
temporal variability. For a given Manning configuration in the river,
o, decreases when floodplains are included, showing that floodplain
connectivity dampens water level variability. Conversely, o,, increases
with the Manning coefficient in the river, with high or constant Man-
ning configurations systematically overestimating the observed vari-
ability.

In terms of discharge validation, simulations including floodplains
generally provide the best agreement with observations, with four out
of five stations showing the lowest errors with simulations accounting
for floodplains (HLMF in most cases, CMF at the start of the Sulina
branch—Fig. 5.5 and Tab. 5.7). A notable exception is Sfantu Gheo-
rghe, where LM produces lower RMSE and RRMSE values. On average,
CMF provides the best overall error metrics (RMSE: 266 m3/s, RRMSE:
12.8%, MBE: 186 m3/s), with CLMF and HLMF showing equally good
MBE values.

As observed for water levels, the Manning coefficient in the river is
the main factor influencing simulated discharges, followed by the in-
clusion of floodplains, whose effect becomes more pronounced dur-
ing high-flow periods. Results show clear differences between differ-
ent Manning configurations. Lower Manning coefficients tend to am-
plify the observed bias, leading to larger overestimations of discharge
in the Tulcea and Sulina branches and stronger underestimations in
the Chilia branch. The main exceptions are at the stations before the
delta (Danube), where all simulations produce very similar results, and
at Sfantu Gheorghe, where the ordering of simulations in terms of
discharge magnitude changes throughout the year. Sfantu Gheorghe
also stands out because, unlike other locations which show a consis-
tent tendency to over- or underestimate observations, simulations at
Sfantu Gheorghe display no systematic bias. Concerning the impact of
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Figure 5.4: Taylor diagram of water surface elevation for all simulations in 2021, at
six stations along the Danube Delta. In the polar plot above, the radial distance
from the origin represents the normalized model standard deviation (o,,), with the
red dashed circle at 0, = 1 indicating the case where the model has the same stan-
dard deviation as the observations. The angular coordinate represents the correla-
tion coefficient (R). A model that perfectly matches the observed variability and is
fully correlated with the observations would lie at the point of coordinates ¢,, = 1,
R =1, shown as a black dot. The distance from this point, depicted here by the
green concentric circles, corresponds to the normalized centered root mean square
error (CRMSE'). Marker shape indicates the validation station (locations shown on
the map below), and marker color identifies the model configuration.
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Figure 5.5: Validation of the water discharge for all simulations in 2021, at five loca-
tions: upstream of the delta (Danube), downstream of Tulcea city (Tulcea), and at
the entry points of the three main branches (Chilia, Sulina, and Sfantu Gheorghe).
A map (top left) shows the five validation points with symbols and names, which
are repeated in the top-right corner of each corresponding plot.



5.3 Results 125

Table 5.6: Error metrics (o,,, CRMSE’) on water elevation variability at each station
for simulations without and with floodplains in 2021. All metrics are dimensionless:
o,, represents the normalized model standard deviation and should ideally be close
to one, while CRMSE’ should be close to zero. For each station—metric pair, the best
value among all simulations is highlighted in bold. The background color indicates
relative performance across models for each line, from dark green (best) to white
(worst), with shades varying linearly according to the metric value.

Without floodplains With floodplains
1
2
3
4
5
6

floodplains inclusion, it is particularly noticeable when the Manning
coefficient is increased, the most telling example being the HLMF case,
where a clear buffering effect on peak flows is observed.

In terms of discharge distribution, all simulations show similar pat-
terns: about 40% of the flow is directed into the Chilia branch and 60%
into Tulcea, with the four floodplain configurations losing 1-2% in this
initial separation. From Tulcea, the flow further splits into roughly 40%
toward Sulina (i.e. ~25% of the discharge value at the Danube station)
and 60% for Sfantu Gheorghe (~35%), with no systematic loss between
Tulcea and these two downstream branches.

Spatial validation of flooding for 2021 was performed for two contrast-
ing hydrological states (Figs. 5.6 and 5.7): the end of the "wet" season
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Table 5.7: Error metrics for discharges upstream of the delta (Danube), at the start
of each branch (Chilia, Sulina, Sfantu Gheorghe) and downstream of the city Tul-
cea (Tulcea) for all different simulations in 2021. RMSE and MBE are expressed in
m3/s, while RRMSE are expressed in % of the observed values. The mean across all
stations of each error metric is presented at the bottom of the table. For each com-
bination of branch-error metric, the lowest value across all simulations is written in
bold font. The background color indicates relative performance across models for
each line, from dark green (best) to white (worst), with shades varying linearly ac-
cording to the metric value.

Without floodplains With floodplains
£ 8
) o & a9 [ae]
g= = = = = =
5 S = =
& $ |3 2 2|3 2 © =

Danube ~ RMSE | 465 455 460 | 458 473
RRMSE | 9.5 94 94 | 94 97
MBE | 420 414 412 | 409 420

Chilia RMSE 231 238
RRMSE 10.4 10.8

MBE -215 -227

Tulcea RMSE 511 454
RRMSE 17.9 15.9

MBE 489 437

Sulina RMSE 467 434
RRMSE 46.7 43.4

MBE 447 418

Sf. Gheorghe RMSE | 205 220

RRMSE | 11.1 11.9

MBE 103

Mean RMSE 368 364
RRMSE 18.8 18.3

MBE 238 230
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Figure 5.6: Changes in flooded areas between 23 June 2021and 8 November 2021
for the CMF configuration. The red dotted line marks the boundaries of the Danube
Delta Biosphere Reserve (DDBR) hydrographic units: SP — Somova-Parches, SF -
Sontea-Fortuna, MM — Matita-Merhei, GU — Gorgova-Uzlina, RP — Rosu-Puiu, DD
— Dunavéat-Dranov. The top panel shows a simplified LifeWatch land-cover map
and the location of hydrographic units. The second row displays the flooded states
for each date, and the third row shows their differences.
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Figure 5.7: Same as Fig. 5.6, but for the HLMF configuration.
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(23 June 2021), when upstream discharges began to decrease after sev-
eral months of high flow (~8000 m3/s), and the end of the "dry" season
(8 November 2021), when discharges started to rise again after a pro-
longed low-flow period (~4000 m3/s, Fig. 1.4). Results from the CLMF
simulation were nearly identical to those of CMF, while the LLMF con-
figuration produced almost no flooding. These two cases are therefore
presented in the Appendix (Fig. 5.A.1) and not discussed further in the
main text.

Both CMF and HLMF produce flooding mainly in areas expected to
be inundated. Depending on the time of the year, between 83.7-84.4%
(CMF) and 84.2-84.6% (HLMF) of the flooded areas correspond to Life-
Watch land-cover classes “water” or “inundated grassland”. Spatially,
CMF tends to underestimate flooding, with several lakes missing in
the western Sontea—Fortuna unit and no water predicted in the So-
mova—-Parches unit (Fig. 5.6). In total, the CMF simulation flood 2336
km?2 on the 23rd of June and 2158 km? on the 8th of November. In
contrast, HLMF presents a larger inundated area (3287 km? and 2868
km?, respectively), with water present in all hydrographic units and all
the lakes represented (Fig. 5.7).

However, both configurations also predict permanent flooding in areas
that are expected to remain dry for at least part of the year (highlighted
by blue circles in Figs. 5.6 and 5.7), as those areas are either used for
crops or as agricultural grassland according to LifeWatch land-cover.
Those wrongly flooded areas represents about 7.3% (at least 157 km?)
of the total flooded area in CMF, and about 6.2% (at least 180 km?)
in HLMF. Overall it is difficult to identify a clearly superior configura-
tion: CMF underestimates flood extent in some regions, while HLMF
appears to flood more areas that should remain dry.

Since the depth-averaged barotropic model we consider does not in-
clude all the physical processes required to simulate the flow on the
NWS, we consider a more qualitative validation of that area examine
yearly averaged circulation patterns (Fig. 5.8). All simulations present
very similar patterns. Currents follow a southwestward direction along
the shelf break and the western coast, with mesoscale eddies forming
in the northern part of the domain. Higher velocities are observed near
the delta’s rivermouths and along the shelf break, and all simulations
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Figure 5.8: Annual mean circulation on the NWS for all simulations. Simulations
without floodplains are shown in the left column, and simulations with floodplains
in the right. For each simulation, a close-up of the Sulina and Chilia mouths is
displayed in the bottom-right corner, outlined by a blue dotted frame; the corre-
sponding area is indicated by a dotted blue rectangle in the main panel. Land and
sea outside the domain are represented in gray and blue, respectively.
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reproduce an eddy south of the Sulina channel. The influence of the
river on the velocities is particularly clear at the mouth of the Sfantu
Gheorghe branch, where water velocity is increased in a plume extend-
ing ~20 km south.

Some differences can be seen between configurations with and without
floodplains, near the coast and the delta’s rivermouth. In particular, we
can see differences around the sand bank in front of the Chilia mouth,
which is excluded from simulations without floodplains, as well as di-
rect communications between the sea and the floodplains. Differences
are also visible between floodplain configurations, with stronger activ-
ity in the floodplain areas as Manning coefficients in the river increase.

5.3.2 Floodplain impact in 2024

For 2024, we focus on the two best-performing model setups with and
without floodplains, namely the LM and CMF configurations, as they
show the smallest overall errors in their respective categories for 2021.
In this section, we examine the impact of floodplains on discharge dis-
tribution between the distributary branches and on coastal circulation.
We also analyze the spatial response of the floodplains to a sudden in-
crease in water level by comparing the flooding extent in 2024 after
storm Boris with that of the same period in 2021.

Before conducting the analyses for 2024, we perform a final validation
for the surface elevation. We choose to only show the validation for this
dataset, as it provides the most complete assessment of the simulation
on the entire DD due to its broad spatial coverage (Fig. 5.9). Results for
CMF are even better than in 2021 and confirm that CMF reproduces
water levels more accurately than LM. Averaged over all six stations,
CMF achieves an RMSE of 0.18 m, an RRMSE of 20%, and an MBE
of 0.02 m. It also captures the increase in water level following storm
Boris at every station except station 3, where it overestimates water el-
evation. By comparison, LM yields an RMSE of 0.38 m, an RRMSE of
33%, and a MBE of —0.34 m. As illustrated by its negative MBE, it al-
most systematically underestimates water levels, with the only excep-
tion occurring at certain times at station 5. As in 2021, LM performs
better at downstream stations than at upstream ones.
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Figure 5.9: Validation of water surface elevation from the LM and CMF simulations
in 2024, at six stations along the Danube Delta. A map (bottom left) shows the
location of the six stations with numbered symbols, which are repeated in the top-
right corner of each corresponding plot.

The effect of floodplains on the Danube discharge in the delta is clearly
visible (Fig. 5.10). In the LM simulation (top panel in Fig. 5.10), al-
most no differences are observed between inflow and outflow at the
branches: the mean sum of all branch discharges equals 100% of
the upstream Danube input. In terms of discharge distribution, ap-
proximately 38% of the flow is directed to the Chilia branch, 27% to
Sulina, and 34% to Sfantu Gheorghe. With no communication between
branches and no discharge loss to the floodplains, these percentages re-
main identical between the branch entry points and their river mouths.

In contrast, the CMF simulation shows reduced outflows compared to
the upstream inflow, with an average annual loss of 10.0+4.1% be-
tween the delta entrance and the river mouths (bottom panel in Fig.
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Figure 5.10: Discharges distribution simulated by CMF and LM for 2024. The figure
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The Danube outflow is obtained by summing the discharges at the six distribu-
tary mouths (four for Chilia and one for each of Sulina and Sfantu Gheorghe). The
duration of storm Boris is indicated by a red rectangle.
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5.10). This value is very close to that obtained in 2021 (10.8 + 4.8%).
Losses are particularly pronounced during high-flow periods, such as
the surge following storm Boris, when discharge losses reached ~14%.
They occur mainly in the Chilia branch, while the other two branches
show only minimal changes. In terms of distribution, discharge in
the Chilia branch decreases from 41% at the bifurcation to 33% at the
mouths, Sulina remains roughly constant at 24% of the upstream flow,
and Sfantu Gheorghe decreases slightly from 34% to 32%.

In both simulations, the relative contribution of each branch varies
over time. During low-flow periods (e.g. August-September and late
November), discharges in Chilia and Sfantu Gheorghe are nearly iden-
tical. In contrast, in higher discharges period (e.g. the first half if
the year up until July, or during the peak right after Boris), the Chilia
branch clearly carries a larger proportion of the Danube discharge than
Sfantu Gheorghe.

To assess the impact of floodplains on circulation, we examine two
dates characterized by distinct wind patterns: 8 February 2024, with
winds blowing from the south-west in front of the delta and 21 Septem-
ber 2024, with winds blowing from the north-east (Fig. 5.11). In both
cases, simulated surface circulation follows the prevailing wind direc-
tion, and the general patterns are similar. We observe the formation of
a clockwise eddy south of the Sulina jetties under winds coming from
the northwest, while an anticlockwise current forms northeast of the
Sulina mouth under winds coming from the southeast.

Differences between the two configurations are mainly found near the
delta’s shoreline, and are primarily linked to the presence/absence of
closed boundaries at the shoreline. In the LM simulation, the exclu-
sion from the computational domain of the sand banks in front of the
Chilia mouth (north of the Sulina jetties) and of the Sakhalin barrier
island (south of the Sfantu Gheorghe mouth) produces localized recir-
culation patterns (second column in Fig. 5.11). In the CMF scenario,
additional flow is visible from the floodplains to the sea, particularly
north of the secondary Chilia delta on 8 February 2024 (first row and
column in Fig. 5.11). The discharges at the rivermouth being different,
the intensity of the resulting currents also varies slightly, leading to mi-
nor differences in circulation features. For instance, the eddy northeast
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Figure 5.11: Circulation from the CMF (left) and LM (center) simulations and ERA5
winds (right), shown as daily averages for 8 February and 21 September 2024. Maps
are centered on the delta shoreline. Below each circulation panel, a close-up of the
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of the Sulina jetty on 8 February has a more circular shape in the LM
simulation (first row in Fig. 5.11). Overall, the influence of floodplains
on circulation seems restricted to the coastal zone and does not extend
beyond approximately 10 km offshore.

To assess the impact of floodplains during high-flow peak events, we
compare spatial flooding patterns two days after the peak discharge
caused by the storm Boris in 2024 (12 October), with the same date in
2021 (Fig. 5.12). This two-days delay is chosen because, according to
our simulations, it takes between one and two days for water to flow
from the upstream boundary at Isaccea to the sea.

The overall patterns are very similar, but the delta in 2024 is gener-
ally drier than in 2021, particularly in the Rosu-Puiu unit. In total,
2282 km? of the delta area were flooded in 2021 against 2062 km? in
2024. Despite this overall reduction, about 70 km? were inundated
on the 12 October 2024 that were not flooded on the same date in
2021. These areas are located close to the main channels: between
the Sontea—Fortuna, Matita—Merhei, and Gorgova—-Uzlina units, north
of Matita—Merhei, and in the eastern part of Dunavat-Dranov. All of
these areas correspond to floodplains that are easily connected to the
river and were also inundated in the LLMF simulation, where we only
see minimal flooding (Fig. 5.A.1).
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the third row shows their differences.
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5.4 Discussion and conclusion

In this study, we used the unstructured hydrodynamic model SLIM to
evaluate the role of floodplains in the Danube Delta and their influ-
ence on the Danube-Black Sea continuum. Our simulations show that
floodplains play a significant role in the system. On average, in the
year we simulated, the proportion of upstream discharge reaching the
sea through routes other than the six main rivermouths represented
10.0+4.1% (2024) and 10.8+4.8% (2021). Including floodplains also
improved agreement with observed water levels and discharges com-
pared to simulations without them. At the same time, the influence
of floodplains on coastal circulation appears spatially limited, with
minor differences between simulations confined to within ~10 km of
the shoreline. The river Manning coefficient values exerted an even
stronger control on water levels than floodplain inclusion, underlining
the importance of parameter choices in model calibration.

Our results indicate that including floodplains in the modeling frame-
work of the Danube—Black Sea continuum has a clear impact on simula-
tion results in the delta, and that it allows for a better representation of
the reality, notably by improving agreement with observed water levels
and discharge distributions among the branches. For a fixed Manning
coefficient value, the presence of floodplains tends to lower water lev-
els and buffer discharges, particularly under high-flow conditions. This
buffering role is well documented in the literature, with both modeling
studies and field observations reporting that the removal of floodplains
leads to higher in-channel water levels, higher discharge peaks and
faster recession limbs, particularly in high-flow situations (Shankman
& Pugh, 1992; Clilverd et al., 2016; Fleischmann et al., 2019; Suchara,
2019). Based on our simulations, we estimate that on average about
10% (10.0+4.1% for 2024 and 10.8+4.8% for 2021) of the discharge
upstream of the delta is buffered by the floodplains and reaches the
sea through other pathways than the six monitored rivermouths. This
proportion is hydrologically significant, as it represents roughly one
third of the combined inputs of the three other major rivers enter-
ing the Black Sea (namely the Dnieper, Dniestr and Southern Bug),
and exceeds the discharge of the Dniestr or Southern Bug combined.
This amount of water loss to the floodplains is in agreement, although
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slightly higher, than values reported in previous studies —2.2-7% ac-
cording to Driga (2008) and about 8% in Gastescu (2009). However,
Gastescu (2009) also highlighted substantial interdecadal variability
over the last century, with discharge loss to the floodplains ranging
from 4% of upstream discharge in the 1950s to 10% in the 1980s. In
addition, Popescu et al. (2015) reports a steady increase in discharges to
the delta over the past 150 years, which may partly explain our higher
estimate. Our results also show that this proportion increases during
high-flow periods, such as the surge following storm Boris in Septem-
ber 2024, when discharge losses to the floodplains reached ~14%.

The influence of floodplains also depends on whether high discharges
occur as short peaks or as prolonged periods of elevated flow. The com-
parison of flooding extent on 12 October 2021 and 12 October 2024
(Fig. 5.12) illustrates this contrast. Although 2021 was relatively dry
on that date, the flooded area was larger than in 2024. This differ-
ence reflects the fact that 2021 was overall a wetter year than 2024 :
according to the AFDJ data (Fig. 1.4), average discharge in 2021 was
about 6010 m3/s (range 2840-10 180), compared to 5775 m3/s in 2024
(range 2840-9550). Over the year, discharges in 2021 were consistently
higher than in 2024, except for the surge following storm Boris and a
short period in January. As a result, floodwaters in 2021 penetrated
farther into the delta interior plains. This also reflects in the slightly
higher proportion of water lost to the floodplains in 2021 compared to
2024 (10.8 +4.8% and 10.0+4.1%, respectively). In contrast, flooding
on 12 October 2024 was concentrated along the river, with inundated
areas absent on the same day in 2021. These differences are consistent
with the idea that short high-discharge surges primarily fill floodplains
adjacent to the river, while sustained high discharges allow water to
spread farther into the delta (Poncos et al., 2013).

While floodplains have a definite impact on in-river water level, they
seem to exert little influence on the general circulation over the NWS.
All simulations reproduce circulation patterns consistent with the liter-
ature, regardless of whether floodplains are included. They all present
a yearly averaged southwestward current along the shelf break and
coast (Tolmazin, 1985; Lima et al., 2021), with mean velocities on the
shelf below 0.1 m/s (Oguz & Besiktepe, 1999), stronger currents near
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the shelf break and rivermouths (Causio et al., 2021), and the forma-
tion of a clockwise eddy south of the Sulina piers (Romanescu, 2013).
On shorter daily time scales, current direction is primarily wind-driven
(Oguz & Besiktepe, 1999; Kubryakov et al., 2018) and velocities on the
shelf reach values of 0.2-0.3 m/s (Causio et al., 2021). The high spa-
tial resolution of our model allows us to resolve the detailed hydrody-
namic features around key coastal structures, such as the Sulina jetties
and nearby shoreline, where localized eddies and velocity gradients are
particularly sensitive to bathymetry and boundary conditions. The ob-
served differences between simulations with and without floodplains
appear to be confined to within about 10 km around the delta’s shore-
line. This is not surprising given that the amount lost to the floodplains
amounts to roughly 10 % (~650 m3/s) of the of the 6000-6500 m? en-
tering the delta. On the other hand, as the circulation on the NWS is
partly driven by baroclinic processes resulting from density contrasts
between freshwater and seawater (Miladinova et al., 2020; Ferrarin et
al., 2025), it is possible that the influence of the floodplains is not fully
captured by our 2D barotropic model configuration. In any case, hy-
drodynamic models such as ours are rarely an end in themselves, and
floodplain-river exchanges remain critical for sediment dynamics, nu-
trient fluxes, and salinity in the NWS. In particular, floodplains can act
not only as pathways that delay or reroute material, but also as sinks
that retain sediments and nutrients before they reach the sea (Cristofor
et al., 1993; Popescu et al., 2015; Nichersu et al., 2025). Once in the
sea, the influence of the Danube plume can extend tens to hundreds
of kilometers into the Black Sea (Panin, 2011; Kubryakov et al., 2018;
Ferrarin et al., 2025), which underlines the importance of including
the delta and its floodplains in broader NWS and Black Sea modeling
frameworks.

Besides the inclusion of floodplains, our results show that the Man-
ning coefficient value in the river has the most impact on simulation
results. Increasing this coefficient in the river leads to increased water
levels. This means that in configuration with floodplains, increasing
the Manning coefficient also leads to more water going into the flood-
plains and larger flooded areas, as water will overtop the riverbanks at
alower input discharge threshold. As a result, the impact of floodplains
is more pronounced under higher Manning values. Although our Man-
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ning configurations differ not only in magnitude but also in their spa-
tial distribution, with the inclusion of main and secondary channels
in high- and low-manning scenarios, the trends we observe are suffi-
ciently consistent and marked to support our conclusions. In addition,
the responses we identify are in agreement with established hydraulic
principles and previous studies that highlight the importance of chan-
nel roughness for flood dynamics in numerical models (Yamazaki et al.,
2011; Al Mehedi et al., 2024).

Although the CMF configuration provides the best overall agreement
with observations, its performance is not without limitations. Dis-
charges are slightly overestimated at both Danube and Tulcea stations
(by ~10%, corresponding to RMSE of ~450 m3/s and ~280 m?3/s, re-
spectively) and more strongly overestimated at Sulina (~30%, RMSE of
~300 m3/s). Similar patterns are also reported by Ferrarin et al. (2025),
who overestimates flow towards the Tulcea branch and underestimated
flow towards the Chilia branch (RMSE ~165 m3/s for both branches).
In our case, the overestimation at Tulcea is slightly more pronounced,
while the bias at Chilia is almost negligible (RRMSE ~4%, RMSE ~100
m3/s). These discharges overestimations are likely related to an imper-
fect representation of the complex system of channels, lakes and flood-
plains in the different hydrological units of the delta. For instance, the
error observed at the Danube station is probably linked to the absence
of water into the Somova-Parches unit (upstream of the delta), leading
to an overestimation of the water discharge reaching the delta. Simi-
larly, the lack of water into the western part of the Sontea-Fortuna unit
(between the Tulcea and Chilia branches) likely contributes to the over-
estimation of the discharge in the Tulcea and Sulina branches. We also
observe an overestimation of the water levels at the downstream end
of the river, which is probably due to the fact that not enough water
is entering the inner delta (e.g. into the Matita-Merhei unit, between
the Chilia and Sulina branches). As a result, the artificial lowering of
the water level caused by the lower Manning coefficient values in the
LM scenario leads to better agreement with observations at the down-
stream stations, while this configuration strongly underestimates wa-
ter levels upstream. Lastly, there is also the issue of some agricultural
areas remaining inundated throughout the year. Together, these short-
comings suggest that the network of channels, lakes and floodplains
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are not being adequately represented and used by the model, and that
river-delta connectivity could be further improved.

A likely cause of this inadequate communication with the floodplains
lies in data limitations, particularly regarding the representation of to-
pography. The Copernicus DEM used in this study is in fact a Digital
Surface Model (DSM), which does not filter out vegetation or built
structures. Many delta banks are wooded, and tree cover is interpreted
by the DSM as topographic features several meters high, which can
transform small protective dikes into barriers and artificially block wa-
ter exchange between the river and the floodplains. In addition, with a
horizontal resolution of 30 m, the DSM fails to capture smaller levees
around agricultural fields, which could be the reason behind the ob-
served spurious flooding. Previous studies have highlighted that such
errors in riverbanks elevation can be decisive in flood dynamic: Clil-
verd et al. (2016), for instance, found that removing a one-meter em-
bankment in a small catchment was the difference between no flooding
over a decade and regular flooding. Similarly, sensitivity analyses rank
topography above in-channel roughness in terms of influence on flood
dynamics (Oubennaceur et al., 2019; Alipour et al., 2022). This also
echoes the conclusions of Chapter 3, where we emphasized the impor-
tance of accurately representing riverbanks in flood dynamics. Access
to a DEM that filters vegetation would therefore greatly improve rep-
resentation of river—floodplain exchanges.

This misrepresentation of the floodplains topography could also ex-
plain the limited impact of the Manning coefficient values in the flood-
plains, as inundation patterns are likely already largely determined
by the terrain. This echoes the findings of several other studies,
which, although they identified bottom friction as one of the most de-
cisive factors in determining the extent of flooding, emphasize that
topography—through bank elevation, slope orientation, and relative
height— exerts an even greater control over flood dynamics (Alipour et
al., 2022; Crdciun et al., 2022). Another possible explanation, which is
not mutually exclusive, is that the Manning bottom drag parametriza-
tion is not well suited to represent floodplain friction. Several studies
have shown that vegetation—flow interactions are not driven by homo-
geneous friction value, but depends on vegetation density, leaf area, as
well as stem diameter, height and flexibility (Harvey et al., 2009; White
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et al., 2025). Incorporating such physically based descriptions of vege-
tation parameters in friction coefficient could provide a more realistic
representation of floodplain hydraulics than assigning a uniform Man-
ning coefficient by land use class. That said, since topography seems
to exert a stronger control over floodplain inundation than bottom fric-
tion (Alipour et al., 2022; Craciun et al., 2022), the largest improve-
ments in representing water extent would likely come from better to-
pographic data, while refinements of floodplain bottom friction could
then provide an additional level of accuracy.

Another possible improvement would be to explicitly account for chan-
nels within the delta. Those small connectors play a crucial role in
surface-water exchanges in wetland environment, as they can fill and
redirect water or delay floodplain inundation (Czuba et al., 2019). In
the Danube Delta, such channels are known to be the entry points for
water to go into the different units of the delta, which they can then
flood by overtopping. For example, water mainly enters and exits the
Sontea-Fortuna unit though canals, including the Mila 35 that connects
Chilia and Tulcea branches (Popescu et al., 2015). While incorporating
every channel would be a major and not always necessary task, account-
ing for the main channels could substantially improve the representa-
tion of water fluxes within the delta. These channels could be fully
discretized in 2D, or, given that some are quite narrow, represented
more efficiently by coupling the 1D SLIM module with the 2D flood-
plain mesh (Draoui et al., 2024).

In addition to these structural limitations, validation data remain lim-
ited, validation data are limited, both for assessing floodplain inun-
dation extent and for evaluating the broader impact of floodplains
on coastal circulation. Satellite observations are probably the most
promising for flood extent validation, but no dataset currently pro-
vides dedicated coverage for the Danube Delta, and global products
either display unrealistic inundation patterns or require heavy pre-
processing. While there are some hydrodynamic validation data in the
Black Sea, very few observations are available over the NWS and none
near the Danube Delta shoreline. Nevertheless, the model shows good
agreement with the available observations, giving confidence that the
conclusions drawn here remain robust despite these limitations.
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Looking ahead, the model developed here could be used as a ba-
sis for coupled applications, for instance with biogeochemical models
(Duquesne et al., 2021) or sediment transport models (Saint-Amand
et al., 2022). Such extensions would be particularly relevant in the
Danube Delta coastal zone, where both eutrophication (Capet et al.,
2013; Chevalier et al., 2024) and sediment dynamics (Tdtui et al., 2019)
remain pressing issues. By explicitly accounting for river—floodplain
exchanges, the model provides a useful platform for assessing how
these processes influence nutrient and sediment fluxes at the land-sea
interface.

Overall, our results highlight the importance of explicitly account-
ing for floodplains when assessing the Danube-Black Sea continuum.
While their influence on large-scale circulation is modest, floodplains
substantially shape local hydrodynamics by buffering high flows, redis-
tributing discharge, and creating alternative pathways to the sea. These
functions are central to the delta’s natural capacity to mitigate floods, a
role that is increasingly critical in the context of rising discharge trends
and projected increases in flood frequency across Europe. Beyond these
hydrodynamic effects, floodplains play a critical role in regulating the
transport and retention of nutrients, sediments, and pollutants, further
underlining their importance for the continuum. By demonstrating
how floodplain processes can be represented in a basin-to-coast mod-
eling framework, this study provides a step toward more integrated
assessments of flood risk and environmental change in deltas.
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5.A Spatial validation for CLMF and LLMF simulations

Spatial validation of flooding for 2021 was performed for two contrast-
ing hydrological states (Fig. 5.A.1): the end of the "wet" season (23
June 2021), when upstream discharges began to decrease after several
months of high flow (~8000 m?3/s), and the end of the "dry" season
(8 November 2021), when discharges started to rise again after a pro-
longed low-flow period (~4000 m3/s). Results from the CLMF simula-
tion were nearly identical to those of CMF presented in Chapter 5.3.1,
while the LLMF configuration produced almost no flooding. This is the
reason why they are presented here and not in the main text. CLMF
produce flooding mainly in areas expected to be inundated. Depending
on the time of the year, between 83.5-84.3% of the flooded areas cor-
respond to LifeWatch land-cover classes “water” or “inundated grass-
land”. Spatially, it tends to underestimate flooding, with several lakes
missing in the western Sontea—Fortuna unit and no water predicted in
the Somova-Parches unit (left column in Fig. 5.A.1). In total, the CLMF
simulation flood 2342 km? on the 23rd of June and 2156 km? on the
8th of November. In contrast, LLMF presents a smaller inundated area
(1248 and 1138, respectively), with no water in the Somova-Parches
and Sontea-Fortuna units, and many lakes absent from the others (right
column in Fig. 5.A.1). Both configurations also predict permanent
flooding in areas that are expected to remain dry for at least part of
the year (highlighted by blue stars in Fig. 5.A.1), as those areas are ei-
ther used for crops or as agricultural grassland. Those wrongly flooded
areas represents about 7.3% (at least 157 km?) of the total flooded area
in CLMF, and about 6.1% (at least 67 km?) in LLMF.
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Figure 5.A.1: Changes in flooded areas between 23 June 2021 and 8 November
2021. The red dotted line marks the boundaries of the Danube Delta Biosphere Re-
serve (DDBR) hydrographic units: SP—Somova-Parches, SF — Sontea-Fortuna, MM
— Matita-Merhei, GU — Gorgova-Uzlina, RP — Rosu-Puiu, DD — Dunavat-Dranov.
The top panel shows a simplified LifeWatch land-use map and the location of hy-
drographic units. In the next three rows, left panels show CLMF results, right panels
LLMF results: rows 2-3 display flooded states for each date, and row 4 shows their
differences.



Conclusions and perspectives

6.1 Conclusion

In this thesis, we investigated the role of the Danube Delta and its
floodplains in shaping the regional hydrodynamics using a hydrody-
namic modeling approach. To that aim, we needed a model capable
of capturing processes across multiple scales, from riverine dynam-
ics (tens of meters) to large-scale circulation on the North-Western
Shelf (NWS) of the Black Sea (several kilometers and above). For this
purpose, we employed the unstructured-mesh discontinuous-Galerkin
finite-element ocean model SLIM presented in Chapter 2. First, we ex-
amined how different meshing strategies influence model performance
on a localized section of the Danube Delta (Chapter 3). We then de-
veloped a bathymetric dataset for the three main branches of the delta
(Chapter 4). Finally, we implemented the model across the entire delta
and its floodplains, and assessed the contribution of floodplains to the
hydrodynamics of Danube Delta (Chapter 5).

We found that the mesh configuration plays a decisive role in river-
floodplain hydrodynamic modeling. Three aspects proved particularly
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important. The first one is mesh resolution inside the river: higher
resolution (20 m in our case) allows for a better representation of
river morphology and, through it, in-channel hydrodynamics. Second,
explicitly following riverbanks—and thereby accurately representing
their elevation—is necessary to reproduce the overtopping and flood-
ing dynamics. Third, as expected, the total number of elements and
the size of the smallest elements directly controls the computational
performances. Based on these findings, we propose a mesh configura-
tion that combines a hybrid curvilinear—unstructured triangular mesh
with 20 x 20 m resolution in the river channels, and a fully unstruc-
tured triangular mesh in the floodplains, whose resolution decreases
with distance from the riverbanks. Our results suggest that this con-
figuration would offer the best compromise between an accurate rep-
resentation of in-channel hydrodynamics, flood extent, and computa-
tional performance, and it was subsequently adopted for the Danube
Delta simulations in Chapter 5.

The next step was to obtain bathymetric data for interpolation on the
mesh. Since no comprehensive dataset existed for the three main dis-
tributary branches of the Danube Delta, we combined three different
sources to construct the first unified, high-resolution, and accessible
bathymetric model covering all branches of the system. Bathymet-
ric data were interpolated onto a hybrid curvilinear—unstructured tri-
angular mesh using an anisotropic Inverse Distance Weighting (IDW)
method. The mesh is similar to the one designed for the river in Chap-
ter 3, but its resolution was adjusted to balance numerical accuracy and
ease of use for other studies. The resolution of the resulting product
ranges from 2 m in complex connection zones between unidirectional
segments to 100 m in segments, where bathymetry variations along the
flow are small. On average, the resolution is about 5 m across the flow
and 50 m along the flow. Cross-validation highlighted the importance
of data source density, with relative root mean square errors of 0.55%,
6.3%, and 27.6%, depending on the coverage of the datasets used. Be-
yond its use in this thesis, this final product provides a valuable re-
source for other hydrodynamic models in the Danube Delta, with po-
tential applications in studies of biogeochemistry, sediment transport,
ecology, and flood protection. The interpolation technique developed
for its creation was subsequently applied to represent the bathymetry
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in the full Danube Delta model in Chapter 5.

Building on the results of the previous chapters, we implemented the
first hydrodynamic model covering the entire Danube Delta and its
floodplains. Our simulations showed that explicitly including flood-
plains leads to better agreement for both water level and discharge ob-
servations in the delta. Floodplains were shown to lower water levels
and buffer discharges, particularly during high-flow events, and to pro-
vide alternative pathways for water transfer to the sea. In the year we
simulated, the proportion of the upstream discharge reaching the sea
through routes other than the six river mouths explicitly represented in
the model ranged from 10.0+4.1% (2024) to 10.8+4.8% (2021). At the
same time, the calibration of the river Manning coefficient proved to
exert an even stronger influence on model outcomes than the inclusion
of floodplains, underlining the critical role of the bottom roughness
parametrization. In the end, though we are confident in our results and
conclusions, further improvements in river—floodplain interactions are
possible, particularly through a more accurate physical description of
the inner delta. Employing high-quality topography (e.g., a Digital Ele-
vation Model (DEM) rather than a Digital Surface Model (DSM)), more
precise riverbank elevations, and the inclusion of some of the main in-
ner delta’s channels would be key steps in this direction. In our simula-
tions, the influence of floodplains on velocities was mostly confined to a
zone extending about 10 km offshore. However, hydrodynamic models
such as the one developed here are rarely an end in themselves: flood-
plains strongly affect nutrient and sediment fluxes, with impacts that
may extend up to hundreds of kilometers into the Black Sea (Panin,
2011; Kubryakov et al., 2018). The model presented in this thesis can
thus serve as a foundation for future work, providing a robust hydrody-
namic framework for coupling with biogeochemical or sediment trans-
port models to more fully capture the role of the Danube Delta and its
floodplains in the Danube-Black Sea continuum.

At the end of this thesis, we can return to the research questions defined

in the introduction (Chapter 1):

1. How do different mesh-building strategies affect the represen-
tation of river—floodplain interactions?
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Mesh design in river-floodplain hydrodynamic models strongly
influences in-river hydrodynamic accuracy, flooding patterns and
computational costs. For a reliable river-floodplains exchanges
description, focus should be on resolution inside the river and
on explicitly defining the riverbanks. In our work we found that
a 20 m resolution in the river gave the best results. In contrast,
resolution in the floodplains can be gradually decreased with the
distance to the riverbanks to reduce computational costs.

. How can heterogeneous bathymetric datasets be combined to

produce a coherent description of the braided river bed in the
Danube Delta?

Due to the inherent anisotropy of river bathymetry, conven-
tional interpolation methods are unsuitable and must be adapted.
In this work, we first projected the raw data into a channel-
centered s,n-coordinate system, and then interpolated it on a
hybrid curvilinear-unstructured grid using an anisotropic IDW
method. To ensure smooth transitions between unidirectional
river segments, connection zones were included in the interpo-
lation of adjacent segments, and their final bathymetry was com-
puted as a weighted mean based on proximity to the segment.
This approach produced a consistent and accurate representation
of the delta’s braided river bed.

. How does the inclusion of floodplains influence the modeling

of the hydrodynamics within the Danube Delta?

Including floodplains clearly improved the agreement between
simulated and observed water levels and discharges observations.
The presence of floodplains helps lower in-channel water level
and buffer discharges by allowing overbank flow. The effect
is especially pronounced during periods of elevated discharge,
when floodplains attenuate peaks and slow recessions. In con-
trast, neglecting floodplains forces the model to rely more heavily
on channel roughness calibration, which does not reproduce the
same high-flow dampening effect.

. How do floodplains modify the fluxes of water from the

Danube to the Black Sea?
Floodplains integration leads to a net decrease of the discharge
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leaving the the delta through the six modeled river mouths. In
2024, an average of approximately 10+4.1% of the discharge en-
tering the delta reached the Black Sea through pathways not ex-
plicitly represented in the river network. This proportion in-
creases in high-flow conditions, such as after storm Boris in 2024,
when discharge losses to the floodplains reached ~14%. A com-
parable pattern is observed for 2021, which was a wetter year
than 2024 overall, and showed slightly higher but still consistent
average losses of 10.8+4.8%. These discharge losses to the flood-
plains reduce the share of water carried by the main branches,
with the Chilia branch particularly affected, while Sulina remains
nearly constant and Sfantu Gheorghe decreases slightly. Flood-
plains therefore not only reduce total outflow through the main
river mouths, but also change the relative importance of fluxes
between the river’s branches.

6.2 Contribution to the model development

Answering the above research questions required the development and
adaptation of several modeling tools. While many of these advances
were not developed by me directly, I played a central role in testing,
refining, and applying them within the context of the Danube-Black
Sea continuum.

First, mesh generation was a key methodological challenge. Within the
SLIM user community, the Python library seamsh, which is based on
the open-source mesh generator GMSH (Geuzaine & Remacle, 2009),
is the most commonly used tool for mesh creation. I contributed to
the design of the meshing procedures behind the hybrid curvilinear-
unstructured meshes used in this thesis, tested their performance, and
provided feedback that led to significant improvements. I also evalu-
ated the resulting meshes with respect to both hydrodynamic accuracy
and computational cost.

Second, anisotropic bathymetry interpolation in rivers represented a
novel development within our team. My idea to project bathymetric
data into channel-centered s, n-coordinates was implemented using the
meshing tools developed for our curvilinear grids. Building on this,
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I implemented and tested an anisotropic IDW interpolation method,
which proved effective in producing a coherent bathymetric dataset for
the Danube Delta.

Third, Wetting and drying (WD) proved to be a crucial feature for in-
cluding floodplains in our computational domain. Although I did not
design the current WD scheme in SLIM, I worked on an earlier im-
plicit version, aiming to integrate and improve upon the algorithm pre-
sented by Le, Lambrechts, et al. (2020). However, the complexity of its
multiple parameters limited its robustness and usefulness. With the
transition of SLIM to GPU-adapted code, the model was restructured
around explicit time integration schemes, and a more reliable explicit
WD algorithm was developed. While much of this effort came from
other developers, I was among the first users to test the new scheme
in realistic configurations, and my feedback directly motivated several
modifications compared to the algorithm described in Randresihaja et
al. (2025).

Finally, I intended to exploit SLIM’s Eulerian tracer framework to im-
plement a biogeochemical model for the Danube-Black Sea continuum.
Due to time constraints, I only implemented a simple NPZD model,
which I was not able to calibrate on the Danube Delta. Preliminary re-
sults are nevertheless presented in Section 6.3.2, providing a first step
toward future coupling of hydrodynamics and biogeochemistry in this
system.

6.3 Perspectives for future works

At the end of this thesis, we can identify several directions that could
be taken to further improve the study of the Danube Delta-Black Sea
continuum. The results obtained in this thesis provide a useful basis,
but also point to limitations that future studies may address. In the
following, we outline some possible paths for further development.

6.3.1 Improving the hydrodynamic model

While this thesis primarily focused on the Danube Delta, it is im-
portant to consider its position within the broader Danube-Black Sea
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continuum. Previous studies have shown that the Danube’s influ-
ence can extend hundreds of kilometers offshore, affecting the hydro-
biogeochemistry properties of the entire NWS and beyond (Panin,
2011; Kubryakov et al., 2018; Ferrarin et al., 2025). In this context, an
important next step would be to study the overall impact of the delta on
the Black Sea. However, a depth-averaged (2D) model such as the one
presented in this thesis is not ideally suited to represent the processes
governing water circulation on the NWS. As there are virtually no tides
on the Black Sea, the hydrodynamics on the shelf is mainly driven by
wind and freshwater inputs from the rivers. The latter create strong
salinity and density gradients, leading to baroclinic behavior (Miladi-
nova et al., 2020; Dorofeyev & Sukhikh, 2021; Ferrarin et al., 2025).
Accurately representing the hydrodynamics of the NWS therefore re-
quires a fully three-dimensional, baroclinic model on the coastal and
shelf domain.

Building on the present work, different modeling strategies could be
developed to bridge the delta and shelf dynamics. The first one is to
build a 3D model covering the entire Danube Delta-NWS continuum.
However, even though WD algorithm can in principle be incorporated
in 3D models, this approach is generally avoided for large systems be-
cause of the high computational cost, numerical instabilities, and the
complexity of such scheme (Choudhary et al., 2025). Another pos-
sibility is to couple a 2D-model on the floodplains with a 3D-model
in the coastal areas (G. Huang et al., 2022; Carlotto & Chaffe, 2023;
Choudhary et al., 2025). Such hybrid 2D-3D model has not been yet
developed in SLIM, but would allow to combine the mixing of fresh-
water with saline sea, without significantly increasing computational
cost due to the inclusion of floodplains and their associated WD pro-
cesses. Developing such a coupled system would therefore represent a
logical continuation of the present work.

Beyond density-driven stratification, wind forcing also plays a domi-
nant role in shaping the circulation on the NWS (Oguz & Besiktepe,
1999). Winds over this region are generally from the north, although
western and southern winds become more frequent during spring and
summer, and average annual wind speeds is above 4 m/s (Causio et al.,
2021). The result is an average south-eastward circulation along the
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coast, with high variability and even periodic reversal of current di-
rection depending on wind conditions (Kubryakov et al., 2018). Addi-
tionally, storm events—about 30 storms/year on the Romanian coast—
occurring mainly in winter play a major role in shaping the circulation,
shoreline dynamics, flooding and erosion of the region (Gogoase et al.,
2011; Zainescu et al., 2017).

In this thesis, wind forcing was provided by the ERA5 reanalysis
dataset (Hersbach et al., 2018), which offers a spatial resolution of 0.25°
x 0.25° (~20 km x 29 km at Black Sea latitudes) and an hourly tempo-
ral resolution. This is relatively coarse compared to the hydrodynamic
mesh used in this thesis, which has a resolution of 1.5 km at its coars-
est and reaches down tens of meters in the river. Such a mismatch in
scale may limit the model’s ability to resolve fine-scale circulation pat-
terns near the delta shoreline, to capture storm dynamics accurately,
and to represent the exchanges between the river mouth and the NWS.
Several studies have shown that improving wind forcing resolution can
improve hydrodynamic model prediction capabilities, and this in var-
ious environments and meteorological conditions (Stanev et al., 1997;
Quattrocchi et al., 2014; Xue et al., 2022; Agulles et al., 2024; Ran-
dresihaja et al., 2025). In addition, the spatial resolution of ERA5 is
coarser than the distance from the coast (~10 km) within which we
found floodplains to influence the circulation. It must also be noted
that, ERA5 typically does not resolve changes in wind dynamics at the
land-sea interface, such as the land-sea breeze system or the reduction
in wind speed over land, which are particularly relevant in the vicinity
of river deltas (Potisomporn et al., 2023; Alkhalidi et al., 2025).

To overcome these limitations, a regional atmospheric model such
as Modele Atmosphérique Régional (MAR) (Gallée & Schayes, 1994;
Grailet et al., 2025) could be used as an alternative forcing source.
MAR has already been tested over the Black Sea (Macé et al., 2025)
and used successfully to force SLIM on the Scheldt—North Sea contin-
uum (Randresihaja et al., 2025). It can be run at resolutions down to 2
km spatially and 15 minutes temporally (Grailet et al., 2025; Randresi-
haja et al., 2025), which would better match our hydrodynamic model’s
resolution and enable a more realistic representation of nearshore cir-
culation. In particular, it could enhance our ability to represent circula-
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tion changes induced by floodplains and resolve wind-driven dynamics
more accurately at the land—sea interface.

6.3.2 Integrating a biogeochemical model

Several studies have underlined the important role of the Danube Delta
in the biogeochemistry of the Danube-Black Sea continuum. Overall,
the delta acts as a nutrient filter, reducing the total amount of phos-
phorus and nitrogen coming from the Danube that reaches the Black
Sea (Cristofor et al., 1993; Suciu et al., 2002; Friedrich et al., 2003).
Wetlands and lakes have also been identified as hotspots for nutrient
transformation to organic compounds, acting as sources of organic ni-
trogen and phosphorus for downstream ecosystems and the coastal sea
(Suciu et al., 2002; Durisch-Kaiser et al., 2011). These processes are
strongly seasonal, with increased nutrient uptake during the growing
season and potential nutrient release in winter. Discharge variability
also plays a critical role: lakes tend to be most effective at nutrient
retention during low to moderate flows, while floodplains become ac-
tive at higher discharges, their contribution depending on the extent
and duration of inundation. Nutrient retention appears to be optimal
during average water levels (Cristofor et al., 1993; Suciu et al., 2002;
Friedrich et al., 2003; Nichersu et al., 2025).

The filtering role of the Danube Delta is especially important since the
primary production in the Black Sea is mainly dominated by riverine
input—more than half of which are from the Danube alone—and by
spring and autumn precipitations (Tugrul et al., 2014). In the 1970s
and 1980s, high nutrient loads from the rivers due to intensive fer-
tilizer use and livestock production led to intense eutrophication, hy-
poxia events, major shifts in biogeochemical regimes, and significant
biodiversity loss on the NWS (Konovalov & Murray, 2001; Yunev et
al., 2002; Voss et al., 2011; Tugrul et al., 2014). While the situation
has since then improved, NWS ecosystems still have not completely
recovered (Chevalier et al., 2024), and seasonal hypoxia still occurs—
—closely linked to nutrient and organic matter inputs from the Danube
and high temperatures (Capet et al., 2013). As shown by Capet et al.
(2013), hydrodynamic-biogeochemical models are valuable tools to as-
sess these events, especially since field observations can miss local hy-
poxia events and be over-generalized. That study also underlines the



156 Conclusions and perspectives

importance of properly representing the Danube Delta outputs to the
sea, as their model that represent the Danube inputs without distin-
guishing the three branches of the delta failed to capture the entire hy-
poxic area in some extreme events. In a context where climate change
and increased anthropogenic pressure are a reality in many coastal en-
vironments, high resolution hydro-biogeochemical models could help
understand and inform on possible future situations for a better man-
agement.

As a first step toward a coupled hydro-biogeochemical framework
for the Danube River-Delta—Black Sea continuum, we used SLIM’s
Eulerian tracer module to run a simple depth-averaged Nutrient-
Phytoplankton-Zooplankton-Detritus (NPZD) model coupled with the
hydrodynamic model developed in Chapter 5 for the CMF set-up. A
similar approach with SLIM’s 3D version has already been applied to
Lake Titicaca by Duquesne et al. (2021). The details of the equations
and parameters of the NPZD model can be found in Chapter 2.2.

The coupled hydro-biogeochemical model was run on one year from
July 2020 to January 2022, using biogeochemical characteristics from
Soetaert and Herman (2009). The biogeochemical model is initial-
ized with uniform concentrations of DIN = 2.5, P = 0.05, Z = 0.03
and D = 0.5 mmolNm™. A constant input concentration of DIN = 1
mmol Nm™3 is set at Isaccea, and all other tracers are set to zero at the
different open boundaries. In this test case, horizontal diffusivity is set
to zero. No calibration was performed compared to Soetaert and Her-
man (2009)’s test case. Results are therefore only presented here as a
proof of concept, and should not be interpreted as a realistic represen-
tation of the system.

The simulation’s results show that river discharge is the main driver of
both inorganic nitrogen (DIN) and the total nitrogen budget (DIN+ P +
Z+D) (Fig. 6.1), with peaks in tracer quantities following peaks in dis-
charges. This is expected, since the only nitrogen input in the domain is
DIN from the upstream boundary. Nevertheless, the time series also re-
veal variations that cannot be attributed to discharge alone, but rather
to interactions between the different pools. Periods of elevated DIN
stimulate phytoplankton (P) growth, which in turn reduces DIN con-
centrations. Zooplankton (Z) dynamics were not well calibrated: after
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an initial peak following a P peak in August 2020, their biomass rapidly
declined to near-zero values. This likely reflects a combination of too
little DIN input to the system together with excessively high values of
kgraze and ky. Low DIN inputs, added to a high ky, limits P growth. In
turn, restricted P availability and a high value for kg, results in very
weak Z growth through grazing, which is quickly outweighed by Z
mortality and excretion. Consequently, the Z pool remains very small,
and detritus (D) production in the model is mostly the consequence of
P natural mortality, with D temporal dynamics mirroring those of P,
but with lower values.

We examine the spatial distribution of nitrogen in the different pools
on 1 July 2021 (Fig. 6.2), as it corresponds to peak values of total nitro-
gen, P and D (Fig. 6.1). This time frame is the perfect example of the
combined effect of hydrology and biological interactions: a high dis-
charge brought more DIN into the domain, but its accumulation was
dampened by the subsequent growth of P, which is mirrored by an in-
crease in D. Higher nitrogen concentrations are observed near the coast
for all pools, consistent with the DIN input at the upstream boundary
of the delta and the zero-concentration boundary condition imposed
for all NPZD variables at the offshore open boundary. Offshore, the
accumulation of DIN results from the decrease in PAR with increasing
bathymetry, which limits DIN uptake by P. This accumulation, how-
ever, remains confined to the inner shelf, as DIN concentrations are
constrained to zero at the open boundary. Although temporal evolu-
tion suggests that P should exceed DIN at this time (Fig. 6.1), it looks
like the opposite when looking at the entire domain. This apparent
mismatch is due to the fact that elevated P values are restricted to small
areas within the delta, which become indistinguishable when viewed at
the domain scale. As observed in the temporal patterns, spatial distri-
butions of D closely mirrors those of P, but with lower values. Z values
are very small compared to the other pools, but some biomass persists
in the northern part of the domain.

The present NPZD setup is only a preliminary step toward a more re-
alistic hydro-biogeochemical model for the Danube-Black Sea contin-
uum, and there are many ways to go on. Calibration is a priority, as the
current parameter values and initial concentrations resulted in near-
total depletion of the Z pool. We also observed small negative tracer
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Figure 6.1: Temporal evolution of (a) the amount of nitrogen in the different pools
over the entire domain and (b) water discharges imposed at Isaccea. The simulation
covers the period from July 2020 to January 2022. The vertical gray dotted line
represent the time at which we show the spatial distribution ins Fig. 6.2
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Figure 6.2: Spatial distribution of nitrogen in the different pools (DIN, P, Z, D)
across the entire domain on 1July 2021. The bottom panel shows the total nitrogen
content in the domain. The black line indicates the model boundaries, while white
and gray areas correspond to the sea and land outside the domain, respectively.
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values in certain locations, which stem from the absence of positivity-
preserving schemes for the reaction part of the biogeochemical equa-
tions. This issue could be addressed by implementing such a scheme,
like the Modified Patankar-Runge-Kutta scheme (Burchard et al., 2005;
Izgin et al., 2021). Another improvement of the hydro-biogeochemical
configuration could be achieved by forcing SLIM with a model such
as the BAMHBI biogeochemical model (Grégoire & Friedrich, 2004;
Grégoire & Soetaert, 2010; Grégoire et al., 2025) at the offshore open
boundary, which is the current biogeochemical module of the CMEMS
product for the Black Sea (Ciliberti et al., 2021). Input from the rivers
could also be more realistic, for example by using the monthly obser-
vations of chlorophyll and nutrients from the Trans-National Monitor-
ing Network (TNMN). Another improvement would be to include the
contribution of floodplain vegetation and land cover in inundated ar-
eas to nitrogen dynamics, in order to capture the filtering function of
floodplains (Cristofor et al., 1993; Friedrich et al., 2003; Wohl, 2021).
We should also take the temperature into account in the reactions, to
better represent the seasonality (Soetaert & Herman, 2009). Finally, a
more complete representation of NPZD dynamics would also call for
a 3D setup to resolve vertical variability. Once calibrated, the hydro-
biogeochemical model could serve as a flexible tool for scenario analy-
sis. It could serve to simulate the effects of sudden increase in nutrient
loads on the Danube River-Delta-Black Sea continuum, test different
nutrient management strategies, and couple all this with different dis-
charge regimes as the water height has a significant impact on nutrient
retention in the delta (Cristofor et al., 1993; Nichersu et al., 2025).

6.3.3 Sediment dynamics and coastal erosion

Beyond eutrophication and seasonal hypoxia, the NWS coast is also
strongly affected by coastal erosion. While it is a natural geomor-
phological process, erosion can cause substantial damage, even more
so when its intensity is amplified by human activities (Pang et al.,
2023). In the Black Sea, the Romanian coast—in particular the Danube
Delta coastline—has been identified as especially vulnerable (Tatui et
al.,, 2019), with estimates suggesting that about 55 % of the Roma-
nian shoreline (Vespremeanu-Stroe et al., 2017) and over 60 % of the
deltaic littoral (Romanescu, 2013) are currently undergoing erosion. In
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the NWS, erosion is driven by a combination of factors: storm events
(Vespremeanu-Stroe et al., 2017; Tatui et al., 2019), sea-level rise (Ta-
tuietal., 2019; Pang et al., 2023), reduced sediment supply from rivers
(Panin et al., 2016; Gormis et al., 2021), and anthropogenic pressures
such as coastal development and poorly designed protection structures
(Romanescu, 2013; Panin et al., 2016).

The Danube and its delta play a central role in this dynamic. Over
the past century, the sediment load delivered to the Black Sea has dra-
matically decreased. The construction of the Iron Gates Dams in the
1970s alone reduced sediment discharge by 30-40% (Panin & Jipa,
2002), and additional modifications of the river flow, both upstream
and in the Danube Delta, further altered sediment dynamics (Ungure-
anu & Stanica, 2000; Tiron Dutu et al., 2014). Today; it is estimated that
less than one-third of the sediment load that reached the sea a century
ago is still delivered (Vespremeanu-Stroe et al., 2017; Gormus et al.,
2021). Coastal structures directly linked with the delta’s dynamics have
also contributed to coastal erosion. One notable example is 8 km-long
Sulina jetties: originally built to prevent sedimentation in the naviga-
tion channel, these dikes disrupt the southward littoral drift from the
Chilia branch, redirect Sulina’s sediments offshore (where they settle
before reaching the coast), and generate persistent eddy-like circula-
tion patterns that modify sediment transport. Combined with offshore
disposal of dredged sediments, these changes have triggered severe ero-
sion along the Sulina-Sfantu Gheorghe coastline (Panin & Jipa, 2002).
Erosion is now observed everywhere along the deltaic shoreline. In the
south, estimations of coastal retreat rates between Sulina and Sfantu
Gheorghe range from 10+2.5 m yr! (Gormiis et al., 2021) to 5-30 m
yr'! (Panin & Jipa, 2002), while in the north the Chilia lobe is showing
signs of a morphological transition from a fluvial-dominated to a wave-
dominated delta front (Vespremeanu-Stroe et al., 2017). Consequences
for the area are manifold: damage to coastal infrastructure, loss of
beaches and associated tourism revenue, reduced shoreline accessibil-
ity, and the destruction of coastal ecosystems (Romanescu, 2013; Efre-
mova, 2021; Pang et al., 2023).

In a context where climate change is expected to accelerate erosion
through sea-level rise, increased storminess, and further damage to
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coastal ecosystems, understanding sediment dynamics becomes essen-
tial for effective mitigation and adaptation strategies (Tatui et al., 2019;
Pang et al., 2023). Hydrodynamic modeling offers a powerful approach
to investigate these processes. For example, SLIM’s sediment trans-
port model could be coupled with our model setup to explore sedi-
ment pathways under current and future scenarios, and to assess the
efficiency of potential mitigation measures. Such approach has already
been used to understand the environmental impacts of modified sedi-
ment fluxes in Australia (Saint-Amand et al., 2022) and sediment-borne
disease dispersal in the Gulf of Mexico (Dobbelaere, Holstein, et al.,
2024). As waves are a key driver in sediment transport, further im-
provements could include coupling our model with a wave model such
as SWAN, which has already been used in several studies on the Black
Sea (Surkova et al., 2013; Rusu, 2018), and has already been success-
fully coupled with a SLIM model set-up in the Gulf of Mexico (Dobbe-
laere et al., 2022). In the longer term, model developments could
aim to explicitly simulate erosion—deposition processes, providing a
more complete representation of sediment budgets and morphological
change.

6.3.4 Data collection

Another important perspective for future work concerns the acquisi-
tion of new datasets. As stated several times throughout this thesis, the
reliability of hydrodynamic and flooding simulations in the Danube
River—Delta—Black Sea continuum is constrained by data availability.
Despite progress in the comprehension of the continuum made in this
thesis, limitations in available data remain a major constrain. We un-
derline here several gaps that, if addressed, could significantly improve
future modeling efforts.

Bathymetric data remain one of the most critical needs. In Chapter 4,
we produce the first easy-to-access harmonized bathymetry dataset of
the delta’s three main branches, but the resulting product inevitably
reflect the quality of the underlying input data. Firstly, the different
input datasets were produced on different years, whereas bathymetry
in the delta is highly dynamic. While it is unrealistic to ask for a con-
tinuous high resolution mapping of the river, even a unified dataset
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for a single year would represent a step forward. In addition, spatial
coverage remains uneven: the Chilia branch in particular would ben-
efit from additional measurements, while the Sfantu Gheorghe branch
could be better resolved by increasing transect density or adding lon-
gitudinal profiles parallel to the shore, as suggested by Diaconu et al.
(2019).

Equally important is the representation of floodplain topography. The
Copernicus DEM employed in this study is a Digital Surface Model
that includes vegetation and built structures, which can produce arti-
ficial barriers to flow along riverbanks. This is a well-known issue in
flood modeling using DEM based on Synthetic Aperture Radar (SAR)
or stereoscopic imaging products (Meadows et al., 2024). While there is
no perfect solutions, several approaches can be considered, including
machine-learning filtering (Meadows & Wilson, 2021; Hawker et al.,,
2022), LiDAR mapping (Meng et al., 2010; Esin et al., 2021) or hybrid
methods combining different datasets (Vijith et al., 2015).

Validation is also a limitation in our current modeling framework.
While we were able to validate discharges and water elevation, easy
to access and to use datasets to validate flood extent and nearshore
circulation are missing for a complete assessment of modeling on the
continuum. For flooding, satellite observations are probably the best
approach, but require careful post-processing and comparison with
ground-truth data to avoid unrealistic patterns such as those observed
in freely available products like GloFAS GFM (Copernicus Emergency
Management Service, 2025) or Sentinel-2 Normalized Difference Wa-
ter Index (NDWI) (European Space Agency, 2025). One promising
dataset is SWOT Mask Pixel Cloud Data Product (PIXC) (Surface Water
Ocean Topography (SWOT), 2024), which provides water elevation es-
timates since 16 December 2022 at a theoretical horizontal resolution
of ~22 m. However, as with many satellite products, the data requires
pre-processing to remove artifacts and and low-quality pixels, result-
ing in a fragmented dataset (Figure. 6.3). Consequently, the dataset
can be used to validate general spatial patterns but we were not able
to exploit its high resolution to its full potential. In addition, data re-
trieval remains cumbersome: visualization of data and quality metrics
are not possible without downloading large data files, making the se-
lection of suitable validation scenes a challenging and time-consuming
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task. Finally, this product should ideally be validated against ground-
truth data within the Danube Delta before being used operationally,
as the complex morphology and variable vegetation cover in the delta
make satellite-based water height detection particularly challenging.
Overall, while the SWOT PIXC dataset is promising for future flood
validation, it is not yet user-friendly and would require further refine-
ment that lies beyond the scope of this work. Datasets to validate cir-
culation on the NWS are scarce, and none can be found in the vicinity
of the Danube Delta shoreline. However, the growing development of
affordable and easy-to-deploy instruments opens new perspectives for
future monitoring campaigns, which would provide helpful compari-
son for future hydrodynamic models on the continuum (Collins et al.,
2024).

Finally, a better representation of lakes and connecting channels inside
the delta could be very useful to correctly represent the internal circu-
lation. The Danube Delta National Institute for Research and Devel-
opment (DDNIRD) has already compiled an important dataset of lake
bathymetry (DDNIRD, 2011), but several large lakes are missing from
their inventory, such as lake Fortuna (~9 km?) in the Sontea-Fortuna
unit, Gorgova (~15 km?) in the Gorgova-Uzlin unit, and a series of
smaller lakes in the western part of the Sontea-Fortuna unit. In addi-
tion, we did not find any data on the Kuhurluy lake (~90 km?), situated
north of the Somova-Parches unit in Ukrainian territory, right before
the delta. For the channels, information on the location and bathymetry
of the main ones connecting the delta branches, such as Mila 35 (link-
ing Tulcea and Chilia) and Caraoman-Litcov (linking Sfantu Gheorghe
and Sulina), could help better represent flow between branches. Those
channels could be integrated in the 2D model setup with elements fol-
lowing their banks, or, if too narrow, represented with a 1D model cou-
pled to the 2D domain (Draoui et al., 2024).

6.3.5 Floodplain dynamics and delta resilience

In this thesis, we highlight that floodplains are an essential component
of Danube Delta dynamics. Their inclusion in the hydrodynamic model
reveals that they significantly modify water pathways and redistribu-
tion within the delta. Beyond their physical influence on water flow,
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Figure 6.3: SWOT Mask Pixel Cloud Data Product (PIXC) data on the Danube Delta
on 14 October 2024. Dark blue pixels represent water classified as “good” based
on classification and geolocation quality flags. The data exhibit large spatial gaps,
particularly visible over permanent water bodies such as Lake Razim. The black line
delineates the model domain boundaries.

floodplains provide key ecosystem services. Our results, together with
those of previous studies, underline that they buffer floods by atten-
uating peak discharges and lowering water levels, and act as tempo-
rary water storage areas that sustain baseflow during low-flow periods.
Beyond these hydrodynamic effects, previous studies have shown that
floodplains contribute to the filtering and retention of nutrients (Suciu
et al., 2002; Friedrich et al., 2003) and sediments (Cioaci et al., 2018),
processes that are critical for maintaining water quality and sustain-
ing delta morphology. In addition to their ecological functions, flood-
plains in the Danube Delta support multiple human activities, offer-
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ing opportunities for agriculture, aquaculture, navigation, fishing, and
tourism, while also serving as biodiversity hotspots and drinking-water
reserves.

The role of the inner delta and floodplains in the Danube Delta is par-
ticularly important in the context of the ongoing climate change. Pro-
jections for 2050-2100 suggest that the delta region may become drier
but at the same time suffer from more frequent extreme events such as
storms and floods (ICPDR, 2019). In this context, the floodplains and
lakes of the inner delta play a dual role as both buffers and reservoirs,
contributing to the resilience of the delta to hydrological variability. At
the same time, as previously mentioned, the inner delta has undergone
extensive modification over the past century through the construction
of dykes, damming, channel rerouting, and polderization (Driga, 2008;
Cioacd et al., 2018). These alterations have disrupted natural hydro-
logical connectivity and altered floodplain dynamics, reducing their
capacity to perform these regulating functions.

Efforts to restore floodplain connectivity are already being discussed
and, in some areas, implemented (Niculescu et al., 2017). Since the
1990s, several rehabilitation initiatives have been launched, such as
canal ecological reconstruction, drainage and unclogging projects, and
the hydrological reconnection of certain polders (e.g., Babina, Cer-
novca) to the natural flood regime by opening sections of existing dykes
(Niculescu et al., 2017). However, restoration is a slow process, partly
due to the numbers of parties involved and the socio-economic stakes
at play. For example, the flooding of the Pardina polder has been
an ongoing debate for several years: the DDNIRD supports flooding,
claiming that 50-60% of the area is no longer cultivated, whereas the
Tulcea General Council argues that flooding the polder would cause
significant economic losses for the local population (Niculescu et al.,
2017). This example underlines that sound decision-making for inner
delta management requires a comprehensive understanding of the so-
cial, ecological and economic values at stake. In this regard, further
modeling studies could quantify the hydrodynamic and environmen-
tal impacts of potential restoration scenarios, as demonstrated in other
systems (Clilverd et al., 2016; Ahilan et al., 2018; Caruso et al., 2019).
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6.4 Final thoughts

Throughout this work, the central role of bathymetry emerged repeat-
edly as a controlling factor in the accurate representation of river and
delta hydrodynamics. High-resolution bathymetry is essential to repro-
duce water levels and velocities; explicit mesh alignment with river-
banks requires precise topographic information; and realistic river-
bank heights are indispensable to capture river-floodplain exchanges
and flooding dynamics. The Danube Delta is not unique in this regard.
Many deltas and flood-affected regions worldwide still lack accurate
bathymetric data (Kinzel et al., 2013; Pelckmans et al., 2021; Kech-
nit et al., 2024). Several strategies have been proposed to overcome
this limitation, including calibration of Manning coefficients (Garrote
et al., 2021), iterative adjustments of floodplain elevations (Pelckmans
et al., 2021), or the use of conceptual and interpolation-based meth-
ods to estimate bathymetry (Dey et al., 2019). While such approaches
can yield valuable insights in data-scarce regions, they risk overfitting
and may limit the transferability of model results. The most reliable
path forward remains the production of accurate bathymetric datasets.
Recent advances in acquisition techniques are making high-resolution
bathymetry increasingly accessible (Gafurov, 2021; Choi et al., 2023),
but sustained effort is still required to make such data routinely avail-
able for sensitive environments.

Ultimately, improving data quality and model realism serves a broader
goal: advancing our understanding of how deltas function and respond
to environmental change. Deltas are among the most densely popu-
lated and socio-economically important regions on Earth, yet they are
also among the most vulnerable (Wolters & Kuenzer, 2015; Rahman
et al., 2022; Scown et al., 2023). Their ecological, social, and eco-
nomic components are exposed to a wide range of natural and anthro-
pogenic pressures, from altered river discharges and sediment fluxes
to accelerated sea-level rise and climate change (Wolters & Kuenzer,
2015; Loucks, 2019; Scown et al., 2023). In this context, numerical
models represent invaluable tools to explore these pressures, test sce-
narios, and inform management. By focusing on the hydrodynamic
role of floodplains and their integration into the Danube-Black Sea
continuum, this thesis makes a significant contribution toward a more
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complete understanding of how deltas function as transitional systems,
and underscores the importance of incorporating floodplains into fu-
ture modeling efforts.
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