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Climate‐Change Projections of Flow Distribution Across the
Rhine Delta
M. Kifayath Chowdhury1 , Astrid Blom1 , Clàudia Ylla Arbós1,2 , and Ralph M. J. Schielen1,3

1Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands, 2AXA Climate,
Paris, France, 3DG Rijkswaterstaat, Ministry of Infrastructure and Water Management, Utrecht, The Netherlands

Abstract We project climate‐driven changes in flow and sediment partitioning across the Rhine delta using
a hybrid one‐dimensional model informed by two‐dimensional sediment‐partitioning data. Simulations
spanning 150 years and 540 km show a continued shift of discharge toward theWaal branch, while the effects of
historical interventions gradually diminish. Climate impacts on flow division emerge around 2050 and intensify
thereafter: by 2150, the IJssel is projected to convey approximately up to 17% less discharge under low‐flow
conditions, whereas the Waal may receive up to 6% more. Although hydrograph changes have limited influence
on flow partitioning, they markedly increase channel‐bed erosion by coarsening the sediment flux delivered to
the bifurcation region and enhanced sensitivity to shear‐stress gradients across the bifurcation. Consequently,
climate forcing, particularly sea‐level rise, overtakes past interventions as the dominant driver of future flow
partitioning and bed level adjustment. These results have direct implications for long‐term water management,
navigation, and ecological resilience in the Rhine delta.

Plain Language Summary Bifurcations are where rivers split into two branches and control how
water is spread across a delta. This study looks at how climate change will affect water flow across the Rhine
delta in the Netherlands over the next 150 years. We find that the widest branch (the Waal) will get more water
over time (up to a 6% increase), while the narrowest branch (the IJssel) will lose up to 17% of its water during
low‐flow conditions by 2150. This study shows how climate change is gradually becoming the main driver of
the division of water across the river delta, replacing the influence of human activities. Understanding these
effects is crucial for managing rivers in the future, as they will affect flood safety, freshwater supply, and
shipping. This research may help engineers and policymakers plan for a changing climate to ensure safe and
sustainable water management.

1. Introduction
Deltas have long been focal regions of human settlement and economic development (Best, 2019; Edmonds
et al., 2020). However, they are increasingly vulnerable to climate change due to rising sea levels, altered flow
regimes, and shifts in both the magnitude and grain‐size distribution of sediment fluxes (Chadwick et al., 2020;
Edmonds et al., 2010; Liang et al., 2016; Tessler et al., 2018; Woodruff et al., 2013). Understanding how these
external stressors interact with the internal organization of deltaic systems is critical for assessing their long‐term
stability and resilience. Structurally, a delta comprises a distributary channel network characterized by a series of
bifurcations that partition flow and sediment among its branches. Each bifurcation governs the distribution of
discharge and sediment to downstream branches while simultaneously setting the base level for upstream
channels (Arkesteijn et al., 2019; Wang et al., 1995), thereby exerting a primary control on delta morphology and
evolution.

Previous studies have often examined this partitioning of flow and sediment using idealized single‐bifurcation
configurations with uniform sediment size (e.g., Bolla Pittaluga et al., 2003; Kleinhans et al., 2008; Van der
Mark & Mosselman, 2013; Wang et al., 1995). These one‐dimensional (i.e., aimed at changes along the flow
direction) models require adoption of a so‐called nodal point relation, which prescribes how sediment flux just
upstream of a bifurcation is distributed among the downstream branches. Such a relation is necessary in one‐
dimensional models: while flow partitioning can be computed directly, sediment flux division must be speci-
fied empirically.

Idealized bifurcation models have also provided valuable insights into the number of stable equilibrium con-
figurations and how systems evolve toward these states (Bolla Pittaluga et al., 2003; Ragno et al., 2023; Schielen
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& Blom, 2018; Wang et al., 1995). Particularly, Wang et al. (1995) was a seminal work, framing a bifurcation
system as a stability problem, recognizing the significance of a nodal point relation, and demonstrating the ex-
istence of multiple equilibrium states. Subsequent studies of idealized bifurcations with mixed‐size sediments
have revealed more complex stability properties and additional stable configurations compared with unisize
sediment conditions (Blom et al., 2024; Ragno et al., 2023; Schielen & Blom, 2018), highlighting how sediment
heterogeneity can fundamentally alter bifurcation dynamics.

Field studies at deltaic and braided river bifurcations have highlighted several key processes. These include: (a)
strong coherent secondary circulation cells around bifurcations, as observed in the Wax Lake delta (Chowdhury
et al., 2022); (b) methods for constraining flow partitioning from in situ and remotely sensed data, demonstrated at
the Selenga River delta (Dong et al., 2020); (c) water discharge as the most reliable field‐based indicator for
partitioning total, suspended, and bedload sediment transport (Dong et al., 2020); (d) variation of flow parti-
tioning ratio with upstream water discharge (Hackney et al., 2017) and its correlation with differences in bifurcate
width (Zolezzi et al., 2006); (e) the role of the dominant sediment transport regime in bifurcation development, as
shown in the Mekong and Rio Paraná rivers (Hackney et al., 2017; Szupiany et al., 2012); and (f) the influence of
bend sorting upstream of the bifurcation on sediment partitioning, observed in the Rhine River, with coarser
sediment fractions showing a preference for being transported into the bifurcate that takes off from the outer bend
(Frings & Kleinhans, 2008). Observations in a two‐bifurcation system (upper Rhine delta) further indicate that
peak flows can trigger abrupt changes in channel erosion rates and flow partitioning, followed by a gradual
adjustment of the system toward new equilibrium conditions (Blom et al., 2024; Chowdhury et al., 2023).

Because deltaic channels have mild bed slopes, backwater effects play a prominent role in modifying the water‐
surface gradient and regulating main‐channel deposition and erosion, ultimately influencing bifurcation dynamics
(Edmonds, 2012; Hoyal & Sheets, 2009; Kleinhans et al., 2013). Differences in cross‐sectional area between
bifurcates (including channel width and bed level) also control flow partitioning, both in delta networks (Barile,
Passalacqua, et al., 2025; Dong et al., 2020) and in single bifurcations (Schielen & Blom, 2018; Wang
et al., 1995). Typically, the wider and deeper bifurcate receives a larger proportion of the flow due to its greater
conveyance. When bifurcates have the same base level, the shorter branch tends to attract more flow because of its
steeper slope (Durante et al., 2025; Edmonds, 2012). Sediment partitioning is controlled by a combination of
factors: the flow partitioning (Bolla Pittaluga et al., 2003; Schielen & Blom, 2018; Wang et al., 1995), branch
widths (Barile, Passalacqua, et al., 2025;Miori et al., 2006; Schielen & Blom, 2018;Wang et al., 1995), transverse
bed slope immediately upstream of the bifurcation (Bolla Pittaluga et al., 2003), the presence of bends and
associated bend sorting (Frings & Kleinhans, 2008; Kleinhans et al., 2008), and the offtake angles of the bi-
furcates (Van der Mark & Mosselman, 2013).

In deltaic networks with multiple bifurcations, interactions between bifurcations strongly influence their devel-
opment (Ragno et al., 2022; Salter et al., 2018). The strength of this feedback depends on the distance between
bifurcations: when bifurcations are close together, changes at a downstream bifurcation rapidly affect flow
partitioning upstream, resulting in relatively strong feedback. For widely spaced bifurcations, the water surface
slope in between is less affected, and flow partitioning responds more slowly. Interactions between bifurcations
can sometimes lead to chaotic network dynamics, where small perturbations amplify and the system becomes
difficult to predict (Salter et al., 2020). In contrast, the distance from the upstream bifurcation to the sea has a
stronger influence on its stability than inter‐bifurcation feedback (Durante et al., 2025).

The long‐term geomorphic evolution of deltaic networks is strongly influenced by climate‐driven changes in
hydrographs and rising sea levels (Edmonds et al., 2010, 2022; Salter et al., 2018; Van de Lageweg & Slan-
gen, 2017). In particular, most climate projections indicate an increase in the magnitude and frequency of peak
flows (Buitink et al., 2023; IPCC, 2023), which can substantially alter flow partitioning within bifurcating
systems (Blom et al., 2024; Chowdhury et al., 2023). These observations indicate that climate‐induced changes in
peak discharge are likely to play a key role in shaping the future development and stability of delta networks,
emphasizing the importance of understanding bifurcation dynamics under extreme flow conditions.

To evaluate geomorphic response to climate change in regulated rivers, Ylla Arbós et al. (2023) developed an
assessment framework and applied it to the Lower Rhine. While bifurcation dynamics were represented in a
simple form, their results suggest that historical engineering works will continue to dominate channel adjustment
through 2100, mainly through ongoing incision. They also showed that channel adjustment to engineering
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measures slows as the system approaches equilibrium, while climate‐driven response accelerates, with hydro-
graph changes exerting a stronger influence than sea‐level rise.

A key insight from this assessment framework is the need to use measured data to constrain channel responses to
historical engineering interventions, enabling clearer separation of climate‐driven trends from human‐induced
adjustments. This is particularly important in engineered systems such as the Rhine, where fixed planform and
channel confinement cause past interventions to dominate present‐day morphodynamic behavior (Chowdhury
et al., 2023; Ylla Arbós et al., 2021). However, in deltaic rivers with multiple bifurcations, the relative influence of
engineering measures versus climate forcing on future flow and sediment partitioning remains poorly understood.
Clarifying this interplay is essential for predicting the long‐term resilience of bifurcating river systems.

Our objective is to quantify how climate‐driven changes in river discharge regimes and sea‐level affect flow
partitioning in a fixed‐planform, fixed‐width deltaic river system over the next 150 years. We extend the work of
Ylla Arbós et al. (2023) by expanding the modeled Rhine domain from 300 to 540 km and explicitly including the
two key bifurcations, Pannerdense Kop and IJsselkop. We use a one‐dimensional model tailored to large spatial
scales and century‐scale dynamics. Incorporating both bifurcations enables feedback between branches to
emerge, while sediment‐partitioning relationships derived from two‐dimensional model data improve the rep-
resentation of bifurcation behavior. Section 2 introduces the study area, Section 3 outlines the climate scenarios,
Section 4 describes model development, and Section 5 presents the projected system response.

2. The Lower Rhine System
The River Rhine flows from the Swiss Alps to the North Sea, with the Niederrhein reach entering the Netherlands
from Germany near Lobith (river km 858) as the Bovenrijn, which marks the start of the Rhine delta (Figure 1).
Our domain (Figure 1b) extends from Bonn (Germany, river km 640) to its downstream boundaries in the Waal
branch (at Vuren, Netherlands), the Nederrijn‐Lek branch (at Schoonhoven, Netherlands), and the IJssel branch
(Keteldiep, Netherlands).

At the Pannerdense Kop bifurcation (river km 867.5), the Bovenrijn splits into the Waal and Pannerden Canal.
The latter branch then bifurcates at the IJsselkop bifurcation into the Nederrijn‐Lek and IJssel branches, located
11 km downstream. We refer to the Niederrhein, Bovenrijn, Waal, Pannerden Canal, Nederrijn‐Lek, and IJssel as
the Lower Rhine system. Two branches flow into the North Sea, while the IJssel branch flows into the IJssel Lake.
The Pannerdense Kop bifurcation is about 160 km (measured along theWaal) upstream of the North Sea, whereas
the IJsselkop is approximately 150 km (measured along Nederrijn‐Lek) upstream of the North Sea and 118 km
upstream of the IJssel Lake. TheWaal is the widest branch, with an average main‐channel width of approximately
270 m, whereas the IJssel is the narrowest, with an average width of 105 m (Chowdhury et al., 2023). Mean main‐
channel width of the Pannerden Canal and Nederrijn bifurcates are 130 and 154 m, respectively.

Downstream of Bonn, Germany (Figure 1), the channel bed features Tertiary fine sands and Quaternary gravel
and coarse sands (Frings et al., 2014). The Niederrhein bed surface predominantly consists of coarse gravel,
transitioning downstream to fine and coarse sands in the gravel‐sand transition region (Frings, 2011; Ylla Arbós
et al., 2021). Both the Niederrhein and the bifurcation region exhibit a mobile armor (Frings et al., 2014; Gruijters
et al., 2001, 2003; Parker & Sutherland, 1990). The Pannerden Canal and IJssel branches take off from an outer
bend of the upstream channel, where lateral bend sorting (Parker & Andrews, 1985) preferentially transports
coarse sediment into these bifurcates (Kleinhans et al., 2008), resulting in relatively coarse upstream regions
(Chowdhury et al., 2023; Frings & Kleinhans, 2008).

Flow in the Rhine River is driven by glacial melt, snow‐melt, and rainfall (Stahl et al., 2022). At Lobith, the mean
annual discharge is 2,210 m3/ s, with a mean annual peak of 6,540 m3/ s (Chowdhury et al., 2023). The highest
recorded discharge is 12,600 m3/ s, measured in 1926.

The Lower Rhine has a long history of interventions, including construction of levees, groynes, weirs, fixed beds,
channel shortening, dredging, and nourishments (Chowdhury et al., 2023; Ten Brinke, 2005; Ylla Arbós
et al., 2021). This has resulted in a fixed channel planform and width, and a channel response governed by
ongoing channel bed incision and bed surface coarsening (Chowdhury et al., 2023; Frings et al., 2014; Quick
et al., 2020; Ylla Arbós et al., 2021).
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Three weirs in the Nederrijn‐Lek branch (Figure 1b), constructed between 1950 and 1970, help maintain suitable
shipping conditions and freshwater supply for the IJssel during low flows and a minimum flow in the Nederrijn‐
Lek branch to mitigate salt intrusion (Ten Brinke, 2005). Operation (i.e., closure and lifting) of the weirs is a
function of the water level at Lobith. Following Chowdhury et al. (2023), we consider the following two operation
modes for the upstream weir (at Driel, situated 12.5 km downstream of the IJsselkop bifurcation): (a) a fully

Figure 1. Lower Rhine River with climate scenarios: (a) the Rhine River basin; (b) Lower Rhine River, with numbers in
parentheses indicating the distance or river km from Lake Constance (Bodensee); (c, d) aerial images of the Pannerdense Kop
and IJsselkop bifurcations, respectively; (e) sea‐level rise scenarios (Van Dorland et al., 2023); and (f) hydrograph scenarios
for 2100 at Lobith (Buitink et al., 2023). Panels (c, d) are from Google Earth, accessed on 29 Oct 2024.
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closed Driel weir (Lobith water level smaller than 8.6 m NAP, where NAP denotes Normal Amsterdam Level and
is the typical Dutch reference level), and (b) a fully open weir (for Lobith water level larger than 10 m NAP). This
open or closed weir regime results in a bimodal behavior regarding flow partitioning (see Section S1 in Sup-
porting Information S1). This is because the closed weir condition diverts a larger share of the Lobith discharge
into the IJssel, at the expense of the Nederrijn‐Lek branch. A closed Driel weir also increases the Waal discharge,
as the associated backwater extends upstream beyond the Pannerdense Kop bifurcation (Chowdhury et al., 2023).

Since the mid‐1990s, the Pannerden Canal has eroded more slowly than the Waal branch, with flow increasingly
favoring the Waal (Blom et al., 2024; Chowdhury et al., 2023). This shift seems to be related to the peak flows in
1993, 1995, and possibly 1998.

3. Scenarios for Hydrograph Change and Sea‐Level Rise
The IPCC global climate scenarios project future changes based on emissions and socio‐economic factors
(Masson‐Delmotte et al., 2023). High emissions lead to substantial warming, intensified droughts, floods, and
rapid sea‐level rise, while low emissions show milder impacts.

The KNMI'23 scenarios for the Netherlands (Van Dorland et al., 2023) downscale the results of Global Climate
Models using a regional model to capture local climate and topography. Three scenarios, SSP 1‐2.6 (L), SSP 2‐4.5
(M), and SSP 5‐8.5 (H), represent low, moderate, and high impacts, with wet (n) and dry (d) versions for wetter
and drier futures (Buitink et al., 2023; O’Neill et al., 2017; Van Dorland et al., 2023). All scenarios indicate rising
climate variability, with high‐impact scenarios showing pronounced seasonal extremes (i.e., wetter winters and
drier summers). Sea‐level rise along the Dutch coast is projected to reach 0.26–2.5 m by 2100 relative to the Van
Dorland et al. (2023) reference period 1995–2014.

These regional climate scenarios are translated into Rhine hydrographs at Lobith using a hydrological model
(Buitink et al., 2023; Van Verseveld et al., 2024), with 1990–2020 as their reference climate. Each scenario is
represented by 8 ensembles of 30‐year discharge time series for future time horizons 2050, 2100, and 2150. In our
analysis, we use the Ln, Mn, Hn, and Hd hydrograph scenarios (Figure 1f). We linearly extrapolate the flow
duration curve of the low‐impact (L) scenario to 2150, as it is originally available up to 2100 due to the negligible
climate signal beyond that horizon (Buitink et al., 2023).

We assess sea‐level rise impacts using the 95% uncertainty upper limit of the SSP 1‐2.6, SSP 2‐4.5, and SSP 5‐8.5
scenarios (Figure 1e). We also consider two Low Probability High Impact scenarios, SEJ and MICI, which
include accelerating factors beyond standard models (Van Dorland et al., 2023).

Section S2 in Supporting Information S1 provides more detailed information on the adopted hydrograph and sea‐
level rise scenarios.

4. The Model
This section outlines the model setup, with Section S3 in Supporting Information S1 offering further details on the
model choices.

We employ a one‐dimensional approach to meet the demands of 150‐year simulations over a 540‐km domain with
multiple branches and numerous control scenarios. A one‐dimensional model focuses solely on changes along the
main flow direction, making it particularly suitable for studying broad, long‐term patterns.

We extend the model by Ylla Arbós et al. (2023) and include the Pannerdense Kop and IJsselkop bifurcations,
increasing the domain from 300 to 540 km. Our model is informed on sediment partitioning at the bifurcations
using data from a two‐dimensional model of the bifurcation region (Becker, 2021; Ottevanger et al., 2015). We
smooth channel width, floodplain width, initial bed level, and initial surface and substrate size fraction contents
(Figure 2a and Figures S3 and S4 in Supporting Information S1), as we are interested in large‐scale changes rather
than localized variations. We preserve discontinuities in these properties at the bifurcations where spatial changes
in bed level (e.g., bed step) and surface grain size are typical (Barile, Passalacqua, et al., 2025; Chowdhury
et al., 2023; Frings & Kleinhans, 2008; Zolezzi et al., 2006). We also preserve abrupt spatial changes in width and
discontinuities at the weirs (Figure S3 in Supporting Information S1). We neglect the Rhine River's tributaries
within the domain as their contribution to the water discharge and bed material load is limited (Section S3 in
Supporting Information S1).
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Key simplifications include the following: channel and floodplain widths remain constant over time; we neglect
factors such as subsidence, uplift, delta formation, salt intrusion, tides, and particle abrasion; only bed‐material
load is considered; the sediment mixture consists of five grain size classes (with characteristic grain sizes equal to
0.5, 1.2, 4.9, 15.5, and 38.7 mm); for each bifurcation, the partitioning of a grain size class follows a power‐law
nodal point relation; and erosion and deposition are restricted to the main channel (i.e., floodplain bed level
remains constant).

Flow is computed using the steady solution to the one‐dimensional shallow water equations (Saint Venant, 1871).
Changes in bed level and bed surface grain size follow from the equation for grainsize‐specific sediment con-
servation (Hirano, 1971). A set of bookkeeping layers keeps track of temporal changes in the bed sediment grain
size distribution (Viparelli, Haydel, et al., 2010; Viparelli, Sequeiros, et al., 2010). We apply the numerical

Figure 2. Initial conditions, internal boundary conditions, and model calibration: (a) initial volume fraction content of the five
grain size classes in the bed surface sediment; (b1–5) internal boundary conditions for each of the five grain size classes (with
grain size reflected by color and legend of subplot a), represented by nodal point relations linking the grainsize‐specific
Pannerden Canal‐to‐Waal sediment supply ratio (QsiPC/QsiWaal) to the Pannerden Canal‐to‐Waal discharge ratio
(QPC/QWaal). The discharge ratio at the Pannerdense Kop increases with Lobith discharge (Chowdhury et al., 2023), implying
that the Pannerden Canal receives a larger share of the Lobith discharge with increasing Lobith discharge (Figure S12e in
Supporting Information S1). Data points refer to sediment transport data (averaged over a 1‐km distance right downstream of the
bifurcation) from the two‐dimensional numerical model by Becker (2021); (b6) comparing grainsize‐specific nodal point
relations with field data (Frings & Kleinhans, 2008) and scaled laboratory experiments (Van der Zwaard, 1981), related to total
sediment transport rates; (c, d) model calibration based on the flow partitioning at the two bifurcations.
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software SOBEK‐RE (Mulatu et al., 2020; Sloff, 2006; Ylla Arbós et al., 2023) as it allows for floodplain flow,
mixed‐size sediment, and a steady solution to the flow equations. The latter conveniently reduces simulation time
for the 150‐year simulations. Grainsize‐specific sediment transport is calculated using a relation that includes a
threshold of motion and hiding (see Section S3 in Supporting Information S1).

The initial state of the model represents the year 2000. Bed level is based on field data averaged over 1998–2002
for the Dutch Rhine, and 2000–2002 for the German Rhine. The initial surface grain size distribution (Figure 2a
and Figures S4a and S4b in Supporting Information S1) is derived from Niederrhein data acquired over the period
1990–2010 (Frings et al., 2014) and from 2020 for the Dutch reaches (Ylla Arbós et al., 2021). Substrate sediment
composition for the Niederrhein‐Bovenrijn branches stems from 1990 to 2010 data (Frings et al., 2014), and it
matches the surface sediment for the downstream reaches.

We introduce a 150‐year reference case spanning from 2000 to 2150. Boundary conditions of the reference case
include a cycled hydrograph with a 20‐year period (1994–2013) with statistical properties similar to the Buitink
et al. (2023) reference period (see Section S3 in Supporting Information S1). This allows for capturing flow rate
variability and adding a climate signal to the hydrograph in the climate scenario runs. We use Lobith discharge
data at the model upstream boundary, as our focus is on the bifurcation region. The grainsize‐specific sediment
flux at the upstream boundary equals the equilibrium load or normal‐flow load distribution (Blom et al., 2017) for
the initial channel geometry.

Sediment partitioning at bifurcations is controlled by complex two‐dimensional (or even three‐dimensional)
processes (Van der Mark & Mosselman, 2013). The adoption of a one‐dimensional model requires an internal
boundary condition that prescribes how the sediment flux of each grain size class divides at a bifurcation (Ragno
et al., 2023; Schielen & Blom, 2018; Wang et al., 1995). For simplicity, we assume that each grain size class
follows a grainsize‐specific power‐law nodal point relation (Figure 2b), informed by data from a two‐dimensional
model of the bifurcation region (Becker, 2021; Ottevanger et al., 2015). The grainsize‐specific nodal point re-
lations take the following form:

[
Qsi1
Qsi2

= αi (
Q1
Q2

)

ki
]

bifurcation

(1)

where subscripts 1 and 2 indicate the two downstream branches (or bifurcates) of each of the two bifurcations,
Qsi1 and Qsi2 are the grainsize‐specific sediment supply to bifurcates 1 and 2, i refers to one of the five grain size
classes, Q1 and Q2 are the water discharges to bifurcates 1 and 2, and αi and ki are grainsize‐specific constants
calculated through comparison with the two‐dimensional model data (Table S1 in Supporting Information S1).
Mass is conserved at each bifurcation.

The coarsest grain size class (31.5–125 mm) data does not allow for a strong fit (Figure 2b5), yet less than 3% of
the sediment flux reaching the bifurcation region consists of this size class (Frings et al., 2014), implying that the
weak fit has limited impact on overall results. The preference for the coarse size classes to be transported into the
Pannerden Canal (and into the IJssel branch vs. the Nederrijn‐Lek branch) is stronger than for the finer sizes
(Figure 2b6 and Figure S6f in Supporting Information S1). The resulting nodal point relations also compare
reasonably well (Figure 2b6) with field data on total transport rates (Frings & Kleinhans, 2008) and scaled
laboratory experiments (Van der Zwaard, 1981).

For simplicity, the estuarine zone is not included in the model domain, and therefore, the downstream model
boundaries do not coincide with locations for which sea‐level rise projections are directly available. The two
western downstream model boundaries are located 60 and 75 km upstream of the North Sea. Sea and lake level
scenarios are translated into model base levels following the approach of Ylla Arbós et al. (2023), which is
explained in Section S3 of Supporting Information S1. In particular, we estimate downstream water levels using a
backwater‐based approximation that links model boundary water levels to North Sea water levels derived from
storm‐surge data (Equation S6 in Supporting Information S1). We subsequently apply this relationship to
translate projected sea‐level rise at the North Sea into corresponding model boundary water levels. This approach
assumes that the backwater relation remains unaffected by future bed‐level change within the estuarine zone,
which is an assumption that simplifies the analysis but should be examined in future work. The reference case uses
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the current rate of sea‐level rise at the North Sea equal to 2.5 mm/year (Van Dorland et al., 2023), while the water
level in the IJssel Lake remains constant and unaffected by sea‐level rise (Figure 1e).

We account for fixed layers by imposing a coarse immobile substrate, sediment nourishments along the
Niederrhein‐Bovenrijn branch, and dredging in the lower Waal branch. We include the three weirs in the
Nederrijn‐Lek branch through operating rules based on water level at Lobith (Section S3 in Supporting Infor-
mation S1). When completely or partially closed, the weirs block the sediment flux completely and, when
completely lifted, allow for unhindered sediment transport.

We adopt a 10‐year model spin‐up period (2000–2010) to allow the system to adjust, reducing transient effects
from mismatches between the initial conditions and model relations, thus achieving more realistic results. We
calibrate the pre‐factor and critical Shields stress in the sediment transport relation and bed friction against
measured flow partitioning at the two bifurcations and temporal change in bed level relative to 2009–2011 (order
of magnitude and sign) over the period 2010–2020. We have calibrated the longitudinal profile of the total bed
friction, and the resulting values remain constant over time and across different flow regimes. This simplified
approach for constraining total friction can be refined in future studies. Flow partitioning trends at both bi-
furcations agree well with measured data (Figures 2c and 2d),

Verification involves a comparison of predicted and measured water levels at four locations in the Bovenrijn,
Waal, Nederrijn‐Lek, and IJssel branches over the same period (Figures S12a–S12d in Supporting Informa-
tion S1). Although the one‐dimensional model is designed to capture variations primarily along the main flow
direction, it incorporates a simplified representation of overbank conveyance and floodplain storage. Compari-
sons with observations show systematic overestimation of water levels during medium‐ and high‐discharge
conditions, together with an overprediction of discharge into the Pannerden Canal (Figure S12 in Supporting
Information S1). These discrepancies may arise in part from the use of a steady‐flow approximation, which
assumes instantaneous transmission of upstream discharge variations and neglects the diffusive and attenuating
characteristics of real flood‐wave propagation. They may also reflect the fundamental limitations of one‐
dimensional formulations in reproducing overbank conditions. Section S3 in Supporting Information S1 pro-
vides further information on numerical parameter settings, spin‐up, calibration, and verification.

Our climate scenario runs (Figures 1e and 1f) involve four hydrograph scenarios, Ln, Mn, Hn, Hd (Buitink
et al., 2023), four sea‐level rise scenarios, SSP 1‐2.6, SSP 5‐8.5, MICI, and SEJ (Van Dorland et al., 2023), and
four combined scenarios (SSP 1‐2.6‐Ln, SSP 2‐4.5‐Mn, SSP 5‐8.5‐Hn, and SEJ‐Hn). We add the climate signals
of the hydrograph scenarios to the cycled hydrograph of the reference case following the procedure of Ylla Arbós
et al. (2023), which is detailed in Section S3 of Supporting Information S1.We do not consider (climate) scenarios
for the sediment flux, as associated effects are unlikely to reach the bifurcation region within our 150‐year
projections (Ylla Arbós et al., 2023).

5. Projected Response of the Two‐Bifurcation System
In addressing climate‐change impact on flow partitioning over the bifurcates, we denote the two Driel weir re-
gimes (closed and lifted weir conditions) as the “low‐flow” and “high‐flow” regimes, respectively. The short time
scale fluctuations in our projections of the flow partitioning (Figure 3) relate to changes in water discharge
throughout the year, and we apply a Loess fit (Cleveland &Devlin, 1988) to the flow partitioning projections over
a 50‐year span to identify temporal trends in our projections.

In the reference case, the Waal‐to‐Lobith discharge ratio increases with time, by approximately 3% by 2150
(Figure 3, left column, red lines). Simultaneously, the IJssel‐to‐Lobith discharge ratio decreases by 2.4% by 2150
in the low‐flow regime, while relative IJssel discharge is barely affected and slightly increases under the high‐
flow regime. The rates of change slowly decrease with time, which holds for both branches and both weir re-
gimes. The slowing of change seems to be associated with the system approaching equilibrium. In addition, the
Pannerdense Kop bifurcation region is projected to erode (Figures 4a and 4g–4i), the sediment flux arriving at the
bifurcation region strongly declines with time (Figure 4c), the bed surface continues to coarsen with time
(Figure 4e), while the transported sediment in the bifurcation region slightly fines with time.

Overall, we see that, in the reference case, current trends continue. The Waal branch is projected to continue
attracting an increasing proportion of the Lobith flow (Figure 3, left column, red lines), which is associated with
the Waal branch eroding faster than the Pannerden Canal (Figures 4h and 4i). The temporal coarsening of the bed
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surface sediment (Chowdhury et al., 2023; Ylla Arbós et al., 2021) is projected to persist (Figure 4e). The decline
of the annual bed material flux in the reference case (Figure 4c) is remarkable and may be due to one or more of
the following causes: (a) the lagging gradual adjustment of the bed material load toward a previous decrease of the
sediment supply; (b) the lagging gradual adjustment of the bed material load to a previous reduction of flow rates;
(c) sediment nourishments having contributed to bed surface coarsening reducing the annual bed material load;
(d) the bed material load gradually returning to values of the upstream supply after a long period of increased
sediment transport due to past channel narrowing. A combination of these causes may be the most likely
explanation.

The hydrograph scenarios have a very limited effect on flow partitioning compared to the reference case
(Figures 3a and 3b). Climate impacts do become apparent in bed level from approximately 2050 (Figures 4a and
4b) when the sediment flux arriving at the bifurcation region, which is significantly coarser than that of the

Figure 3. Projections of Waal‐to‐Lobith discharge ratio (left column) and IJssel‐to‐Lobith discharge ratio (right column) as a
function of time for (a, b) hydrograph scenarios; (c, d) sea‐level rise scenarios; and (e, f) combined scenarios. Light‐colored
squares and diamonds are low‐flow and high‐flow regimes, or closed‐weir and open‐weir projections, respectively, with
continuous and dotted lines showing Loess regressions to projected data (with a 50‐year span). The projections for mild
climate change scenario often overlap with the reference case.
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reference case (Figure 4f), triggers intensified erosion in the Bovenrijn (Figures 4b and 4g). This, in turn, causes
substantial bed erosion in the Pannerdense Kop bifurcation region, with variation across scenarios (Figures 4b and
4h–4i). At the upstream end of the Waal and Pannerden Canal, erosion continues at about 2 cm per year, with
climate change contributing up to an additional 1 cm annually. Similar erosion rate increases between the Waal
and Pannerden Canal under the hydrograph scenarios likely explain their minimal influence on flow partitioning.

In the Hn hydrograph scenario, the sediment flux arriving from upstream largely exceeds that of the reference case
and is significantly coarser (Figures 4c–4f). Both these effects result from the climate‐related increase of water
discharges in the Hn hydrograph scenario.

Figure 4. Projections for the reference case (left column) and the Hn hydrograph scenario (right column) over the
Niederrhein‐Bovenrijn‐Waal branches: (a, b) bed level relative to 2010; (c, d) annual bed material load; and (e, f) geometric
mean grain size of bed material load and bed surface sediment. Subfigures (g, h, i) show the temporal change of bed level for
Bovenrijn, Waal, and Pannerden Canal 500 m upstream and downstream of the bifurcation, respectively. Subfigures (c–f)
show 20‐year averaged values.
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The temporal coarsening of the sediment flux in the Hn hydrograph scenario (Figure 4f) enhances main‐channel
erosion by increasing the mismatch between the sediment supplied to the bifurcation and the local sediment‐
transport capacity. The fact that the Hn scenario's larger peak flows enhance main‐channel erosion, and their
limiting effect on bed‐surface coarsening, can be understood from the following. The peak flows increase the
mobility of all size fractions but also the coarsest grain‐size fractions, thereby coarsening the transported sediment
flux. This reduces the need for additional bed‐surface coarsening to achieve sufficient mobility of coarse material
(Blom et al., 2016, 2017). Because these coarse fractions travel closer to their threshold of motion, they are more
sensitive to the decline in flow velocity and shear stress in the downstream direction when passing the Pan-
nerdense Kop bifurcation. This mechanism explains the amplified erosion observed in the Waal and Pannerden
Canal branches when peak flows are included.

For the sea‐level rise scenarios (Figures 3c and 3d), theWaal‐to‐Lobith discharge ratio under the low‐flow regime
decreases relative to the reference case (up to 5% by 2150), while the IJssel‐to‐Lobith discharge ratio increases (up
to 3.5% by 2150). In other words, under the low‐flow regime, the Waal discharge is projected to increase less
strongly compared to the reference case, and the IJssel discharge is expected to reduce less strongly. This is due to
the fact that the IJssel Lake level is maintained constant, while sea‐level rise impacts the other branches through
backwater effects and associated upstream migrating deposition waves (Blum & Törnqvist, 2000;
Schumm, 1993). As water level at the downstream boundary of the IJssel remains unchanged with rising sea level,
these adjustment waves push more flow toward the IJssel upon reaching the bifurcation.

Under the high‐flow regime, the sea‐level rise scenarios have a similar tendency: the temporal increase of the
Waal discharge is compensated with variable extent through backwater effects with upstream‐migrating waves of
bed level adjustment in the western branches. Similarly, the slight increase of the IJssel discharge of the reference
case is enhanced by sea‐level rise. Accounting for bed level change appears to be essential to assessing the effects
of sea‐level rise on temporal changes to the flow partitioning (Figure S15 in Supporting Information S1).

In the combined scenarios (Figures 3e and 3f), under low‐flow conditions, the Waal discharge is projected to
increase with time, and the difference with the reference case is negligible. Similarly, the IJssel discharge is
projected to decrease under low‐flow conditions, with negligible differences with the reference case. This implies
that the ongoing response to past interventions continues to dominate the flow partitioning over the next 150 years
under low‐flow conditions. The only exception is the extreme SEJ sea‐level rise scenario: in combined scenarios
including this scenario, by 2150, sea‐level rise compensates the Waal flow increase and IJssel flow decrease due
to past interventions.

In contrast, under high‐flow conditions, both sea‐level rise and hydrograph changes strengthen one another, and
reduce the intervention‐induced flow increase in the Waal. In this, the effect of sea‐level rise surpasses that of
hydrograph changes.

The relative importance of peak flows was assessed by removing the upper 0.5%, 2%, and 5% of discharge values
from the reference hydrograph (Figure S16 in Supporting Information S1). Peak discharges strongly drive and
intensify channel‐bed erosion and limit bed‐surface coarsening. They, however, only modestly enhance the
projected temporal changes in flow partitioning at the bifurcations. Thus, while morphodynamic responses are
sensitive to the largest peak flows, long‐term trends in flow partitioning exhibit only limited dependence on these
extreme events. The latter seems to be due to the fact that the flow distribution across bifurcates is mostly
controlled by the width‐ratio of the two bifurcates (Barile, Passalacqua, et al., 2025), and to a smaller extent by
differences in bed level change between the bifurcates. The fact that the flow partitioning depends on the upstream
discharge (Figure S12e in Supporting Information S1) illustrates how the bifurcates' conveyance width depends
on the upstream discharge.

Besides peak flows, we have also tested the sensitivity of our model results to different weir operation programs,
constants in the grainsize‐specific nodal point relations, the substrate sediment, and the presence and initial depth
of the fixed layers (Figures S17–S22 in Supporting Information S1). We do not find a strong influence of these
factors.

The influence of past interventions on the flow partitioning (represented by the reference case) remains dominant
over the first few decades. As climate‐change impacts accelerate and response to past interventions slows, the
relative importance of climate impacts on system response grows with time and starts to exceed that of past
interventions from approximately 2050 (Figures 3e and 3f).

Journal of Geophysical Research: Earth Surface 10.1029/2025JF008705

CHOWDHURY ET AL. 11 of 17

 21699011, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JF008705 by T

u D
elft, W

iley O
nline L

ibrary on [19/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In this assessment, changes in the Waal‐to‐Lobith and IJssel‐to‐Lobith discharge ratios may appear to be limited.
However, translating these values into the relative change of the Waal and IJssel discharges indicates an up to 6%
increase of the Waal discharge and an up to 17% decrease of the IJssel discharge by 2150 under low‐flow
conditions. Under high‐flow conditions, Waal and IJssel discharges are projected to increase by up to 3.5%
and 12.5%, respectively.

6. Discussion
Our analysis differs from that of Ylla Arbós et al. (2023) by expanding the model domain to include two bi-
furcations and additional distributary branches. Whereas their study represented the Pannerdense Kop in a highly
simplified way (using linear nodal relations and imposing a downstream boundary only 1 km downstream of the
bifurcation), we incorporate bifurcation feedbacks and sediment‐partitioning relations derived from two‐
dimensional model data. This enables a more realistic representation of how changes in one branch propagate
through the network.

Ylla Arbós et al. (2023) found that climate‐driven changes to the hydrograph primarily affect channel‐bed
evolution, whereas sea‐level rise has little influence. In contrast, our results indicate that sea‐level rise
strongly affects future flow partitioning, while hydrograph changes have only a minor effect. These outcomes are
not contradictory: even if sea‐level rise has limited impact on bed levels, small backwater‐driven changes in water
levels at the Waal and Pannerdense Kop can still substantially modify discharge division. Our findings also
support Ylla Arbós et al. (2023)'s conclusion that climate‐driven hydrograph changes enhance channel‐bed
erosion.

The current study indicates that future geomorphic development of the Rhine delta is largely driven by medium
flows rather than peak flows. This appears to contrast with observations by Chowdhury et al. (2023), which
suggest that a series of peak flows in the 1990s altered the erosion rate difference between the Waal and Pan-
nerden Canal branches, leading to a subsequent gradual increase in discharge to theWaal. Our analysis focuses on
future climate‐driven impacts and has not attempted to reproduce 1990s conditions. Further research could
investigate the role of historical peak flows in shaping trends in channel bed erosion and flow partitioning.

The role of the IJssel branch is particularly interesting, as in our analysis, its downstream end is not affected by
sea‐level rise, in contrast to the other bifurcates. This implies that sea‐level rise results in the IJssel branch
receiving a larger share of the Lobith flow. Our analysis does not include scenarios where the imposed IJssel Lake
level follows sea‐level rise, and we recommend further research into this aspect.

This study indicates that flow and sediment partitioning respond to climate‐driven hydrograph changes and sea‐
level rise on similar decadal timescales—much shorter than the century‐scale response proposed by De
Vriend (2015). Bed‐level and surface grain‐size adjustments along the distributary branches are expected to occur
more slowly (Barile, Redolfi, & Tubino, 2025), with rates influenced by branch length. Consistent with Van de
Wiel et al. (2011), our results highlight that assessments of climate impacts on river systems require modeling
domains that span multiple decades and several hundred kilometers to adequately capture these adjustment
processes.

We developed a novel approach to derive grainsize–specific nodal point relations for our one‐dimensional model
by calibrating them directly against output from a two‐dimensional morphodynamic simulation. This method
allows us to incorporate, in an indirect but process‐informed way, effects such as transverse bed slopes, upstream
channel curvature, and bar dynamics near the bifurcation. The accuracy of these relations depends on the mor-
phodynamic configuration remaining broadly similar to that represented in the two‐dimensional model, implying
that their validity may diminish over longer time horizons, which should be evaluated in future work. Never-
theless, grounding nodal point relations in two‐dimensional model data provides a physically consistent basis for
their application within simplified one‐dimensional frameworks.

For low values of the Lobith discharge and so low values of the ratio of the Pannerden Canal discharge to Waal
discharge, Figure 2b suggests that the sediment flux to the Pannerden Canal is very small or negligible relative to
that of the Waal. Unfortunately, we cannot compare these model data to field observations because the latter are
not available. The two‐dimensional numerical model is based on a sediment transport relation with a threshold for
incipient motion. Hence, it is hard to assess whether the output of the model for low shear stress values is realistic
or the result of two‐dimensional model choices.
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For simplicity, we have not included the estuarine zone in our model domain. This implies that our downstream
model boundaries are not at those locations for which we know scenarios for sea‐level rise. We have applied
backwater approximations to relate water level at each of the downstream model boundaries to water level at the
North Sea, based on storm surge data (Equation S6 in Supporting Information S1). Subsequently, we apply this
relation to approximate water levels at the downstream model boundaries based on water level at the North Sea,
where the latter follows sea‐level rise scenarios. In doing so, we have assumed that this relation is not affected by
bed level change across the estuarine zone. This is a simplification that should be addressed in future studies.

Another point of attention is the representation of overbank flow. Although our one‐dimensional model primarily
describes changes along the main flow direction, it includes a simplified treatment of overbank conveyance and
floodplain storage. Model–data comparisons indicate that water levels are overestimated during medium‐ and
high‐discharge conditions, accompanied by an overprediction of flow into the Pannerden Canal. These biases may
also reflect the limitations inherent to representing overbank hydraulics in a one‐dimensional framework.
Together, these issues highlight the need for a more detailed evaluation of overbank processes in future work.

The projected reduction of the IJssel discharge during low‐flow or closed‐weir conditions will result in a longer
time for the IJssel Lake to recharge to its desired stage. This will need attention as the IJssel Lake is the major
freshwater reservoir for the Netherlands, and supports freshwater demand for roughly 30% of the country. In
addition, the operation of the weirs in the Nederrijn‐Lek branch will need consideration in light of projected
changes to the flow partitioning and closure time of the Driel weir (Figure S23 in Supporting Information S1).
During low flows, weir operation will be unable to maintain sufficient navigable depth in the IJssel branch,
resulting in navigability issues for an increasing fraction of the year.

Adaptation to the projected intervention‐driven and climate‐driven river response is of large interest to delta
regions. Mitigation measures in the Rhine delta relate to countering the ongoing increase of flow and associated
channel bed erosion in the Waal branch, as well as the decreased flow in the IJssel branch. Human interventions
that may help achieve this are lowering of floodplains, longitudinal training dams, and sediment nourishments
(Czapiga et al., 2022a, 2022b). Such adaptation measures are beyond the scope of this study.

Overall, our one‐dimensional approach with model data‐based relations for sediment partitioning offers useful
insights on the long‐term response to climate change. Although higher‐dimensional models accounting for
transverse flow and sediment dynamics can more accurately capture bifurcation dynamics (Sloff & Mossel-
man, 2012), applying them to a 540‐km domain over 150 years was not feasible at the time of our model
development.

7. Conclusions
Focusing on changes along the main flow direction, we investigate the impact of climate change on an engineered
river bifurcation system across a 540 km domain and a 150‐year period, considering multiple climate scenarios for
the flow regime and sea‐level rise. To do so, we have adopted the Ylla Arbós et al. (2023) framework for assessing
climate impacts on a river system. Sediment partitioning at the bifurcations in the model is informed by data from
a two‐dimensional numerical model that accounts for transverse flow, sediment, and bed level dynamics.

Specifically, we have assessed how climate change affects a deltaic river system with two bifurcations in the
upper Rhine delta, focusing on flow partitioning between the downstream branches. We underline the need to
evaluate current system changes based on measured data (e.g., channel bed erosion, changing flow partitioning) in
such an analysis to be able to separate climate‐driven changes from ongoing channel adjustments.

During the first decades, past interventions continue to dominate flow partitioning in the bifurcation region. From
approximately 2050, climate‐driven factors related to hydrograph changes and sea‐level rise become more
influential, with the impact of sea‐level rise being dominant under high‐flow conditions and impacts of hydro-
graph changes and sea‐level rise compensating each other under low‐flow conditions. The SEJ sea‐level rise
scenario is an exception to this, and pushes a large share of the upstream (Lobith) discharge to the IJssel branch,
especially under low‐flow conditions.

Projected climate‐driven hydrograph changes are expected to: (a) coarsen the sediment flux arriving at the
bifurcation region; (b) prevent the sediment‐flux decline observed in the reference case; (c) have only a minor
effect on flow partitioning; and (d) significantly increase channel bed erosion in the bifurcation region. This
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behavior arises because the coarser sediment flux in these scenarios is transported closer to its threshold of motion
and thus is more sensitive to the spatial decrease in shear stress across the Pannerdense Kop bifurcation. As a
result, enhanced erosion develops across the bifurcation region, where the erosion magnitude varies depending on
the specific hydrograph scenario.

The projected bifurcation system changes from around 2050 appear to be associated with the climate‐related
increased medium water discharges rather than increased maximum peak flows.

Accounting for bed level change appears to be essential when assessing the effects of sea‐level rise on the flow
partitioning across the Rhine delta branches.

Our results suggest that the current trend of water discharge increase in the dominant downstream branch (Waal)
continues and project an up to 6% further increase in discharge to the Waal and an up to 17% decrease to the IJssel
during low flows by 2150. Under low‐flow conditions, the effect of past interventions largely dominates over the
impact of climate change, except for the SEJ sea‐level rise scenario. In the latter case, the impact of climate
change compensates for the effect of past interventions by 2150. Under high‐flow conditions, the effect of sea‐
level rise dominates over those of past interventions and climate‐related hydrograph changes.

Our approach, which focuses on changes along the main flow direction, provides valuable insights into climate‐
driven geomorphic impacts on delta systems with bifurcations. Using data from a two‐dimensional numerical
model to constrain grainsize‐specific nodal point relations, our method offers a pragmatic and effective frame-
work for a foundational assessment of climate‐related changes in bifurcating river systems, guiding future, more
detailed research. These insights can be further enhanced by incorporating models that account for transverse flow
and sediment dynamics, allowing for a more comprehensive understanding of river bifurcation processes.

Adopting a hybrid approach, combining a physically based model with a data‐informed component, appears to be
a promising strategy for examining and forecasting the long‐term behavior of engineered, large‐scale fluvial
systems such as the Lower Rhine River. Although such models are still relatively new in geomorphology, they are
likely to become an important and productive direction for future research.
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