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Abstract Human intervention makes river channels adjust their slope and bed surface grain size as they
transition to a new equilibrium state in response to engineering measures. Climate change alters the river
controls through hydrograph changes and sea level rise. We assess how channel response to climate change
compares to channel response to human intervention over this century (2000-2100), focusing on a 300-km
reach of the Rhine River. We set up a schematized numerical model representative of the current (1990-2020),
non-graded state of the river, and subject it to scenarios for the hydrograph, sediment flux, and sea level rise.
We conclude that the lower Rhine River will continue to adjust to past channelization measures in 2100 through
channel bed incision. This response slows down as the river approaches its new equilibrium state. Channel
response to climate change is dominated by hydrograph changes, which increasingly enhance incision, rather
than sea level rise.

Plain Language Summary Humans have modified rivers to enable boat traffic, to protect people
against flooding, and to provide them with freshwater and energy. When the shape of a river changes, the
amount of sand and gravel (sediment) that can move along its bed also changes. In response, rivers change
their slope and bed characteristics, so that they can transport as much sediment as they receive from higher

up in the basin. This results in changes in bed level, which becomes higher or lower, causing problems for
navigation and flood protection. Climate change makes this worse, because it changes the amount of water
flowing down the river, and sea level. This further affects the amount of sediment that can move down the river,
therefore causing additional bed level change. Here we study how climate change affects the lower Rhine River
(Germany-Netherlands), over the 21st century. This river has been heavily modified by humans, and its bed
has been lowering over hundreds of kilometers. With a computer model, we simulate how different scenarios
of climate change affect this behavior. We foresee that the ongoing bed level lowering will continue in the
upcoming decades, and that it will be enhanced by climate change.

1. Introduction

River engineering measures such as channelization, diversion, and dam construction, alter the equilibrium
state of rivers, triggering an adjustment toward the new equilibrium state (Blom et al., 2016; De Vriend, 2015;
Mackin, 1948). In engineered rivers with a fixed planform, this response is limited to (a) channel slope adjust-
ment through channel incision or aggradation, and (b) changes in the bed surface grain size distribution. The
magnitude, extent, and timescale of channel response to engineering measures can add up to meters of bed level
change, extend over hundreds of kilometers, and take decades to centuries (De Vriend, 2015).

Climate change alters the river controls through changes in precipitation, ice- and snow-melt, and sea level rise,
which modifies the hydrograph (Bloschl et al., 2019; Milliman et al., 2008), sediment supply (Liu et al., 2013;
Verhaar et al., 2011), and base level (Chen et al., 2017; IPCC, 2022). Changes in the river controls modify the
equilibrium state of the river, prompting channel adjustment. With increasing rates of climate change, the relative
influence of climatic controls on channel response becomes ever more important.

Field and modeling studies on channel response to interventions are abundant (e.g., Arkesteijn et al., 2021; Czapiga
et al., 2022; Gao et al., 2020; Surian & Rinaldi, 2003; Verhaar et al., 2011; Zaprowski et al., 2005). Large-scale
studies of channel response to overall climate change are scarce, and do not typically address the relative magni-
tude of climate-related and intervention-related changes. Yet climate change affects all of the river controls simul-
taneously, and many engineered rivers still feature an ongoing response to past human intervention over hundreds
of kilometers (Emerson, 1971; Harmar et al., 2005; Surian & Rinaldi, 2003; Ylla Arbos et al., 2021).
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We focus on the lower Rhine River, a 300-km transboundary reach of the Rhine River between Bonn (Germany)
and Vuren (The Netherlands), including a bifurcation near the German-Dutch border (Figure 1). The lower Rhine
River is a paradigmatic engineered river with a long history of human intervention (Ylla Arbds et al., 2021). The
mean water discharge and annual peak flow at Koln are, respectively, 2,155 and 6,450 m?¥/s. Decades of field data
on bed level and bed surface grain size show that the river channel is still adjusting to domain-wide narrowing and
shortening measures carried out over the past century (about 30% width reduction and 10% length reduction), as
well as to more recent measures (Czapiga et al., 2022; Quick et al., 2019; Ylla Arbés et al., 2021).

Our objective is to assess how climate forcing adds to the ongoing channel response, in terms of bed level and
bed surface grain size change, over the period 2000-2100. To this end, we set up a highly schematized numerical
model, and subject it to multiple scenarios for climate-related hydrograph changes, sediment flux, and sea level
rise.

2. A Schematized Model of Centennial Channel Response

Given the spatio-temporal scale of our study, as well as the uncertainty associated with climate predictions and
field data, we aim to identify the type and order of magnitude of channel response to scenarios of climate-related
control change. We do not address short-term natural variability of the system, nor local width variations and
local effects of structures. We use a one-dimensional model, as we focus on large-scale, order-of-magnitude
changes over a century.

The schematization of a complex system to a one-dimensional problem is a balancing act between simplification
and representativeness (Paola, 2011): the model needs to capture the main components of channel response,
which is best done with a highly schematized model, and at the same time be representative of the lower Rhine
River.

We set up a one-dimensional (i.e., cross-section-averaged) morphodynamic model, suitable for mixed-size sedi-
ment. The numerical solver is SOBEK-RE (Deltares, 2012a, 2012b). Flow is computed using the steady solution
of the shallow water equations (De Saint-Venant, 1871); bed level change is solved through mass conservation of
bed sediment (Exner, 1925, 1931), and changes in bed surface grain size are computed through conservation of
each grain size class for a surface layer (Hirano, 1971). Sediment transport is calculated with a relation which
includes a threshold of motion and accounts for hiding and exposure effects. Further details on the sediment
transport relation and model assumptions are provided in Text S1 in Supporting Information S1.

Non-erodible reaches (fixed layers) are modeled as sediment that is sufficiently coarse to be immobile under the
prevailing flow conditions. In the field, “summer levees” (relatively low-elevation levees between main channel
and floodplain) reduce the occurrence of floodplain flow for, for instance, agricultural reasons. The model does
not account for these summer levees, for simplicity reasons and because their effects are mostly relevant in cases
with abrupt width changes (e.g., Van Vuren et al., 2015), which do not occur in our model.

Given our focus on bed material load, and following data availability, we consider five grain size classes: fine
sand, coarse sand, fine gravel, and two coarse gravel fractions, with characteristic diameters in the order of 0.5,
1.25, 5, 15, and 40 mm, respectively. The bed surface is coarser than the substrate (Frings et al., 2014).

The model initial state is based on the period 1990-2020, and follows smoothed bathymetric and bed surface
grain size data (Figures 2a—2c). The initial state covers a relatively long period due to the large natural variability
of the data and data availability. This is not problematic as most system properties do not change significantly
over this time frame on the large scale. Full details on the model schematization are provided in Text S2 in
Supporting Information S1.

As we focus on channel response to changes in the boundary conditions, model boundaries constitute an essen-
tial part of our domain of interest. We define three external boundary conditions (water discharge and grain
size-specific sediment fluxes upstream, and base level downstream), and an internal nodal condition (sediment
partitioning at the bifurcation).

We adopt a cycled hydrograph of daily discharge with a 20-year period, which allows us to account for the natural
variability of water discharge while adding a climate signal to it. The hydrograph must capture the flow duration
curve, as it governs the mean channel response, while the sequence of flow events determines the fluctuations
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Figure 1. The lower Rhine River between Bonn (Germany) and Vuren (The Netherlands), with scenarios for change of the river controls over the 21st century.
Numbers between parentheses indicate river km. Water discharge scenarios follow Sperna Weiland et al. (2015); sea level rise scenarios follow IPCC (2013) and
KNMI (2015); sediment flux follows the Frings et al. (2014) uncertainty estimates (mean values in blue, yellow boxes for the 95% confidence interval).
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Figure 2. Initial state of the model based on the period 1990-2020 (a—c) and model calibration and verification (d—e): (a) mean main channel bed elevation; (b) main
channel and floodplain width; (c) bed surface fraction content of each grain size class; (d) channel bed aggradation rates (5-km moving average); and (e) temporal
variation of flow partitioning at the Pannerden bifurcation, represented by the ratio of Waal discharge to Bovenrijn discharge.
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around it (Arkesteijn et al., 2019, 2021). We select a 20-year period from the historical record (1967-1986) such
that its statistics (10th, 50th, and 90th percentiles, mean and standard deviation) best match those of the long-term
time series (1951-2006, which is equal to the reference period used in the Sperna Weiland et al. (2015) climate
scenario studies).

The upstream sediment flux is set as a function of discharge using the sediment transport relation, scaled such
that the annual mean sediment flux per grain size fraction at the upstream boundary resembles the normal-flow
load distribution (Blom et al., 2017), and falls within the 95% confidence interval of the Frings et al. (2014)
sediment flux estimates (Figure 1). With a discharge-dependent sediment load resembling the normal-flow load
distribution, we avoid the presence of an upstream boundary segment over the upstream part of our domain
(Blom et al., 2017). We split the flux of the Frings et al. (2014) coarsest fraction in two, proportionally to their
substrate content (Parker et al., 1982; Parker & Klingeman, 1982) following field data (Text S2 in Supporting
Information S1), as the hiding-exposure relation requires a limited difference between characteristic diameters of
the grain size classes.

The downstream boundary (Vuren, river km 952) is located upstream of the estuarine zone, at about 100 km
upstream of the North Sea (Figure 1), as our model does not include estuary dynamics such as tides and salt intru-
sion. Water level at Vuren depends on river discharge and sea level (Figure 3a). We approximate water level at
Vuren using the De Vries (1994) empirical fit to the Bresse (1860) analytical solution to the backwater equation.
As the normal flow depth d, is a function of 0?3 (with Q the water discharge), the De Vries (1994) empirical fit
equals (see Text S3 in Supporting Information S1 for its derivation)

4/3

dy = AQ** + (dy — AQ*?) 2K /4, 6
where d, denotes flow depth at Vuren, d; denotes flow depth at the North Sea, and A and K are assumed to
be constants. We find the highest correlation between field data and Equation 1 for A = 0.054 s**/m and
K = —0.71 m*3s?? (Figures 3b and 3c).

We include sea level rise at a rate corresponding to the centerline of the KNMI (2015) projections (Figure 1). We
assume that water level increase at Vuren due to coastal storm surges and tidal constituents (Figure 3a) is a proxy
for water level increase due to sea level rise.

As we use a one-dimensional numerical model, an internal nodal condition sets the sediment partitioning over the
two bifurcates. Sediment partitioning at a bifurcation located on a river bend is governed by three-dimensional
processes (e.g., Frings & Kleinhans, 2008; Sloff & Mosselman, 2012), which cannot be represented in a
one-dimensional model. For each grain size class, the sediment partitioning is prescribed by a nodal point relation
(Bolla Pittaluga et al., 2003; Schielen & Blom, 2018; Wang et al., 1995), which relates the ratio of sediment
supply to the bifurcates to known model parameters.
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We adopt a highly simplified nodal point relation, as the uncertainty related to nodal point relations is large, and
available field data to calibrate them are scarce and uncertain. Our nodal point relation relates the ratio of the
sediment supply of grain size class k, S,, of bifurcates W (Waal) and P (Pannerden Canal), to the ratio of their
water discharge, Q, multiplied by the prefactor a,:

=ar—— 2)

where a, equals 2.73 for both sand fractions, 0.4 for fine gravel, and 0.5 for both coarse gravel fractions. The
resulting sediment flux ratios fall within the range of the Frings et al. (2015) estimates of annual sediment
flux, and are comparable to the limited amount of field measurements and laboratory experiments (Frings &
Kleinhans, 2008).

Sediment management practices are extensive in the lower Rhine River. We include fixed layers (Figure 2a); fine
gravel nourishments at rates of 0.1 Mton/a over four 5-km reaches equally distributed between river km 810-855
(Frings et al., 2014) until 2020, beyond which they would cause unwanted aggradation; and dredging over the
lowermost 25 km of the river, at an estimated rate of 5,000 m3/a until 2025, when net-removal dredging contracts
are set to terminate.

We calibrate the model over the period 2000-2010 against (a) measured channel bed aggradation rates (Figure 2d)
and (b) the measured temporal change of flow partitioning at the Pannerden bifurcation (Figure 2e). For the latter,
we consider two ranges of water discharge (<1,500 and >2,500 m?/s), corresponding to closure and opening of
the weirs downstream of the Pannerden Canal, which is dependent on water discharge at Lobith. Calibration
parameters include a spatially variable, piece-wise linear Chézy friction coefficient, the prefactor and critical
shear stress in the sediment transport relation, the grain size distribution of the sediment flux at the upstream
boundary, and the coefficients g, of the nodal point relation (Text S4 in Supporting Information S1). The direc-
tion of change (aggradation vs. degradation) is generally well captured. The mean absolute difference in aggra-
dation rates is 0.25 cm/a in the German Rhine, and 0.6 cm/a in the Dutch Rhine. The relative error in the ratio of
Waal to Bovenrijn discharge is 10%. Sediment fluxes are within the Frings et al. (2019) uncertainty range, albeit
on the lower end.

We verify the model against the same variables, over the period 2010-2020 (Figures 2d and 2e). Aggradation
rates are only verified for the Dutch Rhine, as bed level data for the German Rhine (river km 640-857) over 2010-
2020 is not available to the authors. Verification results are of the same order of accuracy as calibration results.

3. Ongoing Channel Response to Past Human Intervention

We first address expected bed level change in 2050 and 2100, relative to the initial state (2000) and without
climate scenarios (i.e., the reference case, Figure 4a).

Incision rates increase in the downstream direction between river km 640-750, slightly increasing channel slope.
Between river km 870-925, incision rates decrease in the downstream direction. The latter slightly decreases
channel slope, with a tilting point around river km 925, downstream of which the river aggrades, suggesting
an overall increase in concavity, and a continuation of river bed incision trends (Ylla Arbés et al., 2021). This
behavior is consistent with historical observations of bed level change, related to an ongoing slope adjustment due
to domain-wide channel narrowing in the presence of an upstream bedrock reach (Ylla Arbés et al., 2021). The
largest incision rates are observed immediately downstream of fixed layers.

Incision rates range between 0 and 2.5 cm/year up to 2050, and between 0 and 1 cm/year between 2050 and
2100 (Figure 4a). This means that while the channel is expected to continue to incise in the future, incision rates
decrease with time as the channel approaches its equilibrium state.

Channel bed incision is less pronounced in the German Rhine (river km 640-857) than in the Dutch Rhine (river
km 857-955). The relatively large incision rates in the Dutch Rhine seem to be associated with instability of the
Pannerden bifurcation. The steady temporal increase of the fraction of water discharge flowing into the Waal
branch (Figure 2e) likely enhances incision downstream from the bifurcation, which further increases the flow
rate into the Waal branch. Additionally, the fixed beds have limited river bed incision in the German Rhine and
over river km 850-885 (Czapiga et al., 2022; Frings et al., 2014).
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The channel slightly aggrades between river km 770-860. This reach is characterized by a relatively low sediment
transport rate in the initial state (Figure S7e in Supporting Information S1). The sediment transport rates upstream
of this reach are larger, which creates an aggradational wave migrating in the downstream direction.

The bed surface continues to coarsen (Figure 4f, reference case), which implies that the past coarsening trend
continues and the abruptness of the gravel-sand transition has ceased to exist (Frings et al., 2014; Ylla Arbés
et al., 2021). Possible explanations of the continued bed surface coarsening include (a) downstream migration
of the Rhine gravel-sand transition (Ylla Arbds et al., 2021); (b) temporal reduction of the sediment flux as the
channel adjusts to the channelization measures of the past (Figure S7e in Supporting Information S1); (c) contin-
ued channel response to past sediment nourishments, carried out primarily before the model initial state in 2000.
Channel narrowing has led to a temporary increase of the sediment transport rate. Narrowing does not affect the
sediment flux from the upstream part of the basin, but leads to a decreased equilibrium channel slope (and so bed
incision) until the sediment transport rate has decreased and equals the upstream sediment flux again.

Despite our simplified treatment of the bifurcation, we observe that (a) sand fractions are preferentially trans-
ported into the Waal independently of river discharge, while gravel fractions partition more evenly, and the
relative amount of gravel transported into the Pannerden Canal increases with discharge; (b) overall, as discharge
increases, relatively more sediment is being transported into the Pannerden Canal; and (c) the relative amount
of sediment transported into the Pannerden Canal decreases with time (Text S5 in Supporting Information S1).
These observations suggest instability of the Pannerden bifurcation.

4. Channel Response to Climate Change: Isolated Climate Scenarios

To assess how climate change adds up to the ongoing response, we adopt scenarios of control change and translate
them into model boundary conditions. Here we test different scenarios of a single control at a time. We focus on
results for 2100, and mention intermediate changes by 2050. Additional results for 2050 are included in Text S6 in
Supporting Information S1. We consider channel response to, subsequently, climate-related hydrograph changes,
sediment supply variations, and sea level rise.

Sperna Weiland et al. (2015) use a hydrological model (Hegnauer et al., 2014) to translate precipitation scenarios
(KNML, 2015) into five 50-year synthetic time series of daily river discharge at different stations of the Rhine
River, representative of the predicted climate conditions in 2050 and 2085. We consider the discharge station at
Koln (river km 687, Figure 1). The Sperna Weiland et al. (2015) scenarios (WH, WHdry, WL, GH, GL, following
KNMI, 2015 nomenclature) consist of 15%—-50% higher peak flows in winter and 0%—40% lower base flows in
summer by 2085. Text S7 in Supporting Information S1 describes how the KNMI (2015) scenarios account for
uncertainty in climate predictions.

We use information on the statistics of the flow duration curves (Sperna Weiland et al., 2015) to modify our
reference cycled hydrograph. To this end, we estimate the pth-percentile of the discharge for the Sperna Weiland

et al. (2015) 2050 and 2085 data, Q¥ N where the superscript i denotes the scenario, # the time horizon (2050 or

2085), and N is the Sperna Weiland et al. (2015) data. We repeat this for the Sperna Weiland et al. (2015) refer-
ref N
P

etal. (2015), Fj':

ence case, Q)" . We determine the relative change of the pth-percentile discharge according to Sperna Weiland

o
FP,N = ref N (3)
P

We then multiply each pth-percentile discharge in the hydrograph of our reference case, Ql’,"f , by the factor Fi'N

to account for climate change effects:
it — [itN Qrt’f )
» P »
For intermediate times, we linearly interpolate between values of Q¥, and linearly extrapolate for values up to
2100.

Our method provides a new hydrograph for each scenario with a new flow duration curve based on climate-related
changes in flow statistics. The sequence of flow events is the same as in the reference case. Text S7 in Supporting
Information S1 illustrates the method with a workflow chart.
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Figure 4b shows how the hydrograph scenarios add to the ongoing channel response in the reference case, in
terms of bed level difference in 2100. Water discharge scenarios enhance the ongoing incision by 0-0.35 m
(0-0.10 m by 2050) in the German Rhine and 0—1 m (0-0.35 m by 2050) in the Dutch Rhine. This enhanced
incision is because all scenarios predict increased moderate to high discharges, which are the most relevant to
channel response (Blom et al., 2017), and lead to a smaller equilibrium channel slope. More frequent high flows
also increase the relative amount of sediment going into the Pannerden Canal enhancing bifurcation instability
(Section 3).

In defining sediment flux scenarios, we assume that the large uncertainty of the Frings et al. (2014) field data
(40%-150%, Figure 1) is larger than potential climate-related flux changes. We translate the lower and upper
bounds of the uncertainty range into scenarios for the upstream sediment flux. We define three scenarios: low
sediment flux (low end of uncertainty range), high sediment flux (high end of uncertainty range), and high gravel
flux (high end of uncertainty range for the gravel fractions, and mean values for the sand fractions).

Figure 4c shows the difference in bed level change between the sediment flux scenarios and the reference case, in
2100. The response to changes in the sediment flux starts at the upstream boundary and migrates downstream. By
2100, the adjustment wave has advanced about 200 km (100 km by 2050). Over the upstream end of the domain,
higher sediment fluxes reduce river bed incision by 0-0.15 m (0-0.10 m by 2050), and lower fluxes increase it
by 0-0.10 m (0-0.05 m by 2050).

We consider five scenarios of sea level rise (Figure 1): the upper and lower end of the KNMI (2015) sea level
rise scenarios, the upper and lower end of the RCP 4.5 scenarios, and the upper end of the RCP 8.5 scenarios
(IPCC, 2013). Note that future sea level rise largely depends on whether Antarctic ice or Greenland ice melts
(Larour et al., 2017). We translate the scenarios into water level at the downstream boundary of our model at
Vuren with Equation 1, adjusting d_ based on the scenarios.

Figure 4d shows that for rates of sea level rise larger or smaller than that of the reference case, the 2100 response
consists, respectively, of reduced incision by 0-0.30 m (0-0.05 m by 2050), or enhanced incision by 0-0.25 m
(0-0.10 m by 2050). Sea level rise leads to an upstream-migrating wave, covering about 90 km by 2100 (50 km
by 2050), up to the Pannerden bifurcation (river km 867.5).

The limited influence of sea level rise on channel response can be explained by the fact that the rate of sea level
rise is an order of magnitude smaller than that of the bed level change in the reference case. Bifurcation parti-
tioning trends remain unaffected by sea level rise in 2100. Nonetheless, as sea level has risen since before 2000
(IPCC, 2022), the initial state of the river system is already affected by past sea level rise.

5. Channel Response to Climate Change: Combined Climate Scenarios

To assess the effects of combined scenarios, we perform model runs for several scenario combinations, associated
with the smallest and largest predicted temperature and precipitation increase by 2100 (IPCC, 2013). This results
in two hydrograph-sea-level-rise scenario combinations, hereafter referred to as moderate and high-end warm-
ing scenarios (respectively, scenarios GL-RCP4.5-Low and WH-RCP8.5-High). As sediment flux scenarios are
assumed to be independent of climate scenarios, we test the climate scenario combinations for both the lower
and upper bound of the sediment flux scenarios (S-Low and S-High), resulting in four scenario combinations.

Figure 4e shows the bed level difference between 2100 and the initial state (2000) for the reference case and the
combined scenarios. Overall, the ongoing response to past channelization measures is dominant, and climate
scenarios further enhance incision by 0.15-0.70 m (0-0.30 m by 2050). Furthermore, these results suggest an
overall dominance of water discharge scenarios over sea level rise in channel response to climate change. The
bed surface coarsening and the downstream-migrating coarsening wave are not significantly affected by climate
scenarios (Figure 4f).

Our results agree with field observations and modeling efforts regarding climate change effects in engineered
rivers (e.g., Mufioz et al., 2018; Verhaar et al., 2010), and confirm the key role of engineering measures in channel
response, even in the presence of notable climate forcing. The relative importance of extreme flow events may,
however, be significant in bifurcating river systems. In particular, peak flows may lead to substantial sediment
deposition in one bifurcate, which may alter flow and sediment partitioning at the bifurcation, affecting future
channel response (Chowdhury et al., 2023a).
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6. Conclusions

We have developed a strategy to assess climate-related impact on river channels. Our model aims to identify
large-scale and multi-decadal trends of channel response, and therefore only provides order-of-magnitude
expected change. Our conceptual analysis of channel response to isolated and combined climate scenarios
provides clues to how engineered rivers worldwide respond to climate change.

Our results suggest that (past) human intervention is the main driver of channel response in the lower Rhine River
over the 21st century, leading to channel bed incision.

Climate forcing enhances this incision, mostly due to increased moderate discharges, which decreases the equi-
librium channel slope. Sea level rise mildly reduces river bed incision in the downstream part of the domain.

While channel response to human intervention slows down as the river approaches its equilibrium state, channel
response to climate change accelerates, as changes in controls accelerate. The relative importance of climate
forcing on channel response therefore increases with time. Bifurcation dynamics are expected to play a key role
in future channel adjustment.

The uncertainty related to climate projections and measured data being high, our highly schematized
one-dimensional model proves to be a useful, and computationally cheap tool to assess channel response at large
spatio-temporal scales, for a wide range of scenarios.

Data Availability Statement

The input of our model is based on field data. Bed level data is accessible at Quick et al. (2019) for the German
Rhine, and at Ylla Arbés (2021) for the Dutch Rhine. Main channel width data is obtained from Google Earth
(https://earth.google.com/web/). Floodplain width data is available from BfG (2020b). Grain size data is avail-
able at the SedDB database for the German Rhine (BfG, 2020a), and in Ylla Arbds (2023) for the Dutch Rhine.
Historical discharge data is available via BfG (2020b) and Chowdhury et al. (2023b). Water level data is available
at https://waterinfo.rws.nl. Model input files and results are available at Ylla Arbds (2023).
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