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A B S T R A C T   

Accurate discharge records are essential for flood frequency analyses, hydraulic model calibration and flood 
forecasting. Discharge records are often obtained via a transformation of water levels to discharges using a rating 
curve. For accurate rating curves, a physical basis is important, particularly in the extrapolation domain towards 
extreme discharges. In this study, physical processes and constraints are incorporated in a rating curve model: 
water balance closure at a bifurcation and bed level degradation. The aim is to assess the effect of incorporating 
these physical processes and constraints for rating curves at two bifurcations of the Rhine river in the 
Netherlands. Intermittent gaugings are available for a 31 year period at these bifurcations. Bayesian inference 
and Markov Chain Monte Carlo sampling is used to estimate the posterior distributions of the rating curves. If 
rating curves are constructed independently, they show a large water balance error at bifurcations of up to 10%. 
Incorporating bed level degradation is required for accurate rating curves as it reduces the residual errors by up 
to 50%. If explicitly accounting for water balance closure, the water balance error can be reduced to 1%, while 
residual errors remain equally small. As water balance closure is a physical constraint at a river bifurcation, the 
rating curves that account for water balance closure are expected to be more physically realistic. Therefore, it is 
recommended to specifically gauge at river bifurcations and confluences, such that the constraint of water 
balance closure can be used to improve the accuracy of rating curves and discharge records.   

1. Introduction 

Discharge records in streams and rivers are essential for water re
sources management of both low flow and flood conditions. At a river 
bifurcation, knowledge on the distribution of discharges over the 
branches is crucial (Dong et al., 2020; Gensen et al., 2020). However, 
continuously measuring the discharge is not easily done. Therefore, 
discharges are often derived by converting continuously measured water 
levels at gauging stations to discharges using a rating curve (e.g. ISO 
1100, 2010; Rantz, 1982). A rating curve is a relationship between water 
levels and discharges at a specific cross-section of the stream or the river, 
which is established using earlier gaugings of discharges and water 
levels. These gauged discharges are often based on measured flow ve
locities and cross-sectional geometry. 

Rating curve errors can lead to significant errors in the analyses in 
which the discharge records are used, such as flood frequency analysis 
(Lang et al., 2010; Steinbakk et al., 2016), hydraulic or hydrological 
model calibration (Domeneghetti et al., 2012; Peña Arancibia et al., 

2014; Sikorska and Renard, 2017) and flood forecasting (Ocio et al., 
2017). The largest errors in derived discharges arise when the rating 
curve is used during extremely high flow conditions (Domeneghetti 
et al., 2012; Pappenberger et al., 2006). In this domain, discharge 
gaugings are scarce or even unavailable and the discharge is thus 
derived by mere extrapolation of the rating curve. Rating curve uncer
tainty in the lower domain is amplified in the extrapolation domain, 
possibly leading to very large errors (Di Baldassarre et al., 2009). Still, 
the extrapolation of rating curves is often required to obtain knowledge 
on the flood conditions in a river (Pappenberger et al., 2006). 

Physical constraints can be imposed to increase the accuracy of 
rating curves, especially in the extrapolation domain. In literature, 
several methods have shown to enable using additional physical basis to 
construct more accurate rating curves, through e.g. using knowledge on 
hydraulic controls at structures (e.g. weirs and dams, Le Coz et al., 
2014), using physically realistic parameters in rating curve formulations 
(e.g. Le Coz et al., 2014) and using hydraulic modelling (Di Baldassarre 
and Claps, 2011; Lang et al., 2010). Furthermore, knowledge on the 
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physical explanations for rating curve changes can be used to improve 
rating curve accuracy. Especially, if a long record of discharge gaugings 
is available, rating curve changes due to non-stationarities, are a sig
nificant source of errors (Pappenberger et al., 2006) and should there
fore be incorporated if possible. Often, rating curve changes are the 
result of morphological development of the river bed (i.e. bed level 
degradation or aggradation; e.g. Mansanarez et al., 2019), but may also 
be the result of hydraulic roughness changes (e.g. Gensen et al., 2020; 
Perret et al., 2021) and human intervention (Berends et al., 2019). 

Water balance considerations is sometimes used in hydrological 
studies for more accurate rainfall-runoff estimates (Sebok et al., 2016; 
Beven, 2019) and can practically be used to physically constrain rating 
curves in the high discharge domain (Hollaway et al., 2018). At a river 
bifurcation, where a river splits into two or more branches, a water 
balance could be imposed as physical constraint. The water balance is 
closed if at a bifurcation the incoming discharge equals the sum of all 
outgoing discharges. A non-closed water balance is a direct indication of 
uncertainty in the respective rating curves. To our current knowledge, 
water balance considerations at a river bifurcation have not yet been 
addressed for the assessment of rating curves. 

There is broad scientific consent that the uncertainty in discharges 
derived with rating curves must be better assessed (Di Baldassarre et al., 
2009; McMillan et al., 2017; Pappenberger et al., 2006). In literature, 
many methods have been used to estimate this uncertainty, such as 
quantification from residual errors (Herschy, 1999; ISO 1100, 2010), 
Generalized Likelihood Uncertainty Estimation (Guerrero et al., 2012) 
and error assessment using hydraulic models (Di Baldassarre and Mon
tanari, 2009; Domeneghetti et al., 2012; Lang et al., 2010). In recent 
years, combining Bayesian inference with Markov Chain Monte-Carlo 
has shown to be an effective method for rating curve establishment 
with which uncertainty assessment is easily performed (Le Coz et al., 
2014; Perret et al., 2021; Mansanarez et al., 2019; Moyeed and Clarke, 
2005). Bayesian inference allows the inclusion of prior knowledge of the 
hydraulics in a river, while updating that prior knowledge based on 
water level and discharge gaugings. 

In this study, gaugings at two bifurcations of the Dutch Rhine river 
are used to study the effect of incorporating two physical constraints in 
the rating curve construction. Those two constraints are the gradual bed 
level degradation that occurs close to the first bifurcation and the water 
balance closure at the two bifurcations. The following research question 
is addressed: 

To what extent does the incorporation of bed level degradation and water 
balance closure affect the rating curves at two major bifurcations of the Dutch 
Rhine river? 

The paper is structured as follows. Section 2 describes relevant 

features of the Dutch Rhine river and its two major bifurcations, and the 
available discharge and water level gaugings. Section 3 describes the 
standard rating curve model, how the rating curve parameters are esti
mated using Bayesian inference and Markov Chain Monte Carlo sam
pling, and how bed level degradation and water balance closure are 
incorporated into the standard rating curve model. Section 4 describes 
the results for the two bifurcation and shows the potential added value 
of incorporating these physical constraints for the two analysed bi
furcations. Section 5 discusses the results. Finally, conclusions are drawn 
in Section 6. 

2. Study area and available gaugings 

2.1. Study area 

The Rhine river enters the Netherlands near Lobith (then called the 
Bovenrijn) after which it splits at the Pannerdensche Kop (Fig. 1). Here, 
the discharge of the Bovenrijn is distributed in a ratio of approximately 
2/3rd and 1/3rd over the Waal and Pannerdensch Kanaal respectively. 
After 11 km, the Pannerdensch Kanaal splits at the IJsselkop into the 
Nederrijn and IJssel in again ratio of 2/3rd and 1/3rd, respectively. The 
current planform of the two bifurcation exists since the 18th century 
(Kleinhans et al., 2011). Since then, the bifurcations have been 
morphologically relatively stable and the discharge distribution has 
been fairly constant. The Rhine distributaries all have compound cross- 
sections with a main channel and floodplains on both sides. Groynes 
narrow the flow widths under low and moderate discharges. Embank
ments demarcate the main channels from the floodplains, and prevent 
flooding of the floodplains until a Bovenrijn discharge of approximately 
5,000 m3/s. For lower discharges, movable weirs in the Nederrijn in
crease the water levels for better navigability. 

All of the Rhine branches are protected by dikes which are designed 
to withstand Bovenrijn discharges of 16,000 m3/s. In 2017, the 
Netherlands have adopted a new flood risk policy under which the river 
system is designed based on local flood risks along the branches instead 
of a single design discharge (Kok et al., 2017). Multiple failure mecha
nisms are accounted for in the calculation of the probability of flooding. 
Therefore, design conditions of dikes are determined by the entire range 
of possible discharges along the downstream branches, for which the 
discharge distribution at the bifurcations is important. The maximum 
attainable discharge in the Bovenrijn is estimated to be 18,000 m3/s 
(Bomers et al., 2019) and is thus the highest discharge that is accounted 
for in flood safety assessment. 

In 1995, the highest gauged discharge event of approximately 
12,000 m3/s occurred. No major flooding occurred, but it was still the 

Fig. 1. Map of the bifurcation area, including the discharge distribution over the distributaries, the location of the weirs in the Nederrijn and the gauging locations. 
Figure adapted from Gensen et al. (2020). 
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reason to set up the ’Room for the River’ program. Under this program, 
34 major projects were implemented along the Rhine distributaries. 
Besides dike reinforcements, many projects aimed at lowering water 
levels under flood discharges, through e.g. side-channels, floodplain 
excavations and dike relocations. Most of these projects were completed 
between 2010 and 2015. 

2.2. Available discharge and water level gaugings 

Discharges have been intermittently estimated by Rijkswaterstaat 
(Executive agency of the Dutch Ministry of Infrastructure and Water 
Management) from 1988 onwards at five locations close to the bi
furcations (Fig. 1). These discharge estimates are derived from cross- 
sectional flow velocity profiles, measured with mechanical hydromet
ric current meters up to 2002 and after that with an Acoustic doppler 
current profiler (ADCP). Generally, high discharge events are covered in 
the observational records, e.g. the events in 1993 (QBovenrijn ≈11,000 
m3/s) and 1995 (QBovenrijn ≈12,000 m3/s). The most gaugings are 
available for the Bovenrijn and the two distributaries from the Pan
nerdensche Kop bifurcation (Table 1). For the Nederrijn and IJssel dis
tributaries much less gaugings are available, especially in the past 
decade. 

Water levels are continuously measured at Lobith and at both 
bifurcation points using accurate automatic boat-driven shaft encoders. 
These measurements are available for the entire period of discharge 
gaugings. Water levels are given relative to the ordnance level NAP. 

3. Methodology 

Rating curves are constructed by Bayesian inference for the three 
branches at each of the two bifurcations. First, the available data is 
processed (Section 3.1). Then, a standard rating curve model is intro
duced in Section 3.2, of which the parameters are estimated by Bayesian 
inference using Markov Chain Monte Carlo sampling (Section 3.3). 
Subsequently, bed level degradation is incorporated into the standard 
rating curve model aiming to improve rating curve accuracy (Section 
3.4). Finally, the model is adapted to improve the water balance closure 
at the bifurcation (Section 3.5). 

3.1. Data processing 

The available data is processed in two steps: 1) transform the loca
tions of gaugings such that they coincide at the bifurcation and 2) 
remove gaugings that are influenced by the weirs. 

For step 1: At both bifurcations, the inflowing discharge is measured 
less than 10 km upstream from the bifurcation (Fig. 1). To make use of 
the physical constraint of water balance closure and water level conti
nuity at the bifurcation, the upstream gaugings must be relocated to the 
bifurcation: Lobith to Pannerdensche Kop and Pannerdensche Kop to 
IJsselkop. The available discharge gaugings are paired with coinciding 
day-averaged water levels. It is assumed that by day-averaging, the error 
in water level gaugings caused by the time delay between the two lo
cations is negligibly small. The Pannerdensch Kanaal discharge gaugings 

are thus paired with water levels at both the Pannerdensche Kop (where 
it is the outgoing discharge) and IJsselkop (where it is the incoming 
discharge). 

For step 2: In the lower discharge domain, the weirs in the Nederrijn 
influence the water levels at the gauging locations upstream. Further
more, the weirs affect the discharge distribution in this domain, with 
relatively more discharge diverted towards the Waal at the Pan
nerdensche Kop and towards the IJssel at the IJsselkop. Even though it is 
possible to include the effects of the weirs in the rating curve model (e.g. 
Le Coz et al., 2014), it is chosen to exclude the gaugings in this domain 
from the rating curve construction as the main interest is in higher 
discharges. Therefore, after visual inspection, gaugings are excluded 
that have a water level below 9.00 m + NAP and 8.50 m + NAP at the 
Pannerdensche Kop and IJsselkop, respectively (Fig. 2 and Table 1). 

3.2. Standard rating curve model 

The standard form of the rating curve model is given in Eq. (1) and is 
based on the Manning–Strickler formula for steady and uniform flow in a 
wide, rectangular cross-section. For complex cross-sections, such as 
those of the Rhine branches, a rating curve often exists of successive or 
additive segments (Le Coz et al., 2014). In this study, the rating curve of 
the Rhine branches is described by two segments, as presented in Eq. (1), 
roughly representing the main channel (mc) and the floodplains (fp). 
Using a single segment does not represent the complexity of the cross- 
section sufficiently (a deterministic fit resulted in much larger residual 
errors for a single segment then for two segments), while three segments 
may result in overfitting of the rating curve (see Section 5.1). 

Q(h) =

⎧
⎨

⎩

0, if h ≤ bmc
amc(h − bmc)

pmc , if h > bmc and h ≤ bfp
amc(h − bmc)

pmc + afp
(
h − bfp

)pfp if h > bfp

(1) 

In this equation, Q is the branch discharge [m3/s], h is the water level 
[m + NAP], amc and afp are terms that mainly depend on the width, bed 
slope and hydraulic roughness of the sub-sections [m4/3/s], bmc and bfp 
roughly represent the bed level (i.e. when there is no flow) and the 
floodplain level respectively [m + NAP], pmc and pfp are the hydraulic 
exponents [-] which should be close to 5/3 according to the Man
ning–Strickler equation for a wide, rectangular cross-section. 

3.3. Bayesian inference and Markov Chain Monte Carlo sampling 

Using the rating curve model from Eq. (1), the discharge at location i 
can be modelled, (Q̂i), given the model parameters θi [amc,i, afp,i, bmc,i, bfp, 

i, pmc,i, pfp,i]: 

Q̂i = f1(hi|θi) (2) 

To account for gauging and model errors, a structural error term is 
added: 

Qi = Q̂i + ∊rc,i

∊rc,i = ∊gauging,i + ∊model,i ∼ N
(
0, ςrc,i Q̂i

) (3)  

where for the structural error ∊rc,i a normal distribution is assumed 
without bias and a variance that linearly depends on the modelled 
discharge and the structural error parameter ςrc,i. 

The available gaugings ℴi each consisting of discharge, water level 
and relative time, for every location i are used for Bayesian inference to 
estimate the model parameters θi and unknown structural error ςrc,i. 
Hereby, it is assumed that the gaugings (j = 1:N) are independent. 
Measurement errors are included in the structural error term, such that 
the gaugings represent the true value. The likelihood equation is as 
follows: 

Table 1 
Total and used number of gaugings at the Pannerdensche Kop and IJsselkop 
between 1988 and 2018.  

Location Branch Total gaugings Used gaugings 

Pannerdensche Kop Bovenrijn 1303 727 
Waal 1202 1202 
Pan. Kanaal 1535 747  

IJsselkop Pan. Kanaal 1535 675 
Nederrijn 561 364 
IJssel 868 868  
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L i = p

(

Q̃i

⃒
⃒
⃒
⃒
⃒
θi, ςrc,i

)

=
∏N

j=1
pN

(

Q̂ij , ςrc,i Q̂ij

)

(4) 

The prior distributions of the rating curve parameters are based on a 
deterministic optimization process. In this process, the hydraulic expo
nents pmc,i and pfp,i were set to a value of 5/3 (similar to the exponent for 
a rectangular cross-section in the Manning–Strickler formula). Subse
quently, the optimal values of the other parameters in Eq. (1) were 
determined with a least-squares error approach. The prior distributions 
are centered around these deterministic values. The prior distributions 
of amc,i, afp,i, pmc,i and pfp,i are weakly informative following a normal 
distribution, while bmc,i and bfp,i have non-overlapping uniform prior 
distributions. The weakly informative priors are necessary for conver
gence of the posterior distributions with physically realistic results. For 
the structural error parameter ςrc,i, a weakly informative half-Cauchy 
prior distribution is used (Gelman, 2006). The prior distributions are 
summarized in Table 2. 

A Markov Chain Monte Carlo (MCMC) algorithm is used to sample 
from the posterior distribution as solving the posterior is non-trivial. 
MCMC is done using the No U-Turn Sampler, which is a hamiltonian 
sampling method that efficiently explores the parameter space in a non- 
random path (NUTS; see details in Hoffman and Gelman, 2014). The 
MCMC contains 14,000 samples divided over 2 chains. The first 2000 
samples of each trace are discarded. Correct MCMC convergence is 
checked visually for chain similarity, autocorrelation and prior expec
tations for the posterior distributions. 

3.4. DegRC model: incorporating bed level degradation 

The upper reaches of the Dutch Rhine branches, most prominently 
the Waal branch, are experiencing gradual bed degradation at a rate of 
approximately 2 cm/year (Ylla Arbós et al., 2020). This bed level 
degradation has been observed to cause a linear decrease of water levels 
over time (Berends et al., 2021). As this non-stationarity potentially 
gives a large rating curve uncertainty, the bed level degradation is 
incorporated in the standard rating model. The new rating curve model 
(”DegRC”) is time-dependent. 

The rate of bed level degradation β is incorporated into the standard 
rating curve model Eq. (1) as an additional stochastic parameter and 
where the date relative to 1-jan-1988, expressed as t [year], determines 
the total amount of bed level change. The DegRC model is as follows: 

Q(h, t) =

⎧
⎨

⎩

0, if h ≤ bmc
amc(h − (bmc + βt) )pmc , if h > bmc and h ≥ bfp

amc(h − (bmc + βt) )pmc + afp
(
h − bfp

)pfp if h > bfp

(5) 

A constant rate of bed level degradation β is assumed for the entire 
observation period, in line with the linear decrease of water levels 
observed by Berends et al. (2021). In Section 5.1, it is discussed that 
splitting up the observational record into two periods and deriving in
dependent rating curves for these periods, does not improve rating curve 
accuracy. 

Bayesian inference and estimation of the posterior distribution of the 

Fig. 2. Discharge-water level gaugings at the 6 locations. The colorbars indicate the year of the gauging, making it insightful that the water level for given discharge 
at the Pannerdensche Kop decreases over time. 

Table 2 
Prior distributions of the unknown variables in the rating curve model for each 
of the 6 locations. The parameter βi is used to incorporate bed level degradation 
(Section 3.4). The parameter ςWBE is used to incorporate water balance closure 
(Section 3.5). N (m,s) corresponds to a normal distribution with mean m and 
standard deviation s. U (min,max) corresponds to a uniform distribution with 
boundaries at min and max. HC(μ,σ) corresponds to a half-Cauchy distribution 
with location μ and scale σ.   

Pannerdensche Kop 

Parameter Bovenrijn Waal Pan. Kanaal 

amc,i [m4/3/s] N (140, 25) N (78, 25) N (53, 25) 
bmc,i [m + NAP] U (2.0, 6.0) U (1.2, 5.2) U (2.6, 6.6) 
pmc,i [-] N (1.67, 0.1) N (1.67, 0.1) N (1.67, 0.1) 
afp,i [m4/3/s] N (417, 25) N (190, 25) N (326, 25) 
bfp,i [m + NAP] U (9.7, 15.7) U (8.9, 14.9) U (10.6, 16.6) 
pfp,i [-] N (1.67, 0.1) N (1.67, 0.1) N (1.67, 0.1) 
ςrc,i [-] HC(0, 2) HC(0, 2) HC(0, 2) 
βi [m/year] U (-0.03, 0) U (-0.03, 0) U (-0.03, 0) 
ςWBE [-] HC(0, 2) HC(0, 2) HC(0, 2)   

IJsselkop 
Parameter Pan. Kanaal Nederrijn IJssel 
amc,i [m4/3/s] N (56, 25) N (42, 25) N (24, 25) 
bmc,i [m + NAP] U (1.8, 5.8) U (2.8, 6.8) U (1.8, 5.8) 
pmc,i [-] N (1.67, 0.1) N (1.67, 0.1) N (1.67, 0.1) 
afp,i [m4/3/s] N (326, 25) N (331, 25) N (123, 25) 
bfp,i [m + NAP] U (8.6, 14.6) U (9.2, 15.2) U (8.6, 14.6) 
pfp,i [-] N (1.67, 0.1) N (1.67, 0.1) N (1.67, 0.1) 
ςrc,i [-] HC(0, 2) HC(0, 2) HC(0, 2) 
βi [m/year] U (-0.03, 0) U (-0.03, 0) U (-0.03, 0) 
ςWBE [-] HC(0, 2) HC(0, 2) HC(0, 2)  

M.R.A. Gensen et al.                                                                                                                                                                                                                           



Journal of Hydrology 610 (2022) 127958

5

model parameters θi and structural error parameter ςrc,i is similar as 
before, but now the unknown bed level degradation βi is inferred as well. 
It is expected that the posterior distributions of model parameter bmc,i 
and βi are correlated. Therefore, a weakly informed uniform prior dis
tribution for βi is chosen that matches the weakly informed uniform 
prior distribution of bmc,i. The uniform prior distribution for βi is boun
ded between − 0.03 and 0.0 m/year because it is expected to be around 
− 0.02 m/year or less. 

3.5. BifRC model: improving water balance closure 

In a next step, water balance closure is incorporated in the derivation 
of the rating curves. The bifurcation rating curves (”BifRC”) model is 
constructed in which the rating curves at a bifurcation are derived all at 
once and in which the water level error is calculated. In this set-up, the 
rating curves of the branches are dependent on each other. The BifRC 
model aims at reducing the water balance error at a bifurcation from 
rating curves at the individual locations, while maintaining accurate 
rating curves for each branch. 

The BifRC model consists of the rating curve models at each location, 
similar to those in the DegRC model Eq. (5) deterministic water balance 
error calculation Eq. (6): 

WBE
(

hbif , tbif

)

=
Q0
(
hbif , tbif

)
− Q1

(
hbif , tbif

)
− Q2

(
hbif , tbif

)

Q0
(
hbif , tbif

) (6)  

where WBE is the deterministic water balance error relative to the model 
upstream discharge Q0 for water level hbif and the time tbif in years 
relative to 01–01-1988 (determining the total amount of bed level 
degradation in the branches), and Q1 and Q2 are the model discharges in 
the distributaries. The model discharges are defined by Eq. (5). 

Using this equation for the deterministic water balance error, the 
water balance error can be modelled for given water levels hbif and 
relative times tbif: 

ŴBE = f2
(
hbif , tbif

⃒
⃒θ̂0 , θ̂1 , θ̂2

)
(7) 

To account for the combined errors of the three rating curves, an 
error term is added, bringing the WBE close to 0: 

WBE = ŴBE +∊WBE ≈ 0. ∊WBE ∼ N (0, ςWBE) (8) 

∊WBE partly describes the same residual error between the rating 
curves and the gaugings as the rating curve error parameters ∊rc,i. 
However, the errors do not add up, as WBE is determined by the 
modelled discharges Q̂i . 

The BifRC model combines the equations for the random values Q0, 
Q1, Q2 and WBE. The likelihood equation for the BifRC model is defined 
such that it calculates the likelihood of the joint distribution of those 
random values. By looking at the joint distribution, the water balance 
error is accounted for in the derivation of the individual rating curves for 
each branch and a reduction of the water balance error can be achieved 
by an adjustment in any of the rating curves. The equation is a sum
mation of the log-likelihoods (see Eq. (4)) for each location at the 
bifurcation and a log-likelihood term based on water balance closure, 
whereby it is assumed that the gaugings from the three branches are 
independent. In this formulation, the minimum likelihood depends on 
the accuracy of the individual rating curves as well as on the degree of 
water balance closure. The likelihood equation reads: 

ℓbif = logL 0 + logL 1 + logL 2 + logp
(
ℴ̃WBE

⃒
⃒
⃒θ0, θ1, θ2

)
(9) 

The gaugings, ℴ = [ℴ0,ℴ1,ℴ2] that are used in the individual like
lihood terms (L 0, L 1 and L 2) do not cover the entire discharge domain 
for which the water balance error is aimed to be reduced (up to 18.0 m 
+ NAP at the Pannerdensche Kop, see Fig. 3. Therefore, a hypothetical 
record ℴ̃WBE is used, consisting of water balance errors W̃BE and water 

levels h̃bif (Fig. 3). Furthermore, each data point has a random relative 
time t̃bif in years between the start and end of the period of interest 
(January 1, 1988 to December 31, 2018). The W̃BE samples are 
randomly drawn from a normal distribution N (0,var). The variance in 
this distribution is a constant value and is calculated from all gauged 
discharges. This assumption means that the water balance error samples 
do not increase in magnitude as function of observed or modelled dis
charges and water levels. The water level samples (h̃bif) are linearly 
spaced in the domain of interest: 9.0–18.0 m + NAP at the Pannerden
sche Kop and 8.5–17.0 m + NAP at the IJsselkop. The hypothetical re
cord contains 727 and 364 data points for the Pannerdensche Kop and 
IJsselkop locations, respectively. The amount of data points determines 
the relative weight of the water balance term in the combined likelihood 
equation Eq. (9). To ensure that the individual rating curves remain 
accurate, the amount of data points in the hypothetical record is chosen 
to be equal to the shortest record from the three branches at a bifurca
tion. The sensitivity analysis in section 5.1 shows that the results are 
marginally influenced by the amount of data points in the hypothetical 
record. 

The prior distributions of the rating curve parameters for each 
location are the same as for the individual rating curves, see Table 2. For 
the water balance error parameter ∊WBE, a weakly informative half- 
Cauchy prior distribution is used (Gelman, 2006). In total, the BifRC 
model consists of 25 parameters, 8 parameters for the rating curve of 
each branch (θi and ςrc,i) and ςWBE for the water balance. 

4. Results 

The results are shown for the branches connected to the Pan
nerdensche Kop (Section 4.1) and to the IJsselkop (Section 4.2) 
separately. 

4.1. Pannerdensche Kop 

Standard rating curves are constructed for the three branches con
nected to the Pannerdensche Kop (Section 4.1.1). Then, bed level 
degradation (Section 4.1.2) and water balance closure (Section 4.1.3) 
are incorporated and the resulting differences between the rating curves 
or rating curve parameters is shown. 

4.1.1. Rating curves without physical constraints at the Pannerdensche Kop 
The modelled rating curves for the branches connected to the Pan

nerdensche Kop matches the trends of the available gaugings (Fig. 4). 
For low water levels (<11.0 m + NAP), the modelled credibility in
tervals do not entail all data. The posterior distributions of the structural 
error parameter ςrc (Fig. 5) is dominated by the large spread in data at 
this lower domain, which then also results in wide credibility intervals 
for higher water levels, as the structural error ∊rc scales linearly with the 
modelled discharge (see Eq. (3)). 

The effect of the second segment in the rating curve model, roughly 
describing the discharge contribution of the floodplains, is observed in 
all branches as the slope of the rating curve changes relatively abruptly. 
The water level at which this occurs differs in each branch, indicated by 
the median values of bfp,i: 12.60 m + NAP in the Bovenrijn, 12.10 m +
NAP in the Waal and 13.58 m + NAP in the Pannerdensch Kanaal 
(Fig. 5). The differences between these values are consistent with the 
elevations of the embankments that demarcate the main channel from 
the floodplains, which are lower in the Waal river than in the Pan
nerdensch Kanaal. 

4.1.2. Rating curves with bed level degradation at the Pannerdensche Kop 
Fig. 6 shows that the credibility intervals of the rating curves are 

narrower for a given year when bed level degradation is accounted for. 
This shows that a large amount of spread in the gaugings can be 
explained by a mean trend in water levels, which can be attributed to 
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bed level degradation. Fig. 5 shows that the narrowing of the credibility 
intervals can be attributed to a narrowing of the posterior distributions 
of some of the rating curve parameters in the first segment (amc,i, bmc,i, 
pmc,i) as well as to large reductions of the structural error parameters ςrc 
with respect to the StaRC model: 30% reduction in the Bovenrijn, 50% 
reduction in the Waal and 20 % reduction in the Pannerdensch Kanaal. 

The modelled bed level degradation rates β (Fig. 5) are in the same 
order as observed values (Ylla Arbós et al., 2020), with median values of 
− 1.7, − 2.0 and − 1.4 cm/year in the Bovenrijn, Waal and Pannerdensch 
Kanaal, respectively. Also consistent with observed values of bed 
degradation rates by Ylla Arbós et al. (2020), the modelled bed degra
dation rate in the Waal is higher than in the Pannerdensch Kanaal. This 
also affects the discharge distribution, with in time increasingly more 
discharge diverted towards the Waal over time. 

4.1.3. Bifurcation rating curves with improved water balance closure at the 
Pannerdensche Kop 

If water balance closure is accounted for, the calculated water bal
ance error (ŴBE) at the Pannerdensche Kop bifurcation is strongly 
reduced in the extrapolation domain (Fig. 7A). In the StaRC and DegRC 
models, the Bovenrijn discharge is smaller than the sum of the Waal and 
Pannerdensch Kanaal discharges in the extrapolation domain, resulting 
in a negative water balance error. The rating curves constructed with the 
BifRC model result in a better closed water balance, with a slight bias 

towards a positive water balance error (Bovenrijn > Waal  + Pan
nerdensch Kanaal). This bias may exist, as besides closing the water 
balance, the likelihood function in the BifRC model still includes the 
accuracy of the individual rating curves. While not shown, water bal
ance closure is also maintained for different years. 

In the BifRC model, a low water balance error is also achieved in the 
tails of the posterior distributions of the modelled discharges, indicated 
by the narrow 95% credibility interval of ŴBE (Fig. 7A). In the StaRC 
and DegRC models, the modelled discharges are independent between 
the branches, which may result in large water balance errors. Instead, 
modelled discharges are dependent in the BifRC model, where the dis
charges compensate each other to result in a low water balance error. 

Incorporating the water balance does not negatively impact the ac
curacy of the individual rating curves at the Pannerdensche Kop, as the 
structural error parameters ςrc only slightly increase compared to the 
DegRC model. This indicates that the residual discharge errors are 
almost equal. The improved water balance closure in the BifRC model 
can mainly be attributed to a decrease in modelled Pannerdensch Kanaal 
discharges (Fig. 7D). In the Pannerdensch Kanaal, fewer gaugings are 
available for higher water levels in comparison to the other two 
branches, such that a changed Pannerdensch Kanaal rating curve in the 
extrapolation domain does not go at the expense of its accuracy. 

Fig. 3. Hypothetical record at the Pannerdensche Kop of water balance errors for water balance closure (green) and the water balance errors of same-day gaug
ings (purple). 

Fig. 4. The mean and credibility intervals modelled with the Standard rating curve model for the Bovenrijn (Blue), Waal (Green) and the Pannerdensch Kanaal 
(Orange) at the Pannerdensche Kop bifurcation. 
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4.2. IJsselkop 

The rating curves modelled with the StaRC model for the branches 
connected to the IJsselkop are shown in Section 4.1.1. Subsequently, bed 
level degradation (Section 4.1.2) and water balance closure (Section 
4.1.3) are incorporated and the resulting differences in rating curves and 
their parameters are shown. 

4.2.1. Rating curves without physical constraints at the IJsselkop 
The modelled rating curves without physical constraints of the 

branches connected to the IJsselkop match the available gaugings well 
(Fig. 8). The gaugings that lie outside the shown credibility intervals are 

not specifically related to a certain discharge domain, indicating a valid 
assumption of the linear increase of the structural discharge errors with 
the modelled discharge itself. Still, the credibility intervals of the rating 
curves are wide, especially in the Nederrijn branch. Fig. 9 shows that 
this can be attributed to both high structural error parameters ςrc 
(mainly in the Nederrijn) and wide posterior model parameter distri
butions in the first rating curve segment (mainly in the Pannerdensch 
Kanaal and Nederrijn) or second rating curve segment (mainly in the 
IJssel). Gaugings in the high discharge domain are scarce, especially 
recent gaugings (after 2002; Fig. 2). Recent gaugings are expected to 
have less measurement uncertainty due to the use of ADCP measurement 
equipment and would thus likely show less spread compared to older 

Fig. 5. Posterior distributions of the rating curve parameters for the rating curves at the Pannerdensche Kop in the standard rating curve model (StaRC), the rating 
curve model with bed level degradation (DegRC) and the bifurcation rating curve model (BifRC). 

Fig. 6. Rating curves in the Waal for the years 1988 and 2018 modelled with the DegRC model in comparison with the StaRC model (StaRC). The shaded areas mark 
the 95% credibility intervals (CI) and the continuous lines mark the median rating curves. 
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gaugings. Future gaugings during high discharges could narrow the 
credibility intervals in the second segment of the rating curves. 

4.2.2. Rating curves with bed level degradation at the IJsselkop 
Incorporating bed level degradation for the rating curves at the IJs

selkop only marginally increases their accuracy. The median bed 
degradation rates are − 0.9, − 0.2 and − 0.4 cm/year for the three 
branches, respectively (Fig. 9). The structural error parameters ςrc only 
slightly reduce under the DegRC model, as only a small amount of spread 
in the gaugings can be explained by the bed level degradation. As a 

Fig. 7. Comparison of the StaRC, DegRC and BifRC models at the Pannerdensche Kop. A) Water balance error (ŴBE), as defined in Eq. (6), based on the modelled 
discharges (Q̂i ) in 2018. The markers indicate the WBE calculated with same-day gaugings in each branch (400 gaugings). (B,C,D): Extrapolation domain of the 
median rating curves and their 95% credibility intervals of the Pannerdensch Kanaal of the Bovenrijn (B), Waal (C) and Pannerden.sche Kanaal (D). 

Fig. 8. Rating curves for the Pannerdensch Kanaal (blue), Nederrijn (green) and IJssel (orange) at the IJsselkop bifurcation constructed with the standard rating 
curve model. The markers show all available gaugings for the branches. 
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result, credibility intervals of the modelled discharges only marginally 
narrow (Fig. 10B–D). 

4.2.3. Bifurcation rating curves with improved water balance closure at the 
IJsselkop 

Even though the water balance error under the StaRC and DegRC 
model at the IJsselkop is larger than at the Pannerdensche Kop, the 
BifRC model still minimizes the water balance error (Fig. 10A). A slight 
bias (∼1%) is observed, which may indicate a more structural and biased 
error in the discharge gaugings. The likelihood term balances the ac
curacy of the underlying rating curves and the water balance term. The 
positive bias in the WBE suggests that possibly the Pannerdensch Kanaal 
discharge is generally overestimated or that the Nederrijn or IJssel 
discharge is underestimated. 

The reduction of the water balance error is attributed to all of the 
branches (Fig. 10B–D). The Nederrijn and IJssel discharges are lower 
and the Pannerdensch Kanaal discharge is higher with the BifRC model. 
All IJsselkop branches have little gaugings for high water levels, such 
that the changes in rating curves are proportionally divided over all 
branches. Rating curve accuracy is maintained, indicated by the minor 
change of the structural error parameters ςrc (Fig. 9). 

5. Discussion 

5.1. Varying the physical constraints 

Generally, the rating curves are little sensitive to the modelling 
scenarios in physical constraints, with modelled discharges in the 
extrapolation domain showing little variation between the various 
modelling choices (Table 3). 

In this study, a rating curve model with two segments was chosen, 
with the segments roughly representing the main channel and flood
plains. However, a third segment can be considered, which would 
represent the contribution of flow over the groyne fields for water levels 
exceeding the groyne heights. If a third segment is added to the DegRC 
and BifRC models, the values of the structural error parameter ςrc 
slightly reduce (Table 3), which indicates that the third segment ex
plains a slight amount of residual errors from the model with two 

segments. The addition of the third segment increases the discharges for 
high water levels, which would match the observed underprediction of 
the modelled discharge for the flood events of 1993 and 1995 (see 
Section 5.2). However, the prior distributions of the model parameters 
dominate the posterior distributions, resulting in much wider credibility 
intervals (Table 3), as very little gaugings are available for very high 
water levels (>14 m + NAP). Overfitting of the rating curve model can 
occur when adding more segments to the model (Sörengård and Di 
Baldassarre, 2017). Therefore, it may be concluded that currently the 
gaugings do not support the inclusion of a third segment in the rating 
curve model. 

The results showed that incorporating bed level degradation into the 
model strongly improved the rating curves, indicated by the large 
reduction in the residual errors. That this single extra parameter strongly 
improves the results, indicates that it is an important parameter and that 
overfitting does not occur. Splitting the observational record into two 
sub-periods and fitting the DegRC and BifRC models to the observations 
in those periods separately, also explains a small portion of the residual 
errors (Table 3). Table 3 also shows that modelled Waal discharges in 
the extrapolation domain are much lower in the second sub-period (i.e. 
in 2018). This is equivalent to an increase in water levels for given 
discharges over time. However, this is not as expected, as water-level- 
lowering interventions have been implemented along the Waal river 
during this second sub-period (Berends et al., 2021). The lower than 
expected discharge is likely explained by the lack of recent gaugings of 
very high discharges in this period. So, while splitting up the observa
tional record into multiple periods may match the available gaugings 
better, it does not necessarily increase rating curve accuracy and is likely 
the result of overfitting. 

The choice for a certain length of the hypothetical record of water 
balance errors (see Section 3.5) finds the balance between the rating 
curve accuracy (i.e. low residual errors) and the reduction of the water 
balance errors (WBE). In the BifRC model, this length was set equal to 
the amount of gaugings in the least gauged branch. With a shorter re
cord, the WBE increases, but is still smaller in comparison to the models 
in which the water balance is not considered (StaRC and DegRC models). 
Oppositely, with a longer record, the WBE can be reduced slightly more, 
but at the expense of a further increase of the residual errors between the 

Fig. 9. Posterior distributions of rating curve parameters for the rating curves at the IJsselkop in the standard rating curve model (StaRC), the rating curve model 
with bed level degradation (DegRC) and the bifurcation rating curve model (BifRC). 
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modelled rating curve and the gaugings, reflected in a higher ςrc. 

5.2. Sensitivity of rating curves to single flood events 

The flood events of 1993 and 1995 were important for flood risk 
management in the Netherlands in multiple aspects. During the 1995 
event, the highest observed discharge was gauged in the Bovenrijn 
branch (i.e. 11,885 m3/s). Daily gaugings are available for each of the 
branches. The event is therefore generally used for the calibration of the 
hydraulic models used in flood risk analyses in the Netherlands. These 
calibrated hydraulic models are widely used to estimate the water levels 
for design conditions (former design discharge of the Rhine river system: 
QBovenrijn = 16.000 m3/s). Therefore, errors in the discharge gaugings of 
this 1995 high discharge event may have a large effect on estimates of 
design water levels. 

Also in this study, the gaugings of the 1995 flood event have a strong 
influence on the results. Fig. 11 shows that by excluding the gaugings 
from the 1995 flood event, modelled rating curves would show lower 
discharges for given water levels. With the DegRC model, the rating 
curve change is larger than with the BifRC. This shows that adding the 
physical constraint of water balance closure reduces the dependency of 

Fig. 10. Comparison of the StaRC, DegRC and BifRC models at the IJsselkop. A) Water balance error (ŴBE), as defined in Eq. (6), based on the modelled discharges 
(Q̂i ) in 2018. The markers indicate the WBE calculated with same-day gaugings in each branch (215 gaugings). (B,C,D): Extrapolation domain of the median rating 
curves and their 95% credibility intervals of the Pannerdensch Kanaal (B), Nederrijn (C). and IJssel (D). 

Table 3 
Relevant rating curve extrapolation results (for a water level of 17 m + NAP in 
2018) for the Waal branch under various modelling scenarios. These results are 
1) the median discharge (Q50%), 2) the width of the 95% credibility interval of 
the model discharge Q̂, 3) the median value of the structural error parameter ςrc 
and 4) the median water balance error based on Eq. (6). The considered 
modelling scenarios are the addition of a third segment in the DegRC and BifRC 
models, two sub-periods in the DegRC and BifRC model with a constant ςrc be
tween the two periods, and a different length of the hypothetical record of 
observed water balance errors (see Section 3.5).  

Scenarios (Waal) Q50% W95%CI ςrc,50% WBE 

StaRC model 9,040 m3/s 1,047 m3/s 0.0594 − 2.5% 
DegRC model 9,767 m3/s 634 m3/s 0.0297 − 2.3% 
BifRC model 9,742 m3/s 442 m3/s 0.0297 +0.4% 
3 segments in DegRC 10,179 m3/s 1,579 m3/s 0.0284 − 5.3% 
3 segments in BifRC 9,646 m3/s 644 m3/s 0.0284 +0.4% 
2 periods in DegRC 8,054 m3/s 578 m3/s 0.0290 +5.8% 
2 periods in BifRC 8,697 m3/s 1,320 m3/s 0.0294 +0.5% 
1/4x WBE samples 9,596 m3/s 486 m3/s 0.0296 +1.1% 
4x WBE samples 9,903 m3/s 477 m3/s 0.0299 +0.3%  
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rating curves on a single high discharge event. 

5.3. Discharge distribution at the bifurcations 

In a bifurcating river system, accurate predictions on the distribution 
of discharge over the downstream branches are crucial for flood risk 
management (Gensen et al., 2020). With the modelled rating curves 
using the BifRC model, the discharge distribution over the branches can 
be estimated while excluding or including the structural error ∊rc: 

D̂D =
Q̂1

Q̂0

(

excl. ∊rc

)

DD =
Q1

Q0

(

incl. ∊rc

) (10) 

Where DD is the (modelled) discharge distribution, and Q0 and Q1 
the (modelled) discharges in the incoming branch and one of the out
going branches, respectively. 

The estimated discharge distribution at the Pannerdensche Kop 
(Fig. 12) is consistent with observations and hydraulic model results 

Fig. 11. Median Waal rating curves in 1995 with the DegRC and BifRC models when including (continuous lines; are nearly equal) or excluding (dotted lines) the 
1995 gaugings from the observational record. For the highest observed water level (15.83 m + NAP), the probability distributions of the discharges is shown. 

Fig. 12. Estimated discharge distributions and their 95% credibility intervals (CI) using the BifRC model at the Pannerdensche Kop (A) and IJsselkop (B). The figure 
shows that the structural error dominates the uncertainty in discharge distribution. 
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(Gensen et al., 2020), with less discharge diverted towards the Waal 
branch for higher water levels. The change in this trend, between water 
levels of 12 m + NAP and 14 m + NAP, is caused by the difference in 
water levels for which the second segment of the rating curve model 
becomes active (reflected in the value of b1, see Fig. 5). The embank
ments that form the division between the main channel and the flood
plains are lower in the Waal than in the Pannerdensch Kanaal, which 
causes relatively more discharge diverted towards the Waal in this 
domain. 

The estimated discharge distribution at the IJsselkop also matches 
observed values well (Fig. 12). The increasing percentage of discharge 
diverted towards the Nederrijn for unobserved water levels is inconsis
tent with hydraulic model results (Gensen et al., 2020). Instead, they 
predict a decreasing fraction of discharge towards the Nederrijn for 
increasing water levels. This inconsistency is likely the result of the lack 
of (recent) gaugings in the high water level domain. 

Fig. 12 shows that the uncertainty in discharge distribution is 
dominated by the structural error ∊rc. In the BifRC model, these struc
tural errors are assumed independent between the branches. However, it 
can be expected that the structural errors are to some degree correlated 
between the branches. Such correlation may be caused by e.g. hysteresis 
or biased gaugings. Therefore, the uncertainty in discharge distribution 
is expected to be smaller than the green shaded area, but still larger than 
the blue shaded area. 

5.4. Using the physical constraint of water balance closure for accurate 
rating curves in river systems 

This study has shown that the physical constraint of water balance 
closure at a river bifurcation can be incorporated into rating curve 
construction and that it leads to physically more realistic rating curves. 
Particularly in the extrapolation domain, rating curves are constrained, 
resulting in better water balance closure and narrower credibility in
tervals. At a river confluence, the same constraint of water balance 
closure holds, which can be used to improve rating curve accuracy and 
thus discharge estimates. As rating curve accuracy can be improved, it 
can be beneficial to construct rating curves specifically at bifurcations 
and confluences instead of at another location along a single river 
branch. These locations must be chosen such that between the rating 
curve locations the storage of discharge, in for instance floodplains, is 
negligible. Additionally, the most accurate rating curves may be ob
tained by gauging in each branch at the bifurcation or confluence during 
one measurement campaign instead of multiple campaigns in a single 
branch. When limited resources are available, it is thus recommend to 
plan measurement campaigns at bifurcations or tributaries at the same 
time. 

6. Conclusions 

This study showed that the physical constraints water balance 
closure and bed level degradation can be incorporated in the construc
tion of rating curves at two river bifurcations. Accounting for bed level 
degradation strongly improves the accuracy of the rating curves at the 
bifurcation which experiences bed level degradation, with a reduction of 
up to 50% of the residual errors from the modelled rating curves with 
respect to the standard rating curve model. To improve water balance 
closure, a bifurcation rating curves model was established in which the 
rating curves of the separate branches at the bifurcation become 
dependent by adding an explicit water balance term to the likelihood 
function of the Bayesian inference. The results showed that water bal
ance closure is significantly improved at both of the analysed river bi
furcations of the Rhine river, while rating curve accuracy is maintained 
with residual errors only marginally increasing. As water balance 
closure is a physical constraint at a bifurcation, the newly constructed 
rating curves are not only more accurate, they are also expected to be 
more physically realistic. It is expected that the presented approach in 

which the water balance is explicitly incorporated can also improve 
rating curve accuracy and discharge predictions at other river bi
furcations or at river confluences. 
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