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ABSTRACT: This paper presents a probabilistic model to analyze the uncertainty in the design discharge in the various branches of the Dutch river system. In this model we assume that the discharge distributes in two downstream branches according to a known distribution coefficient and a small random discharge variation. The magnitude of this variation is proportional to the upstream discharge. The probability density function of this variation is assumed to be normal. A data analysis shows the validity of these assumptions in the Dutch Rhine branches. The model has been applied to two cases: the present situation and the situation with the new rivers Rijnstrangen and Lingewaarden. In these applications, the discharge variation at the upstream boundary is set to zero. The model calculations for the present situation show that the discharge uncertainty increases in downstream direction due to the various bifurcations. The construction of Rijnstrangen/Lingewaarden shows that the uncertainty increases or decreases depending on the parameter settings. However, the increase seems to be small and negligible in perspective of other uncertainties.
1 InTroduction

Large scale river engineering measures are proposed to reduce the risk of flooding from the lower Rhine branches in the Netherlands. The general objective of river engineering measures is to increase the safety against flooding from the river system. The basis of the proposed measures is a fixed design discharge at the Dutch-German border and a fixed discharge distribution over the Rhine branches. 

[image: image9.wmf]j

Q

Q

j

f

Q

j

Q

Q

j

f

Q

~

0

1

2

~

0

1

-

÷

ø

ö

ç

è

æ

-

=

+

=

However, the discharge distribution at bifurcation points in river systems is uncertain during events of high water. Measurements of the water distribution during these events are often not available and the information of the water distribution is generally based on model computations. Knowledge of the discharge distribution during these conditions is of special importance. For high water the discharge distribution partly determines the dike height that is needed along the various downstream branches. During low water, the navigation depth in the downstream area largely depends on the water distribution. Moreover, some large-scale river measures also influence the discharge distribution in the Rhine branches. 
An example of a possible measure that affects the discharge distribution is the construction of a new canal ‘Rijnstrangen/Lingewaarden’, between the Dutch – German border and the River Waal with a crossing at Pannerdensch Kanaal (Fig. 1). The first part – called Rijnstrangen – starts in the Upper Rhine near the border between Germany and the Netherlands. This branch flows into the Pannerdensch Kanaal near Doorwerth. The second part – Lingewaarden – starts a bit south from the outflow of Rijnstrangen and flows back into the River Waal tens of kilometers downstream. These branches will definitely lower the design flood levels, but also affect the discharge distribution in the system (Van Ledden et al., 2004). This proposed plan serves as a pilot project in our paper.

Figure 1: Lower Rhine system in the Netherlands with a projection of the new rivers Rijnstrangen and Lingewaarden.

The objective of this paper is to analyze the uncertainty in the design discharge during high water situations in the Dutch river system. For this purpose, we propose a statistical model in Section 2. Next, we validate the assumptions and derive the parameter values of the probabilistic model in Section 3. Next, we apply the model to two cases in Section 4: the present situation and the situation with the new canals. We conclude this paper with a discussion of the results and recommendations for further research in Section 5.
2 Probabilistic model

A probabilistic model has been set-up to analyse the uncertainty in the discharge distribution of a river system due to bifurcation points (Figure 2). We assume that each bifurcation point has one upstream and two downstream channels. Furthermore, the discharge distributes in two downstream branches according to a known distribution coefficient and a small random discharge variation. Then the following relationship holds at each bifurcation point j:
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(1a)

(1b)
where Q0 is the upstream discharge in branch 0, Q1 the discharge in the downstream branch 1, and Q2 the discharge in downstream branch 2, fj the proportion of the upstream discharge towards branch 1, and 
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 the discharge variation due to uncertainties in the discharge distribution.
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Figure 2: Schematic overview of a river bifurcation with two downstream river branches.
We assume that the discharge variation 
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 in Eq. (1a&b) has a normal density distribution with a mean equal to zero:
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(2)

where p is the probability density, and (j the standard deviation of the discharge variation
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. It seems reasonable that this standard deviation is a function of the upstream discharge. Herein, we assume that this relationship is linear:
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(3)
where (j is the error coefficient of the bifurcation point j. Eq. (1 - 3) describe that the upstream discharge distributes over the downstream branches according to the coefficient fj. This coefficient can be measured or can be estimated by using a numerical model. Obviously, this coefficient is uncertain and the effect of this uncertainty is included in the discharge variation 
[image: image4.wmf]j

Q

~

.
In general a lowland river system consists of several bifurcation points. A second downstream bifurcation point in one of the branches can be seen as a serial sequence of basic model schematisation in Figure 2. Another characteristic feature in these systems is confluence points. In our model we assume that there is only one downstream branch at a confluence point. At a confluence point the continuity of water simply describes the relationship between the discharges in the upstream and downstream river branches.
3 Data analysis

The assumptions in the statistical model from Section 2 have been verified with a data analysis. From the DONAR database we have derived daily discharge data from a 15-year period (1989 – 2003) at the stations IJsselkop (i.e. discharge IJssel), Pannerdensche Kop (i.e. discharge Waal) and Lobith, see Figure 1 for the locations (Rijkswaterstaat, 2004). Actually, the water levels at these stations are measured. These data are transformed into discharges by applying a discharge-water level relationship (Q-h relationship).
In the data analysis we neglect the phase lag effect in the discharge data. In reality, a small phase lag is present between the discharges at the measurement stations. Due to this phase lag the discharge distribution at one moment in time is not exactly equivalent to the discharge distribution in reality. We have reduced this error as much as possible by choosing stations as close as possible near the bifurcation points.
We have taken the following steps in our data analysis. First, we have determined the distribution coefficients at IJsselkop and Pannerdensche Kop for every data point in time. The distribution coefficient at IJsselkop is defined as the discharge in the River IJssel divided by the discharge in the Pannerdensch Kanaal. The latter discharge equals the difference between discharge in the River Waal and at Lobith. Similarly, the distribution coefficient at the Pannerdensche Kop has been derived. This ratio equals the discharge in the River Waal divided by the Upper Rhine discharge at Lobith.
The second step in the data analysis is deriving the mean distribution coefficients at Pannerdensche Kop and IJsselkop in the period 1989-2003 (Table 1). For this purpose we have split the dataset in various discharge classes with the discharge at Lobith as a reference because the distribution coefficients are not constant in the entire discharge range. 
	
	Mean distribution coefficient (-)

	Lobith discharge class (m3/s)
	Pannerdensche Kop (River Waal)
	IJsselkop

(River IJssel)

	0 – 2000 

(N = 3033)
	0.76
	0.76

	2000 – 4000 

(N = 1987)
	0.68
	0.45

	4000 – 6000 

(N= 349)
	0.67
	0.43

	6000 – 8000

(N= 81)
	0.67
	0.42

	8000 – 10000

(N = 21)
	0.66
	0.41

	> 10000

(N = 7)
	0.64
	0.42


Tabel 1: Mean distribution coefficient at bifurcation points in the Dutch Rhine system based on daily discharge data in the period 1989 - 2003.
Table 1 shows that the distribution coefficients are more or less constant for discharges higher than 2000 m3/s at Lobith. For low discharges (< 2000 m3/s) the distribution coefficients are different. This difference is explained by the weirs in the Nederrijn. These affect the discharge distribution in the Rhine branches in the lower discharge regime (say less than 2300 m3/s at Lobith). The lowest discharge class is not considered in the remainder of this paper.
In the final step the discharge variation at each bifurcation point has been determined. This variation is the difference between the discharge based on the derived distribution coefficients in Table 1 and the measured discharge. Figure 2 presents the distribution of this variation at Pannerdensche Kop and IJsselkop for one specific discharge class at Lobith (2000 – 4000 m3/s). Table 2 lists the accompanying error coefficients according to Eq. 3. These coefficients are equal to the standard deviation of the discharge variation divided by the mean upstream discharge of a bifurcation point.
	
	Error coefficient (j (-)

	Lobith discharge class (m3/s)
	Pannerdensche Kop
	IJsselkop

	2000 – 4000
	0.01
	0.02

	4000 – 6000
	0.01
	0.02

	6000 – 8000
	0.01
	0.02

	8000 – 10000
	0.01
	0.02

	> 10000
	0.01
	0.01

	> 2300
	0.01
	0.02


Tabel 2: Error coefficients at bifurcation points in the Dutch Rhine system based on daily discharge data in the period 1989 - 2003.
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Figure 2: Distribution of standard deviation at Pannerdensche Kop and IJsselkop based on daily discharge data in the period 1989 – 2003 for Lobith discharges between 2000 – 4000 m3/s.
In Figure 2 the central part of the error clearly shows a normal distributed behaviour. Therefore, we conclude that the assumed normal distribution of the discharge error is correct for this bifurcation points. Furthermore, the error coefficient is constant for all discharge classes higher than 2000 m3/s (Table 2). This confirms that the assumed proportionality between the standard deviation and the upstream discharge in Eq. 3. The error coefficient appears to have a value of 1% for Pannerdensche Kop and 2% for IJsselkop (see Table 1). The error coefficient in Eq. 3 is set to 1% for the Pannerdensche Kop and 2% for the IJsselkop in the remainder of this paper unless otherwise stated.

4 Application

The probabilistic model described in Section 2 and 3 has been applied to two cases: the present situation in the Dutch Rhine branches and the situation with the new river “Rijnstrangen/Lingewaarden” (see Figure 1). Starting point in this application is the actual design discharge for high water at the Dutch-German border (16.000 m3/s). In these applications, the discharge variation at the upstream boundary is set to zero. The various branches and bifurcation points are referred to in the text, as shown in Figure 3.
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Figure 3: Dutch Rhine branches with bifurcation points. Legend: Bovenrijn (BR), Waal (WA), Pannerdensch Kanaal (PA), Rijnstrangen (RS), Lingewaarden (LW), Nederrijn (NE), Yssel (YS), Rijnstrangen Kop (RK), Pannerdensche Kop (PK), Ysselkop (YK), Lingewaarden Kop (LK).

The application of Eq. 1 – 3 to the present situation of the system results in a set of equations for the discharges in the downstream branches:
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(4a-d)
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where the two-letter subscripts (WA, PK etc.) refer to the river branches and bifurcations as shown in Figure 3. The standard deviations of the random discharges 
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 are equal to:
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(5a-b)
Based on the expressions for the discharges, we can derive the mean and the standard deviation of the discharge in each branch by applying the following rules (see Van Gelder, 1999):
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(6a-b)
where (i is the mean discharge of branch i, (i the standard deviation and Xk is a random variable. The application of Eq. 6a in Eq. 4 results in the following expressions for the mean discharges in the downstream branches:
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(7a-d)
Analogously, the standard deviations of the discharges have been derived by applying Eq. 6b in Eq. 4: 
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(8a-c)
Next, we apply realistic values for the parameter in Eq. 7 and Eq. 8. The discharge is set at QBR = 16.000 m3/s. For the distribution and error coefficients the values from Section 2 are applied. The distribution coefficient equal fPK = 0.67 and fYK = 0.43 and the error coefficients (PK = 0.01 and (YK = 0.02. The mean discharge and the standard deviation in each branch are summarized in Table 4.

	River branch
	Mean discharge
(m3/s)
	Standard 
deviation (m3/s)

	Bovenrijn
	16000
	0

	Waal
	10720
	160

	Pannerdensch Kanaal
	5280
	160

	IJssel
	2270
	126

	Nederrijn
	3010
	140


Tabel 4: Analytical expression for mean and standard deviation in Dutch Rhine branches with QBR =16.000 m3/s, fPK = 0.67, fYK = 0.43, (PK = 0.01 and (YK = 0.02.
The expressions for the mean and standard deviation in case of the situation with Rijnstrangen/Lingewaarden have been derived in a similar way. However, the expressions are more complicated due to the introduction of two extra bifurcation points. The mean discharges in the branches in a situation with Rijnstrangen/Lingewaarden are equal to:
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The expressions for the standard deviation of the discharges in these branches are:
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Applying realistic values for the distribution coefficients and error coefficients at the bifurcation points results in the mean discharges and the standard deviations in Table 5. For this parameter setting the standard deviation in the Waal increases (WA1 +20, WA2 +26 m3/s). In the downstream branches IJssel en Nederrijn the standard deviation hardly changes (cf. Table 4). At the Pannerdensch Kanaal the standard deviation increases at two sections (PA1 +1 m3/s and PA3 +20 m3/s), and decreases in one section (PA2 -14 m3/s). Logically, the standard deviation becomes non-zero in the Bovenrijn section downstream from the bifurcation point with the new river Rijnstrangen (BR2 +160 m3/s). This also yields for the new rivers Rijnstrangen (RS +160 m3/s) and Lingewaarden (LW +56 m3/s).
	River branch
	Mean discharge

(m3/s)
	Standard

deviation (m3/s)

	Bovenrijn1
	16000
	0 (design value)

	Bovenrijn2
	15200
	160

	Rijnstrangen
	800
	160

	Waal1
	10184
	186

	Pannerdensch Kanaal1
	5016
	161

	Pannerdensch Kanaal2
	4264
	146

	Lingewaarden
	752
	56

	Pannerdensch Kanaal3
	5064
	180
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Waal2
	10936
	180

	Ijssel
	2177
	128

	Nederrijn
	2886
	144


Table 5: Mean and standard deviation in Dutch Rhine branches with QBR =16.000 m3/s, fPK = 0.67, fYK = 0.43, (PK = 0.01, (YK = 0.02, fRK = 0.95, fLK = 0.85, (RK = 0.01 and (LK = 0.01.
The presented results in Table 5 are only one combination (fRK = 0.95, fLK = 0.85, (RK = 0.01 and (LK = 0.01) of a full spectrum of possible discharge distributions due to the new rivers Rijnstrangen and Lingewaarden. A realistic range for the distribution coefficients at Rijnstrangen Kop is fRK  =  0.8 – 1 and at Lingewaarden Kop fLK = 0.7 – 1.0. This range implies that at maximum 20 and 30% of the upstream discharge is extracted from the present system and follows Rijnstrangen and Lingewaarden during design conditions, respectively. The error coefficients can also vary between ( = 0.01 – 0.02.
Therefore, we have investigated the effects of changing parameter settings. Figure 6 presents the relative change in the coefficient of variation (CV = (/() for the branches downstream from Lingewaarden (WA2) and Rijnstrangen (NE, YS and PA3) as a function of the distribution coefficient at Rijnstrangen Kop (fRK = 0.8 – 1.0) and a fixed distribution at Lingewaarden Kop (fLK = 0.85) and fixed error coefficients ((RK = (LK = 0.01). The relative change indicates that this compares the situation with Rijnstrangen/Lingewaarden and the present situation, i.e. without the canals. Figure 7 is identical to Figure 6 except for the higher values for the error coefficients ((RK = (LK = 0.02).
Figure 6 shows that coefficient of variation always increases in the Waal. The values of this coefficient downstream of Rijnstrangen (Pannerdensch Kanaal, Nederrijn, IJssel), however, decrease if the discharge in Rijnstrangen is relatively high (say > 10% extraction from Bovenrijn), whereas the it increases for lower discharges in Rijnstrangen. Qualitatively, this behaviour does not change for values of the distribution coefficient at Lingewaarden Kop between 0.8 – 1.0. For lower values the relative change in the normalized error of the Waal becomes less than 1.0 at high values of the distribution coefficient at Rijnstrangen Kop (fRK). It should be noted that in this parameter range the effects on the standard deviations are +/- 40 m3/s at most.
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	Figure 6: Relative change in the coefficient of variation as a function of the distribution coefficient at Rijnstrangen Kop. The distribution coefficient at Lingewaarden Kop and the error coefficients at Rijnstrangen Kop and Lingewaarden Kop are constant (fLK = 0.85, (RK = (LK = 0.01).
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	Figure 7: Relative change in the coefficient of variation as a function of the distribution coefficient at Rijnstrangen Kop. The distribution coefficient at Lingewaarden Kop and the error coefficients at Rijnstrangen Kop and Lingewaarden Kop are constant (fLK = 0.85, (RK = (LK = 0.02).


Qualitatively, Figure 7 shows a similar behaviour, but in this case the coefficient of variation in all branches is always higher than those in the reference situation. This change is mainly caused by the higher error coefficient at Rijnstrangen Kop. The absolute effects are on the standard deviations are much higher (up to 130 m3/s).
5 DISCUSSION AND conclusions
The results in Figure 6 and 7 imply that the discharges in the new rivers should be chosen carefully to minimize the increase in discharge uncertainty in the downstream sections. Furthermore, the design of the bifurcation point at Rijnstrangen should be studied thoroughly to minimize the error coefficient at this bifurcation. Figure 6 also shows that specific combinations of distribution coefficients at Rijnstrangen and Lingewaarden result in small changes in the standard deviations. An example is the parameter setting fRK = 0.88 and fLK = 0.70. The accompanying discharges in the Rijnstrangen and Lingewaarden are equal to 2000 m3/s and 1500 m3/s in this case, respectively. The normalized errors in the downstream river sections Waal, Nederrijn, IJssel and Pannerdensch Kanaal hardly change (< +2%) compared with the present situation. 

Furthermore, the changes in the standard deviation of the discharge in the branches are small as long as the error coefficients at the new bifurcation points are small. The results show that the changes are in the order of 10 m3/s ((RK = 0.01) to 100 m3/s ((RK = 0.02). This change is equivalent to several centimeters water level rise in the Dutch Rhine branches. This is much lower than the extra height of dikes that counts for several uncertainty effects such as waves due to wind, etc. Another argument is that RIZA (2002) estimates this standard deviation at 1500 m3/s at a Lobith discharge of 16.000 m3/s. Thus, the standard deviation of the upstream discharge at the Bovenrijn at design conditions is an order of magnitude higher than the increase found in this study. Hence, we conclude that the increase of uncertainty in the river discharge due to Rijnstrangen/Lingewaarden seems to be small and negligible in perspective of other uncertainties.
Summarizing, a probabilistic model was presented to analyze the uncertainty in the design discharge in the various branches of the Dutch river system in this paper. Two cases have been investigated: the present situation and the situation with a new river Rijnstrangen/Lingewaarden. The results show that the effects on the standard deviation of the discharge highly depend on the distribution and error coefficients at the bifurcation points. Moreover, the uncertainty of the discharge in the downstream branches generally increases due to the introduction of two extra bifurcation points. However, the increase seems to be small in perspective of other uncertainties (e.g. the uncertainty in the upstream discharge during design conditions).
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List of SYMBOLS

	fj
	=
	Distribution coefficient [-]

	i
	=
	Index of river branch [-]

	j
	=
	Index of river bifurcation [-]

	Q
	=
	Discharge in branch j [m3/s]

	Q0
	=
	Upstream discharge [m3/s]
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	=
	Variation at bifurcation point j [m3/s]

	(j
	=
	Error coefficient at bifurcation point j [-]

	(j
	=
	Standard deviation of discharge variation at bifurcation point j [m3/s]

	(i
	=
	Standard deviation of discharge variation in branch i [m3/s]

	(i
	=
	Mean discharge in branch i [m3/s]
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