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Abstract  

The paper presents an application of a Stochastic Transfer Function (STF) 
approach and a State Dependent Parameter (SDP) transformation of model va-
riables to the combined reservoir management and flow routing problem on the 
Upper Narew River, NE Poland. The management objective is to reach required 
flow conditions in the reaches of an ecologically valuable river. A 1-D distri-
buted flow routing model was designed for the study. However, both optimisa-
tion methods and reservoir management analysis require numerous model reali-
zations which are computationally very expensive. A much more efficient solu-
tion consists of the application of a simplified STF simulator of river flow, which 
is calibrated on historical data and distributed model realizations for the parts of 
the river where the observations are not available. The model is stochastic, enabl-
ing derivation of prediction uncertainty in a straightforward manner. The ob-
tained optimal control policy is tested on a fully distributed model. 

1. Introduction 

River floods are commonly considered as natural phenomena with threats to life and 
health and loss of property. However, in some situations they have a positive impact, 
helping to preserve the natural features of a particular region. Due to their natural cha-
racter and high water content, floodplains are commonly areas of rich biodiversity. 
Equally, valuable fluvial ecosystems can be destroyed by shortages of water in critical 
periods of high-water demand (vegetation growth). It is the task of hydrologists to 
assess the short and medium-term inputs to, and retention of, water eco-systems in 
vulnerable areas and to devise methods to regulate those inputs. This is the case in the 
Narew catchment, north-east Poland, in the area within the boundaries of the Narew 
National Park (NNP), where spring floods not only cause no material damage but 
bring positive effects in preserving the natural qualities of the region.  
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To maintain the required status of riverine wetlands with fluvial-glacial feed, it 
may be necessary to retain, during the river’s vegetation growth period, not only high-
er than minimum flows according to a hydro-biological criterion, but also to keep or 
introduce a flood impulse. The concept of flood impulse was introduced by Junk et al. 
(1989) for tropical rivers and was further developed by Tocker et al. (2000) for rivers 
situated in intermediate climate zones. The concept was followed by Kiczko et al. 
(2007), where the problem of reservoir management was studied. The aim was an 
analysis of the possibility of reaching the ecologically desirable conditions in the Na-
rew National Park wetlands through reservoir management. River flow was described 
using a distributed 1-D model. Derivation of the optimal time and length of the releas-
es from the reservoir was based on the optimisation of the entire system including the 
river and the reservoir (Dysarz and Napiórkowski 2002), using the Differential Evolu-
tion Algorithm (Storn and Price 1995). The optimisation algorithm requires multiple 
1-D model evaluations and therefore the computation time is a limiting factor of the 
procedure (Dysarz and Napiórkowski 2003).  

In order to facilitate the computations, a lumped parameter simulator of a distri-
buted flow routing is introduced in the multiobjective optimisation of a water man-
agement system consisting of a lowland river and a storage reservoir. The developed 
simulator applies the Stochastic Transfer Function (STF) approach together with a 
nonlinear transformation of variables. The model is calibrated on historical data and 
on distributed model realizations for the parts of the river where the observations are 
not available. The model is stochastic, enabling derivation of prediction uncertainty in 
a straightforward manner; therefore, it is suitable for scenario analysis of the water 
management system under uncertain climatic conditions. Estimated probability of 
water levels at the cross-sections along the river enables the derivation of probability 
maps of inundation at different times of the year. 

2. Methodology 

Consider a 1-D numerical model with the river geometry described by n cross-
sections. This kind of approach is used in many popular 1-D flow routing models 
(ISIS, HEC-RAS, UNET, MIKE 11). The methodology we apply here is based on the 
application of a lumped discrete-time STF model combined with the nonlinear State 
Dependent Parameter (SDP) type transformation to simulate flow routing along the 
river instead of a distributed 1-D model. Experience gained by Romanowicz et al. 
(2004, 2006), and Beven et al. (2008), indicated that STF models are compatible with 
distributed model predictions at cross-sections where observations are available. The 
interpolation of water levels at cross-sections between the measurement sites can be 
obtained when STF simulators are calibrated on the distributed model simulations at 
these cross-sections.  

As 1-D model applies spatial discretisation based on cross-sections along the riv-
er and the floodplains, the simulator can also apply that type of spatial discretisation, 
but it can be made coarser than in a distributed model, depending on the application.  

When water levels are used as the STF model variable, we can use the nonlinear 
transformation of water levels upstream (model input) in order to separate linear dy-
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namics from the nonlinear flow routing process (Young et al. 2006, Romanowicz et 
al. 2007, Romanowicz et al. 2008). The resulting simulator takes the form of the so-
called Hammerstein type model (Fig. 1A). However, when flow is used as the model 
variable, the STF model cannot be accompanied by a nonlinear transformation of the 
input, as this type of model would not be able to keep the mass balance for the steady 
state solution. In that case the simulator consists of a system of linear STF models. 
The nonlinear flow-water level transformation used to evaluate water levels at each 
cross-section applies a rating curve-type conversion, which does not influence the 
flow routing module (Fig. 1B). 

Figures 1A and 1B illustrate both schemes for a single sub-reach between two 
cross-sections of a distributed UNET model. In Fig. 1A, hi,k denotes water level up-
stream at discrete time period k, hn,k denotes the water level downstream at cross-
section n, fi,n(.) denotes a nonlinear transformation between input and output (Roma-
nowicz et al. 2008). 
 

 

Fig. 1. (A) The scheme of a nonlinear Hammerstein type STF simulator of one sub-reach of a 
1-D flood routing model (a sub-reach without tributaries); (B) The scheme of a linear STF 
model for flow with a nonlinear conversion for the water levels. 

In Fig. 1B, Qi,k denotes discrete flow upstream, Qn,k denotes flow value down-
stream and grn(.) denotes the “rating curve” type transformation for the 1-D model 
variables. At the reach scale, the discrete-time STF (Young 1984) describes the 
process dynamics. 

The model structure identification and estimation of parameters is performed us-
ing MATLAB optimisation routine together with a Simplified Refined Instrumental 
Variable (SRIV) routine from Captain toolbox (www.lancaster.ac.uk). The STF model 
error is assumed to account for all the uncertainty at the output of the system that is 
associated with the inputs affecting the model, including measurement noise, unmea-
sured inputs, and uncertainties associated with the model structure. 

The choice of the type of STF model input determines the simulator structure. In 
the first approach, flow (water level) at the cross-sections upstream of each sub-reach 
of a numerical 1-D model is used as an input variable. In this case, the model of the 
entire river reach consists of n serially connected modules shown in Fig. 1A or 1B, 
depending on the choice of routing variables. The output from the sub-reach upstream 
is used here as an input to the downstream sub-reach. The other approach consists of 
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building an independent Single Input Single Output (SISO) or Multiple Input Single 
Output (MISO) model for each cross-section, using the available observed inputs up-
stream (flows or water levels) and simulated by the 1-D model flows or water levels at 
a cross-section as an output. In the second approach, each cross-section of the 1-D 
model is modelled as an independent input-output system using the modules A or B 
from the Fig. 1, depending on the choice of routing variable. In the case where lateral 
inflow is present, the multi-input model is required for the ith cross-section. Therefore 
the required river reach is modelled by the set of those SISO (or MISO) transfer func-
tions. In the following step of the procedure, the flows obtained from the simulator are 
transformed into water levels. That nonlinear transformation, derived using the State 
Dependent Parameter (SDP) method (Young et al. 2001) from 1-D model simulations 
for each cross-section, is subsequently parameterised using radial basis functions 
(Buhmann 2003). We shall call this approach a parallel simulator to distinguish it from 
the sequential scheme. This approach should give smaller prediction errors due to the 
lack of propagation of the error. However, when differences between the cross-
sections are large, modelling errors would occur due to smaller correlation between 
the sites. 

3. River Narew study: parallel STF simulator 

The study reach is about 110 km long. It starts at the Siemianówka reservoir and goes 
down over the lowland, agricultural area and Narew National Park (NNP) enclosing 
valuable wetland ecosystems, as shown in Fig. 2. In recent years both a reduction in 
mean flows and shorter flooding periods have resulted in a serious threat to the rich 
wetland ecosystems situated along the river in NNP. These undesirable changes were 
caused by changes in local climate, manifested as recent mild winters and a reduction 
in annual rainfall that have resulted in reduced groundwater resources.  

 

Fig. 2. Upper Narew Valley showing the study area, stage gauging stations are shown as trian-
gles, shaded crossed area on the right denotes the reservoir and crossed area on the left denotes 
the marshland. 
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The UNET (Barkau 1993) 1-D model was chosen here due to its short run times. 

This code is a numerical implementation of a Saint Venant equation. In the UNET 
model, the river reach is represented by 57 cross-sections at about 2 km intervals ob-
tained from a terrain survey. The model was calibrated by adjusting the Manning coef-
ficients separately for the channel and left- and right-floodplains and water surface 
slope was used as a downstream boundary condition. Observations of daily water le-
vels are available at Bondary, Narew, Ploski and Suraż on the River Narew and Na-
rewka and Orlanka on its two tributaries. To keep a reasonable size of parameter di-
mensions, it was assumed that roughness coefficients do not change spatially between 
the gauges. The calibration period is 23.07.1981 − 28.08.1982 and the validation was 
performed for the period 27.08.1982 − 23.07.1983. Channel and floodplain (left and 
right) roughness coefficients for four reaches between gauging stations and down-
stream cross-section were used as model parameters. Optimization was carried out 
using the Differential Evolution (DE) algorithm (Storn and Price 1995). Verification gave 
a good fit with a mean standard deviation less than 0.14 m for each gauging station. 

In flood forecasting and inundation modelling we are interested in water level 
predictions rather than flows. However, an analysis of the UNET model results indi-
cated that flow at each cross-section can be described by a linear dynamic relationship, 
while the level-level relationship is highly nonlinear. Simulated water levels at each 
cross-section can be derived from flow−water level nonlinear relationships, specific 
for each cross-section, for most of the cross-sections apart from one, situated near the 
first tributary. Therefore, it was decided to use flows rather than water levels to build 
the simulator. A preliminary analysis indicated also that use of a parallel model struc-
ture is more suitable for the present application than the sequential.  

Only daily observations of water levels are available from the gauging stations 
along the studied Narew reach. As shown in Romanowicz and Osuch (2008), daily 
time step does not allow for the adequate modelling of influence of tributaries on the 
wave celerity variation downstream Suraż. As the 1-D model output has a flexible 
discretisation time (e.g., 1 hour), in this application a 1-D model serves both as spatial 
and temporal interpolator of the observations.  

STF models were obtained for hourly flows simulated by UNET at 9 cross-
sections along the River Narew within the NNP region, between Suraż and Izbiszcze, 
with observed flows at Bondary, Narewka and Orlanka as input variables. All the 
models have 1st order dynamics. The obtained goodness of fit criterion 2

TR  for the 
validation stage (1982-1983) varies between 99.33% and 99.99%. The validation  
results for Suraż indicate that the UNET model has nearly linear input-output relation-
ships for flows, i.e., it has linear dynamics. 

Figure 3 presents the rating curve for Suraż and water level−flow relationship ob-
tained from UNET simulations at that cross-section shown with dotted black line. The 
nonparametric relationship was parameterised using Radial Basis functions (Buhmann 
2003), but any other suitable parameterisation may be used. The resulting water levels 
at Suraż were obtained using the MISO STF model with observed flows at Bondary, 
Narewka and Orlanka as input variables and radial basis transformation. Figure 4 
presents estimated water levels at Suraż (continuous line) together with 0.95 confi-
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dence bounds shown as shaded area together with observed water levels shown by 
dots and UNET model simulations shown by stars. 
 

 
Fig. 3. Observed rating curve for Suraż (thin line) and UNET level/flow relationship (thick line).  

 

Fig. 4. Validation of the STF simulator for the cross-section at Suraż; dots denote observations, 
stars denote UNET simulations and continuous line denotes the simulator estimates with 0.95 
confidence bounds shown by shaded area. 
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4. Application of a simulator in reservoir management 

In this application we use discharges from the Siemianówka reservoir as control va-
riables. The optimisation criteria described in Kiczko et al. (2008) are chosen to com-
bine reservoir management and ecological requirements posed by the wetland ecosys-
tems along the river floodplains. Optimization of discharges from Siemianówka reser-
voir (control stage) was performed using historical discharges at the Bondary gauging 
station before the time when the reservoir was built to test the ability of improving 
water conditions by introducing the discharges from the reservoir. The reservoir is 
described using a simple discrete balance equation. Initial reservoir storage was set to 
the recommended value for a chosen control period by the reservoir management poli-
cy. Reservoir outflows are represented as a sum of rectangular pulses  

 ( )
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where Qbase is the minimum flow (a minimum allowed discharge from the reservoir), tj 
is the time middle point of j-th pulse, dtj is the pulse duration time, qj is the discharge 
and NP is the number of considered pulses, and Pj(.) is the rectangular pulse dis-
charge.  

Values of the middle time of the pulse, pulse duration time and the pulse height 
were used as control variables describing reservoir discharges. Ten pulses were ap-
plied (NP = 10); therefore, there were 30 control variables. 

In the study by Kiczko et al. (2008), three different management scenarios were 
analysed. In the present paper we report the results for only one scenario, from the 
period 0.5.10.1982 − 13.07.1983, in order to test the performance of the simulator. 
The optimisation problem was solved using DE Algorithm with the simulator used for 
flow routing. Figure 5 presents a comparison of water levels at Suraż simulated using  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Water levels (W.L.) at Suraż; historical observed marked with a dashed line, optimised 
marked with a continuous line; UNET simulations marked with a dash-dotted line. 



 

158

Fig. 6. Low water levels probability map at the NNP area between Suraż and Izbiszcze. 

UNET with results obtained using the simulator when the optimised discharges from 
the reservoir are applied. Also shown are the observed historical water levels at Suraż. 
The dark shaded area presents the values of the optimum criterion applied in order to 
fulfill ecological goals (the darkest shade represents the best value of the criterion). 

As mentioned before, the simulator predictions are given together with the uncer-
tainty bounds. In this study we additionally apply Monte Carlo sampling to estimate 
the influence of parameters and observations uncertainty as well as uncertainty related 
to the nonlinear transformation of flows into water levels. The quantiles of predictions 
are used to derive the maps of probability of inundation at high and/or low water le-
vels as shown in Fig. 6 for inundation predictions at low water levels for the region of 
NNP between Suraż and Izbiszcze. Comparison of these maps with ecologically de-
sired water conditions along the River Narew reach within the Narew National Park 
may serve as an indicator of water management outcome. 
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5. Conclusions 

We have demonstrated that the 1-D flow routing can be successfully approximated 
using a system of lumped STF models (so-called simulator). The simulator structure 
depends on the choice of the routing variable (water levels or flows) and on the choice 
of input variables (sequential or parallel system). In the case of UNET model, a choi-
ceof flows as the routing variable and a parallel structure gives superior results. The 
simulator was applied within the optimisation routine to derive the best reservoir dis-
charge scheme from the point of view of joint ecological and economic criteria. Fur-
ther work is required to extend this approach towards the modelling of the uncertainty 
of predictions related to the uncertainty of the distributed model parameters. At 
present only observation and simulator parameters uncertainty were taken into account 
during the estimation of the simulator predictions uncertainty. The uncertainty of 
model predictions is used to derive the probability maps of inundation extent within 
the ecologically valuable reach of the River Narew. 
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