




 

 

Fig. 2. Instantaneous velocity streamtraces around a cylindrical pier with a scourhole. 

shown in Fig. 3. The results of simulations performed for limited range of mass parti-
cle diameters indicate that particles move mostly in a strong jet directed towards the 
surface. The jet is enclosed by downstream pier wall and vertical wake vortices. The 
vertical vortices are the main driving force for the jet. Figure 4 shows example parti-
cles positions at various levels above the bed (z = 0.5  is the initial bed level). Arrows 
show velocity vectors directions and magnitudes. Brightness corresponds with verti-
cal velocity component value. 

Fig. 3. Positions of particles generated close to the bed on downstream side of the scourhole 
(particles size not to scale). 

5. Conclusions 

The study was aimed at investigation of mass particles trajectories around a pier. The 
results obtained so far indicate that the trajectories depend on the intensity of wake 
vertical vortices that drive the upward jet. These strong turbulent objects are highly 



 

 

unsteady. It is crucial, therefore, for scouring model to use a sufficientl

Fig. 4. Example particles positions at various levels and times. See text for details. 

y detailed flow 
description. Further simulations are planned with a wider range of particle diameters, 
different scourhole shapes and mean flow conditions. 
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Abstract  

Sopot, one of the most renowned recreational cities in Poland, located at the 
Gulf of Gdańsk coast, is cut by a number of streams collecting the rain water 
from the moraine hill surrounding the city, and discharging it directly into the 
sea. The quality of water, due to passage through the urbanized area, is often be-
low required standards, especially due to bacteria pollution. At present, the rain 
water is discharged directly on the sandy beaches, and in case of high pollution, 
causes problems for the coastal zone; sometimes it is necessary to close beaches 
for recreation. The local administration considers re-location of the outfalls sea-
ward to solve the problem. To assess the consequences of the proposed invest-
ment, numerical modeling was carried out. The new situation becomes more 
complicated due to potential construction of the yachts harbor attached to the 
existing pier. Numerical tests will support the decision to be made.  

1. Introduction 

The city of Sopot, one of the most renowned recreational cities in Poland, is located 
on the moraine hills and stretches along the southern coast of the Gulf of Gdańsk. The 
city is cut by 11 streams discharging water directly into the Gulf. The urbanized areas 
suffer from different types of pollutants; the most painful from the recreational point 
of view is bacteria pollution. In the past, this type of pollution was the main reason of 
closing sandy beaches for tourism there. This problem, known in most urban areas in 
the world located at the coast, is still present, although less severe than in the past.  

In the last decade, local administration put great effort to eliminate all potential 
sources of pollution. Positive results of these works are noticeable during sanitary in-
spections carried out regularly in the coastal zone, which resulted in opening bathing 



 

 
areas for public use. However, severe EU regulations and wish to attract tourists to 
spend holidays in this city push local administration to invest into the infrastructure. 
New ideas to re-locate the coastal river outlets sea-ward and construct the yachts har-
bour attached to the existing wooden pier, required analysis with regard their influ-
ence on the water quality standards in the coastal zone.  

2. Present situation and proposed investments 

Eleven streams pass through the city of Sopot, discharging their waters into the 
coastal zone of the Gulf of Gdańsk (Fig. 1). In the central part of the coast, a wooden 
pier with a perpendicular groin (located about 350 m from the coast) is situated. At 
present, natural streams passing through the beach are closed in the concrete pipes 
and their outlets are protected from the sea-side by a palisade to protect the outlets 
from the sea (Robakiewicz 2005). Due to water level variations, these protecting 
structures are sometimes at the beach, sometimes in the sea. These concrete structures 
not only spoil the visual impression of the sandy beach but also create problems with 
the free outflow of water through the pipes due to sedimentation.  

Two important investments to increase attraction of the region are considered 
by local administration: (1) modernization of the ground and surface water outflow 
system from the city, and (2) construction of the yachts harbour attached to the exist-
ing pier. Both investments will influence the coastal zone, and can have consequence 
with regard water quality standards of the bathing waters. 

The main idea of the investments considered is to re-locate discharge of water 
transported by natural streams from the coast off-shore using underwater pipes. It is 
proposed to connect small streams into bigger ones in the following manner (Fig. 1): 

outlet A – collecting water from streams 1, 2 and 3, and discharging water sea-ward at 
the extension of stream 2; 

outlet B – collecting water from streams 5, 6, and 7, and discharging water sea-ward 
at the extension of stream 7;  

outlet C – collecting water from streams 8, 9, 10 and 11, and discharging water sea-
ward at the extension of stream 10. 

For the local administration, it is most important to know the consequences of  
this investment on the coastal waters. In the last few years, water quality measure-
ments carried out regularly in spring, summer and autumn by sanitary inspection indi-
cated improvements. However, it has to be mentioned that those measurements were 
carried out in dry days. From the observations in various urban areas in the world it is 
known that the quality of water dramatically decreases in the first 15 minutes of 
heavy rain, as during that short period, cities are ‘cleaned’ by rain water. To assess 
the influence of rain water on the quality of coastal water, numerical analysis was car-
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Fig. 1. Location of streams in Sopot. 

ried out. To carry out such an analysis, discharge of streams during the one-year rain 
was estimated (Table 1). 

Table 1 

Discharge of streams – yearly rain (acc. Pracownia Hydrotechniki i Inżynierii Środowiska) 

No. Name Q [m³/s] Outlet Q [m³/s] 

1. Stream no 1 0.533 
2. Stream no 2 0.689 
3. Karlikowski stream 0.955 

A 2.177 

4. Stream no 4 0.134   
5. Haffner stream 1.116 
6. Stream no 6 0.382 
7. Monte Cassino stream 0.986 

B 2.528 

8. Kuźniczy stream 1.714 
9. Babidolski stream 0.670 

10. Grodowy stream 0.148 
11. Kamienny stream 1.846 

C 4.378 

3. Consequences of re-location of outfalls 

To assess the influence of re-location of natural outlets off-shore, numerical simula-
tions have been done. The main idea was to analyse mixing of rain water with the ma-
rine water and trace such a ‘plume’ in its passage towards the coast. For this purpose 
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a local 3D hydrodynamic model based on Delft3D-FLOW software was set-up. The 
modelled area stretching approx. 5 km along the coast and 3 km off-shore was cov-
ered by 502×252 grid cells in horizontal plane using curvilinear orthogonal grid, and 
10 layers uniformly distributed in vertical using sigma co-ordinates. In the model the 
presence of the pier in the shape proposed after construction of the yachts harbour 
was introduced (Fig. 1). Calculations were carried out for the following uniform con-
ditions: discharge in locations A, B and C as given in Table 1; wind direction and 
speed as characteristic for the summer time based on long-term statistics (1951-1975) 
for Gdynia station (Kwiecień 1990): N – 3.9 m/s; E – 4.1 m/s, S – 3.5 m/s, W – 
4.1 m/s and calm weather. According to the proposed design, the rain water will be 
discharged about 1.5 m below the free surface, so the modelled outfalls were located 
there. To trace mixing processes, water discharged into sea was ‘marked’ by a con-
servative, non-reactive substance. In all simulations it was assumed that salinity of 
rain water is 0 psu, while for coastal water – 7 psu. Additionally, it was assumed that 
there is no temperature difference between inland and coastal waters. In all calcula-
tions discussed in this paper water in locations A, B and C was discharged 15 minutes 
(quantities as in Table 1) to imitate short but intensive rain, while observations of be-
haviour of the ‘plume’ was carried out for the next 2 hours. An analysis for each loca-
tion is presented below. 

3.1 Discharge in location A 

The proposed location of discharge A is approx. 400 m off-shore where local depth is 
about 5 m. As the estimated amount of discharged water is only 2.2 m3/s, changes of 
salinity in the vicinity of the outlet are very small (not exceeding 0.01 psu), with no 
influence on changes in the marine environment. Analysis carried out for this location 
leads to the following conclusions (Fig. 2): 

− in calm weather, the diluted rain water reaches the coast after 1.5 hours on the 
distance of approx. 200 m; rain water content at the coast can reach 0.2%; 

− in case of N wind, the diluted rain water spreads along the coast, not approach-
ing coast closer than 100 m; 

− in case of E and S wind, the diluted rain water reaches the coast on the dis-
tance of about 100 m; rain water content at the coast can reach 0.2%; 

− in case of W wind, the diluted water spreads quite similar as in case of N wind, 
but does not reach the coast. 

3.2 Discharge in location B 
The proposed location of discharge B is approx. 350 m off-shore where the local 
depth is about 3.8 m. The amount of water to be discharged during the considered rain 
is estimated as 2.5 m3/s. It is proposed to locate outlet B directly attached to the groin 
of the pier from the coast side. Analysis carried out for location B leads to the follow-
ing conclusions: 
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Fig. 2. Spreading of tracer in the coastal zone depending on wind direction (2 hours after rain). 

  

Marzena
Tekst maszynowy
107



 

 

− in calm weather, the diluted rain water reaches the coast on the distance of 
about 350 m on both sides of the wooden pier, and the rain water content is 
about 1%. It has to be mentioned that rain water is transported inside the 
planned yachts harbour; 

− in case of N wind, the diluted rain water approaches coast on the distance of 
100 m, and spreads inside the yachts harbour; 

− in case of E wind, the diluted rain water is easily transported to the coast (400– 
500 m); the rain water content is about 0.5%; 

− in case of S wind, the diluted rain water comes back to the coast on the dis-
tance of 500 m; the rain water content is about 1.0%; 

− in case of W wind, the diluted rain water is easily transported inside the pro-
posed yachts harbour (the rain water content is about 1.5%).  

3.3 Discharge in location C 

The proposed location of discharge C is approx. 400 m off-shore where local depth is 
about 5 m. The amount of discharged water is 4.4 m3/s, and similarly as in previous 
cases changes of salinity in the vicinity of the outlet are very small. From the analysis 
carried out, the following conclusions can be drawn: 

− in case of calm weather, the diluted rain water (content 0.5%) reaches coast on 
the distance of 300–350 m; 

− in case of N wind, the diluted rain water spreads along the coast on a distance 
of 100 m; 

− in case of E wind, the diluted rain water (content up to 0.5%) reaches coast on 
the distance of 300 m; it has to be noticed that ‘plume’ approaches similar 
‘plume’ of water due to discharge B; 

− in case of S wind, the diluted rain water very quickly spreads towards the 
coast; on the distance of about 400 m a plume reaches the coast (rain water 
content of 1%); 

− in case of W wind, the diluted rain water reached the coast on the distance of 
about 250 m; the rain water content in the plume reached 0.2%. 

4. Conclusions 

Based on the analysis carried out for three proposed off-shore outlets it can be con-
cluded that: 

− rain water discharged through pipelines in locations A, B and C will not 
change salinity distribution pattern remarkably; it has to be mentioned that at 
present the rain water is discharged at the coast and the proposed investment 
only changes the location, not influencing the amount of water to be dis-
charged; 
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− rain water discharged in location A, in majority of meteorological conditions 
intensely diluted, reaches the coast. In the area of 200 m along the coast, the 
rain water content can reach 0.1–0.5%. In comparison with locations B and C 
mixing processes close to this outlet are the best; 

− taking into account location, distance from the shore and amount of water dis-
charged, location B is not a favorable place for mixing processes. It is not only 
too close to the coast but also can create pollution problem in the yachts har-
bor; 

− the amount of water discharged in location C is doubled in comparison with 
location A, while the distance of the outlet is similar in both cases. It is rec-
ommended to move location C some 100–200 m off-shore to support mixing 
processes.  

According to Directive 2006/7/EC of the European Parliament and of the 
Council of 15.02.2006 concerning the management of bathing water quality, ‘pollu-
tion’ means the presence of microbiological contamination or other organisms or 
waste affecting bathing water quality and presenting risk to bathers’ health. Accord-
ing to this Directive by the end of bathing season 2015 bathing water should be at 
least of ‘sufficient’ quality. For coastal waters and transitional waters it means, for 
example, that Escherichia coli (cfu/100 ml) can not exceed 500 to be ‘sufficiently’ 
clean. In case the discharged water contains 106 cfu/100 ml of Escherichia coli this 
leads to the conclusion that to reach the minimum standard dilution at the bathing wa-
ter should be at least 0.5%.  

From the regulations mentioned above and the results of model calculations it 
can be concluded that the proposed investment will be successful only in case water 
discharged by piped off-shore is ‘clean’ enough, as the proposed pipelines are rela-
tively short. In this context, it is very important to control the quality of water in 
heavy rain to be absolutely aware of the possible risk, and in case of high pollution 
take measures to reduce it. 
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Abstract  

Numerical algorithm of high accuracy was developed for simulation of rap-
idly changing unsteady flow in an open channel of arbitrary shape. The algo-
rithm was applied for the estimation of daily regulation of Ob river flow by No-
vosibirsk Hydroelectric Power Plant on work of Novosibirsk water intakes 
situated downstream of it. 

1. Introduction 

The Novosibirsk Hydroelectric Power Plant has a lowland reservoir with relatively 
small operating storage. In a low-flow period of a low water year (for example, in 
winter) the critical water scarcity occurs in the reservoir, and the water level often 
falls below the dead water level. In that case, HPP has to work under policy of strict 
economy and spend no more water than it is necessary to cover peak demands for 
electricity. In other time of day, water discharge is performed according to some very 
low technical norm. The pronounced unsteady nature of water movement in some pe-
riods of time can lead to fall of water levels near water intakes of Novosibirsk below 
the values regulated by the Reservoir Water Management Rules, even under average 
daily discharge corresponding to sanitary norm. In that case, the inlets deepening may 
be not sufficient, and it may lead to air suction and thus breaking of normal work of 
pumps. 



 

The situation is aggravated by gradual lowering of mean water level down-
stream Novosibirsk HPP during the period of its exploitation caused by stream chan-
nel degradation because of HPP effect and sand and gravel mining from the river bed 
(Maltcev and Bavsky 2000). 

For the purpose of estimation of the influence of daily regulation of Ob river 
flow by Novosibirsk HPP on work of Novosibirsk water intakes, the numerical algo-
rithm of high accuracy for simulation of rapidly changing unsteady flow in an open 
channel of arbitrary shape was developed (Semchukov et al. 2003). 

2. Governing equations 

In Novosibirsk a lot of work on numerical simulation of unsteady flow in open chan-
nels was done by the Institute for Hydrodynamics of the Siberian Branch of Russian 
Academy of Sciences (Vasiliev 1999). 

For simulation of unsteady water movement, one-dimensional equations of 
Saint-Venant are used (Atavin 1975, Stoker 1957): 

equation of continuity (mass conservation law)  
Q q

t x
∂ ω ∂
∂ ∂

+ =  , (1) 

dynamic equation (momentum conservation law)  

( ) 2 0
Q QQ zQ v g

t x x K
∂ ∂ ∂ω
∂ ∂ ∂

⎛ ⎞
+ + +⎜ ⎟

⎝ ⎠
=  . (2) 

Here  ω  = cross-sectional area, m2; Q = discharge, m3/s; z = water level, m; q = dis-
tributed water inflow, m2/s; g = acceleration of gravity, m/s2; t = time, s; x = coordi-
nate along bed axis (at the line of greatest depth), m; v Q ω=  = mean velocity, m/s; 
K = conveyance of a bed. 

Conveyance K is defined by the Chezy formula K C Rω= , where 
1/ 61 rC n R=   is the Chezy factor defined by Manning equation, m1/2/s; nr is the 

roughness factor, s/m1/3; R is the hydraulic radius, m. For a river we can assume 
R = h , where  h Bω=   is the mean depth (B is a stream width, m). 

It is assumed that the flow is subcritical. In this case one border condition must 
be given for both inflow and ouflow sections of river reach under consideration 
(Atavin 1975, Rozhdestvensky and Yanenko 1978). 

In simulations described below, the water discharge as a function of time is 
given at the inflow section and a discharge rating curve (dependence of water dis-
charge on water level) is given at the outflow section: 
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( ) (,in inQ x t Q t= ) ,   ( ) ( ),out outQ x t Q z= . (3) 

An initial distribution of discharge and water level are given as initial conditions: 

( ) ( )0, startQ x t Q x= ,   ( ) ( )0, startz x t z x= . (4) 

3. Numerical algorithm 

Schematization of river bed is performed in the following way: a certain number of 
base sections are selected at the considered reach of river bed. These sections are situ-
ated in characteristic points of the bed, i.e. in the places of biggest widening and nar-
rowing, biggest and smallest depth and at the ends of considered reach. A few levels 
are selected at each section and for each level a bed width is found. Then geometric 
parameters are linearly interpolated along the river: first levels with certain number 
from the bottom are interpolated and then – bed widths at these levels. If the river has 
a few branches at a certain distance from the dam, a section is built to cross all 
branches, widths of branch beds at the same levels are summed up and then the 
branch beds are considered as a single bed. 

To prevent negative numerical effects, associated with a sharp change of bed 
geometric parameters, the diffusive procedure for smoothing morphometric informa-
tion was developed (Semchukov et al. 2003). 

The roughness factor, defining frictional force, plays a special role among 
morphometric characteristics of a bed. It is defined for each area between base sec-
tions based on bed character (Agroskin et al. 1964) and then can be specified by water 
level measurements under steady flow. The numerical procedure basing on numerical 
solution of Saint-Venant equations for steady flow was developed for this purpose. 

The explicit two step finite-difference scheme of Lax-Wendroff of second or-
der of accuracy by time and space was used for flow simulation (Lax and Wendroff 
1960). 

The Saint-Venant equations are solved in ‘discharge–cross-sectional area’ vari-
ables (q – ω), which allows to write the finite-difference scheme in almost divergent 
(almost conservative) form. Namely, all terms of equations (1-2), except of the term 
describing work of hydrostatic force, are approximated in divergent form similar to 
(Ostapenko 1993). Such approach allows obtaining an efficient numerical method, al-
lowing simulation of rapidly changing flow with high precision. 

The algorithm based on Saint-Venant equations written in characteristic form 
(Atavin 1975, Stoker 1957) was developed for numerical realization of border condi-
tions. 

The uniform grid was used and the time step was automatically chosen each 
time to provide stability of the finite difference scheme (the Courant number had to 
be not greater than 1). 
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4. Simulation results and conclusion 

In this work the 19.4 km long Ob River reach limited by section 200 m downstream 
Novosibirsk HPP dam, and section of Novosibirsk river gauge situated in the central 
part of the city, is under consideration. The scheme of this reach is given at Fig. 1. 
The right-bank and left-bank river intakes situated at 1 km and 12 km distance down-
stream dam, respectively, were chosen for analysis. Farther they will be designated as 
intakes № 1 and № 2. 

The only noticeable tributary at the considered reach of the Ob River is river 
Inya, but its discharge and distributed discharge were not taken into account in these 
simulations because of their relative smallness in the considered period of time. 

Fig. 1. Ob river reach under consideration. 
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The constant discharge Q, corresponding to its mean value during the period of 
simulation, and water level z, uniformly decreasing along the river, were given as ini-
tial conditions. Then, simulation with constant discharge at the inflow section, corre-
sponding to its initial value, was performed until achievement of steady state (as prac-
tice showed, steady state is achieved in a few hours). Then discharge at the inflow 
section began to change according to its hydrograph. 

In Fig. 2 the dotted line (1) displays the simulated profile of water level along 
river under constant discharge 1300 m3/s under roughness factor values defined by 
bed character, and solid line (2) – the same profile, but obtained under specified val-
ues of roughness factor. Here daggers designate the measured values of water level. 
The lower solid line designates the bottom level along the line of greatest depths. This 
figure shows that, as a whole, the used numerical model correctly describes the 
stream flow under roughness factor values, defined by bed character. 

In Fig. 3 the graph of real HPP discharge during March 16-17, 1988, is given. 
By that date the considered reach is usually free of ice, which justifies usage of the 
present stream flow model. During the first day of simulation time (corresponding 
to March 15), the discharge was constant to achieve steady state of stream flow. In 

F
a

 

ig. 2. Simulated water level profile under constant discharge of 1300 m3/s under initial (1)
nd specified (2) values of roughness factor.
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Fig. 3. HPP discharge graph at March 16-17, 1988. 

Fig. 4 the graphs of water level near intakes № 1 (A) and № 2 (B) under such dis-
charge are given. Here the dotted lines designate the inlet levels. 

In this case, the normal water level condition of intake № 1 is not provided 
once a day during 1 hour 10 minutes – 1 hour 40 minutes and at that time the water 
level falls up to 13-14 cm below the necessary one. The water level at intake № 2 
continues to be acceptable, but close to critical. We see that under such graph of dis-
charge, the uninterrupted work of intake № 1 is not provided in spite of the fact that 
the mean discharge is 918 m3/s, which is more than 2 times bigger than the sanitary 
norm, and minimum discharge is 276 m3/s, which is also more than the value of 
240 m3/s, allowed for daily regulation (the maximum discharge is 2593 m3/s). 

The simulations with cyclically changing HPP discharge with 450 m3/s mean 
value (minimal sanitary discharge for winter conditions) and 12 hours oscillation pe-
riod were also undertaken. The amplitude of oscillation was 10%, 20% and 50% of 
the mean value. Already at the 20% discharge oscillation, the normal water level con-
dition of intake № 1 is not provided 2 times a day during 4 hours and at that time the 
water level falls up to 7-8 cm below the necessary one, and at 50% discharge oscilla-
tion, the water level at intake № 2 is critical 2 times a day during 2-3 hours. 
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Fig. 4. Simulated water level graphs at intakes № 1 (A) and № 2 (B) during March 16-17 
1988. 

The given simulations show the importance of accounting for impact of daily 
regulation of Novosibirsk HPP discharge on water supply of Novosibirsk and the ne-
cessity of additional research on choosing allowable conditions of daily regulation of 
discharge during winter low-water period. 
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Abstract  

One-dimensional Fickian dispersion models such as the advection diffusion 
equation (ADE) are commonly used to analyse and predict concentration distri-
butions downstream of contamination events in watercourses. Such models are 
only valid once the tracer had entered the equilibrium zone. This paper com-
pares previous theoretical, experimental and numerical estimates of the distance 
to reach the equilibrium zone with new experimental values, obtained by exam-
ining the change of skewness in a tracer profile, downstream of a cross-
sectionally well mixed source. Closer agreement was found with Fischers’ theo-
retical estimate than prior experimental and numerical studies. 

Key words: environmental hydraulics, longitudinal mixing experiment, advec-
tion diffusion equation, advective zone. 
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Abstract  

In the paper, flow routing process in a river system within the context of 
real-time flood forecasting is discussed. Adaptation of St. Venant model for 
peak flow forecasting in a river system with the presence of uncontrolled inflow 
was introduced. The principal idea of the presented approach is to separate fore-
cast of the peak flow discharge from the peak occurrence time. An illustrative 
example based on historical flow data taken from Raba river demonstrates the 
efficiency of the presented method.  

1. Introduction 

In recent years, more and more floods are observed in the same regions of the world. 
These floods constitute the threat for urbanized area and for people living there. Effi-
cient management of flood protection system and flood warning system requires effi-
cient real-time flood forecasting in a river system. In the paper, a method of real-time 
peak flow forecasting in the outlet cross section is described. This approach to fore-
cast is based on measurements at the gauging stations of the river system and applica-
tion of one dimensional hydrodynamic model (St. Venant model). Within the 
approach proposed by the present author, attention is focused on uncontrolled lateral 
inflow impact.  

The real-time catchment outflow forecasting is based on rainfall-flow relation 
or flood routing models. If meteorological rainfall forecasts are available, they may 
be introduced as input data for hydrological models in order to increase the lead time 
value; however, this kind of forecast is not so accurate (Young et al. 2000) as the ones 
based on direct flow measurements in the gauging stations. In the cases of lowlands 
and sometimes also in downstream parts of highlands catchment, flood routing data 
could be sufficient to achieve flow forecasting that is reliable and accurate enough. 



 

 
For this purpose, we can use empirical relations between delayed flow variables 
measured in the inlet and outlet gauging stations or flood routing models combined 
with updating techniques.  

Empirical models are often efficient in real-time forecasting because they allow 
to incorporate errors involved with unknown input variables (uncontrolled inflows) 
and these models usually do not require data describing river system characteristics. 
On the other hand, hydrodynamic models offer the whole time series forecast instead 
of a single time average value. This feature is especially valuable for determining the 
peak flow occurrence time. 

2. Flow forecasting approach 

The river system with inlet gauging stations located at upstream end of the main river 
channel and downstream ends of tributaries is considered. The assumption was made 
that the uncontrolled uniform lateral inflow occurs along the main river channel. The 
purpose is to obtain updated forecasting of peak flow at outlet cross-section. To 
achieve this purpose, two stages of procedure on the basis of St. Venant model appli-
cation is proposed. At the beginning, time of peak flow occurrence is determined 
(Peak Timing Procedure) and the next stage is to determine peak discharge value 
(Peak Discharge Procedure). 

The St. Venant model could be introduced as follows (Szymkiewicz 2000): 
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where: t = time; x = longitudinal coordinate; Q = flow discharge; Z = water level; 
q = lateral inflow rate; A = wetted flow area; sf = friction slope. 

The following notation was introduced: T1 = time of peak flow occurrence in 
the inlet cross section located at the main river channel; T2 = time of peak flow occur-
rence in the outlet cross section; T2" = forecasted peak flow occurrence time at the 
moment Tp∈(T1, T2); Tb = period of time in which Tb > T2 . The numerical solution of 
Eq. (1) is adopted for real-time flow forecasting at the outlet cross-section, according 
to the following procedures: 

Peak Timing Procedure 
1. Determination of model’s actual initial state at moment Tp in the form of 

Eq. (3), based on the measured actual input-output flow variables and past ini-
tial state at the moment Tp – ∆t . 
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2. Upstream boundary condition was set as a discharge time series in period of 

time (Tp, Tb) extrapolated from measured time series by polynomial function 
(for the flows from falling limb of hydrograph) or by constant flow value 
taken from the while Tp at inlet cross-sections with time interval ∆t (at this 
stage, uncontrolled inflow is not included). 

3. Downstream boundary condition setting as a rating curve or the Manning for-
mula. 

4. Application of St. Venant model for time series calculation in the outlet cross 
section in period of time (Tp, Tb) and calculation of peak flow occurrence time 
estimate T2'. 

5. Correction (∆T2') of T2' value due to uncontrolled inflow impact. Observed val-
ues of T2 taken from historical hydrographs are compared with calculated val-
ues T2' to determine correction ∆T2' and its relation to inlet or outlet peak flow 
discharge. Calculation of T2" = T2' + ∆T2'. 

Peak Discharge Procedure 
1. Initial condition setting for the moment Tp in the form of Eq. (3). 
2. Setting of upstream and downstream boundary condition in similar form as 

previously, but the lateral inflow calculated within period of time (Tp, T2') was 
added (Section 2.1). 

3. Application of St. Venant model for discharge series forecasting in outlet cross-
section within period of time (Tp, T2'). 

To estimate uncontrolled lateral inflow within the period of time (Tp, T2'), it is 
necessary to introduce the error model. This model is often expressed in the form of 
autoregressive process (Madsen et al. 2000); it allows for prediction of future error 
values based on the calculated past time series. 

2.1 Calculation of uncontrolled lateral inflow time series 

There are several ways to achieve uncontrolled inflow estimation. It is possible to in-
corporate uncertainty about dynamic model and measurement which would lead to 
stochastic modeling (Fread et al. 1993). If dynamic model is plausible enough and in-
termediate gauging stations are available, there is an opportunity for inverted solution 
of St. Venant model equations to achieve actual vector of flow variables in the form 
of Eq. (3) together with uncontrolled inflow values (Szymkiewicz 2000). The easiest 
way for inflow estimation consists in storage equation solution. Within this approach 
parts of river channel between two gauging stations could be treated as a reservoir. 
The uncontrolled inflow could be approximated by the following equation: 

1
1
i ii i

i m

R Rq Q
t

+ −
= − +

∆
Q  (2) 
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where: i = index of discrete time; Q1 = measured (calculated) discharge at upstream 
cross section; Qm = measured (calculated) discharge at downstream cross section; q = 
uncontrolled inflow discharge; R = storage value; ∆t = interval of time between suc-
ceeding measurements. 

Storage R is calculated for known water level measurements and based on 
available channel geometric data. Inlet and outlet discharges are assumed to be con-
stant within period ∆t and could be evaluated by Manning formula or by rating curves 
if they are available. 

2.2 Model initial state updating 

For intermediate cross-sections (Fig. 1), vector of flow variables is calculated based 
on numerical solution of St. Venant model equations for: given (previously calcu-
lated) lateral inflow discharge, measured inlet discharge and initial condition. The 
vector of variables has the following notation: 

( ) 2 3 1 2 3 1, ,.., .., , , ,..., ,...,[ ]p p p p p p p pT T T T T T T T
p i m iQ T Q Q Q Q Z Z Z Z−= m−  (3) 

where: m = number of cross-sections,  = discharge at cross section i at moment 

T

pT
iQ

p;  = water level elevation at cross section i at while TpT
iZ p. 
 

   q L

∆ X   Direction of flow 

Tp
 
 
 
 
 
 

 
 Tp    Tp         Q 3 Tp        Q4  Tp      Qm

TpTp       Q 2        Q m - 1Q 1    

Fig. 1. Space discretization scheme. 

3. Application example 

The example is concerned with simulation of real-time hourly flow forecasting in the 
outlet cross-section of Raba subcatchment (Fig. 2). Raba is a Carpathian river which 
inflows to Vistula river (one of the main rivers flowing through Poland). Subcatch-
ment of Raba taken for analysis is downstream part between Dobczyce reservoir 
cross-section (60.1 km) and Proszówki gauging station (21.7 km). The catchment area 
is equal to 702 km2, average channel bottom slop is 0.14%. There are eight small 
tributaries from which Stradomka river is the biggest. At the outlet cross-section of 
Stradomka there is gauging station Łapanów.  
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Flood routing time between boundary cross sections is changing from 4 to 12 

hours, depending on the peak flow value at outlet station (Proszówki). Average per-
centage of uncontrolled inflow determined on the basis of historical flood events is 
about 20% of total outflow. This uncontrolled lateral inflow is very weakly correlated 
with inlet 1 (Fig. 2) inflows (R2 = 0.39). 

Hec-Ras 3.1 program and Excel spread sheet were used for calibration and 
validation  of forecasting model. The four-point implicit schema is applied to solve 
numerically Eq. (1) within Hec-Ras 3.1. The number (m) of cross-sections used in the 
numerical example is 405. 
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Fig. 2. Raba subcatchment scheme. 

The historical data used for calibration and validation are in the form of one 
hour average discharge hydrographs observed at inlet and outlet cross-sections. 

3.1 The model calibration 

The first stage is concerned with Manning coefficient estimation on the basis of his-
torical events from the years 1991 (peak discharge at Proszówki = 320 m3/s) and 1996 
(peak discharge at Proszówki = 580 m3/s). In these cases, Manning coefficient cali-
bration (n = 0.03) was preceded by uncontrolled inflow determination. Root mean 
square error (RMSE) of simulated discharge hydrograph was used as an objective 
function. Optimization was realized by trial and error method. The second stage is 
concerned with the model error identification and calibration. The first order AR 
model has similar RMSE value as higher order models calculated for the data, and 
that is why it was chosen (Eq. 4) for uncontrolled inflow prediction. Although the co-
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efficient value is optimal in respect of error process explanation, it is not necessarily 
optimal in respect of peak flow forecast accuracy at the outlet cross section. On the 
basis of forecast simulations for historical flood events, a constant value of inflow-
error within lead time period was found more efficient for peak flow forecast accu-
racy. Correction of peak timing (∆T2') was assumed to be one hour if peak discharge 
at inlet cross section (Dobczyce) was greater than 350 m3/s, otherwise no correction 
was introduced. 

1 0.95i iq q+ = ⋅  . (4) 

3.2 The model validation 

Three historical flood events from the years 1994, 1995, and 1997 were used for 
model validation. Forecasts simulation was started whenever peak flow at inlet cross-
section was observed. With every hour the forecast was updated and lead time value 
was decreased every one hour automatically.  

Although the target of forecast was peak flow, dynamic modeling allows for 
discharge time series calculation previous to the peak (within lead time period). Re-
sults of high flow time series forecasting simulations for flood in the year 1997 are il-
lustrated in Fig. 3. The range of lead time (3-10 hours) is changing with respect to 
flood events (Table 1) and its maximum value corresponds with peak flow routing 
time value.  

The peak discharge relative error (PDE) and the right side peak time shift error 
values (RTS) are presented in Table 1. Results show that if lead time value is less 
than 67% of peak routing time, errors values are acceptable and they do not exceed 
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Fig. 3. Results of  test flow forecasting at Proszówki cross-section for flood in the year 1997. 
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10.1%. Peak timing in the historical cases from the years 1996 and 1997 at Proszówki 
station (Q > Q20%) are accurate enough, although in the cases of middle peak flow 
(cases from the years 1991 and 1995) values, it is not possible to get peak timing 
properly in the described way. 

Table 1 

Values of forecasted peak discharge, Qp , at Proszówki cross-section and the errors values: 
PDE (peak discharge error), RTS (right side time shift error) 

Lead time 
[hours] 10 9 8 7 6 5 4 3 

Qp  [m3/s] 547.26 547.26 655.91 683.35 695.86 708.23 738.56 719.97 
PDE [%] 25.0 25.0 10.1 6.4 4.7 3.0 1.2 1.4 1997 
RTS  [h] -2 -2 2 2 1 -1 -1 -1 

 
Qp  [m3/s] 542.69 542.69 579.13 579.16 590.07 599.65 579.23 585.09 
PDE [%] 6.6 6.6 0.3 0.3 1.6 3.2 0.3 0.7 1996 
RTS  [h] 0 0 0 0 0 0 0 0 

 
Qp  [m3/s] - - - 313.47 313.47 313.47 332.43 332.43 
PDE [%] - - - 7.2 7.2 7.2 3.9 3.9 1995 
RTS  [h] - - - 2 2 2 3 2 

 
Qp  [m3/s] - - - - - - - 361.1 
PDE [%] - - - - - - - 0.4 1994 
RTS  [h] - - - - - - - 2 

4. Conclusions 

The individual flood routing model makes it possible to forecast the flow effectively 
in parts of catchment where direct meaningful surface outflow caused by rainfall does 
not occur. This situation happens usually in lowlands catchments, however the results 
of forecasts simulations presented in the paper have shown that there is a possibility 
to achieve accurate enough forecast also in downstream part of some highland catch-
ment, without any rainfall data, in spite of meaningful uncontrolled inflow occur-
rence. 
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Abstract  

In the paper the results of the sensitivity analysis of the rainfall-runoff model 
are presented. Calculations were made on the basis of the nonlinear reservoir 
model. The influence of the three basic catchment parameters – roughness, 
length and slope on the outflow hydrograph – was investigated. It was noticed 
that in the assumed range of parameters the time to the peak outflow is inde-
pendent of their values. The time to peak is influenced by the rainfall hyeto-
graph shape. The peak outflow depends on a certain combination of catchment 
parameters called the catchment characteristic. The impact of this characteristic 
depends on rainfall properties. The obtained results allow to develop the for-
mula to estimate rainfall characteristic influence on the peak outflow without 
a need of the rainfall-runoff model application. 

1. Introduction 

The use of a rainfall-runoff model requires adjusting of its parameters values in the 
model calibration process (Lei and Schilling 1998). This adjusting of parameters val-
ues is performed on the basis of an agreement between model output and measure-
ment results. A calibration can be done “manually” by a trial-and-error method or us-
ing an optimisation procedure (Boyle et al. 2000). In both methods a preliminary 
determination of the range of parameters variability is needed. This range depends on 
physical interpretation of the parameter. A sensitivity analysis is often combined with 
calibration because it allows an estimation of parameters influence on the model out-
put. In calibration process, only parameters with significant impact on model output 
should be taken into account (Lei et al. 1999). 



 

 
Among all parameters of the rainfall-runoff model the ones describing imper-

vious areas play an important role. Due to the high percentage of impervious surfaces 
in urban catchments these parameters dominate in runoff computation. An outflow 
from pervious surfaces occurs only if the rainfall intensity exceeds a retention capac-
ity of these areas. An impervious area is characterised by roughness coefficient n, 
slope s, length (flow path length) L and hydrological losses connected with detention 
storage and wetting of the catchment surface. This kind of hydrological losses appears 
at the beginning of the rain event, thus their impact on the remaining part of hyeto-
graph and the runoff hydrograph resulting from it is relatively small. The outflow hy-
drograph shape is influenced by the parameters describing geometry and hydraulic 
properties of the catchment – its roughness, slope and length. 

In the paper, an alternative approach to traditional sensitivity analysis is pre-
sented. In the traditional sensitivity analysis an impact of each parameter is investi-
gated by performing simulations of runoff for the assumed range of parameters. It 
was shown in the paper that in a nonlinear reservoir model the form of outflow hy-
drograph depends on a certain combination of parameters called the catchment char-
acteristic C. Consequently, results of the sensitivity analysis of runoff from an urban 
catchment computed by the nonlinear reservoir model on the catchment characteristic 
C are presented. Within this analysis an influence of the catchment characteristic C on 
the peak outflow QMAX and the time to peak TTP is investigated. A rainfall character-
istics influence parameter ε is developed to combine an influence of four main pa-
rameters of rainfall on the peak outflow. It allows to extend the sensitivity analysis of 
the runoff described above on rainfall events. 

2. The nonlinear reservoir model 

2.1 The basic equations of the model 

The nonlinear reservoir model can be described as a simplified form of the kinematic 
wave model. In the method of runoff calculation applied to this model, a catchment is 
treated as a rectangular channel with bottom slope s, roughness n, width B and depth 
h. An outflow from a catchment is computed as an unsteady flow in a channel with a 
lateral inflow equal to an effective rainfall. The kinematic wave model is described by 
a set of two equations (Chow 1964, Szymkiewicz 2000): 

• the continuity equation 

q  
x
Q

B
1  

t
h

=
∂
∂

⋅+
∂
∂  (1) 

where: B = catchment width [m]; h = runoff water layer depth [m]; q = rainfall inten-
sity [m/s]; Q = outflow rate [m3/s], t = time [s]; x = longitudinal coordinate [m]. 
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• the momentum equation, according to which the bottom slope s is equivalent 
to the friction slope S 

S  s =  (2) 

where  s = catchment slope [-]; S = friction slope [-]. 

 These relations can be treated as a specific form of de Saint-Venant equations 
in which the momentum equation is simplified by neglecting the inertia and the pres-
sure forces. Consequently, this equation is reduced to the steady flow formula and can 
be rewritten as in the form of Manning relationship: 

3
5

h
n
sB  Q ⋅⋅=   (3) 

where  n = Manning’s roughness coefficient [s/m1/3]. 

 The continuity equation (1) describes the changes of water layer depth along 
a flow path (catchment length) in time. In practical applications calculations are often 
limited to one cross-section located at the end of a catchment. Thus, this equation can 
be simplified to an ordinary differential equation: 

q  
A
Q  

dt
dh

=+   (4) 

where  A = catchment area [m2]. 

 Substituting relation (2) for Q, the continuity equation can be written as: 

q  
Ln
hs  

dt
dh 3

5

=
⋅
⋅

+   (5) 

where  L = catchment length (runoff path length) [m]. 

 This equation is known as the nonlinear reservoir equation and can be solved 
iteratively, e.g. by means of Newton method assuming the initial condition tO and the 
boundary condition hO. 

2.2 The catchment characteristic C 

The three parameters describing catchment properties: roughness n, slope s and length 
L occur in both kinematic wave model equations (Huber and Dickinson, 1992). They 
can be aggregated to give an expression called the catchment characteristic C: 

Ln
sC

⋅
=   (6) 

where  C = catchment characteristic [s-1⋅ m-2/3]. 
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 Using the catchment characteristic defined above, the continuity and the mo-
mentum equations can be written as follows: 

q h C  
dt
dh 3

5

=⋅+   (7) 

3
5

hCA  Q ⋅⋅=   (8) 

A change of catchment parameters values without change of the catchment character-
istic value does not influence the model output. There are many sets of catchment pa-
rameters fulfilling relations (7)-(8). Determining an optimal set of catchment parame-
ters in a calibration process requires an estimation of parameter variability limits. The 
range of parameters is confined by physical conditions. 

3. The sensitivity analysis of runoff 

3.1   The scope of analysis 

The sensitivity analysis was carried out in order to determinate the influence of the 
catchment characteristic C value on a runoff hydrograph form. It was assumed that 
the runoff hydrograph is described by two parameters – the time to peak outflow 
(TTP) and the peak outflow QMAX. 

Calculations were performed for the artificial impervious catchment of 1.0 ha 
area. Hydrological losses were neglected, so rainfalls can be identified with effective 
rainfalls. Within analysis, 104 historical rain events recorded in the city of Poznan in 
years 2002-2004 were used. Rainfall measurements were performed at two gauging 
stations equipped with tipping bucket rain gauges. The following ranges of the 
catchment parameters values were assumed: 

• roughness n 0.010-0.030 [s/m1/3] 
• length L 50-150  [m] 
• slope s 0.001-0.100 [-] 

Thirty combinations of these parameters were used for the computation of the catch-
ment characteristic C which was located in the range from 0.022 to 0.316. The next 
stage of analysis was performed for characteristics from these intervals. 

3.2   The influence of catchment characteristic C on time to peak outflow (TTP) 

The time to peak depends on a rain hyetograph representation. The nonlinear reser-
voir model requires rain data in a discrete form. A rainfall is represented by a set of 
impulses with the duration τ and the intensity q or the depth H. 

It was observed that the time to peak is always equal to the time of the end of 
a certain rain impulse in a hyetograph. Most often this is the maximal rainfall inten-
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sity (or the maximal depth). Hence the time to peak outflow is a function of the rain-
fall time resolution τ. 

No influence of the catchment characteristic C on the time to peak outflow 
(TTP) was noticed in the assumed range of C values, i.e. for the majority of analysed 
rain events the time to peak was the same regardless of the characteristic C value. 
A change of TTP took place in two cases: 

• If several rainfall impulses with the same or similar intensity (depth) domi-
nated the hyetograph, the time to peak outflow was located in the range of 
these impulses (Fig. 1a). 

• In a multi-peak hyetograph the outflow peak optionally “jumped” from one 
rainfall peak to another (Fig. 1b). 

In both situations the time to peak was always a multiple of the rainfall time resolu-
tion τ. 

Fig. 1. The graphical interpretation of time to peak outflow (TTP) variability. 

3.3   The influence of catchment characteristic C on the peak outflow QMAX 

The peak outflow QMAX can be expressed as a function of the catchment characteristic 
C by the following power equation: 

ε⋅ω= CQMAX   (9) 

where ε, ω are the power equation coefficients [-]. 

The coefficient ω is a measure of the absolute outflow value. First of all, it de-
pends on rainfall intensity and will not be analyzed in further parts of this paper. The 

  

Marzena
Tekst maszynowy
133



 

 

exponent ε is a measure of catchment characteristic C influence on the peak outflow. 
If this influence is weak, the exponent value is close to zero and the whole expression 
Cε is approaching unity. The ε value equal to unity indicates a linear relationship be-
tween the catchment characteristic C and the peak outflow. 

It was observed that the influence of catchment characteristic C on peak out-
flow depends on individual rainfall properties, which are expressed by the exponent ε. 
For the considered 104 rain events, values of the exponent ε were located in range 
from 0.0654 to 0.7794. The mean value of ε was equal to 0.4285. 

Combining the catchment characteristic (Eq. (6)) with power relation (Eq. (9)) 
yields the following equation (10) which enables, after some rearrangements (Eqs. 
(11)), to determine an impact of individual catchment parameters on the peak out-
flow: 

ε
ε
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⎝

⎛
⋅
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Ln

1n
L
sL

n
sQ   (11) 

The influence of catchment roughness n and length L represented by the expo-
nent ε is equal to each other but the impact of slope s is less by half. It should be no-
ticed that in literature other parameters than the ones mentioned above are pointed as 
the most important for runoff modelling (Zaghloul 1981, Kowalska and Prystaj 1996, 
Lei et al. 1999). This can be a result of taking ranges of parameters variability differ-
ent from those assumed by authors. For instance, assuming a narrow range of parame-
ter variability can diminish its impact on the peak outflow. 

The sensitivity analysis of the peak outflow QMAX on the catchment characteris-
tic C makes it possible to estimate an influence of each parameter. It was also con-
firmed by an analysis performed by the author (Skotnicki 2006). 

4. The relation between rainfall parameters and exponent ε of power equation 

An analysis of the exponent ε calculation performed for 104 rainfalls for selected val-
ues of C allows to formulate the following conclusions: 

• For rain events of long duration with small variability of intensity in time the 
values of the exponent ε are also small. In the extreme case of uniform rain-
fall intensity, the runoff is constant. Its value is equal to the product of 
a catchment area and a rainfall intensity. 

• The largest values of exponent ε were observed for the rain events with the 
significant dominating peaks. 
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Knowledge about the impact of rainfall parameters on the peak outflow can be 

used in the rain event selection for model calibration. A small value of the exponent ε 
implies a small sensitivity of the peak outflow on changes of these parameters. Crite-
rion of accepted accuracy of QMAX evaluation is fulfilled in this case for a broad range 
of catchment parameters – too wide to determine the relatively narrow range required 
for calibrated parameters. It refers to the statement of Schilling that the aim of calibra-
tion is to establish a set of parameters or their range, possibly narrow. Thus, rainfalls 
characterized by a small value of the exponent ε are not useful in the model calibra-
tion. The influence of the rainfall parameter on model output can be investigated by 
sensitivity analysis. Instead of traditional sensitivity analysis which requires applica-
tion of special mathematical tools based on FOSM or Monte Carlo methods devel-
oped at computer models used for performing large number of simulations (e.g. in 
Monte Carlo method) a simple method for rain parameter influence estimation is pro-
posed. It is based on developing relationship between rainfall parameters and the ex-
ponent ε which combines influences of a rainfall event i.e. all rainfalls parameters on 
the peak runoff. It allows to estimate rainfall parameters influence on the peak runoff 
without necessity of computation, i.e. without application of any rainfall-runoff 
model.  

By derivation of this relationship, the following assumptions were made: 

• The formula describing the relationship will be developed for performing 
a simplified version of the sensitivity analysis, results of which can be less 
accurate than results of a full sensitivity analysis based on simulation of rain-
fall-runoff process. 

• The rainfall parameters introduced in the formula should have unique inter-
pretation and should be easy to determine. 

• The formula should be simple and easy to practical use. 

Taking into account the assumptions specified above, four rainfall parameters were 
chosen: 

• the total rainfall depth H [mm], 
• the rainfall duration time T [min], 
• the ratio of maximum to mean rainfall intensity qMAX/qAV [%], 
• the relative time to peak rain intensity tM [-]. This time is defined as ratio of 

initial time of peak rainfall impulse to the total rainfall duration time. In the 
case of a multiple peak, the first impulse is taken into consideration. 

A linear function was chosen to describe the relation between the exponent ε 
and rainfall parameters: 

ϕ+⋅δ+⋅γ+⋅β+⋅α=ε MAV/MAX tqTH   (12) 

where α, β, γ, δ,ϕ are the regression equation coefficients [-], 
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Parameters α, β, γ, δ, ϕ were computed using multiple linear regression tech-
nique. It required evaluation of the exponent ε, which was performed within analysis 
based on the set of 104 rain events and the nonlinear reservoir model. Ranges of rain 
parameters used in the analysis are shown in Table 1. 

Table 1 

Ranges of rain parameters used in the analysis 

Rainfall parameter Measurement 
sets H [mm] T min qMAX/AV [-] tM [%] 

Range 3.0-30.6 10-100 1.0-7.8 5-100 
Subset A 

Average 6.8 62.6 3.2 33.4 

Range 3.0-10.0 10-100 1.3-5.6 5-93 Subset B 
(verification) Average 5.1 64.9 2.7 32.0 

 
The whole set of rainfall measurements consists of two subsets. Subset A con-

taining 54 rain events recorded at one gauging station was used for determination of 
regression coefficients in Eq. (12). For this purpose the Excel spreadsheet was used. 
The verification of the derived equation was performed using the 50 rainfalls (sub-
set B) recorded at second gauging station. An application of the procedure described 
above resulted in the following form of Eq. (12): 

6.0H01.0)tT(03.0q05.0 MAV/MAX +⋅−+⋅−⋅=ε   (13) 

The mean relative error of exponent ε evaluation for subset B amounts to 30%. 
The mean absolute error is 0.10 and the mean exponent ε value is equal to 0.41. This 
level of exponent ε accuracy can be assumed as satisfactory keeping in mind the as-
sumption about the simplified version of the proposed sensitivity analysis. 

5. Conclusions and remarks 

• The impact of the catchment characteristic C as well as individual catchment 
parameters on runoff hydrograph depends on rainfall characteristics. 

• For an individual rainfall the influence of basic catchment parameters on 
QMAX depends on the type of parameter. The value of the exponent ε, which is 
a measure of this influence, is the same for roughness n and length L and less 
by half for slope s. 

• The time to peak outflow depends on a rainfall hyetograph shape and its 
value is a multiple of rainfall time resolution τ. Hence, the precise reproduc-
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tion of time, and for large catchments also spatial variation of the rainfall is 
required for proper modelling of runoff. 

• The introduction of the catchment characteristic C reduces the number of 
catchment parameters from three to one without loss of model properties. In-
formation about model sensitivity for one parameter allows to determine the 
sensitivity for the remaining two parameters of the catchment. 

• The developed formula for exponent ε calculations (eq. 13) allows to estimate 
rainfall parameters influence on the peak runoff without necessity of the rain-
fall-runoff model application.  
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Abstract  

Three-layer sediment transport model was originally developed for hydrody-
namic conditions induced by waves and currents in coastal zones (Kaczmarek 
1999). With some modifications, the model can be applied for the description of 
transport and vertical sorting of graded sediment in rivers. Both theoretical ap-
proach and some chosen results of the study are presented in the paper. 

1. Introduction 

Three-layer sediment transport model was developed for the hydrodynamic condi-
tions of coastal zone (Kaczmarek 1999). A lot of calculations and comparisons with 
experimental data show that for intensive transport conditions the model gives good 
results (Kaczmarek et al. 2004a). Following Kaczmarek et al. (2004b) and Sobczak 
(2005), the model is being applied for the description of sediment transport in rivers. 
The paper presents details of mathematical description and some chosen results of 
calculations. 

2. Mathematical model 

2.1 Sediment transport 

Knowing the concentration profile c(z) and velocity profile u(z) of sediment, the 
transport over depth h is calculated on the basis of the following equation: 



 

 

0

( ) ( )
h

q u z c z d= ∫ z

tive velocity and concentration. The profiles of representative velocity u(z') and con-

 , (1) 

2.2 Description of vertical sorting and transport of graded sediment in rivers 

Following Kaczmarek (1999), sediment transport column is divided into three layers: 
bed, contact and outer layer (Fig. 1). Concentration and velocity profiles of sediment 
are described using different equations in each layer, due to different character of 
transport processes. 

It is assumed that in the bed layer, because of the interaction effects between 
closely packed grains, finer fractions are retarded and, as a result, all fractions move 
as a mixture, with the same velocity and concentration. Further, upward from the bed, 
as a consequence of mechanisms of momentum exchange inside the contact layer, all 
fractions move with different transport rates. Thus, the above approach describes the 
situation when the most intensive sorting takes place during the pickup processes. Af-
ter that, in the outer layer, it is assumed that the grain size distribution remains fairly 
constant. 

Fig. 1. Three-layer description of sediment transport. 

1. Bed layer 

It is assumed that the individual fractions, contained by the elementary volumes, 
closely interact with each other, i.e. fine grains are retarded by less mobile coarser 
ones. Consequently, all fractions are moving as a mixture with the same representa-
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centration c(z') in the bed layer are proposed to be found from the set of equations (2) 
and (3). The hydrodynamic conditions and shear stress, being main reason of particles 
movement, are represented by friction velocity uf. Original equations were derived by 
Kaczmarek (1999). Recently, the equations were modified by addition of gravity 
components acting on sediment particles, considering the bed slope inclined by an-
gle ξ. The approach origins from theory of Sayed and Savage (1983), developed for 
the flow of dry granular material on the slope. 

( )
2⎛ ⎞0 20

1
0

sin sin 2 sin
z

f s
m

c c u u g cdz
c c z

α ϕ ψ µ ρ ρ ρ ξ
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∫ cdzξ  (3) 

where: z' = local vertical spatial coordinate for the bed layer; ρ = density of fluid; ρs = 
density of sediment; α0 = constant described in (van Rijn 1993); cm = maximum con-
centration of the bed sediment; c0  = concentration of sediment at the theoretical bed 
elevation;  ϕ = quasi-static angle of internal friction; ψ = angle between the major 
principal stress and the horizontal axis (Kaczmarek et al. 2004b); µ0,2, µ1 = functions 
of the concentration, expressed by (Sayed and Savage 1983) and (Sobczak 2005); 
ξ = angle corresponding to the bed slope.  

π ϕ
4 2

ψ = −  (4) 

1
2 1

0.03
( )s md c c
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ρ

=
− .5  (5) 

0,2
2 1

0.02
( )s md c c

µ
ρ

=
− .75  (6) 

where: d = representative diameter of sediment (d50  in case of graded sediment). 

ted: 
α0/(ρs 
s

differences  between  the calculated  concentration profiles  in the range  of small bed 

For the calculations the following values were assumed and tes
gd) = 1, cm = 0.53, c0 = 0.32  and  ϕ = 24.4°. The set of equations (2) and (3) is 

olved using iteration with numerical integration. Friction velocity uf  is calculated on 
the basis of the procedure presented by Sobczak (2005). The flow velocities can be 
taken directly from the measurements, like in the present study, or as a result of calcu-
lations (e.g. from de Saint-Venant equation set). The example of concentration pro-
files in the bed layer for the same particle diameter and flow conditions (d = 0.4 mm, 
uf = 0.12 m/s) and for different river bed slopes is presented in Fig. 2. As it is seen, the 
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concentration [m3/m3] 

Fig. 2. Concentration profiles for different river bed slopes (d = 0.4 mm, uf = 0.12 m/s). 

Fig. 3. Velocity profiles in bed layer for different sediment diameters under the same flow
conditions (uf = 0.12 m/s). 
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slopes are not too significant. However, in the case of bed forms, where slope is 
changing rapidly on short distances, the gravity component can be important. 

The examples of velocity profiles in function of dimensionless ratio z'/d for dif-
ferent sediment size under the same hydrodynamic conditions (uf = 0.12) are pre-
sented in Fig. 3. It is seen that the smaller the sediment size, the smaller the thickness 
of active layer. Please note that the vertical ranges of presented curves are: 
5∗0.3 = 1.5 mm, 3.8∗0.5 = 1.9 mm and 2.5∗0.8 = 2.0 mm. 

2. Contact layer 

In the contact load layer, the i-th fraction velocity and concentration are modelled us-
ing the following equations, proposed by Deigaard (1993): 
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wh r; 
cc(z") = sediment concentration in the contact layer; αs, βs = coefficients according to 
Deigaard (1993); cM = added mass coefficient; cD = drag coefficient, l = mixing 
length ; 

ere: z" = local vertical coordinate; uc(z") = sediment velocity in the contact laye

0.4l z zκ ′′ ′′= = κ  = von Karman constant; ν  = kinematic viscosity; s =rela-
tive density of sediment  s = ρr /ρw; ws = settling velocity.  

The continuity of transport is assumed at the boundary between bed and contact 
layers. The values of velocity and concentration in the contact layer at the theoretical 
bed elevation correspond to the calculations in bed layer.  

The thickness of the contact layer is found using van Rijn's formula for salta-
tion height (van Rijn 1993): 

0.7 0.5
*0.3D d Tδ =  (9) 

where: D∗ = dimensionless diameter calculated as presented in (10); T = transport 
stage parameter described by (11). 

( )1/ 32
* ( 1) /D d s g ν= −  (10) 

( )cr crT τ τ τ= −  (11) 

where:  τ = shear stress; τcr = critical shear stress according to Shields. 
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The solution of the set of equations (7) and (8) in the form of velocity and con-

centration profiles is found using numerical iteration.  The thickness of contact layer 
in calculation of sediment transport is limited to the saltation height δ.  

The examples of concentration and velocity profiles for different sediment size 
for the same flow conditions (uf = 0.12 m/s) are presented in Fig. 4. 

 

 

Fig. 4. E ation and velocity profiles in he contact layer for different sedi-
ment diameters. 

concentration [m3/m3] velocity of sediment [m/s] 

xample of concentr  t

described using Rouse for-
mula. 

The results of comp

classes were recorded simultaneously by 
one laser shot at frequency of 1 
to the water surface. This technique allowed us to collect vertical concentration pro-
files for individual fractio
depths hi). Additionally, flow velocities were measured, needed as input for calcula-

3. Outer layer 

In the outer layer the i-th fraction concentration profile is 
It is derived on the basis of advection-diffusion equation. The reference con-

centration is assumed to be equal to those computed at van Rijn’s saltation height c(δ) 
in the contact layer.  

utations versus field data are presented in Fig. 5. Dots rep-
resent measured concentrations of suspended sediment at Lower Vistula River re-
corded in 2003 (km 863+000). Measurements were made using laser particle size ana-
lyser LISST-100. Concentrations of 32 size 

Hz. The device was slowly pulled from the river bed 

ns of graded sediment (simultaneously measured values ci at 

tions of friction velocity uf. 
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Fig. 5. Results of calculations of concentration profile in outer layer (solid lines) versus me-
asured data (dots). 

3. Summary 

Sediment transport in rive escribed with respect to the different transport 
character in different regions over water depth. In the present approach, sediment 

bed line, where no motion of particles appears, and finishing at the 
water surface elevation. Description is made with respect to continuity of concentra-
tio ofiles between layers. 

odelling of vertical sorting, the advantage of the model is the 
capab

rs must be d

transport is modelled as a whole profile in three layers, starting from the elevation be-
low theoretical 

n and velocity pr

Other important feature is the capability of vertical sorting modelling. It takes 
place mostly in the near vicinity of the bed, and it is crucial for the structure of sus-
pended material. Consequently, it is very important for calculations of bed elevation 
changes. Except of m

ility of prediction of reference concentration, which is very important for calcu-
lation of suspended sediment concentration profile. In the present model, it results 
from the continuous vertical distributions of velocity, concentration and sediment 
transport. Thus, the authors believe that the proposed approach will find application 
in practice. 

The next step will be to extend the model to make it capable of morphological 
change prediction, with respect to bed grain size distribution. Knowing changes of 
transport in time, calculations will be done using sediment transport continuity equa-
tion. 
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The work on verification of the model in rivers is being in progress, as well as 

comparisons of total transport calculations with well known empirical formulas e.g. 
Meyer-Peter and Müller, or Skibiński formula. Initial estimates are promising. Details 
of comparisons will be presented in the near future.  
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Abstract  

 The primary objective of flood frequency analysis (FFA) is the esti-
mation of upper quantiles of probability distribution. Because of the fact that 
many natural events, river flows in particular, have a physical lower bound at 
zero, one can doubt whether the lower bound is the best third parameter for 
flood frequency models. Maybe, assuming the lower bound as zero and introduc-
ing a second shape parameter for getting greater flexibility is more adequate? In 
this paper the background and arguments for using two shape parameters instead 
of the lower bound parameter are presented. Three ways of introducing the sec-
ond shape parameter are considered in respect to the commonly used FF models, 
and Gamma distribution serves as an example. Besides, one outlines the selec-
tion procedure of the best fitted probability distribution model for the two com-
peting models, i.e. the three-parameter distribution with lower bound parameter 
and its counterpart, the two-shape-parameter distribution lower bounded at zero. 

1. Introduction 

Flood frequency analysis (FFA) entails estimation of the upper tail of a probability 
density function (PDF) of peak flows obtained from either the annual duration series 
or partial duration series. However, the true underlying distributional form cannot be 
identified either at a single-site or on a regional basis, so the view on the competitive-
ness or goodness of various parameter estimation methods in FFA had changed. Even 
if the true distribution would be known, in all probability, it contains too many pa-
rameters. These parameters cannot possibly be estimated reliably and efficiently from 
a hydrological sample which usually is of relatively small size, meaning that strictly 
such a PDF cannot be applied. Since no simple model can reproduce the data set in its 
entire range of variability and the interest in FFA is in the estimation of upper quan-
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tiles, a statistical approach, based on the assumption of the known true frequency dis-
tribution function, falls short of accuracy of high floods. Then the interest is in the as-
sessment of the ability of various parsimonious models together with estimation 
methods for reproduction of the upper tail of hypothetical parent distributions for hy-
drological sample sizes.  

In order to reflect perennial river flow regime as well as to increase flexibility 
of models in respect to variety of data sets, the lower bound parameter is routinely 
added. It transforms Gamma distribution to Pearson III distribution, Log-logistic dis-
tribution to Generalized Log-logistic distribution, Log-Gumbel to Generalized Ex-
treme Value distribution, and so on. On the other hand, one can observe that many 
natural phenomena have a physical lower bound at zero. Taking into account that an 
interest in FFA is in the estimation of the upper tail of distribution and that the as-
sumed underlying distribution is not correctly specified, one can doubt whether the 
lower bound is the best third parameter for flood frequency models. So, going along 
this line, an introduction of the second shape parameter instead of the lower bound 
parameter (assumed as zero) is suggested in the paper. 

In flood frequency analysis a probability density function (PDF) is selected 
more or less subjectively from among asymmetric PDFs of continuous type. The most 
commonly used in FFA distributions are considered here, namely: Gamma, Weibull, 
Inverse Gaussian (Linear Diffusion), Log-normal, Log-Gumbel, Log-logistic and 
Pareto. The last three of them are ‘heavy-tailed’ distributions, which presently are be-
lieved to be proper probability functions of extreme floods (e.g. Katz et al. 2002). 

1.1 Literature review 

There are only few publications recommending the use of two-shape-parameter mod-
els for extreme events. Rozdestvenskij and Chebotarev (1974), considering Pearson 
type III distribution, recommended replacement of the location parameter by the sec-
ond shape parameter. The same function was used by Polish hydrologist 
Strupczewski (1964) for the approximation of floods wave shapes. Moreover, French 
statistician Halphen proposed in 1941 a family of Halphen distributions which have a 
lower bound at zero and contain two shape parameters. Because of their complex 
form involving Bessel functions and exponential factorial functions, Halphen’s distri-
bution system (Morlat 1956) has remained in obliviation for several years. Recently 
Perreault et al. (1999) revisited the three types of Halphen distributions, finding that 
their flexible shapes and tail properties make them excellent candidates for frequency 
analysis of extremes. Mielke and Johnson (1974) proposed the use of the beta-κ and 
beta-P distributions in hydrology and meteorology. Perhaps due to the computational 
problems the two-shape-parameter models did not come into practice of FFA. How-
ever nowadays, the progress achieved in numerical methods and computers accessi-
bility, all these make applications of such models in FFA possible. 
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2. Arguments for using two-shape-parameter flood frequency distributions 

In the statistical modeling of natural events, river flows in particular, a distribution 
should have a lower bound at zero, because many natural phenomena have a physical 
lower bound at zero and moreover the estimation of a parameter that defines the sup-
port of the random variable often represents technical difficulties. However, to obtain 
greater flexibility to fit a large variety of data sets, adding a second shape parameter 
becomes desirable. 

For any lower bounded at zero two-parameter distributions, in the range where 
the three first moments exist, the skewness (CS) is an increasing function of the varia-
tion coefficient (CV), i.e., for variability range ∞≤≤ x0  the relations ( )S VC Cϕ=  
hold and . The same holds for linear moments /S VC C∂ ∂ > 0 3 ( )τ φ τ=  and 

0/3 >∂∂ ττ . If for a given sample and an assumed PDF the  and  values are 
such that , then the moment estimate of the lower bound parameter will 
get a negative value (

SĈ VĈ
ˆ ˆ( )SC Cϕ< V

)ˆ 0ε <  as well as the estimates of the lower quantiles of the dis-
tribution. Similarly, applying the L-moments technique, if 3 ( )τ φ τ<  then ˆ 0ε <  as 
well as the lower quantile estimates. A large negative value of the lower bound esti-
mate ˆ( 0)ε <<  had been considered (e.g. Rozdestvenskij and Chebotarev, 1974) as an 
evidence of an improper choice of the flood frequency model. Obviously, the true at-
site PDF must not be negatively bounded. Figure 1 shows the relation ( )S VC Cϕ=  for 
various lower bounded two-parameter distributions. Similar relations can be shown 
for L-moment ratios. 
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Fig. 1. Relation Cs vs. Cv for: (1) Gamma; (2) Inverse Gaussian (Linear Diffusion); (3) Log-
normal; (4) Weibull; (5) Log-Gumbel; (6) Log-logistic; (7) Pareto; E Exponential. 
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3. Three ways of introducing the second shape parameter 

Let f(x, α, β) be the PDF of lower bounded at zero distribution, where α and β are the 
scale and shape parameters. There are three ways, Tx, Tf, TF, for adding the second 

nge, i.e.shape parameter. Each of them does not change the variability ra  0 x≤ ≤ ∞ . 

Tx.  Transformation of the variable by putting  x = yn . Then the PDF of y is 

( ) ( )1; , , ; ,ng y n n y f xα β α β−=  (1) 

Tf.  Density transformation by raising f(x,

and the quantiles are related by [ ]1/( ) ( ) ny F x F=  . 

 α, β) to the power: 

[ ] [ ]( ; , , ) ( ; , )) ( ; ,n ng x n f xα β α=
0

f x dxβ α β
∞

∫  . (2) 

TF.  Power transformation of the cumulative distribution function ( ; , )F x α β : 

[ ]( ; , , ) ( ; , ) nG x n F xα β α= β  (3) 

to have  ( 0; , , ) 0G x nα β= =   and  ( ; , , ) 1G x nα β= ∞ = ,  the expo ouldnent n sh  be a 
positive real value. Then the PDF is: 

( ; , ) ;   ng x n n F f x nα β α β−= >

plicitly defined if F(x) has a closed form. 

Table 1 

Distribution function T Tf TF 

[ ] 1( ; , , ) ( ; , ) 0x α β  . (4) 

Note that the PDF [Eq. (5)] will be ex

Feasibility of second shape parameter addition 

x 
Ga + – mma + – 
Weibull – + + – 

Inverse Gaussian + + + – 
L  – og-Normal + + – 
Lo c – g-Logisti + + 
Log-Gumbel – + – 

Pareto + + + 

None of introduci secon hape param
every distribution (Table 1). In some cases, the transformation does not give the sec-
ond shape parameter, i.e. after conversion of the transformed PDF one gets the initial 

the ways of ng the d s eter is feasible for 
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distrib

As an example, the result of the transformation Tx of the Gamma distribution is given 

ution function (marked by “–”); in other cases, the transformation is inefficient 
(marked by “+ –”).  

4. Gamma distributions with two shape parameters  

below: 
( )

( )

1 /

( ; , , ) exp[ ]
m n

m nn
( 1) /

g y m n y y
α

α α
+

= − ⋅  , (5) 
m nΓ +

where 0α > , 0m n⋅ >   and  1m < −   for  0n < . It w ski (19
for approximation of flood hydrographs. For  m, n   all moments exist and 
n = 1  one gets from (5) the Gamma distribution. 

as used by Strupczew 64) 
> 0 for  

Note that for  m, n < 0  one gets (5) as PDF of the heavy tailed distribution. The 
mean exists for  m < –2 , the variance for  m < –3  and so on. For (5) the following 
moments ratios are valid: 

1

2

n
G

G
αµ

−

=  ; 
1

1 3G GCv = −2
2

1
G

; 
( )

1

3 2
2 1 2 3 42 3G G G G G G

Cs
− +

= 3/ 22
2 1 3G G G− +

 ; (6) 

where i
i mG

n
+⎛ ⎞= Γ⎜ ⎟

⎝ ⎠
  a− a function. For  and a x x dx

∞

Γ = −∫   is the gamm

nd 

 1

0

( ) exp( )

n = 1  a  1m λ= − ,  the moments amount to  λ
α

, 1
λ

, 2
λ

, respectively. 

Referring to between the skewness and variability co-
efficients for Gamma distribution (i.e. (5) for  n 1 p nted, the respec

Fig. 1 where the relation 
 = ) is rese tive rela-

tion for various n values is shown in Fig. 2. Note that having µ̂ , ˆ
VC , SC  for a given

sample, one can determine from Fig. 2 the n value and then, using Eq. (6), define m 
and 

ˆ  

α  values. Obviously, applying L-moments instead of ordinary moments would 
be advisable, because the sampling L-moment ratios in contrary rd ry moments 
ratios are not algebraically bounded and are much less biased, but so far L-moments 
for Tx Gamma are not determinate. 

The case of  n = –1  calls for special attention. It defines computationally easy 
two-parameter distribution being less heavy tailed than Log-Gumbel and Log-logistic 
and may be highly competitive in FF

 to o ina

A to other heavy tailed distributions, at the same 
time reconciling advocates and opponents of heavy tailed distributions. 
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formed by Tx. 

5. Model selection 

For a given sample 1 2( , ,..., )Nx x
the two three-parameter 

x , the problem considered is one of choosing between 
models, i.e. one with the lower bound parameter and its 

counterpart – the two shape parameter model. The likelihood ratio and the moment 
ratios can be used for selection. 
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5.1    The likelihood ratio applied for model selection 

The L-ratio procedure is commonly used in FFA for model discrimination. However, 
ncy should be tested for each 
rs and sample sizes, as shown 

lower bound parameter, the kurtosis (CK) can 
 the L-kurtosis (τ4) as the unique 
 diagrams (and the  τ – τ   dia-

before using this approach for the purpose, its efficie
pair of distributions, different values of their paramete
by Strupczewski et al. (2005) and Mitosek et al. (2006). In order to unify the distribu-
tions with respect to parameters, it is convenient to replace the original parameters by 
moments or L-moments, i.e. by the mean, the coefficient of variation (CV) and asym-
metry (CS), or alternatively by the first L-moment (λ1), the coefficient of L-variation 
(τ) and the coefficient of L-skewness (τ3). A real drawback of discrimination proce-
dures is that they usually tend to favor one of two alternative distributions, when the 
sample size is small to moderate large. 

5.2    The moment ratio applied for model selection 

For a three-parameter distribution with 
be expressed as the unique function of skewness, and
function of L-skewness. The  C  – C   moment ratioS K 3  4
grams) are used to identify appropriate distribution for a set of data (e.g. Rao and 
Hamed 2000). The location of the sample estimate with respect to the distributions 
gives an indication of the suitability of the distribution to the data, i.e. 

ˆ ˆ( )K K SC C C∆ = −   or  4 4 3ˆ ˆ( )L τ τ τ∆ = − . 
For a three-parameter distribution with two shape parameters, the kurtosis is 

the unique fu oth the skewness and the variation coefficient. Hence the fit-
odel to the data is 

nction of b
ness of the m measured as ˆC C C C∆ = −  or ˆ ˆ( , )K K S V

4 4 3 2ˆ ˆ ˆ( , )L τ τ τ τ−  and compared with the ∆ or ∆∆ = L of the respective one-shape-
parameter model. 

he probability plots can be also used to evaluate the agreement be-
tween these two distributions and observed data. 

Obviously, t

Taking into account natural and statistical aspects of flood frequency modelling, an 
cond shape parameter instead of the lower bound parameter as-
to be advisable. However, this paper is only preliminaries to de-

6. Conclusions 

introduction of the se
sumed as zero seems 
velopment and implementation in flood frequency modeling of the distributions with 
two shape parameters. Elaborating various estimation methods with their accuracy as-
sessment is recommended. Comparing the fit of the two models to the data by the 
likelihood ratio and the moment ratio one should realize that the superior criterion is 
the performance of Distribution/Estimation procedures in respect to upper quantiles, 
measured by the bias and the Mean Square Error. Obviously, in each case the out-
come would depend on the river flood regime. 
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Abstract  

An appropriate application of the one-dimensional convective-dispersive 
equation for modelling of tracer breakthrough curves depends on the under-
standing of physical phenomena related to solute behaviour at the inlet and out-
let boundaries and at the discontinuities of the system. Questions of the correct 
mathematical representation of the boundary conditions and of the relevant 
tracer injection and detection modes are discussed within the context of tracer 
tests in constructed wetlands. The discussed issues are illustrated by examples 
of tracer tests performed in two constructed wetlands of different types: a sub-
surface flow system and a pond. The appropriateness of the semi-infinite solu-
tion of the CDE for the pulse injection and detection of the tracer in the flux is 
discussed and some questions that require more elaboration are outlined. 

1. Introduction 

One-dimensional convective-diffusive equation (CDE) constitutes a commonly used 
model of conservative solute transport with numerous applications to environmental 
and industrial problems: 

2

2

( , ) ( , ) ( , )C x t C x t C x tD v
t x

∂ ∂ ∂
= −

∂ ∂ ∂x
, (1) 

where C is solute concentration, v is fluid velocity and D is hydrodynamic dispersion 
coefficient. The right hand side of equation (1) represents two processes by which 
solutes are transported in the moving fluid: Fickian-like dispersion and advection with 
the flow. The adequacy of this model for describing solute transport in porous media 



 

 
and in open channels is disputed (e.g. Kennedy and Lennox 2001). Particularly the 
dispersion of solute is non-Fickian in some conditions (cf. Peters and Smith 2001). 
Nevertheless, the CDE seems to be a satisfactory approximation for many practical 
uses. An advantage of this model is the availability, at least for some boundary condi-
tions, of the closed-form analytical solutions which are easy to implement and are 
computationally efficient comparing to numerical schemes. There are, however, many 
misconceptions regarding the application of the CDE model, especially within the 
context of tracer tests performed to derive hydraulic properties of the natural and en-
gineered systems. Many articles do not elaborate on the selection among available 
analytical solutions of the CDE and sometimes the presumed solutions correspond to 
the boundary conditions which are not consistent with particular physical settings. 
Such misconceptions are repeated despite the expansive body of literature published 
over the last 30 years which provides answers to some of these controversies.  

One of the fields where the one-dimensional CDE is often used for modelling 
of solute transport are investigations of the hydraulic performance of constructed wet-
lands. This world-widely used technology is an alternative, cost-effective and envi-
ronmently friendly solution for wastewater treatment (IAWQ 2000). Two basic types 
of constructed wetlands are: the subsurface flow systems with wastewater permeating 
through gravel or sand beds overgrown with vegetation, and free water surface sys-
tems (ponds). A crucial factor for the removal of dissolved pollutants in a constructed 
wetland are the hydraulic properties of the object, i.e., (i) the extent of contact be-
tween wastewater and the reactive surfaces (substratum, vegetation, detritus) on 
which purification occurs, and (ii) mixing phenomena which influence redistribution 
of heat and of the substrates and products of purification reactions. Tracer tests pro-
vide Tracer Breakthrough Curves (TBCs) from which the relevant hydraulic charac-
teristics of the constructed wetland can be inferred. The methodology frequently used 
to define and quantify flow patterns within the constructed wetlands from the TBCs 
(e.g. Nameche and Vassel 1996, King et al. 1997, Bhattarai and Griffin 1999, Werner 
and Kadlec 2000) is based on concepts developed in chemical engineering (Leven- 
spiel 1972). One of these models, called in chemical engineering terminology “plug-
flow with axial dispersion”, corresponds essentially to the CDE. Mean water transit 
times and dispersion coefficients are in this approach estimated from the moments of 
the TBC by the ready-to-use formulae which relate the appropriate moments to the 
mean water transit time and to the Peclet number. These formulae are derived for the 
presumed boundary conditions. Thus, in this approach the CDE is used in an implicit 
way. 

Investigations of the hydraulic characteristics of constructed wetlands have 
a pragmatic importance. Constructed wetlands are often small to medium objects 
serving small municipalities so their functioning is usually not supervised in a very 
rigorous way. Moreover, hydraulic performance of the wetland may change with time 
in an uncontrolled manner due to clogging, deposition of plant detritus and action of 
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vegetation. There is a need for the unsophisticated and cost-effective procedures for 
estimation of the actual hydraulic properties of such objects because they can, with 
time, become quite different from the designed properties. A necessary part of such 
procedures are user-friendly computer programs for analysis of the TBCs in which 
the appropriate analytical solutions of the CDE can be easily implemented. This work 
reviews the relevant literature and provides some guidance for the design and inter-
pretation of tracer tests in constructed wetlands with respect to tracer injection and 
sampling modes and the appropriate formulation of the boundary conditions for the 
CDE. Ideas presented here might be applicable also to tracer tests performed in any 
porous media and in open channels. 

2. Two modes of tracer injection and detection 

An important but sometimes overlooked aspect of tracer tests are two possible ways 
by which the tracer can be injected or detected and the two respective definitions 
(Kreft and Zuber 1978) of the solute concentration both of which satisfy equation (1). 
Resident concentration CR is a mass of tracer per unit volume of fluid at a given time 
instant, while flux concentration CF is a mass of tracer per unit volume of fluid pass-
ing through a cross section. A useful definition of CF is a ratio of the solute flux to the 
volumetric fluid flux. Equation (2) relates both concentrations (Kreft and Zuber, 
1978): 

( , )( , ) ( , ) R
F R

C x tvC x t vC x t D
x

∂
= −

∂
 . (2) 

Equation (2) is valid only for the uniform initial conditions (Toride et al. 1993). 

A pulse type (instantaneous) resident injection could be realised by a homoge-
neous introduction of the tracer into a volume of fluid between two cross-sectional 
planes in the conduit. This is difficult to achieve and could be done, for example, by 
means of a dedicated apparatus or, in case of radioactive tracers, by neutron activation 
of the passing fluid. Resident detection could be performed by a direct measurement 
of tracer concentration through walls of the conduit using on-line detectors sensitive 
to some physical properties of the applied tracer. The pulse resident injection and de-
tection are difficult to perform for the routine tracer tests in constructed wetlands. 
A condition for flux injection is that the tracer is introduced proportionally to flow ve-
locities so that tracer fluxes are proportional to volumetric fluid fluxes for all possible 
flow paths. Practical realisations of flux injections and detections for such tests as 
well as their appropriate representation in the CDE model are discussed below. It 
must be noted that rates of pollutants removal are, for the reaction orders higher than 
one, functions of CR (Kreft 1983) so introduction of the reaction term into the trans-
port equation must be done in a consistent way. On the other hand, only CF represents 
mass flux of the solute and integration of CR in the time domain does not give the 
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mass of injected tracer. Problems related to the proper usage of the CDE and the re-
sulting necessity of two definitions of concentration can be seen as stemming from 
“the gap between the Lagrangian physical process and the Eulerian representation of 
that process” (Holley 1996). The mechanical dispersion is Lagrangian in nature and 
evolves with heterogeneity of the flow while the molecular diffusion is Eulerian in 
nature (Gimmi and Flühler 1998) and is driven by concentration gradients. 

3. Initial and boundary conditions for tracer tests in constructed wetlands 

Uniqueness of the CDE solution requires that the initial and boundary conditions are 
imposed. Initial conditions are generally defined by the experimentator. Mathematical 
formulations of the initial conditions depend on the applied concentration definition 
and are presented for the pulse and step injections by Kreft and Zuber (1978). The 
boundary conditions must be formulated for tracer injection and sampling sites. Se-
lection of injection and sampling sites in constructed wetlands is restricted by the 
structures built to distribute wastewater and to collect effluent from the wetland. The 
gravel bed or the pond where purification occurs are connected to other parts of the 
treatment system or to the final receiver by pipes or plumes conveying wastewater. 
Usually they facilitate conducting tracer tests with flux injection and detection be-
cause they concentrate the entire wastewater flow but one has to be aware of the 
physical constraints that these structures imply for the experiment. The tracer test is 
actually performed for an object which consists of the wetland and its auxiliary struc-
tures. The boundary conditions can be therefore defined not only for the injection and 
sampling cross-sections but also for the interfaces at which solute passes between the 
conveying structures and the porous volume or the pond. Such interfaces are repre-
sented by pipe openings, perforated pipes or weirs.  

Surprisingly little attention has been paid in the literature to these issues. 
Gimmi and Flühler (1998) discuss different mathematical representations of solute 
transport through the interface between the inlet mixing cell and the convective-
dispersive domain. Injection and sampling of the tracer are sometimes conducted 
through wells or tanks which can be represented as ideally mixed cells that transform 
the input and output signals. The approach presented by Gimmi and Flühler (1998) 
could be applied in a wider sense to the situations where tracer is transported in pipes 
and plumes in which intense turbulent mixing occurs. It is noteworthy that inflow of 
tracer from the mixing cell in a close contact with the porous medium is best de-
scribed as a resident injection because at such conditions dispersive transport through 
the interface is significant. Schwartz et al. (1999) showed experimentally the impor-
tance of the correct mathematical representation of the inlet and outlet apparatus and 
of the boundary conditions for soil columns. Peters and Smith (2001) proposed the 
Transition Region model to describe the inlet and outlet as well as inner boundaries in 
the porous medium. 
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For the inlet to the porous medium the third type boundary condition: 

0

( , )(0 , ) ( )R
R

x

C x tvC t D vg t
x +

+

=

∂
− =

∂
 , (3) 

where g(t) is solute input concentration, or alternatively the first type boundary condi-
tions are used in the literature to describe the resident concentration. The former cor-
responds to the continuity of solute flux through the boundary while the latter to the 
continuity of solute concentration.  

Several theoretical (e.g. van Genuchten and Parker 1984) and, more recently, 
experimental studies (e.g. Schwartz et al. 1999) have shown that for the resident con-
centration the third type condition (3) is the appropriate boundary condition between 
the reservoir and the porous medium. Applying equation (2) one can easily show that 
(3) is equivalent to the first type boundary condition for flux concentration. 

Selection of the outlet boundary condition appears to be a more controversial 
question. The third type exit condition is given by: 

( , )( , ) ( )R
R E

L

C x tvC L t D vC t
x −

− ∂
− =

∂
 , (4) 

where L is the length of the transport domain and CE is the exit concentration. Con-
troversies about the formulation of the exit boundary condition stem in fact from in-
ability to determine the exit concentration CE. This difficulty can be overcome by 
assuming continuity of concentration at the exit boundary which substituted to equa-
tion (4) gives the second type boundary condition. This approach (Danckwerts 1953), 
popularised by the chemical engineering textbooks (Levenspiel 1972), is commonly 
applied for the interpretation of the results of tracer tests in constructed wetlands (ex-
amples cited in the Introduction). Again, it has been shown by Kreft and Zuber (1979) 
and others that such boundary condition is physically unrealistic and leads to the solu-
tion that does not fit the experimental TBCs. Surprisingly, the semi-infinite solutions 
predict the outlet solute concentrations better than the finite solutions with the second 
type exit boundary condition (e.g. Schwartz et al. 1999). Peters and Smith (2001) ex-
plain this paradox by referring to the essence of the mechanical dispersion which 
unlike the molecular diffusion does not result from concentration gradients so the 
downstream boundary conditions should not affect the solution of the CDE within the 
transport domain. Peters and Smith (2001) claim also that the second type boundary 
condition is theoretically correct for the outlet boundary and they relate the failure of 
the respective finite solution of the ADE to the general inadequacy of this approach to 
describe non-Fickian mechanical dispersion. Golz and Dorroh (2001) and Golz 
(2003) note that the conservation of mass requires the third type boundary conditions 
at both ends of the finite system and that only the solution that obeys such boundary 
conditions is consistent with the physical meaning of the CDE and with mathematical 
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logic. Golz and Dorroh (2001) and Golz (2003) propose also that the semi-infinite so-
lution for the flux concentration is used to yield an expression for the exit concentra-
tion CE in equation (4). 

4. Two concluding examples 

Tracer tests with bromide (KBr) and tritium were conducted in two constructed wet-
lands in Poland: gravel cells overgrown with common reed in Nowa Słupia and a 
duckweed pond in Mniów. Detailed descriptions of the wetlands, results of the test 
and their interpretation are presented elsewhere (Małoszewski et al. 2006a,b). The 
model chosen for the interpretation of both tests was the semi-infinite solution of the 
CDE derived for injection and detection in the flux (Kreft and Zuber 1978). The ap-
proach applied to model the TBCs appeared to be successful in the sense that it al-
lowed to identify in both wetlands several flow components whose occurrence and 
quantitative characteristics are consistent with the physical settings. The differences 
between different solutions of the CDE are significant when dispersion is consider-
able, i.e. at Peclet numbers < 10 (Kreft 1983, Schwartz et al. 1999). Such values of 
Peclet numbers are not uncommon in constructed wetlands and occurred also in both 
considered tests. 

Injections to the subsurface system were performed via the inlet of the pipe 
which further conveys pre-treated sewage across the upstream ends of the gravel cells 
of the wetland. Sewage is distributed within the cells via the perforated pipes. Reali-
sation of strictly instantaneous injections was difficult in this case due to the relatively 
large volumes of tracer solutions. Injection was performed in small portions over 10 
minutes what at the wastewater travel times of the order of days could be considered 
as the pulse injection. Tracer injection to the fast flowing fluid was without a doubt 
conducted to the flux as at such conditions dispersion across the boundary and back-
mixing were restricted. The flow and mixing conditions in the 24 m long distribution 
pipes are however unknown and the same applies to the perforated collection pipes 
which convey the effluent to the collection wells from where the tracer was sampled. 
The actual boundary conditions between these reservoirs and the porous medium are 
unknown. It is unclear if these reservoirs are well mixed so that the approach of 
Gimmi and Flühler (1998) could be used to represent the boundary conditions. In-
sights into the mixing characteristics of the reservoirs could be gained by modelling 
of their velocity fields or by direct sampling of solute from them. 

Injection to the pond was performed through a coagulation chamber from 
which wastewater is conveyed through a short pipe to the bottom part of the pond. 
Wastewater in the chamber is strongly agitated by the inflowing stream so it can be 
considered well mixed and because the chamber is connected to the pond via the pipe, 
the injection to the pond can be considered as performed in the flux. Mixing in the 
chamber resulted in smoothing out the pulse injection but the tracer needed about 30 
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minutes to be washed out from the chamber what at the transit time of waste water 
through the pond found to be about 20 days assures practically the pulse injection. 
The effluent was sampled below the wire that dams the pond which undoubtly repre-
sents the flux detection, as convection is the dominant transport process at the weir 
overflow. Both tests were meant to provide responses of the studied systems to pulse 
injections, which imposes the initial conditions in the form of Dirac’s delta in the time 
domain. As was discussed above, in both cases the presumably pulse injections were 
smoothed out before reaching the actual wetland. This could be in fact an advantage 
because as noted by Golz (2003), derivation of the CDE from the mass balance con-
siderations hinges on the assumption of not very sharp input signals. 

The semi-infinite solution of the CDE for flux injection and detection has 
a simple analytical form which facilitates its use for modelling of tracer test results. It 
seems to be applicable for many constructed wetlands but in some cases the auxiliary 
reservoirs might influence the boundary conditions. This question requires further 
theoretical and experimental investigations. 
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Abstract  

The simulation of solute transport in rivers is frequently based on numerical 
models of the Advection-Dispersion Equation. The construction of reliable 
computational schemes, however, is not necessarily easy. The paper reviews 
some of the most important issues in this regard, taking the finite volume 
method as the basis of the simulation, and compares the performance of several 
types of scheme for a simple case of the transport of a patch of solute along a 
uniform river. The results illustrate some typical (and well known) deficiencies 
of explicit schemes and compare the contrasting performance of implicit and 
semi-Lagrangian versions of the same schemes. It is concluded that the latter 
have several benefits over the other types of scheme.  

Key words: solute transport, numerical modelling, finite volume method, 
advection, reference frame, time marching. 
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Abstract  

The multiple scales of landscape topography produce a wide distribution of 
groundwater circulation cells that control the hydro-geological environments 
surrounding geological repositories for nuclear waste. The largest circulation 
cells tend to discharge water into major river reaches, large freshwater systems 
or the nearby Baltic Sea. We investigated numerically the release of radionu-
clides from repositories placed in bedrock with depths between 100 to 2000 me-
ters in a Swedish coastal area and found that leakage from the deeper positions 
emerges primarily in the major aquatic systems. In effect, radionuclides from 
the deeper repositories are more rapidly transported towards the Sea by the 
stream system compared to leakage from more shallow repositories. The release 
from the shallower repositories is significantly retained in the initial stage of the 
transport in the (superficial) landscape because the discharge occurs in or near 
low-order streams with high retention characteristics. This retention and resi-
dence time for radioactivity in the landscape control radiological doses to biota 
and can, thus, be expected to constitute an essential part of an associated risk 
evaluation. 

Key words: hydrology, radio nuclide migration, surface water-groundwater in-
teraction. 
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