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ESTIMATION OF BEDLOAD TRANSPORT IN HEADWATER STREAMS USING
A NUMERICAL MODEL (MORAVSKOSLEZKE BESKYDY MTS, CZECH REPUBLIC)

TOMAS GALIA, JAN HRADECKY

Department of Physical Geography and Geoecology, Faculty of Science, University of Ostrava, Czech Republic

ABSTRACT

The TOMSED numerical model, originally developed for Alpine torrents, was successfully applied on the May, 2010 flood event in head-
water streams of the Czech part of the Western Flysch Carpathians. The Manning equation was used together with application of a reduced
energy gradient and potential erosion limits. Contributions of form resistance and grain resistance to Manning’s roughness parameter were
considered separately. The absence of bedload discharge measurement made it difficult to validate the model for local headwater channels,
although channel reaches with recent erosional and depositional trends were recognized fairly well by the simulations. Bedload transport
was calculated in the range from 480-1240 m3 for the richly-supplied headwater stream and 380-860 m3 for the stream with limited sedi-
ment-supply conditions. It turns out that the channel reaches with higher sediment supply have less developed bedforms (e.g. steps) and
thus lower flow resistance resulting in a higher intensity of bedload transport.
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1. Introduction

Steep headwater streams can generally be character-
ized by high channel gradients (>2-4%), wide grain-size
distributions, channel-spanning bedforms (step-pool sys-
tems), shallow flows, common presence of large woody
debris and variable channel widths (e.g. Chiari et al. 2010;
Nitsche et al. 2011; Zimmermann et al. 2010). These parts
of drainage network show extremely rapid rainfall-runoft
response (Rickenmann 1997) and present a major flood
hazard in a mountainous terrain (Chiari et al. 2010).
Nevertheless, bedload transport and hydraulics of steep
mountainous streams are poorly understood relative to
those of lowland streams (Rickenmann 1997; Aberle &
Smart 2003). Supply-limited character together with
increased flow resistance are the main reasons for the fact
that observed bedload transport in steep torrents may be
considerably smaller than that predicted by conventional
bedload transport equations (Yager et al. 2007; Chiari &
Rickenmann 2011). The introduction of grain and form
resistance in order to lower energy gradient helps to cor-
rect bedload estimation in high-gradient streams (Rick-
enmann 2005; Chiari et al. 2010; Chiari & Rickenmann
2011). Some uncertainty in estimation of critical condi-
tions for the beginning of bedload transport in gravel bed
streams can also arise due to the significant occurrence
of interstitial flows and thus, decrease in potential stream
power for sediment transport processes (Carling et al.
2006).

The SETRAC numerical model (Rickenmann et al.
2006), a predecessor of the TOMSED model, was suc-
cessfully applied in the reconstruction of bedload trans-
port during high-magnitude floods in Alpine catch-
ments (Chiari et al. 2010; Chiari & Rickenmann 2011).
TOMSED represents a one-dimensional bedload trans-
port model used to simulate bedload transport at steep

slopes developed by Friedl and Chiari (2011) at the Uni-
versity of Natural Resources and Applied Life Sciences,
Vienna. Several flow resistance and bedload transport
equations have been implanted into the model that
enables the use of a specific combination of approaches
for particular conditions. Since simple flow resistance and
bedload transport equations usually overestimate bed-
load discharges due to limited sediment-supply condi-
tions and energy loss connected with bed deviations (e.g.
steps, pools, and large grains), approaches of form rough-
ness losses need to be taken into account and armouring
effects help to calibrate the intensity of bedload trans-
port with field observations. Channel network is defined
by nodes, cross-sections and sections. In the TOMSED
model, it is also possible to simulate potential erosion or
deposition in a stream channel during a flood event and
it is possible to set spatial limits of bed elevation changes
for individual sections. As stream widths remain con-
stant during the simulation, lateral erosion is not taken
into consideration. Input hydrographs can be related to
cross-sections as time series in the same way as sediment
inputs. For more details about the TOMSED model see
Friedl and Chiari (2011), the model is free for download
at www.bedload.at.

As we indicated previously, bedload transport esti-
mations in small steep streams represent a challenge for
both geomorphologists and water resource engineers due
to lack of direct bedload measurements in high-gradient
channels. Thus, the main aim of the study was to evaluate
the application of the TOMSED v0.1 numerical model in
midmountain relief of the Czech landscape. The model
was tested on two selected headwater basins of the West-
ern Flysch Carpathians affected by 5/2010 flood. Previ-
ously, Galia and Hradecky (2012a, 2012b) investigated
critical conditions of the incipient motion of individual
boulders moved during range of discharges including
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5/2010 event in the study area. Bedload transport was also
considered in local gravel-bed rivers with respect to their
geomorphic transitions caused by human disturbances
(Galia et al. 2012). This time, the authors attempted to
evaluate total bedload transport connected with changes
in the longitudinal profile, whereas TOMSED simulations
were compared to field observations. The authors sincere-
ly hope that the research results will bring a new insight
into the knowledge of the behaviour of local headwater
streams and improve the management of these forested
watersheds.

2. Studied streams

Simulations of bedload transport were conducted in
two headwater streams of the Radhostska hornatina Mts
(Moravskoslezské Beskydy Mts), namely Mala Réztoka
and the upper part of Velky Skaredy potok (Table 1, Fig-
ure 1, and Figure 2). Lengths of simulated channels were
2100 m of Mald Raztoka Stream and 1900 m of Velky
Skaredy potok respectively, both with 50 m discretisation
between individual measured cross-sections.

The streams significantly differ in sediment supply and
transport regime (Figure 3). Bedrock outcrops often occur
in Mala Raztoka channel (up to 1/2 of the total length of
the longitudinal stream profile) and the stream is recog-
nized as sediment-supply limited. Sediment sources are
infrequent bank failures and gullies; non-resistant clay-
stone members of the Godula Formation (lower Creta-
ceous period) also contribute to sediment delivery in the
downstream part of the basin. On the contrary, Velky
Skaredy potok lacks bedrock outcrops in the channel bed
except for the steepest part of the longitudinal profile con-
sisting in resistant sandstone layers of the middle-part of

Tab. 1 Characteristics of the studied streams. Symbol “*”indicates
different values of sediment parameters for channel-reaches based
in generally claystone layers (0.0-1.3 km) with lower values of d;,,
dspand dy,.

Malé Raztoka | Ve!KV Skaredy

potok
Basin area (km?) 2.20 1.06
Altitude (m) 570-1084 510-1129
Channel gradient (m/m) 0.02-0.27 0.03-0.53
Bankfull channel width (m) 3.2-5.1 2.6-4.1
Bankfull hydraulic radius (m) 0.23-0.33 0.22-0.41
d3, (mm) 30 30
ds, (mm) 55 45*%,55
dg, (mm) 220 140*, 180

the Godula Formation. Between 0.0-1.3 km, the stream is
located in less-resistant claystones of the Lhoty Member,
Verovice Member and Tésin-Hradi$té Formation with a
frequent occurrence of bank failures and shallow land-
slides richly supplying the stream with material. At the
bottom of the V-shaped valley of Velky Skaredy potok at
0.0-1.0 km, there is an 8-20 m wide cover of sediments
that have been transported there by fluvial processes and
also by older debris-flows with related ‘fire hose’ effect
(see Silhan & Panek 2010). These facts imply that Velky
Skaredy potok is rather transport-limited, character-
ized by relatively unlimited supply conditions, although
accelerated vertical erosion was observed in some loca-
tions at the bottom of the valley (up to 1 m). Both the
basins are also influenced by deep-seated slope deforma-
tions in the culmination parts of ridges (e.g. Hradecky &
Panek 2008). Moreover, the relief of the Moravskoslezské
Beskydy Mts can be described as polygenetic (Panek et al.
2009). Spruce and beech forests cover nearly 100% of area
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Fig. 1 Location of studied streams: Mala Réztoka (MR) and Velky Skaredy potok (VSP).



AUC Geographica 23

a
E
«
£
g
£
£
4
! [
25
. b
| !

800 —
I
«
E
g 00
2

500

e 1 ] ' 1 : 1

L] L oa 12 1% 2
Longitudinal profile of the maln channed (km)
. il | Reference

e Claystone bedrock dominant 5 7 Hydrograph input cross-section

7 Sandstone bedrock dominant t Sedigraph input

Fig. 2 Schematic longitudinal profiles of Mala Réztoka (a) and Velky
Skaredy potok (b) used in simulations with indicated locations of
inputs of water and sediments during a flood event.

of the studied basins. Large woody debris are systemati-
cally removed from the local channels by forest manage-
ment except the uppermost parts of the Velky Skaredy
potok basin, where the nature reserve “Radhost” has been
established.

Discharge data from the gauging station in Mala Razto-
ka stream, which cover 2.01 km? of the basin, were used to
reconstruct bedload transport. Local 2-year discharge cor-
responds to 0.95 m3 s~1, 10-year discharge to 2.71 m3 s71,
25-year discharge to 4.38 m3 s~! and, finally, 100-year
discharge is equal to 8.5 m? s71, as it was derived from

the 1954-1993 specific discharge data series (Chlebek &
Jaraba¢ 1995). In addition, mean annual discharge corre-
sponds to 0.061 m3 s~1, as measured at the gauging station
on the stream.

After 5/2010 flood event, erosion and deposition of
material was observed in both studied headwater chan-
nels. There were some noticeable signs of accelerated ver-
tical erosion in Mald Raztoka stream at 0.10-0.15, 0.40,
0.50, 0.65-0.75 and 1.9 km from the mouth to Lomna
stream. By contrast, depositional processes were evident
at 0.05 km, 0.45 km (due to the lowering of bed gradi-
ent by one of the check-dams), 1.60-1.65 km and 1.8 km.
Velky Skaredy potok indicated some erosional trends at
0.00-0.05 km, 0.90-0.95 km, 1.20-1.25 km (due to the
action of a sluice as a barrier) and 1.65 km upstream
from the ford and the reservoir near the first building of
Trojanovice village, which is the end of the studied chan-
nel. As it was mentioned above, almost the whole pro-
file of the longitudinal profile of the stream is character-
ized by a sufficient amount of sediments, whereas most
of the deposits were reactivated and transported during
5/2010 flood. In both headwater streams, large woody
debris also contributed to create alluvial accumulations in
active channels. Three check dams and a measuring flume
have been constructed in the bottom part of Mald Raz-
toka longitudinal profile between 0.25 and 0.45 km dur-
ing the second half of 20th century. They naturally affect
the transport dynamics during flood events. Similarly, a
sluice built across the road at 1.25 km of Velky Skaredy
potok stream has recently been acting as a barrier since
sediments clogged up inside. For bedload material, we
use a bulk density value of 2550 kg m~3, which is valid for
sandstones of the Godula Member.

3. Methods

During the summer season of 2011, channel cross-
sections were measured using tape in 50-m-long inter-
vals. Laser rangefinder including a clinometer was
used to obtain individual vertical distances between

Fig. 3 Supply-limited reach with frequent bedrock outcrops in Mald Réztoka stream (a) and well sediment-supplied (transport-limited)
reach of Velky Skaredy potok stream (b).
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individual cross-sections. One type of sediment-size dis-
tribution was applied into the Mald Raztoka modelled
profile due to relatively uniform lithology of channel-
bed material (sandstone layers of the Godula Member),
whereas in the case of Velky Skaredy potok, two diverse
types of sediment-size distribution were applied for
cross-sections based in sandstone layers and claystone-
prevailing formations. Measurement of the sediment
size was conducted by the Bevenger-King sampling
method (1995), which had been derived from the Wol-
man method (1954).

Based on the data series measured at Mala Raztoka
gauging station, a 6-hour interval of time steps between
16 May 2010 0:00 and 20 May 2010 0:00 was used to
simulate bedload transport during an event using the
TOMSED v0.1 model. The flood culminated on 17 May
2010 at 12:00 with 3.96 m3 s~! discharge, which corre-
sponds to a 20-25y flood, as based on published spe-
cific discharge data series (1954-1993) from the basin
(Chlebek & Jaraba¢ 1995). Then approximate inputs
of hydrographs were added to the stream profile (Fig-
ure 2). These inputs were dependent on their sources
and sub-basin areas and their total sum was equivalent
to the final observed discharge at the gauging station.
Discharges for Velky Skaredy potok stream were derived
from Mald Raztoka gauging station using a simple spe-
cific discharge method. Consequently, individual inputs
for the stream profile were developed. This showed that
the flood culmination in the modelled outlet of Velky
Skaredy potok (1.06 km2, 2.0 km length) reached values
of 2 m3 s1. Some inputs of sediments (‘sedigraphs’) were
also assigned to locations in both stream profiles where
the delivery of material is expected during a flood event
(large active bank failures, outfalls of gullies). However,
no exact measuring was conducted of material delivery
to the fluvial system of the study area; therefore, quanti-
tative values of inputs were rather adjusted to modelled
bedload discharges and geomorphic evidence in the
field.

In order to make an exact comparison of results, iden-
tical flow resistance and bedload equations were used as
those presented in the paper of Chiari and Rickenmann
(2011). Flow velocity v was computed by well-established
Manning equation including hydraulic radius of channel
(R), energy gradient (S) and total flow resistance repre-
sented by Manning coefficient n,

v=R0678%5/n, , (1)

although some authors (e.g. Ferguson 2010) sug-
gest the application of more appropriate flow-resis-
tance approaches for shallow flows and steep gradients.
TOMSED also allows the use of logarithmic and power
approaches, but we only investigated very small differenc-
es comparing the results obtained by Manning equation
without reduced energy gradient, logarithmic law after
Smart and Jaggi (1983) and power law after Rickenmann

et al. (2006). To obtain total flow resistance during a
known discharge Q in steep channels >0.008 m/m, Ric-
kenmann (1996) derived the equation:

1/n,,, = (0.97g041Q0-19)/(8019d, 0-64), )

where g is the acceleration of gravity and d,, is the
90th percentile of grain-size cumulative curve. Due to
the importance of bedforms in steep channels, Ricken-
mann (2005) proposed a general empirical function of
increased form resistance which is based on dividing total
resistance into grain and form resistance and subsequent
determination of reduced energy gradient S,,; related to
grain resistance #, only. The equations take forms:

n,/n,, = 0.0925035(D/d,,)033 3)
and
Sred = S(nr/ntot)a’ (4)

where D means flow depth and a is an exponent occu-
pying the range 1 < a < 2. Chiari and Rickenmann (2011)
used a equal to 1.0 and 1.5 to correct bedload estima-
tions according to field observations in Alpine streams.
In order to compute unit bedload transport g,, Ricken-
mann’s (2001) equation was used:

qp, = 3.1(dgy/d3y)02(q — g)S">(s — 1)715, (5)

where dj, is the 30th percentile of a grain-size cumu-
lative curve, g is unit discharge, g, means critical unit
discharge for the incipient motion of bed material and
s is a ratio of sediment density and fluid density (¢/c).
Finally, critical unit discharge g, necessary to initiate bed-
load transport may be obtained by the equation originally
proposed by Bathurst et al. (1987):

q.= 0‘045(5 _ 1)1.67g0.5d501.55—1.12, (6)

where d;, represents median grain size of the bed sur-
face layer. Later Rickenmann (1990) modified the value
0.045 in Eq. (6) to the value 0.065, which can be under-
stood as the substitution of dimensionless critical shear
stress. Dimensionless shear stress occurs commonly in
sediment transport equations. TOMSED does not allow
including specific values of dimensionless critical shear
stress for individual cross-sections or channel reaches.
This fact affects the intensity of bedload transport par-
ticularly in steeper reaches (further in the text) via some
other approaches (e.g. logarithmic flow resistance)
implanted in the model. Although the simulation of an
armour layer is possible in the TOMSED model, no such
layer was supposed in Velky Skaredy potok stream due
to high sediment delivery into headwater segments. At
the same time, frequent occurrence of bedrock in Mala
Réztoka stream prevents the formation of a continuous
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armour layer, therefore this criterion was neglected the
in simulation of both streams.

4, Results
4.1 Mala Raztoka stream

The simulation of 5/2010 flood event was performed
by means of Eq. (1-6) for four different stages: i) no
sediment feed, no energy slope reduction and no limit
for vertical erosion was introduced (10 m limit was set
for all cross-sections), if) rough limits were defined for
erosion depth in accordance with field observations:
0.2 m for bedrock-cascade reaches, 1.0 m for all the other
reaches), iii) sediment feed was introduced in locations
with supposed delivery of material during the flood, and
finally iv) slope reduction was established for the simu-
lated stream, while parameter a was set to 1.5 in Eq. (4).
As Figure 4 illustrates, stage i) shows unrealistically large
erosion (up to 10 m limit) in the upper part of the basin.
After introducing incision limits (stage i), erosive trends
prevailed in the whole longitudinal profile, except the
downstream part near the junction with Lomna stream.
This roughly corresponds with field observations accord-
ing to which the channel of Mald Raztoka is generally
considered as a sediment supply limited system. The sup-
ply of sediment feed (iii) only created small positive peaks
in places of supposed sediment supply due to installed
sedigraphs. The overall character remained to be erosion-
al. Reducing the slope (stage iv), several positive peaks
were computed where deposition might occur, although
the trend of erosional processes was preserved along the
majority of the stream length. Depositions simulated at
0.4 km, 1.7 km and 1.9 km roughly correspond to after-
flood field observations. In the most downstream part, by
the junction with Lomna stream, material accumulation
occurs both in the model and in the field. On the contrary,

Erosion or deposition (m)

i} no erosion limit
------- il) erosion limit

i) sediment feed It |
— ) €nergy gradient reduction (a=1.5) \\v_-" ‘N

12 : - - - i

o 500 1000 1500 2000 2500
Longitudinal profile {(m)

Fig. 4 Modelled changes in the longitudinal profile due to erosion
or deposition during the 5/2010 flood in Mala Raztoka stream.

the TOMSED model predicts depositional processes for
the zones at 0.6-0.75 km, 1.05 km and 1.45-1.55 km, but
most of the reaches are recently eroded bedrock-cascades
with no signs of aggradation.

Figure 5 displays the potential intensity of bedload
transport at five selected cross-sections if considering
stage iv) (limits in erosion depth, introduced sediment
feed and slope reduction with a = 1.5). The simulation
supposed the highest bedload transport at 0.1 km, 0.6 km
and 1.4 km cross-sections, where the values of up to
40 m3/h (100t/h) of transported material were reached
during the peak discharge. On the contrary, the small-
est intensity was predicted in the uppermost investigated
reach (1.8 km), which could correspond to the real situa-
tion during the 5/2010 flood event, according to smaller
field observed dynamics of erosional or depositional pro-
cesses after that event. Flood situation and damages of the
afternoon of 18th May (about 24 hours after flood cul-
mination) were evaluated in the downstream part of the
basin (0.0-0.5 km). Bank erosion as well as some fresh
material deposits, mainly upstream of the check-dams,
were noticed with a higher frequency and of a greater
size than those observed in the uppermost reaches. This
implies that the TOMSED model can predict well the
intensity of bedload transport, which facilitates the com-
parison of individual cross-sections and reaches. Absolute
values of computed transported material sound realistic,
but no exact measuring of bedload transport intensity has
been carried out in local high-gradient streams to cali-
brate modelled calculations.

Total bedload transport during the 5/2010 flood event
was estimated in a range of 380-860 m?3 (970-2200 t) of
transported coarse material in selected cross-sections at
0.1 km, 0.6 km, 1.0 km, 1.4 km and 1.8 km (Figure 6).
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Fig. 5 Intensity of bedload transport during the 5/2010 flood
at 0.1 km, 0.6 km, 1.0 km, 1.4 km and 1.8 km of the longitudinal
profile of Mala Raztoka.
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The cross-sections at 0.1 km together with 1.4 km indi-
cated the highest amounts of transported material with
values exceeding 800 m3 (2000 t). It is notable that sus-
pended transport is not considered in the reported total
volumes of transported sediment. Mean modelled flow
velocities were equal to 1.7-2.4 m s~! during the flood
peak when the highest values were rather observed in
the downstream reaches (0.1 km and 0.6 km) and 1.4 km
cross-section.

4.2 Velky Skaredy potok stream

Flood event discharge data were computed using a
simple specific discharge method for the modelled out-
let of Velky Skaredy potok stream. Consequently, indi-
vidual inputs of hydrographs and sedigraphs were made
for particular reaches based on local assumptions. Simi-
larly to simulations in Mala Raztoka, four different stag-
es were used for bedload modelling. In relation to high
amounts of potentially mobilized material at the bottom
of the stream valley, fairly high dynamics of erosional
and accumulation processes was observed in the lower
parts (0.0-1.0 km) after 5/2010 flood. Resulting intensity
of bedload transport in lower parts (0.1, 0.4 and 0.8 km)
at the stage iv) was lower than the intensity calculated for
the 0.1, 0.6 and 1.4 km of Malad R4ztoka stream and even
lower than the intensity obtained in the uppermost cross-
sections of Velky Skaredy potok (e.g. 1.6 km). This did not
correspond to the real situation, especially to total sedi-
ment availability for bedload transport and observed ero-
sion and accumulation forms after the flood in both the
streams. To increase simulated bedload discharge in low-
er parts of Velky Skaredy potok, the exponent a in Eq. (4)
was optimized to value 1.0 and included in the stage v).

Stage i) simulation showed as huge incision in the
uppermost part of the longitudinal profile during the
flood as in Mala Réztoka, but some deposition was also

Ercaion or depadition (m)
k

i} no rcmban Emit

= = = i) erosn Tl
]
gl pesciuoions (a=1.56)

—— | Y Gricien raduction (n=1.0}

1] &00 1630 2000

a00 {F)
Longitudinal profile im]
Fig. 7 Modelled changes in the longitudinal profile due to erosion
or deposition during the 5/2010 flood in Velky Skaredy potok
stream.

observed in the lowest parts (Figure 7). The stages void
of slope reduction and erosion limits (stage #i) and stage
iii)) resulted in a similar model of the longitudinal profile,
although some positive peaks occurred due to inputs of
sediment in stage iii). Both ii) and iii) stages indicated
the erosional trend along almost the whole length of the
simulated channel even though little aggradation was
found within stage iii) at 0.15-0.40 km. Stage v) (a = 1.0)
simulation showed higher amplitudes in erosional/depo-
sitional trends than stage iv) (a = 1.5), but the courses
of the trends were similar. Highly fluctuating trends with
noticeable peaks of erosion and deposition were observed
in the upper parts of the stream, whereas a relative equi-
librium between incision and aggradation was observed
further downstream. Compared to the real situation, no
larger erosional or depositional forms were observed in
the upper part of the profile, except at the 1.6 km, which
was recognized well by the simulation. Therefore, the use
of a = 1.5 in Eq. (4) would be appropriate for upstream
reaches. On the contrary, as it was mentioned above,
higher intensity of bedload transport had been assumed
in the lower parts (0.0-1.0 km) and thus a exponent equal
to 1.0 in Eq. (4) led to better agreement with the real situ-
ation in the downstream parts. Also, trends of incision
at 0.00-0.05 km and 0.90-0.95 km and downstream the
jammed sluice at 1.20-1.25 km were exposed well by
the simulations within iv) and v) stages. Deposition of
material up the sluice (1.25 km) was indicated in the
modelled profiles as well.

Reference cross-sections of 0.1 and 0.4 km showed
higher bedload discharges during the flood event (Fig-
ure 8) with peak values of about 50 m3/h (125 t/h) for a
= 1.0 at Eq. (4). Bedload transport was of a higher inten-
sity in these lower parts due to large potential sediment
delivery to the stream. The main channel of the stream

0

bedload m3/h

— — — VSP 1.6 km (red=1.5)
I eeeeeaaa VSP 1.2 km (red=1.5)
VSP 0.8 km (red=1.0)
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————— VSP 0.1 km (red=1.0

0.1 —

SMEM0 0:00 5M7100:00 51810 0:00 511910 0:00 5/20M10 0:00

Fig. 8 Intensity of bedload transport during the 5/2010 flood at 0.1,
0.4,0.8, 1.2 and 1.6 km of the longitudinal profile of Velky Skaredy
potok.
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changed its course in the relatively wide valley bottom
(up to 20 m) during the flood event as transported mate-
rial was stored or eroded by the stream flow. Bedload
transport reached values of up to 25-30 m3/h (75 t/h) for
a = 1.5 at Eq. (4) in the upper part of the stream dur-
ing the flood culmination. With respect to local channel
gradients of 0.20 m/m, some movement of the type of
smaller debris flows might have been reactivated in the
channel.

Total volumes of transported bedload are a bit high-
er than those simulated for Mala Raztoka. Values were
computed in a range of 480-1240 m3 (1220-3170 t) for
0.1, 0.4, 0.8, 1.2 and 1.6 km channel cross-section (Fig-
ure 9). Smaller moved amounts were assumed in con-
nection with the upper part of the stream (0.8, 1.2 and
1.6 km) with transport rates of 480-540 m3, whereas the
downstream part (0.1 and 0.4 km) indicated much higher
intensity with values of 880 m? and 1240 m? during the
flood event. It was in agreement with the real situation,
when a higher activity of depositional and erosional pro-
cesses was recognized in the lower part of the basin after
the flood event. The highest mean flow velocity during
the peak discharge was simulated in the uppermost part
of the longitudinal profile (2.5 m s7!) in accordance with
the highest channel gradient (up to 0.5 m/m) at 0.4 km
(2.7 m s71). On the other hand, the lowest velocities of
about 2.0 m s~! were only computed for 0.1 and 0.8 km
cross-sections.

5. Discussion

This study makes use of the same approaches of bed-
load transport simulation that were originally applied in
the reconstruction of bedload transport in Alpine streams
with larger basin areas (6-180 km?) and much higher
peak discharges (24-140 m3 s~!) by Chiari and Ricken-
mann (2011). They regarded the application of macro-
roughness (Eq. 3 and Eq. 4) with the calibrated param-
eter a in Eq. (4) in a range of 1.0-1.5 as the best-fitting
predictor of bedload transport in such high-gradient
streams, although they admitted that the quantification
of macro-roughness remained difficult. According to our
investigations, a exponent equal to 1.5 may fit to reaches
with a limited supply of sediments for further transport
and occurrence of well-developed bedforms (interlocked
structures of individual steps). On the other hand, a lower
value (1.0) most likely corresponds to parts of the longi-
tudinal profile with almost unlimited delivery of material
and thus less developed or infrequent step structures or
other flow resistance bedforms. The degree of stability of
steps and individual large grains affect potential bedload
transport due to kinetic energy losses. Moreover, frequent
bedrock outcrops in Mala Raztoka stream substitute allu-
vial steps in flow energy dissipation and as a result they
permanently act as resistance forms until they are buried
by sediments during rather rare aggradation.

Another problem arises in connection with the
incipient motion of grain or bedload layer according
to Eq. (6). Chiari and Rickenmann (2011) used a single
value 0.065 after Rickenmann (1991), whereas Bathurst
(1987) originally recommended the value 0.045. This
value can simply be understood as an expression of
dimensionless shear stress or the so-called ‘Shields
parameter. The TOMSED v0.1 model only allows the
application of a single value of Shields parameter for a
simulated stream, but it is possible the application of
various values in the newest 0.2 version. Lamb et al.
(2008) and later also Parker et al. (2011) demonstrat-
ed the dependence of dimensionless shear stress and
at the same time the stability of individual grain on the
channel gradient, pointing on a positive trend between
increasing channel gradient and dimensionless shear
stress. The specification of dimensionless shear stress
values for various ranges of channel gradients will
possibly make the resulting intensity of bedload trans-
port more accurate for one-grain size models, espe-
cially in case of steeper gradients. Lenzi et al. (2006)
also assumed different values of dimensionless shear
stress, this time for different sizes of bed particles. His
method is based on the comparison of a certain grain
diameter with bed surface d,, or d, Applying this
approach on Mala Raztoka stream, the calculated values
of dimensionless shear stresses were from 0.02 for the
0.5 m boulders to low values of about 0.400 for 0.01 m
grain diameters (Galia & Hradecky, 2011). This is fur-
ther applicable to the calculations of fractional bedload
transport, which the TOMSED model allows as well.

Exact values of real bedload transport discharges are
not known for the Beskydian basins for any flood event,
which makes the validating of the TOMSED model
complicated for local mid-mountain conditions. Alpine
torrents investigated by Chiari and Rickenmann (2011)
indicated much higher intensity of bedload transport
with total volumes of transported sediments commonly
exceeding 10,000 m3 during flood events due to larger
basin areas and peak discharges than those simulated in
this paper (maximum 1240 m? at the 0.4 km cross-section
in Velky Skaredy potok). Kabina and Halaj (2004) report-
ed storage of 3310 m? of bedload material during an
extraordinary 100y flood event in Slovakian mid-moun-
tain stream Hrondin (basin area 7.25 km?, peak 100y
discharge 27.8 m3 s71). By contrast, Lenzi et al. (1999)
observed peak bedload discharges of about 250 m3 h-!
only resulting in 900 m? of accumulated bedload trans-
port in the sediment supply limited Alpine basin of
Rio Cordon (5 km?) during a 30-50y discharge. As for
smaller events (1-5y discharge), the bedload rate did
not exceed the values of 6 m? h-! in Rio Cordon. On the
other hand, TOMSED relatively well estimated particular
reaches with prevailing erosional or depositional pro-
cesses, mainly in Velky Skaredy potok headwater stream,
although the simulations were conducted on after-flood
measured cross-sections.
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6. Conclusions

The TOMSED model, originally developed for Alpine
torrents, was applied first time in the conditions of the
Czech midmountains. The Beskydian headwater streams
of Malé Raztoka and Velky Skaredy potok were selected
in order to simulate the 5/2010 flood (20-25y discharge).
Maximum intensity of bedload transport in a range
of 10-50 m3/h (25-125 t/h) was computed during the
flood event peak discharge and reaches with potential
erosion and deposition were estimated. Although the
inexistence of field measurement in the studied locality
made it impossible to validate simulated values of bed-
load sediment transport, the TOMSED model indicated
the reaches with recent incision or aggradation accept-
ably well. The approach of reducing the energy gradient
for bedload transport was considered to be reliable for
the estimations of coarse sediment transport and for the
determination of the intensity of incision or aggradation
in accordance with the resulting simulated longitudinal
profiles. Decrease in flow resistance partitioning was sug-
gested for high sediment supply related with less devel-
oped bedforms. The paper also discussed possibilities
related to accuracy estimations of bedload transport by
introducing individual values of dimensionless critical
shear stress for different channel gradients or size frac-
tions of transported material.

Moreover, obtained calculations may improve the
management of local high-gradient streams (stream res-
torations, protections against flood damages etc.) due to
bringing relatively exact values of the maximal intensity
of bedload transport and volumes of totally transported
material during high-magnitude flood event. Our results
indicate that the TOMSED model is applicable in high-
gradient streams of the Czech landscape, nevertheless the
further improvement of simulated bedload transport is
naturally related to some exact measurement in any of
small mountain stream.
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RESUME

Pouziti numerického modelu pro odhad dnového transport
sedimentii v pramennych tocich (Moravskoslezské Beskydy,
Ceska republika)

Numericky model TOMSED, ptivodné vyvinuty pro alpské
bysttiny, byl uspésné aplikovan na povodnovou udélost 5/2010
v pramennych tocich ¢eské ¢asti flySovych Zapadnich Karpat. Ve
vypoctech byl pouzit Manninguv vztah s rozdélenym drsnostnim
koeficientem na drsnost forem a drsnost zrn spole¢né s reduko-
vanym energetickym gradientem a limitni hloubkou potencialni
eroze. Chybéjici pfimé méfeni transportu dnovych sedimentt
komplikovalo validaci modelu pro mistni pramenné toky, nicmé-
né korytové useky se sou¢asnymi eroznimi ¢i akumulaénimi trendy
model urcil pomérné presné. V toku bohaté dotovaném sedimenty
byly vypocteny hodnoty dnového transportu sedimentt v rozme-
z{ 480-1240 m3, tok s limitovanou donaskou sedimentu vykdzal
hodnoty tohoto parametru v rozmezi 380-860 m3. Bylo zjiténo,
ze korytové useky s vyssi dodavkou sedimentti maji méné vyvi-
nuty dnové formace (napf. stupné) a tak u takovych useku vede
nizsi celkovd korytova drsnost k vyssi intenzité dnového transportu
sedimentd.



