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Abstract Results of bathymetric surveys conducted to examine changes of sand dunes geom- 
etry in the Vistula River mouth before, during and after the extreme flood event are presented. 
A total of 2076 dunes were analysed based on a series of bed elevation profiles obtained along 
the centreline of about 3.3 km length. Low-steepness dunes characterized by the mean lee- 
side slopes milder than β< 10 ° are fully dominant at low flows. In contrast, at high hydrology, 
nearly 50% of dunes indicate β> 10 °. Dune height and length are substantially out of phase with 
progressive changes of water discharge exposing a well-pronounced anti-clockwise hysteresis. 
Distinct behaviour of dune dimensions reflected in increasing of dune steepness H/ λ of about 
3-fold and decreasing of about 4-fold were observed during rising and falling discharges, re- 
spectively. The bed roughness due to dunes presence showed changes of about 10-fold during 
the both of limbs and is found to be in range of about k dunes = (1/5 ÷3/5) H mean . At the mesoscale 
region, spectra followed sufficiently by the ‘—3 power law’ for low hydrology, with steeper 
spectrum slopes close to ‘—4’ during moderate and high water discharges. With the develop- 
ment of the flood, potential of flow separation phenomena was increased of about 9-fold, from 

2.2% at the flood beginning phase up to 20% at the flood peak. The obtained results could be 
used for the improvement of the hydraulic numerical models in sand-bed rivers to predict bed- 
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forms evolution, flow resistance and turbulence as well as water levels for proper river system 

management during flood events. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

edforms, such as ripples and dunes ( sensu Ashley, 1990 ), 
re common sedimentary structures omnipresent in allu- 
ial river channels and seabeds. They look like a series of 
hythmic undulations of bed surface, typically composed 
f mixture of different grain sizes ranging from sands to 
ravels. In response to routinely changing water flow con- 
itions observed in natural environments, these morpholog- 
cal elements are in ceaseless motion triggering changes in 
heir size, shape and cross-strata structure. Bedforms are 
 key features for understanding of depositional/erosional 
rocesses, changes in riverine morphodynamics and sedi- 
ent transport ( Wu et al . , 2021 ). They impact function- 

ng of habitats and often present a major problem for en- 
ineering structures ( Aberle et al . , 2010 ; Amsler and Gar- 
ia, 1997 ). 
Due to substantial influence of dunes on flow velocity 

tructure which, in turn, impacts directly sediment trans- 
ort pattern, an appreciation of the interaction between 
ater flow, dune geometry and dune migration is there- 
ore fundamental to predict flow resistance, bed level 
djustments as well as stratification of bed sediments 
 Carling et al . , 2000 ). In fact, amongst other factors like
rain resistance (or roughness), vegetation one, or resis- 
ance caused by water flow field variations in space and 
ime, the hydraulic roughness of river channels is commonly 
ominated by the resistance induced by subaqueous bed- 
orms, i.e. ripples and dunes ( Warmink et al . , 2007 , 2012 ,
013 ). In addition, depending on a bedfrom size and shape, 
ow separation phenomena is observed at the dune lee- 
ide and influences significantly the energy dissipation be- 
ween the overlying free water flow and the recirculat- 
ng turbulent vortex shedding ( Best, 2005 ; Cisneros et al . , 
020 ; Lefebvre and Winter, 2016 ). Therefore, the the resis- 
ance coefficient of bedforms uncertainty becomes one of 
he main sources of errors in numerical modelling studies, 
nd these errors increase dramatically while investigating 
xtremely high water level conditions. 
Earlier studies dealing with changes of bedform geome- 

ry performed in large sand-bed rivers during flood events 
howed that both, mean dune height and length increase 
s a function of the water discharge. Moreover, a hystere- 
is (loop-rating effect) can be observed for dune height 
nd length, which indicates that, for a given water dis- 
harge, both dune size parameters are larger during the 
alling limb than for the period of the rising stage (e.g. 
arbor, 1998 ; Julien and Klassen, 1995 ; Julien et al . , 2002 ;
en Brinke et al . , 1999 ; Wilbers and Ten Brinke, 2003 ).
agged response of dunes presents significant implications 
or flow hydraulics: in fact, dunes extract fluid momentum 

y form drag and therefore dune size has a significant ef- 
ect on the bed friction factor, and moreover, large losses 
213 
y form drag reduce the skin friction available for sediment 
ransport as well ( Martin and Jerolmack, 2013 ). As noted 
n Warmink (2014) , dune evolution during rising limb of a 
ood wave is quite well understood and can be success- 
ully modelled, however, dune evolution during the falling 
imb remains poorly understood yet. Also, Reesink et al . 
2018) underlined recently that the precise mechanisms of 
unes adaption to changes in water flow and knowledge of 
he hydraulic variables that control dune modifications in 
ize and shape over time and space remain still insufficiently 
tudied. Therefore, understanding physical processes ac- 
ompanying changes in bedform geometry, their migration 
nd how one responses to a changing water flow are of par- 
icular significance for river system management aimed pri- 
arily to accurately estimate water levels during normal 
nd extreme hydrological conditions. 
The development of high-resolution measurement tech- 

iques led to the availability of bottom relief data with 
nprecedented accuracy and hence lots of progress have 
een accomplished in different aspects of subaqueous 
edform studies performed in natural environments dur- 
ng last decades (e.g. Barnard et al . , 2013 ; Best et al . ,
010 ; Hu et al . , 2018 ; Koop et al . , 2020 ; Lyons and
ouliquen, 2004 ; Parsons et al . , 2005 ; Sambrook Smith 
t al . , 2013 ). These measuring techniques, however, are of 
imited use during the extreme events, when navigating the 
essel through abnormal hydraulic conditions becomes dan- 
erous for the crew and equipment. 
In order to fill this gap, this study provides the first in- 

ight into bedform morphodynamics during the passage of 
ood wave on a river of the Baltic Sea basin. The paper 
resents results of investigations of subaqueous sand dunes 
eometry in the Vistula River mouth performed before, dur- 
ng, and after the flood event. An analysis of high-resolution 
athymetric dataset that permits: to quantify the Vistula 
unes dimensions (dune height and length, steepness) to- 
ether with their angularity (mean stoss- and lee-side an- 
les), to determine dune development, and to calculate 
ed roughness due to dunes under more energetic hydro- 
ogical conditions is presented here. A parametrization of 
elation between flow depth and dune height and an esti- 
ation of the potential for flow separation are performed 
s well. In addition, the spectral analysis of the bed eleva- 
ion profiles allowed distinguishing regions in the riverbed 
orphology of the Vistula mouth, and highlighted a distinct 
ehaviour of the power-law spectral functions. The out- 
ome of the study could be pivotal for improving our un- 
erstanding of bedload transport processes, could help in 
alaeohydraulic reconstruction studies in the area, as well 
s could be essential for calibration of numerical models 
f alluvial sand-bed large rivers, aiming to predict dune 
ynamics, bed resistance, turbulent flow and flood water 
evels. 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 1 a) Location of the study area ‘Przekop Wisły’ in the southern Baltic Sea; b) Bathymetry of the Przekop Wisły surveyed in 
March 2014 (contours every 2 m) overlying an aerial photograph of April 2, 2014, together with the red centreline of 3270 m length 
along which the repetitive surveys were accomplished. 
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. Material and methods 

.1. Geographical setting 

he measurements were carried out in the main mouth of 
he Vistula River (Przekop Wisły) located in southern part 
f non-tidal Baltic Sea ( Figure 1 ). The Vistula (Wisła) with 
he total length of 1047 km and the river basin of about 194 
00 km 

2 is the largest river in the region. The Vistula plays 
 dominant role both regards to the quantity of discharged 
resh water flowing into the Gda ńsk Bay and the sediment 
elivery. The river supplies about 7% of entire fresh water to 
he Baltic Sea with the average multiyear outflow amount- 
ng to 33.3 km 

3 ( Majewski, 2013 ). 
The Przekop Wisły is a cross-cut artificial channel which 

as opened in 1895 ( Szyma ński, 1897a , b ) in order to protect
da ńsk city and nearby lowlands from floods. The intermit- 
ent catastrophic floods occurring previously, were effec- 
ively terminated ( Makowski, 1995 ). 
The channel has a total length of ca. 7000 m (starting 

t the Martwa Wisła lock; Figure 1 a), ca. 400 m width and 
p to 8 −9 m water depth. In the final 3000 m of the chan-
el, a submerged sandbar crossing the channel diagonally 
rom N to S is the most distinctive morphological feature 
 Fig. 1 b). The riverbed is covered by complex patterns 
f rhythmic bedforms that were investigated recently by 
isimenka and Kubicki (2017) . Results of granulometric anal- 
sis of grab samples revealed that the bottom sediments 
re characterized here by coarse and medium-grained sands 
 Rudowski et al., 2017 ). 
Due to existing locks, about 95% of total Vistula water 

utflows into the Baltic Sea through this channel. Based 
n operational data obtained from the closest gauging 
tation located in Tczew (31.2 km upstream, Figure 1 a), 
a

214 
hich represents 99.9% of the total Vistula River catchment 
rea ( Majewski, 2018 ), the long-term (1921—2020) average 
nnual water discharge reaches Q mean = 1020 m 

3 /s ( IMGW- 
IB, 2020 ). In the time span 1921—2020, the average daily 
ater discharge ranged between a minimum of 238 m 

3 /s 
nd a maximum of 9530 m 

3 /s (recorded during the flood 
vent in April 1924, see Figure 2 ). In addition, based on the
ultiyear hydrological observations in Tczew, the Lower Vis- 
ula has an average ratio of maximum to minimum water 
ischarge < Q max / Q min > = 9.4, where Q max and Q min are the
ater discharges representative of the highest and lowest 
aily flows in a particular hydrological year, respectively. 
ecords covering one century show that there have been 36 
ood events with the water discharge higher than Q > 4000 
 

3 /s. Amongst these, the flood event of May 2014 with the 
eak wave discharge Q peak = 4110 m 

3 /s belongs to the group 
f the highest high-water hydrological events ( ≈25 th per- 
entile of the century-long annual maximum flow values) 
hat occurred in the area of interest. 

.2. Hydrological conditions during the 

xperiment 

he time series of the Vistula River discharge values, col- 
ected at the Tczew gauge in a period of experiment be- 
ween 28.02. and 16.06.2014 ( Figure 3 a), revealed a pas- 
age of flood wave with the maximum intensity about four 
imes higher than that of the long-term mean annual out- 
ow. The peak wave with the discharge Q peak = 4110 m 

3 /s 
as observed in 25 th of May 2014 ( Figure 3 b). Duration
ime of the observed flood wave was about 25 days (if 
 mean exceedance is considered), but in fact the water 
evel stabilised after 10 days at Q = 1500 m 

3 /s ( Figure 3 )
nd the peak discharge occurred for a short period of 
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Figure 2 a) A century-long time series of the daily water discharges of the Vistula River at the Tczew gauge (see Figure 1 a for 
location). Red dots mark flood events with the water discharge higher than Q > 4000 m 

3 /s; b) Variations in discharges in 250 m 

3 /s 
intervals with largest discharges rescaled ( IMGW-PIB, 2020 ). 

Figure 3 a) Discharge graph in the Lower Vistula between 28.02. and 16.06.2014. Time series of hourly water discharge Q Tczew 

m 

3 /s (solid blue curve) in respect to long-term mean annual water discharge Q mean = 1020 m 

3 /s in Tczew (dashed blue line); b) 
time series of water discharge and water levels H cm at Tczew and ́Swibno gauges (see Figure 1 for location) in a period between 
15.05. and 15.06.2014 (dotted dark and light brown curves, respectively). The grey rectangles indicate time periods of in-situ 
measurements ( IMGW-PIB, 2020 ). 
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ime, so the flood wave can be schematically classified 
s the sharp-peaked one. In accordance with Allen and 
ollinson’s (1974) formulation ( �Q/ �t ) · Q 

−1 
peak (where �Q 

s the change of discharge in a time step �t ), the charac- 
eristic rate of the rising limb between the long-term mean 
nnual outflow Q mean and the observed flood peak Q peak was 
bout of 0.125 per day. In turn, the characteristic rate of 
he falling stage was in the order of 0.04 per day. Essen- 
ially, such relatively fast changes in hydrological conditions 
re favourable to formation of superimposed bedforms, 
.e., the smaller dunes overlaid on the larger ones (e.g., 
llen and Collinson, 1974 ; Wilbers and Ten Brinke, 2003 ). 
oreover, Paarlberg et al. (2008) observed that the shape 
f a flood wave influences dune dynamics in significant way. 
he authors underlined that the sharp-peaked flood wave 
215 
haracterized by the longer duration of the rising and falling 
tages gives subaqueous dunes less time to adapt to the 
igher (peak) discharge. 
Based on cross-correlation analysis (using the Matlab®

cov function) performed on water level time series, the 
ime lag of flood wave passage between Tczew and ́Swibno 
ross-sections (over distance of 31.2 km) was estimated at 
= 8 h. Thus, an average speed of flood wave was evalu- 
ted at ca. 1.1 m/s what is in reliable agreement with the 
bserved vessel drift speed ( ≈2 knots) during the measure- 
ents. The estimated flow speed is approximately twice 
aster (considering also the spatial variability of the flow 

eld across the river channel) than the depth-averaged 
elocities observed during normal hydrological conditions 
 Lisimenka et al., 2015 ). 
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.3. In-situ measurements 

he measuring campaign was initially a part of regular 
alf-yearly monitoring carried out in Vistula River mouth 
rea within the project VISTULA No PBS1/A2/3/2012. Two 
onths after the monitoring survey of March 2014 (28.02—
3.03), heavy rains in the Upper Vistula basin initiated a 
ood wave. Additional surveys were organised in the Vis- 
ula mouth and undertaken between May 23 (flood begin- 
ing phase) and May 26, 2014 (flood peak phase) during the 
assage of the flood wave. The surveys initially planned un- 
il May 29 (flood end phase), were too dangerous to perform 

ue to significant number of large debris floating on and 
ust below the river surface. Therefore, the survey accom- 
lished in June, 2014 (12.06—16.06) is treated here as flood 
nd situation. 
The boat-mounted Reson SeaBat 7101 multibeam 

chosounder (MBES) with the nominal working frequency of 
40 kHz and ping rate up to 40 pings/s was used in all bathy-
etric surveys. The high-resolution multibeam sonar system 

rovides up to 511 discrete across-track sounding beams and 
lluminates 150 ° swath on the seafloor (with 1.5 ° along-track 
ransmit beamwidth, 1.8 ° across-track receive beamwidth 
nd depth resolution 0.0125 m). The fixed-mount sound ve- 
ocity probe Reson SVP-70 was installed on the MBES head 
iming to permanent monitoring of the sound speed at the 
epth of the sonar head. The portable sound velocity pro- 
ler Reson SVP-15 was used to obtain the sound speed pro- 
le through the whole water column. The Trimble SPS 851 
PS Receiver with RTK-positioning (ensuring centimeter- 
evel accuracy) together with the Ixsea Hydrins inertial navi- 
ation system (with r-p-h accuracy of 0.01 °) were integrated 
ith the MBES and SVPs using the QINSy data acquisition 
oftware package. In that way, the overall measuring error 
s estimated within 5 cm xyz. The initial post-processing of 
he MBES raw data were performed in the QINSy Processing 
anager according to the IHO standard procedures used in 
ydrography. 

.4. Dune geometry determination and spectral 
pproach 

etermination of crest and trough positions of individual 
rimary bedforms ( Figure 4 , red and green markers respec- 
ively) for all one-dimensional bed elevation profiles (BEPs) 
ere performed based on the approach proposed by Van der 
ark and Blom (2007) . For each single bedform, dune height 
 defined as the vertical distance between a crest and its 
ownstream trough and dune length λ defined as the hor- 
zontal distance between two subsequent crests were ob- 
ained. Additionally, the relationship between dune height 
nd flow depth H / Z , dune steepness defined as H / λ ratio
nd the mean stoss- and lee-side angles were determined 
sing simple geometric relations (see dune schematic con- 
ept presented in Cisneros et al., 2020 ). 
The spectral analysis of the BEPs to obtain power spec- 

rum density (PSD) estimates was performed by using the 
atlab® periodogram function. After subtracting the mean 
epth and applying the detrending procedure by fitting 
nd removing a five-order polynomial regression model, the 
ariance spectra were determined for each flow rates. The 
216 
moothing of the obtained spectra was fulfilled with use of 
he DPSS taper function, i.e., discrete prolate spheroidal 
equences or Slepian sequences, which are known as unique 
indow functions which offer the best side-lobe suppression 

 Percival and Walden, 1993 ). 
In context of the determination of the dominant dune 

engths (local peaks of the spectra), the characteristic 
avenumbers k ch (and consequently λch ) were evaluated for 
ll measurements based on the concept introduced firstly 
y Young (1995) in sea surface dynamics study. For this pur- 
ose, the author proposed to calculate the weighted in- 
egral of power 4 of the spectral function. This approach 
as applied also by Davis et al . (2004) as well as by
isimenka and Kubicki (2017) in bedform studies: 

 ch = 

∫ k · S 4 ( k ) dk 
∫ S 4 ( k ) dk 

and λch = 

2 π
k ch 

(1) 

. Results 

he analysis of bed elevation profiles revealed a presence 
f asymmetrical small (with typical spacing λ= 0.6—5 m), 
edium ( λ= 5—10 m) and large ( λ= 10—100 m) sand dunes
ccording to the bedform classification scheme introduced 
n Ashley (1990) . 

Comparison of the successive bed elevation profiles in- 
icated significant changes with time in conjunction with 
hanging hydrological conditions. To start with, the number 
f dunes increased from N 1 = 478 up to N 2 = 630 in time pe-
iod between the initial time step ( Figure 4 a) and the first
urvey during passage of the flood wave ( Figure 4 b). After
hat the number of individual dunes reduced considerably 
p to N 5 = 160 at the final stage of the rising limb ( Figure 4 e),
o that to reduce even more up to N 6 = 134 at the next time
tep, i.e., at the beginning of the falling limb ( Figure 4 f),
hat is probably an effect of an amalgamation (merging) 
f the investigated bedforms. In turn, approximately the 
ame number of dunes N 7 = 138 was identified in the last 
ime step, i.e., two and half weeks later, when the hydro- 
ogical regime of the river returned closely to the long-term 

verage conditions. 
The relationship between dune height H and flow depth 

 for each time steps ( Figure 5 ) shows that the vast ma-
ority (about 95%) of dunes observed in low hydrological 
onditions Q < 1500 m 

3 /s (time steps Q 1 and Q 7 , standard
ows) fall below H = 0.127 Z approximation ( Figure 5 , dot-
ed line). Moreover, for relatively low/moderate hydrology 
ith Q < 2500 m 

3 /s (including of time step Q 2 correspond- 
ng to the beginning of the rising limb) there are almost no 
unes with height above H = 0.17 Z ( Figure 5 , dashed line),
.e., of about 96% of bedforms are below this line at all. 
n turn, about 75% of dunes observed in hydrological con- 
itions higher than Q > 2500 m 

3 /s (starting with time step 
 3 ; rising limb) fall above H = 0.17 Z . Interestingly, for the
ighest hydrological conditions observed in the experiment 
lose to Q ≈4000 m 

3 /s, i.e., time steps Q 4 (rising limb) , Q 5 

peak discharge) and Q 6 (beginning of the falling limb), a re- 
ationship between dune height and flow depth of H = 0.33 Z 

 Figure 5 , dash-dotted line, see Wignall and Best, 2000 ; c.f.
isneros et al. , 2020 ) could be assumed as an ‘upper bound-
ry condition’ for approximately 50% of dunes. It should be 
oted also that only 6 dunes (see grey patches in Figure 4 f
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Figure 4 Bed elevation profiles (BEPs) along the centreline of 3270 m length with the appropriate date, time, water discharge 
value Q m 

3 /s and number of dunes N for all successive echosoundings. Location of crests and troughs depicted with red and green 
markers respectively (not shown for two first surveys due to readability). Grey patches mark lee-side slopes of the particular 
dunes with the potential for flow separation (based on findings of Lefebvre and Winter, 2016 ). Yellow patches mark six dunes with 
H / Z > 0.66 (see Figure 5 ). Note : water discharges values Q Świbno were calculated based on the obtained time lag (see Sec. 2.2 ). 
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or location) amongst the total number of 2076 examined in 
he whole experiment fall above H = 0.66 Z ( Figure 5 , solid
ine). 

For clarity, further in the text, the same concept of 
olours representing all hydrological conditions is applied in 
he following figures: Q 1 = 1520 m 

3 /s (blue), Q 2 = 2450 m 

3 /s
green), Q 3 = 3290 m 

3 /s (magenta), Q 4 = 3810 m 

3 /s (black), 
 5 = 4020 m 

3 /s (red), Q 6 = 3990 m 

3 /s (yellow) and Q 7 = 1150
 

3 /s (cyan). 
The scatter plot of dune heights vs. lengths ( Figure 6 a) 

eveals that, the greater number of dunes falls between the 
lobal average (grey line) and upper limit trends (black line) 
btained by Flemming (1988) . There is, however, an excep- 
ion related to the initial and the final steps (corresponding 
o the lowest hydrological conditions observed in the exper- 
ment), at which the vast majority of dunes fall below the 
lobal mean trend, what could suggest that these bedforms 
re lower at these stages ( Figure 6 a, blue and cyan dots, 
espectively). 
Naturally, in the context of the dune geometry a consid- 

rable reshaping was observed with time as well ( Table 1 ). 
nalysis of the mean dune height and length vs. water dis- 
harge revealed a counter-clockwise hysteresis ( Figure 6 b, 
lue and brown curves respectively). For example, after 
he almost 3 months period of time between the initial time 
tep and the first survey during the flood, a significant in- 
rease in the mean value of the dune steepness H mean / λmean 

f about 3 times was observed ( Figure 6 c, blue curve), 
here the mean dune height increased from H 1 = 0.16 m 
217 
nd its standard deviation σH1 = 0.12 m up to H 2 = 0.35 m
 σH2 = 0.16 m) while the mean dune length reduced from 

1 = 6.8 m ( σλ1 = 4.7 m) up to λ2 = 5.2 m ( σλ2 = 1.4 m). After
hat, during the first 28 h of the flood observation, in the 
ourse of which the water discharge increased gradually 
n �Q = 840 m 

3 /s from Q 2 = 2450 m 

3 /s to Q 3 = 3290 m 

3 /s
almost the same increase of Q value as in preceding time 
eriod), the mean dune height and length both have risen 
o H 3 = 0.71 m ( σH3 = 0.26 m) and to λ3 = 10.0 m ( σλ3 = 2.6 m),
espectively. Successively, the mean dune height and length 
ncreased up to H 5 = 1.17 m ( σH5 = 0.42 m) and λ5 = 20.1
 ( σλ5 = 6.4 m) at the final stage of the rising limb with
 5 = 4020 m 

3 /s. In turn, at the beginning of the falling
imb, the geometrical dimensions of the dunes increased 
ven more up to H 6 = 1.28 m ( σH6 = 0.6 m) and λ6 = 24.1 m
 σλ6 = 10.1 m). Finally, after 17 days during which the hy- 
rological conditions in the Lower Vistula returned closely 
o the long-term average Q mean ( Figure 3 ), a significant 
educing in dune steepness was detected — the mean dune 
eight reduced of about 4 times while the mean dune length 
ept almost the same (comparably stable) by comparison to 
he time step corresponding to the beginning of the falling 
imb. Thereby, the highest dynamics in dune field changes 
as observed at the final stage of the rising limb during 
hich the bedforms revealed growth with average rates 
bout of 0.02 m/h in height and about of 0.5 m/h in length
espectively, while the water discharge increased from 

 4 = 3810 m 

3 /s to Q 5 = 4020 m 

3 /s during about 9 hours only.
owever, the latter one could be attributed to a lack of 
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Figure 5 Plot of dune height H m versus flow depth Z m for all dunes observed in the experiment under changing hydrologi- 
cal conditions. The H / Z relationships for values equal to 0.127 (dotted line), 0.17 (dashed), 0.33 (dash-dotted) and 0.66 (solid), 
respectively. 
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 sufficient number of observations during the falling limb 
hase. 
Besides, the bed roughness k dunes related to dunes was 

alculated based on the empirical relationship obtained by 
an Rijn (1984) : 

 dunes = 1 . 1 γd H mean 
(
1 − e ( −25 H mean / λmean ) 

)
(2) 

here H mean and λmean — the mean dune height and length 
espectively, and γ d is the shape factor expressing the influ- 
nce of the dune form on the roughness height, taking into 
ccount that according to Van Rijn (1993) , γ d equals to 0.7 
or dunes observed in field conditions. 
As shown in Figure 6 c (brown curve), the bed rough- 

ess noticeably increases with water discharge with the lag- 
ffect, like in the case of the dune height (anti-clockwise 
ysteresis). It should be also noted that for moderate 
 Q > 2000 m 

3 /s) to high hydrological conditions, the bed 
oughness due to dunes is found to be of about 50%—63% 
218 
f the mean dune height value of the primary bedforms, 
herein the k dunes / H mean ratio is higher during the rising limb 
f the flood wave. In contrast, one reveals values of about 
2%—37% during low hydrology ( Q < 1500 m 

3 /s). 
The smoothed variance spectra corresponding to the par- 

icular hydrological conditions Q 1 —Q 7 together with the ap- 
ropriate locations of the characteristic wavenumbers k ch 

depicted with the diamond markers in according with the 
pplied colour scheme) are presented in Figure 7 . 
In general, three scaling regions could be distinguished in 

he riverbed morphology of the Vistula mouth: the first one 
the low-frequency part of the spectrum with wavenum- 

ers below k < 0.015 rad/m what corresponds to macroscale 
edforms with lengths larger than of about λ> ≈420 m, i.e. 
omparable or larger than the river width W . Behaviour 
f all of the spectra in this low frequency range is char- 
cterized by flat spectra, what could be potentially inter- 
reted as a lack of influence of any large scale anthro- 
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Figure 6 a) Plot of dune height H vs. dune length λ under changing hydrological conditions, overlapping the global average 
H mean = 0.0677 λ0.8098 (grey line) and upper limit H max = 0.16 λ0.84 (black line) relationships obtained by Flemming (1988) . Development 
of dunes during flood: b) mean dune height H mean m (blue curve; left y-axis) and dune length λmean m (brown curve; right y-axis); c) 
mean steepness H mean / λmean (blue curve; left y-axis;) and bed roughness due to dunes k dunes (brown curve; right y-axis). 
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ogenic factors (like river groynes or other hydrotechnical 
tructures) on the riverbed morphology (at the investigated 
iver stretch, the straight-segment riverbanks are strength- 
ned by concrete and/or stony walls along the whole river 
hannel). The second scaling region is the mesoscale one, 
hich is characterized by a presence of a large sand dunes 
ith lengths between of about 1 ÷2 <λ< 420 m. In turn, the 
hird region — the high-frequency ‘tail’ corresponds to mi- 
roscale surface roughness with wavenumbers k > 2 π rad/m, 
.e. small dunes (with λ< 1 m) and ripples. 

The spectra show that with the development of the flood 
ave, the most significant changes of the riverbed mor- 
hology were observed in the ‘mesoscale’ frequency region 
etween 0.094 < k <π/2 rad/m (i.e., for dune lengths be- 
ween of about 2 <λ< 66 m). Interestingly, in this ‘transition 
egion’, the distinct behaviour of the spectra is observed. 
he ‘low hydrology’ spectra (blue and cyan curves in 
igure 7 ) follow sufficiently well the power law function 
(k) ∼ k γ , described by the spectrum slope γ= —3 ( Figure 7 ,
rey dashed line). However, during the moderate and high 
ydrological conditions ( Q 2 —Q 6 curves in Figure 7 ), the spec- 
rum slope γ increases and all of the spectra follow by a ‘—4 
ower spectral law’ ( Figure 7 , grey dotted line). 
Analysis of the dune slope angles (the average slope of 

ll grid samples from crest point to trough point or vice 
ersa, for lee- or stoss-side angles respectively) revealed 
hat greater number of dunes (83% of the total ones) are 
symmetrical with the gentler stoss-side slope α in com- 
arison to the steeper lee-side one β ( Figure 8 a). In turn, 
nly of about 2% of the observed dunes are ideally sym- 
etrical (triangular). With the development of the flood 
ave, the clockwise hysteresis of the mean stoss and lee 
ngles vs. water discharge were found ( Figure 8 b, black and 
lue curves respectively). Moreover, significant increase of 
219 
bout 3 times in both of the mean angles was observed 
tarting from the initial time step up to (in general) the 
nal stage of the rising limb. During this period of time, 
he mean dune stoss- and lee-side slopes increased respec- 
ively from α1 = 2.6 ° ( σα1 = 1.1 °) and β1 = 3.6 ° ( σβ1 = 1.8 °) up
o values higher than about of αmean ≈7 ° and βmean ≈10 °, with 
he maximum values of α3 = 7.6 ° ( σα3 = 2.0 °) and β3 = 10.6 °
 σβ3 = 3.3 °) observed at the time step corresponding to the 
re-final stage of the rising limb with Q 3 = 3290 m 

3 /s. It
hould be noted that the dune slope angles returned to 
ven slightly lower values at the last time step [ α7 = 1.7 °
 σα7 = 0.8 °) and β7 = 2.5 ° ( σβ7 = 1.5 °)] in comparison with the
nitial time step during which nearly the same low hydrolog- 
cal conditions were observed. 

. Discussion 

ith the development of the flood wave, growth of dunes 
n height together with the diminishing number of individ- 
al dunes were identified in all subsequent time steps ( Q 2 

o Q 6 ), although with progressively reducing rates. The re- 
uction can be explained by the different kinematics of 
he large-scale bedforms in comparison with the small- 
cale ones. It is well known that the reaction time needed 
o adapt to changes of flow conditions varies depending 
n bedforms geometric dimensions. Naturally, the small- 
cale bedforms are subjected to quick modifications, but 
he large-scale ones, inversely, may take longer period of 
ime to change (e.g., Bridge, 2003 ; Guala et al., 2020 ; 
enditti et al., 2016 ). 
The presented dataset illustrates that dunes with small 

eights are dominant in the Vistula River mouth channel. 
or the overwhelming majority of dunes observed in low 
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Figure 7 Variance spectra [dB/m 

3 ] of the bed elevation profiles measured under changing hydrological conditions. Grey lines —
power law functions with spectrum slopes γ= —3 (dashed) and γ= —4 (dotted), respectively. The black arrow appoints the scal- 
ing region corresponds approximately to the river width λ≈W. The appropriate diamond markers determine the characteristic 
wavenumber k ch obtained based on the Eq. (1) . 
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ydrological conditions ( Q < 1500 m 

3 /s), the approximation 
 < 0.127 Z proposed recently by Cisneros et al. (2020) for 
eep flows ( Z > 2.5 m) could be representative for collected 
ataset. In turn, a value of H = 0.17 Z ( Rubin and McCul-
och, 1980 ) reflects well the maximum dune height that 
edforms attain during moderate hydrology (up to Q ≈2500 
 

3 /s). It is worth to note that the largest submerged dune 
eights with H > 0.66 Z (with a maximum value of 0.8 Z ) were
bserved at the beginning of the falling stage of the flood 
ydrology ( Q ≈4000 m 

3 /s) for six bedforms only located at 
hallower part of the river with depths about of Z = 2.3—3.3 
. However, due to lack of sufficient data samples related 
o the falling limb phase of the examined flood, it is rather 
ifficult to establish if there were any more individual dunes 
ith heights higher than H = 0.66 Z , although some growth 
f dunes in height could potentially be observed at the 
ext few time steps after the beginning of the falling limb 
 Figure 6 b). 
220 
A noticeable anti-clockwise hysteresis (lag effect) was 
etected both between dune height H or length λ and water 
ischarge ( Figure 6 b), where H and λ are substantially out 
f phase with progressive changes of Q . Such phenomena of 
he subaqueous dune evolution occurs only when the time 
cale of water discharge change is faster than the bedform 

djustment time and specifically more pronounced lags are 
bserved in the case of ‘fast flood waves’ ( Martin and Jerol- 
ack, 2013 ). In general, our observations are in agreement 
ith the results of investigations performed by other au- 
hors in large sand bed rivers. The findings of earlier studies 
ndicate that dunes are observed to grow during the rising 
imb, reach their maximum size after peak discharge and 
ecay in size as the flood recedes (e.g., Amsler and Gar- 
ia, 1997 ; Julien and Klassen, 1995 ; Julien et al., 2002 ;
en Brinke et al . , 1999 ; Wilbers and Ten Brinke, 2003 ). 
Even though there is a lack of data sets collected dur- 

ng the falling limb, different behaviour of the primary ge- 
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Figure 8 a) Plot of the lee-side angle β vs. stoss-side angle α (in degrees) under changing hydrological conditions. The dashed 
grey line marks dune symmetry condition β= α. The grey patch indicates lee-side angles β> 10 °; b) Clockwise loops for the mean 
dune slopes of stoss-side angle (black curve) and lee-side angle (blue curve) as a function of the water discharge. 

Figure 9 Development of dune length under changing hydrological conditions. Statistically derived mean dune lengths λmean m 

(square markers) with the whiskers indicating the standard deviation. Characteristic dune lengths λch m (diamond markers) derived 
from spectral analysis on the basis of the Eq. (1) . 
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metry parameters ( H and λ) of the Vistula dunes could 
e distinguished. The observed dunes show quick growth 
oth in H as well as in λ when the water discharge in- 
reases, starting especially from the moderate hydrological 
onditions. In turn, when the hydrology starts to back close 
o the initial (long-term average) one, H decreases defi- 
itely with higher dynamics in comparison to λ. Although 
ome indefinite growth of dunes size could be expected 
fter the flood peak [e.g., dunes start to decrease only 
n size halfway through the flood falling limb according to 
artin and Jerolmack (2013) ], λ does not reveal a signifi- 
ant change at the final time step at all (in relation to the 
revious survey which corresponds to the initial stage of the 
221 
alling limb). The probable explanation could be the ero- 
ion of dune crests and subsequent deposition of the mate- 
ial in the dunes troughs — in that way, low dunes in height, 
ut long in length may form. In general, it is in agreement
ith the field observations performed by Wilbers and Ten 
rinke (2003) of sand and sand-gravel bed reaches of the 
utch Rhine. Notwithstanding, the authors did not observe 
he dune length change in response to the varying water dis- 
harge in the sand bed section of the Waal River character- 
zed by nearly the same granulometric composition of river 
ottom sediments consisted of medium to coarse-grained 
ands like in the Vistula River mouth ( Rudowski et al. , 2017 ).
ikewise, results of laboratory observations and numerical 
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222 
imulations of bedform response to flow variability accom- 
lished by Nelson et al . (2011) also revealed that when the 
ow decreases back to the original discharge, H quickly de- 
reases in response, but λ decreases much more slowly. Us- 
ng an unsteady two-dimensional flow model, the authors 
redicted much slower rate of λ increase during the rising 
imb and observed that one remains essentially constant, 
ather than decreasing, during the final low-flow period. 
The result of our observations exposes a relatively 

reater growth in H versus λ reflecting in significant steep- 
ning of dunes (of about 3-fold) during a period of time 
etween the origin phase and the flood peak approaching 
dunes tend to steepen from 0.024 up to ≈0.07). Subse- 
uently, around the flood peak, slight decreasing in the 
ean dune steepness was found (up to 0.06) with clearly 
isible further tendency of H / λ to reduce crucially (of about 
-fold) forward close to the origin stage. In that way, con- 
rary to the dune height and length lag effects, the dune 
teepness reveals the clockwise hysteresis ( Figure 6 ). It is 
orth noting that the observed variability of dune steep- 
ess is in general agreement within the ranges obtained 
n other field studies ( Carling et al . , 2000 ; Julien and
lassen, 1995 ; Julien et al., 2002 ). Furthermore, the rela- 
ionship H/ λmax = 0.16 λ-0.16 proposed by Flemming (1988) as 
he maximum limit trend effectively exemplifies a range 
f steepness for the dunes observed in the measurements 
 Figure 6 a, black line). Besides, dunes with steepness lower 
han H/ λ≈0.06 ( Figure 6 a, grey line) are either considered 
s a non-equilibrium bedforms (in our case, the ones ob- 
erved at low hydrological conditions mainly) or, as noted in 
arling et al . (2000) , represent an equilibrium adjustment 
f the bedform, in which maximum steepness is precluded 
y hydraulic constraints, notably a depth limitation. On the 
ther hand, real world observations suggest that equilibrium 

edforms (the ones with consistent geometry/shape during 
heir migration) are relatively rare in flood conditions and 
hat subaqueous dunes evolve dramatically over the time 
cale of real floods ( Nelson et al., 2011 ) what is confirmed
horoughly by our observations. In fact, tracking of the in- 
ividual dunes was impossible to achieve as the latter ones 
ere undergoing rapid changes under the varying hydrologi- 
al conditions and, moreover, surveys were done rather too 
arely in order to identify particular dunes on the subse- 
uent records ( see Figure 4 ). 
By analysing the subsequent roughness spectra in context 

f localization of its local spectral peaks ( Figure 7 ), the anti-
lockwise hysteresis effect both for H (spectrum level) and 
(wavenumber) may be inferred by the spectral method as 
ell, confirming in that way the considerable reshaping of 
he dune field with time. It is visible that the dominant lo- 
al peaks of the particular spectra change its x-y positions, 
epeating in this manner behaviour of the primary geom- 
try parameters H and λ ( Figure 6 b). Naturally, it reflects 
e-organization of the dune field with time — sand dunes 
ith the smaller heights and shorter lengths are swallowed 
y the bigger ones, creating the new bedforms which are 
ecome appropriately higher and longer than the two initial 
nes. In that way, high frequency spectral peaks are gradu- 
lly shifted towards the low wavenumbers (i.e. increasing of 
) with the simultaneous growth of their spectral levels (i.e. 
ncreasing of H ). Finally, spectral level of the dominant local 
eak of the ‘end of the flood’ spectrum ( Figure 7 , time step



Oceanologia 64 (2022) 212—226 

Figure 10 The potential for flow separation. Plot of lee-side angle β [deg] vs. relative dune height H / Z under changing hydro- 
logical conditions. The grey area indicates the minimum boundary conditions for β and H / Z at which, according to Lefebvre and 
Winter (2016) , the onset of permanent flow separation could be observed. 
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 7 ) is abruptly dropped with keeping its almost the same 
osition in the wavenumber domain, confirming reducing of 
he dune height, but keeping the dune length (i.e. reducing 
he dune steepness). 
Furthermore, for low flow rates (average/standard hy- 

rological conditions), the observed spectra could be ap- 
roximated by the power-law fitting functions with the 
pectrum slopes close to γ= —3, especially at the mesoscale 
egion, where the most significant dune field reshaping was 
bserved ( Figure 7 , grey dotted line). This is in general 
greement with the classic findings of Hino (1968) , and con- 
rms also the results of investigations performed by other 
uthors (e.g., Aberle et al., 2010 ; Nikora et al . , 1997 ). How-
ver, with the development of the flood wave, significant 
eviation from the ‘—3 power law’ is observed — all of the 
pectra obtained at the moderate and high flows ( Figure 7 , 
ime steps Q 2 —Q 6 ) are characterized by the steeper spec- 
rum slopes close to γ= —4 ( Figure 7 , grey dashed line). 
223 
Interestingly, comparison of behaviour of the (mean) 
une lengths derived statistically λmean and the character- 
stic dune lengths λch obtained based on spectral analysis 
nder changing water discharge Q ( Figure 9 , square and di- 
mond markers, respectively) revealed anti-clockwise hys- 
eresis almost the same in both cases. Dune length values 
erived spectrally are, in general, in full agreement with 
he statistical values of λ, taking also into account the ap- 
ropriate standard deviations σλ for the particular time 
teps. Nevertheless, it should be noted that at the time step 
orresponds to the initial phase, the spectrally derived λch 

s out of whiskers, what could be explained by a presence 
f large numbers of relatively small-scaled dunes which sig- 
ificantly reduce the statistical mean at this particular time 
tep. 
In the context of the angular geometry of bedforms, 

ur results exhibit the ubiquity of low-angle dunes, in vast 
ajority with the asymmetrical shapes. Specifically, dunes 
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ith the mean lee-side slopes milder than β= 10 ° are fully 
ominant in low hydrological conditions ( Figure 8 a, time 
teps Q 1 and Q 7 ). According to the results of the numerical 
imulations performed by Lefebvre and Winter (2016) , re- 
ardless of dune size and flow depth, a flow separation zone 
oes not development over such low-angle dunes (lack of a 
one of permanent flow separation). It could give an answer 
at least partly) to the question raised by Warmink (2014) in 
elation to an existence of the flow separation behind such 
on-equilibrium bedforms with relatively large lengths (and 
mall heights) observed at the final stage of the falling limb 
see Figures 6 a, 10 ). Moreover, in our case, about 70% of 
he ‘low hydrology’ dunes are characterized by the mean 
ee-side angles β< 4 ° what could be evidence of an ab- 
ence of a hydraulic effect at all (e.g. Cisneros et al., 
020 ). In the case of low-angle dunes, flow field structure 
haracterizes by lower turbulence production dominated by 
ddies generated along shear layer, with a much smaller 
elocity differential than is characteristic of shear layers 
aused by flow separation in the lee side of classic angle-of- 
epose dunes. Consequently, lower energy losses between 
he recirculating flow and overlying free water flow are ob- 
erved what results in weakening of flow resistance caused 
y (low-angle) dune form roughness ( Best, 2005 ; Best and 
ostaschuk, 2002 ). 
With the development of flood wave, number of asym- 

etric dunes with lee-side angles β> 10 ° significantly in- 
reases. Moreover, clockwise loops are observed both for 
toss- as well as lee-side angles, with higher magnitude in 
he case of the last ones ( Figure 8 ). It could suggest a proba-
le appearance of recirculating flow (at least with intermit- 
ent origin) and its impact on steepening of lee-side slopes 
f particular dunes ( Figure 4 ). 
Findings of Lefebvre and Winter (2016) revealed that the 

inimum angle at which a flow separation zone is detected 
epends on the relative dune height H / Z. The authors de- 
ermines the range of lee-side angles at which the flow sep- 
ration is found to be present from βmin = 11 ° for H / Z = 0.4 to
min = 18 ° for H / Z = 0.05 and predict an absence of the one
or bedforms with a relative height H / Z = 0.16 ( Figure 10 ). In
hat way, total number of 146 dunes, which fulfil the men- 
ioned above conditions were identified (points inside the 
rey polygon in Figure 10 ), what is of about 7% of the total
umber of dunes (2076 ones) examined in the experiment. 
t should be noted that with the development of the flood 
ave, the potential of flow separation increased gradually 
rom 2.2% (at Q 2 ≈2500 m 

3 /s), through 14.2% (at Q 3 ≈3290 
 

3 /s), 18.4% (at Q 4 ≈3810 m 

3 /s) up to 20% at the flood peak
 Q 5 ≈4020 m 

3 /s), in order to start to decrease to 11.1% at
he beginning of the falling limb ( Q 6 ≈3990 m 

3 /s). 

. Conclusions 

ubaqueous dunes in the mouth of the Vistula River to 
he non-tidal Baltic Sea share their geometric character- 
stics with bedforms of other large sand-bed rivers and 
uvial environments. For the Vistula dunes, composed 
ainly by coarse and medium-grained sands, the global 
rend described by the exponential relationship between 
heir height and length H mean = 0.0677 λ0.8098 proposed by 
lemming (1988) and interpreted as an equilibrium condi- 
224 
ion could be a limiting factor indicating rather lack of suf- 
cient sediment supply from the upper parts of the river, 
.e., dunes are definitely underdeveloped at low hydro- 
ogical conditions. Naturally, with increasing of water flow 

trength, ones indicate a tendency to grow both in height as 
ell as in length and, in turn, are in a good agreement with
lemming’s upper limit trend relationship H max = 0.16 λ0.84 . 
The present dataset reveals also that dunes with rela- 

ively small heights are absolutely dominant in the Vistula 
iver mouth and the vast majority of rhythmic bedforms 
about 95%) observed at low ( Q < 1500 m 

3 /s) to moderate
ydrological conditions ( Q < 2500 m 

3 /s) could be character- 
zed by the relationship between dune height against flow 

epth in range of H / Z ≈1/8 ÷1/6, respectively. In turn, the
elationships H/Z = 1/3 ÷2/3 could be assumed as upper lim- 
ts for approximately 50% of dunes observed at high hydrol- 
gy ( Q > 3800 m 

3 /s). 
In context of the dune geometry, significant reshaping 

f the Vistula dune field was observed with the develop- 
ent of the examined flood wave. The mean dune height 
nd length vs. water discharge revealed the anti-clockwise 
ysteresis (the lag effect). Based on our observations, start- 
ng from low hydrological conditions and up to the time step 
orresponding to the flood peak, the mean dune height and 
ength increased successively from H = 0.16 m and λ= 6.8 m 

o H = 1.17 m and λ= 20.1 m, in order to increase even more
p to H = 1.28 m and λ= 24.1 m at the beginning of the falling
imb. Moreover, different behaviour of the primary geom- 
try parameters ( H and λ) of the Vistula dunes could be 
istinguished during the rising and falling limbs. The dune 
eight decreases definitely with higher dynamics in compar- 
son to the dune length during the falling phase, indicating 
n that way a significant decrease in dune steepness. During 
 period of time when the river returns to the long-term av- 
rage hydrological conditions after the passage of the flood 
eak wave, the mean dune height was reduced about 4-fold 
hile the mean dune length was almost the same by com- 
arison with the time step corresponding to the beginning 
f the falling limb. 
The spectral analysis of the bed elevation profiles led 

o distinguishing three scaling regions that corresponded 
o micro-, meso- and macroscales. Specific patterns of 
he spectra are observed in dependence on hydrologi- 
al conditions. At the mesoscale region, where the most 
ignificant dune field changes were observed, the expo- 
ent of the spectral function S(k) ∼k γ is to be found close 
o ‘—3 power law’ for low hydrological conditions, which is 
n agreement with the ‘classic’ assumption obtained firstly 
y Hino (1968) . However, during the moderate and ex- 
reme hydrological conditions, spectra are characterized 
efinitely by the steeper spectrum slopes close to or slightly 
igher than γ= —4. Furthermore, determination of the char- 
cteristic dune length λch derived ‘spectrally’ could be a 
ood alternative to ‘the statistical approach’ aiming to get 
n information about dominant dune length in bed elevation 
rofile by finding the local peak position in the wavenumber 
omain of the spectrum. It was shown that the characteris- 
ic (dominant) dune lengths derived ‘spectrally’ are in gen- 
ral agreement with the ones derived ‘statistically’ (taking 
nto account the standard deviation), showing the same pat- 
ern of the lag-effect as well. It could confirm the usefulness 
f the spectral approach in dune field analysis. 
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Analysis of the angular geometry of the Vistula dunes 
evealed supremacy of low-angle bedforms, in vast major- 
ty with the asymmetrical shapes. In general, of about 83% 

f dunes are characterized by gentler stoss-side slope α in 
omparison to the steeper lee-side one β, with only of 2% 

f the total number of ones which are ideally triangular. 
efinitely, dunes with the mean lee-side slopes milder than 
= 10 ° are fully dominant in low hydrological conditions. 
hat is more, of about 70% of the ‘low hydrology’ dunes 
re characterized by the mean lee-side angles β< 4 ° what, 
n turn, could be a reason for weakening of flow resistance 
aused by dune form roughness due to a complete absence 
f a hydraulic effect. With the development of flood wave, 
lockwise loops were observed both for the mean stoss- 
s well as lee-side angles, with higher magnitude in the 
ase of the last ones. This could suggest a probable appear- 
nce of recirculating flow (at least with intermittent origin) 
nd its impact on steepening of lee-side slopes of particu- 
ar dunes (see Figure 4 ). Interestingly, it was observed that 
toss- and lee-side angles behaviour as a function of the 
ater discharge is the same as dune steepness taking into 
ccount clockwise hysteresis, with almost identical step- 
y-step analogy in evolution in the case of the stoss-side 
ngles. In addition, based on findings of Lefebvre and Win- 
er (2016) regarding criteria of probable appearance of flow 

eparation, a relatively low number of dunes — of about 7% 

nly (amongst 2076 of the total ones examined in the exper- 
ment) were identified as a fulfilling the mentioned above 
onditions (i.e., the appropriate range of lee-side angles 
and relative heights H/ Z ). Notwithstanding , with the in- 

reasing of flow strength, it was observed that the potential 
f flow separation was increased of about 9-fold, from 2.2% 

t the flood beginning phase up to 20% at the flood peak 
nd dropped abruptly up to 11.1% immediately at the be- 
inning of the falling limb. Importantly, dunes with lee-side 
ngles β> 24 ° (with a fully developed flow separation zone) 
ere not observed at the experiment at all, independently 
n hydrological conditions. 
The data presented in the study could be an essential 

asis for creation of fluid dynamics models of natural bed- 
orms in large sand-bed river channels, aiming to predict 
ccurately dune dimensions and their evolution, flow resis- 
ance caused by bedform roughness, turbulent flow, as well 
s water levels during extreme hydrological conditions, for 
roper river system management. 
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zyma ński, E. , 1897a. The regulation of the Vistula River mouth.
Tech. Rev. 17, 270—274 (in Polish) . 
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