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ABSTRACT

Aim of the study

The aim of this paper was to develop and test detection methods of sandbars for a selected section of the
Lower Vistula (Wista) river with the use of Sentinel-2 Level 2A optical images.

Material and methods

The analyses were performed in the QGIS (version 2.18.4) and SNAP (version 7.0) software. Both the image
reprogramming and pixel value analysis were conducted in the SNAP software. QGIS was used to perform
satellite data, i.e. processing, surface analysis, and their visualisation. For multispectral images, water indices
were used such as: NDWI (Normalized Difference Water Index); MNDWI (Modified Normalized Difference
Water Index); AWEIsh (Automated Water Extraction Index shadow); AWEInsh (Automated Water Extraction
Index no shadow); LSWI (Land Surface Water Index); MLSWI (Modified Land Surface Water Index); MSI
(Moisture Stress Index); SWM (Sentinel Water Mask) to separate sandbars from a water. These index meth-
ods base on a threshold value. Not all tested indices provided satisfactory results. Therefore, the layers were
generated for 5 water indices.

Results and conclusions

The analyses have shown that, for the selected section of the Lower Vistula, it is possible to detect sandbars
in the river channel on the basis of Sentinel-2 satellite’s data. A proper selection of remote sensing index,
creation of binary classification and selection of processing algorithm are important when detecting river
sand bars. Every water index used produced different results. The difference may be reduced by improving

the threshold value algorithm.
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INTRODUCTION

A new way approach to determine the dynamics of
sandbars movement on the Lower Vistula is the anal-
ysis of sequence of satellite images, which make it
possible to determine the shape, size, and migration
velocity of channel mesoforms over a particular peri-
od of time (Babinski, 1992). As part of the Copernicus
Programme, the Sentinel-2A satellite was launched on

“e-mail: klaudia.kryniecka@uw.edu.pl

23 June 2015 by the European Space Agency (ESA).
Sentinel-2A is an image recorder a platform equipped
with an innovative wide-angle (290 km), high speed,
and a multi-spectral video recorder scanner (MSI —
Multispectral Instrument) with 13 spectral bands. To-
gether with the twin satellite Sentinel-2B it is a source
of very useful information about land and water areas
(Kurczynski, 2014). The revisit period of Sentinel-2
satellites is 5 days (Robak et al., 2016).
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The aim of this article is to develop and test sand-
bars detection methods for a selected section of the
Lower Vistula River channel. The archival images of
the Sentinel-2 were used for this study. Research prob-
lems were the optimisation of tools, and the selection
of remote sensing indices used for the detection of in-
land and coastal waters in the images of Sentinel-2. In
general, the main assumption was to discover arithme-
tic expression that would produce the highest contrast
value between different wavelengths.

Spectral indices are math arithmetic expressions
with a minimum of two wavelengths of spectral re-
flectance. The equations are flexible in application be-
cause they use universal terms, which do not depend
on the sensors that were used. Water indices are used
for the delineation of water from the background using
a fixed threshold value (Acharya et al., 2020).

The most widely used water index is NDWI (Nor-
malised Difference Water Index). The NDWI was de-
veloped by McFeeters (1996) and it uses green and
near-infrared (NIR) bands to identify water surface.
The author uses a zero threshold value in the research.
Another important index is MNDWI (Modified Nor-
malised Difference Water Index), which was proposed
by Xu (2006), and which is a new version of NDWI.
The researcher noted poor separation of water from
urban areas. Therefore, instead of NIR band in equa-
tion created by McFeeters (1986), he used shortwave
infrared (SWIR). Other indices frequently appearing
in the literature are AWEIsh (Automated Water Ex-
traction Index shadow) and AWEInsh (Automated
Water Extraction Index no shadow) developed by
Feyisa et al., (2004). The first was adapted to detect
water in mountain environment, where shadows are
problematic on multispectral images. It used green,
NIR and SWIR bands. The other was adapted to de-
tect water within urban areas, where blue, green, NIR,
and SWIR bands were used in the equation. Follow-
ing indices such as LSWI (Land Surface Water Index)
and MLSWI (Modified Land Surface Water Index)
are also used to detect water surfaces, whereas MLS-
W1 is especially useful for detecting flood areas. This
latter index was created from two indices: NDWI and
LSWI by Kwak (2017), and it uses NIR and SWIR
bands. Researchers often use different indices, com-
paring and combining them. Chandrasekar et al.,
(2010) compared the LSWI, which applies SWIR and
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NIR bands and detects plant and soil moisture, with
the vegetation index NDVI (Normalised Difference
Vegetation Index), which determines plant condition.
Li et al., (2014) performed a similar exploration. Sri-
wongsitanon et al., (2015) in their study compared
NDII (Normalised Difference Infrared Index) with
conceptual hydrological model, and Niedzielko et al.,
(2012) compared NDII and MSI (Moisture Stress
Index) with field studies. The last index used in this
study is SWM (Sentinel Water Mask), dedicated to
detecting water from Sentinel-2 images. It has been
developed by Robak et al., (2016).

STUDY AREA

The Vistula River is the major river in Poland, 1022 km
long. Its mean annual discharge is 1080 m*-s™! (Po-
ciask-Karteczka, 2017). It flows through Poland, hav-
ing its sources in the Beskidy Mountains, and its mouth
at the Bay of Gdansk in the Baltic proper. A fragment
of the lower Vistula section was selected for analysis —
km 812 — 878 (see: Fig. 1).

The lower Vistula riverbed is shaped by natu-
ral and anthropogenic factors (Lajczak et al., 2006;
Katmykow-Piwinska and Falkowski, 2012). The
hydrological conditions expressed by the volume
of flow and sediment transport of bed load have
the greatest impact on the dynamics of the result-
ing channel forms (Babinski, 1992; Pieron et al.,
2013; Bogucka-Szymalska, 2010; Nones et al., 2018;
Zhang et al., 2020). In the case of the lower Vistu-
la, its hydrotechnical regulation in the form of the
river training structures is also important (Babinski,
1999). On the lower reach of the river, just below
barrage in Wioctawek, an accelerated deep erosion
is observed, while in the further part of the course,
an accelerated accumulation of alluvial material oc-
curs (Pociask-Karteczka, 2017; Babinski, 2009). The
course of sediment transport in the regulated section
of the lower Vistula determines the shipping con-
ditions and has a significant impact on flood safety
(Kurczynski and Bakuta, 2016; Babinski and Habel,
2017). River training works carried out in the lower
part of the Vistula at the end of the nineteenth century
reduced the width of the riverbed by almost half and
straightened its course (Babinski, 1992). The regu-
lations of the lower Vistula riverbed were not car-
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Fig. 1. Location of the study area

Source: own study.

ried out systematically. Narrowing of the riverbed
by spurs, which were supposed to limit the amount
of sediment load and the accumulation of it in areas
between spurs, did not produce the desired outcome
(Majewski, 2008). Due to the significant human in-
terference, the Vistula riverbed has lost many of the
typical features of natural rivers (Babinski, 1989).
The riverbed forms constitute an important ele-
ment of the morphology of the Vistula riverbed. They
are addressed in the research of many authors who
characterized the dynamics of their displacement
(Babinski, 1992; Pieron et al., 2013). Large volume
of sediments transport in the lower Vistula River pro-
motes conditions for the development of river chan-
nel mesoforms. According to Ahmari and da Silva
(2011), the type of channel mesoforms in the river
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channel is controlled by the two dimensionless pa-
rameteres of B/h  (channel width [m] and average
depth [m]) and h /D (channel depth [m] and repre-
sentative sediment grain size [m]). The hydraulic
characteristics of average discharge of the lower Vis-
tula River were calculated by Lajczak (1991) from
hydrometric measurements results published in hy-
drological yearbooks of Poland (see: Table 1).

Representative grain size of the bedload in the
studied section was obtained by the sieve analysis of
the sediments samples taken from the sandbars in the
river reach of km 842 — 867, and it equals D = 0.5 mm
(Materiat... 1954)

To characterize the regime of the Vistula river
channel processes, we calculated two dimensionless
indexes B/h,, = 120 and h, /D = 6300, which provided
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Table 1. Average values of lower Vistula river channel cross
section characteristics calculated from the data of hydrome-
tric measurements results after Lajczak (1991), modified by
the author

Average
Channel depthin velocity in

Vistula River  Discharge Average

regulated at Torun .
& . width  the cross the cross
cross section gauge . .
. 5 4 B[m]  section section
characteristics Q [m®-s'] h o
w [m] v, [mes]
Average mean
& 992 380 3.17 0.89
flow
10*
A - Alternate bars
10° C — Multiple bars
C&B M — Meandring rivers

----------- C&B~~~® " B-Braiding rivers
P — Plane Bed

10° 10 10

h/D

Fig. 2. Hydraulic parameters of the lower Vistula River
channel shown in the graph of alternate and multiple bars
development conditions (B/h,; h /D) — after Ahmari and
Silva (2011), modified by the author. The red dot points to
where lower Vistula belongs

the coordinates of the point shown in the graph below.
Figure 2 shows domains of different channel forms
in natural rivers and laboratory flumes (Ahmari and
Silva, 2011). The average flow discharge in the lower
Vistula river creates the conditions for the formation
of mesoforms located in the transition area between
multiply bars and alternate bars.

MATERIAL AND METHODS

The analyses were performed in QGIS (version 2.18.4)
and SNAP (version 7.0) software. Both the image resa-
mpling and pixel values analysis were conducted in the
SNAP. QGIS was used to calculate sand bars area and
to develop their visualisation. The further part of the
text presents IT tools and commands available in QGIS
and SNAP, which were used in the research work.

A detection of the lower Vistula riverbed forms,
using Sentinel-2 satellite imagery, was performed ac-
cording to the following diagram (see: Fig. 3.)

In the first stage, preprocessed by Sen2Cor pro-
cessor, after atmospheric correction, Sentinel-2 Level
2A satellite images were obtained from the Sentinel
Scientific Data Hub dated 24/08/2019. When choosing
the day of the imaging, the low water level of the Vis-
tula River was taken into account, which is a condition
for the emergence of sandbars.

For the purpose of the analysis, all channels were
cut to the geographical range of the examined area, (the

Acquiring Sentinel-2
satellite i magery

Clipping scenes to
the borders of the
analysedanea

Generating water
indices selected
based on literature

v

Making a binary
classification —
selecting
a threshold value

Creating a water
mask

Generating a layer
from sandbars

v
Analysisof the Results
SpatiiLitr;?]ren(}ation Maps development presenltjation

Fig. 3. Diagram of the procedure
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whole study area extends between 18° 23’ and 19° I’ E
and 53° 22’ and 53° 23’ N). This area was selected on
the basis of visual analysis, the criterion being the ex-
istence an abundance of sandbars on a straight reach of
the river channel.

The images were clipped using Python script. The
clipping was necessary because the Sentinel-2 scene
had an excessive size of 100100 km.

In the next step, in SNAP, a resampling was done
on individual channels from a resolution of 10 m to 20
m so that it was possible to calculate and generate the
water indices.

Next, using the Raster Calculator tool in QGIS, the
following water indices were calculated by using for-
mulas (1-8), and results in the form of images were
generated (see: Fig. 4):

NDWI = M (1)
GREEN + NIR
NDII = NIR — SWIR 2)
NIR +SWIR
VMNDWI = GREEN — SWIR 3)
GREEN + SWIR
AWEInsh =4 x (GREEN - SWIRI) - @
- (0.25 X NIR +2.75 % SWIR2)
AWEIsh= BLUE + 2.5x GREEN — )
—-1.5x% (NIR + SWIRI) —0.25x SWIR2
LSIT = NIR — SWIR ()
NIR + SWIR
MLSWI = 1— NIR — SWIR @)
1— NIR + SWIR
SIM = BLUE + GREEN ()
NIR + SWIR1

where: BLUE is Band 2 with a wavelength of 490 nm;
GREEN is Band 3 with a wavelength of 560 nm; RED
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is Band 4 with a wavelength of 665 nm; NIR is Band
8 with a wavelength of 842 nm; SWIR1 is Band 11
with a wavelength of 1610 nm; SWIR2 is Band 12 with

a wavelength of 2190 nm.

The next step was the calculation of a water mask
from the generated water indices. In order to process
a binary classification of the images, the Raster Cal-
culator was used. The procedure consisted of match-
ing pixels into two classes. It was assumed that pixels
with a similar spectral reflection correspond to the
same objects (Golenia et al., 2016). The first class
was water (1-TRUE), while the second class was
everything but not water (0-FALSE). Not all indices
produced satisfactory results in the initial visual anal-
ysis and the detection of water was in some cases not
possible, therefore NDII, LWSI and MLSW were ex-
cluded from our further analysis. The threshold value
(t) for each of the indices was set manually, based on
the histogram (see: Fig. 5) (Robak et al., 2016; Du
et al., 2015). This is the minimum value at the graph
(Otsu, 1979). The threshold values selected for each
of the analysed indices are presented in Table 2.

Objects that represented the Vistula were selected
using the “selection” tool and a new layer was created
on which the objects were joined using the “dissolve”
tool. The resulting layer was cleaned of the river sand-
bars objects using the “remove rings” tool.

In the next step, the “sum” (geometrical sum) tool
was used to add the two layers: layer 1 — cleared of ob-
jects and layer 2 — not filtered. Then, using the “select”
tool, a new layer with sandbars was created.

For comparison, Sentinel-2 Level 1C images were
also analysed as described by Robak et al., (2016). The
study showed that the contrast between water and land
is better in Level 1C data than Level 2A. However, in
the quoted study, the aim was to receive a good quality

Table 2. Threshold values selected for the analysed water
indices.

Water index Threshold value (t)
NDWI 0.054
MNDWI —0.086
AWEIsh 214.268
AWEInsh —146.432
SWM 0.957
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visual assessment of the usefulness of water indices
for the detection of sandbars in the river channel. In
this study, an image of Level 2A was used for visual
comparison of the RGB composition with the calculat-
ed water indices.

RESULTS AND DISCUSSION

As the result of the performed processing, vector data
visualizing sandbars along the analysed fragment of
the lower Vistula were obtained based on the opti-
cal satellite data and water indices (see: Fig. 6). For
a closer look of the water indices results, a subsection
of the Vistula River was selected at km 815-820. The
results of the analysis (the number of detected sand-
bars and their total area) obtained using various water
indices were given in Table 2.

The examination of water indices showed which
of them are best suited for the precise detection of
sandbars. The analysis took into account five indices:
NDWI, MNDWI, AWEIsh, AWEInsh, and SWM. The
total area of the channel forms is the largest in the case
of the SWM index (0.58 km?), and the smallest for
AWEInsh (0.20 km?).

www.acta.urk.edu.pl/pl

Table 3. Lower Vistula River section at km 812-878. Gene-
rated sandbar layers area based on water indices

Water index Number of sandbars Area [km?]
NDWI 55 0.29
MNDWI 35 0.28
AWEIsh 34 0.35
AWEInsh 33 0.20
SWM 82 0.58

The examination carried out in this study has
shown that it is possible to detect the sandbars in the
river on the basis of Sentinel-2 satellite data. Correct
selection of a remote sensing index, creation of the bi-
nary classification, and selection of the processing al-
gorithm are important when detecting river sandbars.

The riverbed of the analysed section of the low-
er Vistula is characterised by the intensive transport
of alluvial material, hence these islands are constant-
ly being supplied with new matter. In addition, these
sandbars are being shifted (Babinski, 1999). The
analysis of channel forms may lead to the assessment
of hydrodynamic conditions of the river (Babinski,
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Source: own study.

1989). Tracking the dynamics of changes is important
due to the accumulation of data in order to assess the
state of the river and take possible corrective or pre-
ventive actions (Zhang et al., 2020).

Research on monitoring coastal and river morphody-
namics is common in subject literature. Researchers use
traditional field methods for this purpose, which, espe-
cially in high flow conditions, can be very difficult due
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to practical limitations (Nones et al., 2018). They also
use historical maps (Scorpio et al., 2018), data obtained
from unmanned aircraft (Langhammer et al., 2017), vid-
eo camera image analysis (Nones et al., 2018), and im-
ages accessed remotely via satellites (Zhang et al., 2020;
Kuenzer et al., 2019). All such studies need a clear dis-
tinction between the water and land surfaces, for which
spectral water indices are used.
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An example would be the research conducted by
Burshtynska et al., (2017), who performed a long-
term analysis of changes in the shape of the riverbed
of a hundred-kilometer section of the Dniester River.
The author used topographic and soil maps as well as
Landsat and Sentinel-2 satellite data for her research.
To extract the riverbed from optical images, they used
the NDWI. As a result of the analyses, a map of chang-
es was created, and a high correlation of sedimentation
processes with the increase in the number and surface
of sandbars was demonstrated.

Similar procedure was followed by Cao (2020),
who based their work on a full time series of Landsat
images during 1985-2017. Using MNDWI, they de-
veloped a map of changes in the coastlines and in the
Zhoushan Archipelago (China).

Sentinel-2 optical images, Sentinel-1 SAR radar
images, and camera images were used to track chang-
es in the sandbar on the Po River in Italy (Papa et al.,
2020). The purpose of the research was to test the pos-
sibilities offered by various data sources in shoreline
observation.

Baki and Gan (2012) in their research used pho-
tos from the Landsat MSS and TM missions to exam-
ine the dynamics of channel forms over a period of
30 years. In their work, they analysed the dynamics of
shifts in riverbanks and islands.

Similarly, Pekel et al., (2016) have raised the is-
sue of mapping global surface water and its long-term
changes over a period of 30 years. The data he uses in
his work comes from Landsat. Researchers used a pro-
cedural sequential decision tree to detect water.

Water detection on the Sentinel-2 satellite images is
a research problem in the work of Pluto-Kossakowska
et al., (2018). In their research, they checked the pos-
sibilities of using Sentinel-2 images, for the extraction
of “blue infrastructure” — i.e. water. For this purpose,
they used the NIR band and applied the thresholding
method.

CONCLUSION

Detection of sandbars in the lower Vistula using the
optical data of Sentinel-2 is a new approach and should
be explored further. As analysed in this paper, the best
results in the remote detection of sandbars are achieved
by applying the SWM water index, developed by Ro-
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bak et al., (2016). This index renders the highest degree
of precision in detecting river islands due to the highest
contrast and enhancing water spectral signal.

The data processing methodology was partly in-
spired by the work of Zhang et al., (2020). Several
valuable comments were also drawn from the work of
Robak et al., (2016), in which the water indices were
tested to create a water mask in the shortest possible
time for crisis management.

The Sentinel-2 data were developed for the pur-
pose of monitoring land. Due to their characteristics,
they provide many opportunities for research in the
field of hydrology and water management, such as
sandbars’ detection and monitoring changes in river
channels. This paper presents the first set of the big-
gest part of the research project. The presented meth-
ods using the Sentinel-2 data will be continued and
extended in the doctoral thesis.
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WYKORZYSTANIE ZDJEC SENTINEL-2 DO DETEKCJI WYSP RZECZNYCH NA DOLNEJ WISLE

ABSTRAKT

Cel pracy

Opracowanie i przetestowanie metody detekcji form korytowych na wybranym odcinku dolnej Wisty. Do
przeprowadzenia badan wykorzystano archiwalne, powszechnie dostgpne obrazy satelitarne Sentinel-2.
Problemem badawczym jest optymalizacja narzedzi, danych retrospektywnych oraz wybdr stosownych ist-
niejacych wskaznikow teledetekcyjnych stuzacych do wykrywania wod $rodladowych i przybrzeznych na

obrazach satelitarnych Sentinel-2.

Materiat i metody

Analizy przeprowadzono w oprogramowaniu QGIS (wersja 2.18.4) oraz SNAP (wersja 7.0). W oprogramo-
waniu SNAP wykonano przeprobkowanie obrazéw oraz analizg wartosci pikseli. Natomiast w oprogramo-
waniu QGIS wykonano dziatania nalezace do reszty etapow pracy z danymi satelitarnymi, tj. przetworzen,

analizy powierzchni oraz ich wizualizacji.

Wyniki i wnioski

Wykonane w niniejszej pracy badania w biegu analizowanego odcinka dolnej Wisty wykazaty, ze mozliwe
jest wykrycie form korytowych w rzece na podstawie danych satelitarnych Sentinel-2. Duze znaczenie przy
detekceji wysp rzecznych ma odpowiedni dobor wskaznika teledetekcyjnego, utworzenie binarnej klasyfikacji

oraz dobdr algorytmu przetworzen.

Stowa kluczowe: Sentinel-2, formy korytowe, wodne wskazniki teledetekcyjne, NDWI, SWM
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