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Abstract

Due to extreme weather, occasionally Hungary's main rivers and lakes grow an ice cover causing severe
damage to infrastructure and increased flood hazard. During cold periods in 2017 and 2022, a danger-
ous layer of ice developed on the main rivers in the country. Since river ice is rare in this region, no per-
manent ice monitoring system is in operation. Due to their all weather capabilities, active remote sens-
ing instruments provide a good opportunity to monitor ice coverage. ESA’s Sentinel-1 radar satellites
acquire data with a relatively high spatial and temporal resolution. A method was developed to pro-
vide ice coverage information at a regular interval; depending on the satellite revisit, at least once eve-
ry 5 days, but often also on a daily basis. In 2017, maps were created for sections along the Danube and
in 2022 for another section of the Tisza river. The ice coverage was calculated with a spatial resolution
of 10 metre and visualised with a spatial density of 100 metre along the rivers. The mapping procedure
provides visual information to give a fast overview of the spatial extent of ice coverage and quantita-
tive, tabular information for operational activities to mitigate the damage due to ice packs and ice jams.
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Introduction

January 2017 was the coldest month in Hungary in
30 years. The extreme temperatures were due to a Ca-
nadian High and Siberian anticyclone resulting in a
large stationary high pressure area over Europe which
caused cold air to flow from Scandinavia and Russia
to Central and Eastern Europe (Horvéth, 2017). The
average daily temperature in Hungary in January was
-5.8 °C, which is 4.5 °C lower than the long term an-
nual mean. Due to a thin layer of snow and clear skies,
the temperature dropped to its lowest point of -28.1
°C in Tésa on January 8. After a short, slightly warmer
period in the middle of the month, a new, extremely
cold period followed with average daily temperatures
well below -6 °C (OMSZ, 2017). Due to the continuous
low temperatures, ice developed on Hungary’s main
rivers and lakes (Gombas & Balatonyi, 2017; Liptay et

al., 2021). From January 6 until February 3, 2017, eve-
rywhere along the Danube large patches and packs of
river ice occurred (Takacs & Kern, 2017). Although in
the winter season of 2021/2022, the average monthly
temperatures were not extreme (2.3 and 1.1°C in De-
cember and January at Szeged), there was a long cold
period with average daily temperatures below 0°C
from January 7 till January 25, 2022. (https://ogimet.
com). The daily maximums were between 0-5°C, but
the daily minimums were below freezing point, some-
times even below -10°C. These meteorological condi-
tions resulted in river ice development on Tisza River.

The presence and frequency of floating or static
ice on the largest rivers in the Carpathian Basin has
changed a lot in the last 120 years (Takacs et al., 2018;
Keve, 2017b). While earlier floods caused by ice were
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River Ice Monitoring of the Danube and Tisza Rivers
using Sentinel-1 Radar Data

a common phenomenon (at the Danube in 1838, 1839,
1850, 1876, 1878, 1883, 1891, 1920, 1923, 1926, 1929,
1940, 1941 and 1956, Keve, 2017b), from the second
half of the 20th century, static ice cover occurred only
sporadically (e.g. in 1962/1963 for a longer period and
last time in 1984/1985, Takacs & Kern, 2017). From
2000 not just static ice formation but also the occur-
rence and duration of ice floe periods decreased (Ioni-
ta et al., 2018). Since 2000, the ice floe period has nev-
er been longer than 20 days. Floating ice could be
observed along the Danube (Budapest and Mohacs)
for more than 10 days in 2005/2006, 2011/2012 and
2016/2017 (Takécs & Kern, 2017).

The development of river ice increases the risk of
flooding, damage to infrastructure and transporta-
tion problems (Highs, 2009; Chu et al.,, 2015; Aga-
fonova et al., 2017). The high pressure of the ice can
cause problems in harbours, docks, buildings, and
other flood defence structures. It can also damage the
river bank and its vegetation. In Hungary, in addi-
tion to local protection measures, an icebreaker fleet
is being deployed to combat river ice (Gombas & Bal-
atonyi, 2017). Icebreakers are used to make rivers ac-
cessible for transport and reduce the pressure on in-
frastructure caused by ice collisions. It is important
to map the ice coverage to optimize protection meas-
ures. However, as river ice does not occur often, no
permanent monitoring system, covering the main
rivers, is installed like in other countries with regu-
lar occurrence of river ice (Keve, 2014). The only at-
tempt to monitor river ice in Hungary known to the
authors is a network of five web cameras (four camer-
as, of which three on the Danube and one on the Tisza,
were still operational in March 2022) on a 130 kilome-

Data and methods

ter long segment of the Danube (Keve, 2017a). Perma-
nent monitoring systems are expensive to maintain,
restricted to a limited number of places and are tech-
nically challenging (Keve, 2017b; Keve 2020).

Active remote sensing data can be acquired at rel-
atively fine spatial resolutions and operate in the mi-
crowave range. This circumvents the effect of haze and
cloud cover and provides potential opportunities for
the development of valuable automatic and periodic
river-ice monitoring tools (Chu et al., 2015). Since 2015,
ESA’s Sentinel-1 radar satellites acquire data with a high
spatial and high temporal resolution (Malenovsky et al.,
2012). This data provides new possibilities for the semi-
permanent monitoring of ice coverage of large rivers
and lakes (Van Leeuwen et al., 2018). Earlier research
demonstrated that remote sensing data can be used
to detect, classify and monitor ice on sea or on large
lakes (Tom et al., 2020; Howell et al., 2021; Zhang et al.,
2021; Lohse et al., 2020; Li et al., 2021). River ice mon-
itoring in Arctic regions has been conducted by sever-
al authors: Weber et al. (2003) used active data, Altena
etal. (2021) applied different optical data sets, Goldberg
et al. (2020) worked with low resolution RS data to pre-
dict ice jams, and Zakharova et al. (2021) used altime-
try to classify river ice. Our research is the first attempt
to monitor river ice coverage in a continental climate
using high resolution radar data. Our aim is to monitor
the development of ice cover on the Danube and Tisza
rivers in Hungary. Here, we present the validation, im-
provements and spatial extension of the algorithm in-
troduced in our preliminary research on the Danube
(Van Leeuwen et al.,, 2018). Other characteristics like
thickness, chemical composition and typisation of the
ice were not the scope of this research.

Study area

The study areas for this research cover a major part
of the Middle Danube in the Carpathian Basin where
most river ice is formed. The Danube study area
stretches from Dunaféldvar in Hungary, via Croa-
tia to Belgrade in Serbia. The Lower Tisza River study
area extends from Algy6é in Hungary to Kanjiza in
Serbia (Figure 1). This section of the Tisza was select-
ed because of the extend of ice coverage in 2022 and
it was operationally easy to validate the ice detection
methods at this location. The Danube is a major river
in Europe with a mean discharge of 2350 m?/s at Bu-
dapest and 5600 ms at Belgrade (Mezdsi, 2016). The
Middle Danube is an alluvial river on the investigated
reach and has a meandering pattern in general. How-
ever, numerous bends were cut-off artificially dur-
ing the regulation works of the 19t century (Somo-

gyi, 2001), and the originally ~540 km long reach was
reduced to 400 km. The most affected sections were
located between Paks and Baja, and between Mohacs
and Apatin (Fig. 1). A major motivation behind river
training at that time was to prevent so called ice jam
floods, developing by the ramping of ice floes at riffles
and in meanders, which blocked river flow and caused
serious upstream impoundment. Flood hazard was
boosted by meteorological reasons as well, since gen-
eral thawing advances from west to east in the region;
thus, meltwater flood waves increased both ice ramp-
ing and inundation. Nevertheless, meander cut-offs
just partly solved the problem, as the river channel is
still shallow and wide, several islands exist, and riffles
do also develop.

The Tisza is the second largest river in the Carpathi-
an Basin and the largest tributary of the Danube. The
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Figure 1. Study areas along the Danube and Tisza/Maros river

river is strongly regulated, i.e. its channel was short-
ened radically, by almost 40 % (Somogyi, 2001). Its
mean discharge is 825 m%s at Szeged (Kiss et al., 2019).
The Tisza is less frequently endangered by ice jam
floods. This is partly because on its catchment general
spring thaw advances from southwest to northeast, i.e.
opposite to its flow direction, and partly because the
width/depth ratio of its channel is significantly lower
than that of the Danube. The analysed river section is
40 km long and located at the Hungarian-Serbian bor-
der. The study area contains a short section of the Ma-
ros, which is the largest tributary of the Tisza.

Data
The identification of ice on the rivers is based on radar
data from the Sentinel-1A and Sentinel-1B satellites.
The satellites are equipped with identical 5.405 GHz
C-band Synthetic Aperture Radar (SAR) instruments.
In the presented workflow, we are using the Level-1
Ground Range Detected (GRD) product. Data is col-
lected in the Interferometric Wide (IW) swath mode
and has a 250 km swath width and a pixel spacing of
10 x 10 metre (Malenovsky et al., 2012). The data prod-
uct comes with VV and VH polarisation over land
masses, but only the VV polarisation was used in our
research. Data for the period from 1 January to 15
February 2017 and 19 January to 29 January 2022 was
downloaded from Copernicus Open Access Hub. The
data is free of charge and without restrictions of use.
The Sentinel-1 satellites form a constellation that
provides an image of the area under investigation
about every third day. The study areas are covered by
three ascending and two descending paths, so the riv-
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er sections are never covered by just one image; for
each day, it is needed to mosaic different images. Since
radar data is more or less independent from weath-
er circumstances, atmospheric conditions do not dis-
turb the data acquisition and every image that is ac-
quired by the satellites can be used for information
extraction. Unfortunately, due to a major anomaly,
Sentinel-1B does not provide data since 23 December
2021, and only data from Sentinel-1A was used during
the cold period in 2022.

Software

All preprocessing is carried out in ESA’s SNAP open-
source image processing software. Further processing
and mapping are executed in ArcGIS Desktop. The
processing is automated with a graph in SNAP and
Python scripting in ArcGIS.

Data processing

Data preprocessing

To be able to extract useful information from the ra-
dar images, the raw radar GRD IW data need to be
geometrically corrected and radiometrically calibrat-
ed. The process is presented in Figure 2. After down-
loading the image, the orbit state vector available from
the metadata can be automatically updated, if a pre-
cise orbit file is available. In the next step, the image is
calibrated to convert the raw pixel values to unbiased
backscatter values. To reduce noise, which is inherent
to radar images, a single image speckle filter is applied.
The image is then geometrically corrected using the
object-sensor geometry and a digital elevation mod-
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Figure 2. Raw data processing in ESA SNAP

el. In this step, also a map is created that stores the lo-
cal incidence angle for each pixel in the image. Using
this map, the backscatter values are normalised. Fi-
nally, the backscatter values are converted to decibel
and stored as a GeoTIFF file for further processing in
a geographic information system.

Creation of river polygons

The base data for the river polygon files was a 1:50,000
vector file acquired from the Hungarian General Di-
rectorate of Water Management. The file was clipped
to both study areas. The resulting files for the Danube
and Tisza areas were then draped over very high reso-
lution GeoEye imagery in Google Earth and manually
edited to reduce errors due to shadows, sandbanks, is-
lands, and man-made structures. For both rivers, the
centreline was extracted and perpendicular intersec-
tions with a spacing of 100 metre were calculated. For
the Danube, the 405 km long polygon was split along
its centreline into 4050 one-hundred-metre sections.
The Tisza polygon map resulted in an approximately
40 km long polygon, with 371 one hundred metre sec-
tions along the Tisza and Maros. In both polygon files,
islands, meanders, splittings and other problems were
manually corrected, and the sectors were adjusted
manually to coincide with the fluvial kilometre (fkm)
markings of the Hungarian water directorate.

Ice detection

The strength of backscattered radar signals is highly
dependent on the dielectric properties of the surface.
The dielectric constant of clear and dry ice is between
2.0 and 3.2, while the dielectric constant of water is
80. Therefore, water results in a lower signal than dry

ice. Ice with a rough surface gives the highest signal,
while smooth non turbid water gives the lowest signal
(Figure 3). A thawing ice layer with a higher dielectric
constant and higher water and moisture content, pro-
duces a higher return signal compared to that of the
layers with low dielectric constant, such as clear and
dry snow/ice layers (Chu et al., 2015). The variation in
ice roughness, water content and smoothness of the
water makes it challenging to determine the bounda-
ry between water and ice.

After normalisation of the local incidence angle,
the backscattered radar signal consists of two compo-
nents: 1) surface scattering and 2) volume scattering.
Smooth surfaces result in lower surface scattering, be-
cause the incoming radar signal is reflected away from
the sensor, while rough surfaces have a higher signal
due to diffuse surface scattering. Volume scattering is
higher for ice surfaces with lots of cracks and impuri-
ties (Chu et al., 2015).

In this study, based on visual identification of the
ice cover, we defined a threshold that - within the area
of the river - separates surfaces below the threshold
as water and above the threshold as ice (Figure 4). In
this way, a binary raster map with ice and no ice pixels
can be created. This raster is then converted to a poly-
gon file and intersected with the river polygon file. For
each of the 100 metre sections of the fkm file, the ratio
between water and ice was calculated.

Mapping

The main goal of the mapping workflow was to create
printed layouts with all information necessary for the
operative decision making process. The image process-
ing steps were conducted on individual satellite scenes.

Figure 3. Relationship between ice surface and strength of the backscatter signal (Based on Unterschultz et al., 2009)
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Figure 4. Processing workflow for determining ice cover from preprocessed satellite images

Therefore, the calculated ice cover maps of the same
satellite path were merged, and the overlapping areas
of ascending and descending satellite paths were mo-
saiced. The continuous ice cover dataset was aggregat-
ed into polygons covering 100 metre sections along the
river. In this way, not only the actual position, but also
the proportion of the ice cover is visualised.

Printable layouts were generated for each day when
satellite data was available of the study area. In the
case of the Danube, the whole 400 km section was di-
vided into 8 smaller parts. This way the layouts could
have better resolution when printed on A3 paper for-
mat. They contain multiple map frames to visualise
the calculated ratio of ice cover in 100 metres sections,
and the exact location of the identified ice blocks as
well. The layers’ symbology was generated based on
the advice of the Hungarian General Directorate of
Water Management to provide easily interpretable in-
formation. Optionally, the layouts can contain alpha-
numeric information in tabular form, presenting the
exact ice cover ratio values in 100 metres sections. The
dynamics of the ice cover can be visualised using the
layouts of a selected river section on different dates.

Validation methods

There are no independent data sets that provide con-
tinuous information on the ice coverage of the Dan-
ube and Tisza, therefore quantitative validation of
our results is problematic. Two methods have been
applied to evaluate the quality of our methods. The
first method is based on observations by inspectors
of the Hungarian General Directorate of Water Man-
agement for the Danube River. The second method is
based on comparison with independent data obtained
from other optical satellites.

Comparison with ice watch data

Daily observations of ice coverage by inspectors of
the Hungarian General Directorate of Water Man-
agement are aggregated to maps and tabular data with
a spatial resolution of about 1 kilometre between the
1850 and 1440 tkm (Rajka, Hungary - Mohdcs, Hun-
gary). This information is published on the hydroin-
fo webpage of the Hungarian General Directorate of

Geographica Pannonica * Volume 26, Issue 3, 215-229 (September 2022) | 219

Water Management (http:/www.hydroinfo.hu/). A
section to the south of Dunaféldvar with a length of
5 kilometres was selected to be compared to the satel-
lite-derived ice coverage. The hydroinfo data is pub-
lished in five ordinal classes: No ice, small ice cover,
medium ice cover, large ice cover, completely covered.
The radar derived ice coverage in percentage was ag-
gregated to the same section as the observation.

Comparison with multispectral imagery

Multispectral data was evaluated as a source for vali-
dation of the presented method. Landsat 8 and Senti-
nel-2 data were considered, because they have similar
resolution as Sentinel-1, they can be acquired free of
charge and Sentinel-2 has a high temporal resolution.
Landsat 8 and Sentinel-2 data are not acquired at the
same time as Sentinel-1 data, but for the research, it
was assumed that if data was acquired on the same day,
the ice coverage should be comparable. Unfortunately,
during the one and a half month long research period
in 2017, only one usable Landsat 8 image was acquired
on the same day as Sentinel-1. All other Landsat 8 or
Sentinel-2 images were cloudy or collected on a differ-
ent day. On January 22, 2017, a Landsat 8 image was
acquired at 09:33 UTC, while a Sentinel-1 image was
acquired at 16:33 UTC. The images overlap each other
in a small area in Hungary. Obviously, the 7-hour dif-
ference between the image acquisitions limits the re-
liability of the validation. The validation at the Tisza
in 2022 was conducted based on comparison between
completely overlapping Sentinel-1 and Sentinel-2 im-
ages of the same day (January 24). The time difference
was 5 hours. To evaluate the calculated ice cover map,
the multispectral dataset was clustered into 15 class-
es using ISODATA algorithm and the corresponding
classes were labelled as ice cover.

Data analysis

Beside developing, testing and validating an ice mon-
itoring algorithm, the data obtained from the 2017
Danube ice survey was analysed in order to assess the
temporal and spatial pattern of ice formation, and to
determine what factors most severely affect the devel-
opment of static ice cover on the river.
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For the analyses the tabular data of those days
were used when satellite coverage was complete for
the entire section. In all, 11 full coverages could be
assessed (314, 9th, 15th, 16th, 22nd, 27th 28th of January
and 3rd4, 8th, 9th, 15th of February). For these days, first
a mean daily ice cover ratio was determined, then a
distance based mean ice cover graph was made, show-
ing representative ice cover values for each 100 m pol-
ygon for the entire period. Daily mean temperature
data were derived from the meteorologic station of
Hoédmezévasarhely, Hungary, being approximately at
the centre of the study area.

Beside temperature, icing is also determined by
channel geometry, reach scale and local changes in flow
conditions, and by obstacles in the channel (Lal & Shen,
1993). As flow conditions could not be reconstructed
for the entire section, we mostly focused on planform
channel geometry data. Accordingly, the spatial distri-
bution of ice cover data was first compared to channel
width, and channel width variation. Width values were

Results and discussion

derived from the 100 m river polygons. Width varia-
tion was determined by subtracting each width data
from the consecutive downstream value. A more neg-
ative value meant a more significant narrowing along
the section and vice versa. Channel roughness can
also be increased by the presence of mid-channel is-
lands, therefore, these were mapped and overlaid on
the ice data as well. Ice coverage was also assessed in
relation with river sinuosity, taken from the arc/chord
length ratio of river bends. Arc length was determined
along the channel centreline in between two inflection
points, while the chord length was taken as the straight-
line distance of the points. Finally, ice cover was also
compared to water surface slope conditions of the in-
vestigated reach, calculated from the absolute height of
gauge stations (Dunafoldvér, Paks, Baja, Dunaszekcsd,
Mohdcs, Apatin, Novi Sad, Pancevo) and flood free low
water data. We chose this approach to be able to deter-
mine which channel sections have below and above av-
erage channel slope.

Ice coverage maps

For the complete ice periods in 2017 and 2022, maps
were generated showing the ice coverage per pixel (at
the resolution of the satellite data) and aggregated to
the 100 metre sections of the rivers. Figure 5 shows a
36 kilometre long example of the ice coverage detec-
tion algorithm. The results show coverage and ratio
of coverage per 100 metre section. The series of cov-
erage maps and the 100 m resolution coverage ratio
data also allowed the identification of reaches most-
ly affected by the formation of complete ice cover and

ice jams and the evaluation of ice formation in rela-
tion with changes in river morphology. In general, ice
packing was detected mostly at sections with fluvi-
al islands or with mature meanders. Figure 6 shows
the same type of result for the Tisza section in 2022.
Here, the ice formed a blockage upstream of a sharp
bend east of Szeged. As a result, a 3.8-kilometre-long
stretch of the river was almost completely covered
with ice.

In total 173 layouts in A3 format, with a scale of
1:100,000 were produced to visualise the ice coverage

Figure 5. Results of the radar based ice coverage calculation of January 10, 2017 for a Danube river subsection
in Croatia (left), the 10 x 10 metre resolution ice coverage (middle) and the polygon map showing the ratio
of the river covered with ice per 100 metre section (right)
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Figure 6. Results of the radar based ice coverage calculation of January 27, 2022 for a Tisza subsection near Szeged
in Hungary (left), the 10 x 10 metre resolution ice coverage (middle) and the polygon map showing
the ratio of the river covered with ice per 100 metre section (right)

on the Danube in 2017. Each layout shows a river sec-
tion of around 50 km. The language of the layout is
Hungarian because they are produced for operation-
al activities of the Hungarian General Directorate of
Water Management water management. An example
of a printable map in Serbia is given in Figure 7.

Validation of results

The Sentinel-1 derived ice coverage maps were com-
pared to the in-situ observations by the Hungari-
an General Directorate of Water Management for
the long ice period in 2017 (Figure 8). The ice cover-
age pattern shown by in-situ observations is an in-

Figure 7. Sample layout of a selected Danube section (1270-1223 river km) on February 2, 2017
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Figure 8. Comparison of satellite derived ice coverage in percentage and in situ observation by the Hungarian General
Directorate of Water Management (https://www.hydroinfo.hu) for a section of the Danube between the cities of

Dunaféldvar and Bélcske in 2017. Only dates when the satellite image was available are shown on the x -axis

terpretation of the amount of ice on the river as seen
from the shore. There is some similarity to the pat-
terns shown by the satellite derived ice cover, but it is
not very strong. The large increase in ice coverage be-
tween the 8t and 10" of January can be clearly ob-
served in both data sets. Also, the ice accretion on the
20t and 28t of January and the 1¢t of February seems
to be detected in both data sets, but the limited num-
ber of observations by the satellite in the third week of
January almost completely missed the small ice cover-
age observed during the in-situ observations.

In 2017, visual inspection of ice coverage on a Land-
sat 8 multispectral image clearly shows white-greyish
areas at the East (left) bank of the river (Figure 9B),
while ice coverage derived from a Sentinel-1 image of
the same day shows ice on the same parts of the riv-
er (Figure 9C). It is not possible to quantify the corre-
lation between the ice coverage, since the images are

not from exactly the same time, but they clearly show
the same pattern.

The amount of ice during the 2017 period on the
Tisza near Szeged shows similarities between the two
data sets as well (Figure 10A and B), although the spa-
tial distribution is not as similar as in the validation
period in 2017.

Temporal development of ice cover

During the study period the most extensive relative
ice cover was experienced on the 9t* of January, when
41% (~7700 ha) of the total 405 km long river reach
was covered by ice. Based on the previous ice cov-
er data (3 of January) and the temperature curve,
this intensive ice cover developed only in about 2-3
days, primarily due to the extreme cold period start-
ing from the 6t of January (Fig. 11). However, by this
time floating ice could develop on the river, as the ra-

Figure 9. Validation of ice coverage derived from Sentinel-1in 2017 on the Danube. Validation satellite image (Landsat
8 RGB432) (A), reference data derived by ISODATA clustering of Landsat 8 image (B), and ice coverage derived from
Sentinel-1 satellite image (C). Sentinel-1 and Landsat 8 images were both acquired on January 22, 2017
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Figure 10. Validation of ice coverage derived from Sentinel-1in 2022 on the Tisza. Validation satellite image (Sentinel-2
RGB843) (A), reference data derived by ISODATA clustering of Sentinel-2 image (B), and ice coverage derived from
Sentinel-1 satellite image (C). Sentinel-1 and Sentinel-2 images were both acquired on January 24, 2022

tio of sections covered by static ice (ice cover ratio over
90%) was 1.1%. Although in the following days some
warming was experienced, but daily means hard-
ly reached 0°C, thus total ice cover did not increase,
but the proportion of 100 m river polygons covered
by static ice steadily increased (Fig. 11), even though,
due to a short warming, the total ice cover decreased.
In the next cold spell, the total ice cover remained 30-
40 %. The maximum extension of static ice was expe-
rienced on the 28" of January. Total ice cover on the
reach decreased by this time due to a slight warming
(Fig. 11). This pattern refers to the pronounced forma-
tion of packed ice developing from an increased vol-
ume of ice floes on the river.

Due to a significant warming experienced from the
beginning of February thawing advanced rapidly, ice
cover halved in 2-3 days, and static ice cover dropped
even more significantly.

Spatial pattern of ice development
Based on the time averaged 100 m ice cover data for
the entire period, three zones of increased ice for-

mation and ice floe congestion can be identified on
the investigated river section. The first ice forma-
tion zone (Zone 1.) is located between Dunafold-
var and Paks. In this zone, the time averaged data
reached a maximum of 40%, except for a short sec-
tion right upstream of the road bridge over the river
at Dunafoldvar (Fig. 12). As on each survey day and
at each bridge, a significant ice cover was detected,
it is assumed that at bridges the designed algorithm
gives false positive results, which is also supported
by the fact that the dielectric constant of ice (e=3-4)
is very close to that of asphalt (e=4-5) as opposed to
that of water (¢=80).

The second ice formation zone (Zone II.) is located
between Apatin and Vukovar on a 70-80 km long sec-
tion of the Danube, where time averaged ice cover val-
ues reached a maximum of 50% on a roughly 10 km
long section (1355-1345 tkm). The third and most ex-
tensive section favouring ice formation and ice pack-
ing (Zone III.) is situated between Novi Sad and Bel-
grade (~90-100 km), where time averaged ice cover
reached up to 60%.

Figure 11. Daily mean air temperature between the period of 1st of January and 20th of February 2017, and the change of
summed relative ice cover on the Dunaféldvar-Beograd section of the Danube River
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Figure 12. The time averaged distribution of ice cover on the investigated river reach, and the longitudinal change
of channel geometric parameters (width, width change, meander arc/chord ratio, water surface slope
at low water, position of islands)

The dynamics of ice transfer is also recognisable if
the distribution of consecutive measurements is com-
pared. On Figure 13, the survey made at the time of
the largest ice cover (9t® of January) is compared to
the following surveys. It is clearly visible how floating
ice moving from upstream is congested in the down-
stream ice zones, where full ice cover developed on
several kilometre sections by this date, even though
that day (15 of January) was right after the previous-
ly mentioned temporary warming (Fig. 11). On the
next day (16t of January), as temperature decreased,
ice formation, especially between Novi Sad and Bel-
grade, increased mostly because of local freezing. Ice
transfer from upstream could have a secondary role

in the increase of ice cover in the lack of time, as at an
average velocity of the river (0.5 m/s) the transfer rate
is 40-50 km/day. It must be also noted, that due to the
temperature decrease, the ice formation started in ice
zone I. as well (Fig. 13.).

Spatial variation of channel geometry

The average width of the river on the investigated sec-
tion is 464 m. Downstream of the confluence with the
Drava and further on with the Tisza, two major trib-
utaries of the Danube, the average channel width in-
creases first by 88 m (from 406 to 494 m) then 136 m
(from 494 to 615 m) (Fig. 12). The upstream part of the
investigated section, till Apatin (1405 fkm) exhibits a
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Figure 13. Changes in ice distribution on the study reach over three consecutive surveys.
Red squares and cyan lines refer to the settlements and tributaries shown on Figure 12

lower variation in width values, being in average 19.5
m in absolute terms, equalling a roughly +4.8% rela-
tive fluctuation. Going downstream, width variation
increases, and a mean variation of 40 m can be ob-
served, which even though the Danube gets wider cor-
responds to a £8.4% mean fluctuation. However, there
are longer sections, such as the one between 140 and
129 fkm, where fluctuation can reach a mean value of
+10% (Fig. 12).

An important feature affecting both width fluctua-
tion and channel geometry in general is the presence
of vegetated islands within the channel. In all 28 is-
lands could be identified on the entire reach, most of
them located on the lower section, between Vukovar
and Belgrade. Their size shows a great variation; 13
out of them have a length below 1000 m, the rest are
larger; their maximum length can reach 3000-4000
m.

Flow conditions are also affected by meanders and
meander geometry. As the river has undergone sig-
nificant regulations, the proportion of meandering
sections is very limited. In total 91 river bends could
be identified, but 70% of them is not a real bend (arc/
chord length ratio < 1.1) (Fig. 12). The number of ma-
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ture bends is only eight. Seven out of these are located
between Apatin and Vukovar, which makes this the
only meandering section of the study reach.

The mean slope of the river between Dunaféld-
var and Belgrade (Pancevo) is 0.000044 m/m. Start-
ing from 0.000079 m/m, between Dunaféldvar and
Paks a generally decreasing trend can be seen in slope
values in the downstream direction. The lowest val-
ue, 0.000014 m/m, was observed on the Novi Sad-Bel-
grade (Pancevo) section, which is under the impound-
ing effect of the Iron Gate dam system (upper dam at
943 fkm).

Discussion

The presented approach based on slicing of radar
backscatter values into water and ice is a straightfor-
ward method that can be applied to large areas, with
high resolution and with reasonable accuracy. The ad-
vantage of the approach is that the freely available sat-
ellite data is processed uniformly with an interval of
about three days. The threshold between ice and water
is determined empirically. The signal of ice is affected
by its structure and water content. The strength of the
signal of water is influenced by the turbulence in wa-
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ter, caused by wind or other factors (Chu et al., 2015).
All factors result in uncertainty of the threshold, but
the validation results provide confidence that the de-
termined threshold gives satisfying results.

River ice does not frequently occur in Hungary;
During the last 6 years, we could only create satellite
based maps for two ice periods. In the latest period, it
was only possible to detect ice on the Tisza River and
not on the Danube. Climate change models predict
an overall rise of temperature for the Carpathian ba-
sin, but also more extreme weather patterns, and pe-
riods with extreme cold are likely to occur more often
(Mez6si et al., 2016). Remote sensing techniques pro-
vide a cost effective solution to monitor river ice and
provide operational information to the authorities for
mitigation of damage due to ice dams and floods.

Beside the potential for development of a basin wide
monitoring activity and decision support system, the
satellite based survey made during the 2017 ice event
also allows to draw some general conclusions in terms
of ice formation and congestion on the study reach.

Not surprisingly, based on the obtained data se-
ries, slope is among the most important determinants

of ice development, since decreasing slope showed an
extension of ice formation zones (Fig. 12). This is be-
cause lower velocity enables more effective freezing
and also the congestion of ice floes. Due to the con-
tinuous downstream increase of width, parallel to
the decrease of slope, a slight positive correlation can
be observed between width and relative ice cover if
the entire period and the entire section is considered
(Fig. 14). However, if sectors, having similar but var-
iable width all along, e.g. the one between 1315 and
1405 tkm (Zone I1.) are analysed, then such a relation-
ship cannot be observed (Fig. 14). This is partly be-
cause both narrowing (by congestion) and widening
(by slower velocity) can contribute to ice cover devel-
opment.

Considering the identified three ice formation
zones, high relative ice cover ratios are the result of
the interplay of several factors. In case of Zone L, ice
jams and static ice cover could appear regularly be-
cause of two mild bends (arc/chord ratio < 1.5), which
exhibit a slightly higher width variation than up-
stream. It must be noted that in a downstream direc-
tion more mature bends are situated, still, at a lower

Figure 14. The relationship of width and ice cover A) on the entire study reach and B) on the reach of Zone II.
with highly variable width conditions
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width variation complete ice cover developed only in
the coldest period.

Zone II. is the only true meandering section of the
study area, besides, channel width variation is also
significant here, and four mid channel islands ob-
struct the flow (Fig. 12). The formation of ice jams can
clearly be related to four-five suddenly narrowing sec-
tions usually located at the apex of meanders, or at the
confluence of anabranches at the downstream end of
islands. Consequently, this was one of the sections
where ice breaker ships had to intervene to avoid im-
poundment caused by piled up ice floes (Babic Mlad-
enovic et al., 2017).

In accordance with Babic Mladenovic et al, (2017),
the largest scale static ice formation occurred in
Zone III., at Novi Sad and Belgrade. Here the most

Conclusion

Boudewijn van Leeuwen, Gydérgy Sipos,
Jen6 Labdy, Marta Baksa, Zalan Tobak

important drivers of static ice development were the
backwater effect of the Iron Gate Dam I. and the re-
sulting decrease of water surface slope and flow ve-
locity (Fig. 12). However, based on Serbian ice cov-
er reports, ice development downstream of Belgrade
was less critical (Babic Mladenocic et al., 2017),
which underlines the role of large tributaries, since
the Sava River joining the Danube at Belgrade was
not carrying much ice, whereas the Tisza, having its
confluence in this zone, was heavily frozen. However,
the impact of channel geometry must also be under-
lined in case of Zone III., since for example the sig-
nificant narrowing at 1196 fkm, accompanied with
the presence of some larger bends and mid-channel
islands made the area ideal for the development of
ice jams (Fig. 12).

Continuous monitoring of river ice is important not
only for preventing and reducing floods, but also to
prevent and decrease the impact of damage in river
infrastructure. The presented method is a cost effec-
tive, remote sensing-based approach that can provide
operational maps over large areas at high spatial (10
m) and relatively high temporal (2-3 days) resolution.
The dataset complemented with field observations can
aid interventions and support operational decision
making.

Although the quantitative validation of ice cover
detection results is problematic, the comparison with
in-situ observations and other optical satellite data
sets shows good comparability. Field observations are
subjective, as they can mostly be made from the riv-
er bank. The radar-based ice coverage algorithm is
objective and uniform over the total length of rivers.
The algorithm is automated, provides robust results as
long as Sentinel-1 data is available and can be applied
in other regions as well. The application of other data
sources, like IP cameras for continuous monitoring
would help to refine and calibrate our satellite-based
ice observation method.
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