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Abstract—This article presents the first results of river ice
cover observation with Sentinel-1 data for the Vistula river
(Poland). To our best knowledge this is the first study when
Sentinel-1 data have been used to monitor ice cover changes
during the whole season of ice phenomena. Frequent data
acquisition allowed to detect changes every 3 – 5 days. We
used an algorithm based on the log likelihood change statistic,
which is implemented in the Sentinel-1 Toolbox. The optimal
thresholds values for the algorithm have been chosen empirically.
We observed high correlation between the snow cover wetness
and the visibility of ice cover underneath.

I. INTRODUCTION

River ice is a natural element of the river regime in the
temperate climate zones. There are three main causes why its
monitoring is necessary – to prevent winter floods, to maintain
waterways, to regulate hydropower work. In Poland, and
other countries, ground-based observations are the main source
of information for river ice monitoring systems. Ground-
based observations are precise but only for a location of
an observation point. Information for long river stretches are
interpolated. We propose to implement satellite SAR imagery
in the monitoring systems to acquire information for long
river stretches in regular intervals of several days. Numerous
studies confirmed that SAR imagery are useful for river ice
observation – to recognise ice forms [1], [2] and to determine
ice thickness [3], [4]. So far, high price of SAR imagery has
been the main limiting factor. The breakthrough came with
the appearance of the Sentinel-1 data provided free of charge
through the Copernicus program. In this paper we present the
first results of the river ice analysis using Sentinel-1 data for
the lower Vistula during the winter season 2015-2016.

II. DATA

In the project we used SAR data from Sentinel-1. The
Sentinel-1 mission is a constellation of two satellites launched
on 3 April 2014 – Sentinel-1A – and on 25 April 2015 –
Sentinel-1B. The two-satellite constellation offers a 6 day
exact repeat cycle at the equator. In case of Poland revisit time
ranges from 3 to 4 days. Each Sentinel-1 satellite is designed

for an operations lifetime of 7 years with consumables for 12
years. The imaging modes can be operated for a maximum
of 25 min per orbit [5]. Sentinel-1 data products are available
free of charge to all data users including the general public,
scientific and commercial users.

Sentinel-1 carries a single C-band synthetic aperture radar
instrument operating at a centre frequency of 5.405 GHz.
The system potentially operates in four acquisition modes:
Interferometric Wide swath (IW), Stripmap (SM), Extra-Wide
swath (EW), Wave (WV). The primary conflict-free mode over
land is IW with VV+VH polarisation. It acquires data with a
250 km swath at 5 m by 20 m spatial resolution (single look)
[5].

We used Level 1 Ground Range Detected products (GRD).
At this level products consist of focused SAR data that has
been detected, multi-looked and projected to ground range
using an Earth ellipsoid model. Phase information is lost. The
resulting product has approximately square resolution pixels
and square pixel spacing with reduced speckle at the cost of
reduced geometric resolution [6]. 12 datasets were registered
to cover the whole period when ice phenomena were observed
(tab. I).

Table I
LIST OF SENTINEL-1 DATA.

Date Pass Track
2015-12-27 descending 51
2015-12-30 ascending 102
2016-01-01 descending 124
2016-01-04 ascending 175
2016-01-08 descending 51
2016-01-11 ascending 102
2013-01-13 descending 124
2013-01-20 descending 51
2013-01-23 ascending 102
2013-01-25 descending 124
2013-01-28 ascending 175
2013-02-01 descending 51
2013-02-06 descending 124
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We planned to use in addition optical satellite data from
Landsat-8 and Sentinel-2. Both systems offer data that have
similar parameters in terms of spectral channels and spatial
resolution, therefore they can be used interchangeably. Thus,
it is possible to obtain data for a specific area more frequently.
Landsat is a satellite mission jointly conducted by the National
Aeronautics and Space Administration and the United States
Geological Survey. Landsat-8 was launched on 11 February
2013. It provides data in 11 spectral channels including visible
spectrum as well as near, short-wave and thermal infrared.
Spatial resolution varies with channels: panchromatic – 15 m;
visible spectrum, near and short-wave infrared – 30 m; thermal
infrared – 100 m. The satellite collects images of the Earth
with a 16-day repeat cycle [7].

Sentinel-2 is an Earth observation mission developed by
ESA as part of the Copernicus Programme. The mission
comprises twin polar-orbiting satellites launched on 23 June
2015 – Sentinel-2A – and on 7 March 2017 – Sentinel-2B.
Sentinel-2 acquires data on 13 spectral channels in the visible
spectrum, near and short-wave infrared. Spatial resolution
depends on channel: 10 m, 20 m or 60 m. The two-satellite
constellation offers a 5 day exact repeat cycle at the equator
(2 – 3 day for Poland) [8]. For both systems we chose
data at level 1 (L1T for Landsat-8 and 1C for Sentinel-2),
radiometrically calibrated and orthorectified. 16 images were
acquired, however, at 12 of them studied area was not visible
due to the cloude cover. Thus, we can conclude that SAR data
are extremely important for analysing ice cover in Poland –
microwaves penetrate cloud cover, which is the main limitation
in case of optical data.

We used meteorological data – average daily air temperature
and daily precipitation – to obtained information about snow
cover and snow wetness. The data were registered at the
weather station in Płock, which is located about 5 km from
the river and about 50 m above the river level.

III. AREA OF STUDY

We chose the Włocławek reservoir at the Vistula river as an
area of study (fig. 1). The Vistula is the largest Polish river
(total length 1 047 km) and the longest river in the Baltic
Sea catchment. Average multiannual discharge is about 1.060
m3s−1.

The Włocławek reservoir has the largest area (70.4 km2) and
the second largest capacity (387.2 million m3) of all artificial
reservoirs in Poland. Lower part of the reservoir freezes before
other sections of the Vistula. In the middle and upper parts
ice cover develops through the frontal ice cover progression
in upstream direction. Grześ and Pawłowski [9] reported that
the frontal progression of ice cover can reach speeds of 5-35
km/day. Fast ice progression leads to development of ice jams
– ice blockages that restrict river flow. The greatest risk of
ice jams appears when frazil ice – randomly oriented needle-
shaped ice crystals – accumulates under the ice cover with high
density (between 300 and 500 kg/m3 or more). This situation
is called the ice packing processes [10].

Figure 1. Area of study – the Vistula river, km 617 – 675.

Fig. 2 presents ice cover on the middle and lower part of
the reservoir registered by Sentinel-1 and Landsat-8 data on 4
January 2016. Bright area on SAR imagery between km 655
– 659 indicates on compression of ice fields.

Figure 2. Ice cover on the middle and lower parts of the Włocławek reservoir
on 4 January 2016 – upper image: Sentinel-1, lower image: Landsat-8.

IV. METHOD

Data processing included six steps: orbit correction, calib-
ration, speckle reduction, terrain correction, change detection
and mask generation (fig. 3).

A. Preprocessing

The orbit state vectors provided in the metadata of a SAR
product are generally not accurate and can be refined with
the precise orbit files. The files are available days-to-weeks
after the generation of the product and can be downloaded
from the Sentinel-1 Quality Control Subsystem website (ht-
tps://qc.sentinel1.eo.esa.int/). While process Sentinel-1 data
with Sentinel-1 Toolbox, precise orbit files are automatically
download from Array’s servers.

The objective of SAR calibration is to provide imagery
in which the pixel values can be directly related to the
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Figure 3. Data processing schema.

radar backscatter. Uncalibrated SAR imagery is sufficient for
qualitative use. However, radiometric correction is necessary
to compare of SAR images acquired with different sensors, or
acquired from the same sensor but at different times – which
is the case of this study. Information required for converting
digital pixel values to radiometrically calibrated backscatter
can be found in a calibration vector included as an annotation
to downloaded SAR data.

SAR images have inherent salt and pepper like texturing
called speckles which degrade the quality of the image and
make interpretation of features more difficult. Speckles are
caused by random constructive and destructive interference
of waves scattered by the elementary scatters within each
resolution cell. Speckle noise can be reduced either by spatial
filtering or by multilook. We tested three approaches in this
study: multilooking with the window 3×3, multilooking with
the window 5×5 and refined Lee filter with the window 7×7.

During multilloking processing several images correspond-
ing to different looks of the same scene are incoherently
combined. There are two ways to implement the multilook
processing: by space-domain averaging of a single look image
and by frequency-domain method using the sub-spectral band
width. We used the operator which implements the space-
domain multilook method by averaging a single look image
with a sliding window. The size of sliding window is defined
by user – in this study we used 3× 3 and 5× 5 windows.

The refined Lee filter is one of the most popular adaptive
filter for SAR data. The user defines a threshold for detecting
edges. Area of 7×7 pixels with local variance lower than this
threshold is considered homogeneous and a Local Statistics
Filter is used for the filtering. If the local variance is greater
than the threshold, then the area is considered as edge area
and the Lee filter will be used for the filtering [11].

The Range Doppler Terrain Correction Operator implements
the Range Doppler orthorectification method for geocoding
SAR images from single 2D raster radar geometry. It uses
available orbit state vector information in metadata, radar
timing annotations, slant to ground range conversion para-
meters together with the reference DEM data to derive the
precise geolocation information [12]. We used SRTM as a
digital elevation model, as this model can be automatically

downloaded using Sentinel-1 Toolbox. Because area of study
is flat, there was no need to apply radiometric normalization.

B. Change detection

We used change detection algorithm provided with Sentinel-
1 Toolbox. The algorithm uses log likelihood change statistic
[13]. Preiss and Stancy formulate the detection problem in
an hypothesis testing framework. In this approach the change
detection problem is to determine whether pixel pairs in a local
area are realisations of a null hypothesis H0 – unchanged scene
– or an alternative hypothesis H1 – changed scene. Decision
statistic given in a local neighbourhood of N independent
pixels Xk is the likelihood ratio defined as:

L =
P (X1, X2, ..., XN : H0)

P (X1, X2, ..., XN : H1)
(1)

The density function for a single pixel pair is given by:

p(X) =
1

π2|Q|
exp(−XHQ−1X) (2)

with Q = Q0 under the null hypothesis H0 – unchanged scene
– and Q = Q1 under the alternative hypothesis H1 – changed
scene – for pixel pairs X = [f, g]T .

Q0 = [
σ2
f σfσg0γ0exp(jΦ0)

σfσg0γ0exp(−jΦ0) σ2
g0

] (3)

Q0 = [
σ2
f 0

0 σ2
g0

] (4)

Terms σ2
g0 and σ2

g1 describe the mean backscatter power in
the later registered image under the unchanged and changed
scene hypotheses. The scene coherence under the unchanged
hypothesis is γ0 while under the changed hypothesis total
loss in coherence is assumed. The unknown parameters in
the matrices Q0 and Q1 are specified by their maximum
likelihood estimates obtained from the data. After taking the
logarithm of the decision statistic L and ignoring the constant
term the decision statistic for discriminating between the two
hypotheses is as follow:

z = Tr(Q−1
0 −Q

−1
1 )

N∑
k=1

XkX
H
k (5)

Discrimination between the two hypotheses is achieved by
evaluating z over the local N pixel neighborhood and applying
a threshold. The Sentinel-1 Toolbox offers a possibility to set
two threshold values – one to mask piksel with values below
the threshold and the second to mask pixel with values above
the threshold. By default in the Sentinel-1 toolbox mask is
generated for pixels with values lower than -2 and upper than
2.
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V. RESULTS

After testing three ranges of thresholds we got the best
results masking pixels with values lower than -1.5 and higher
than 1.5. Fig. 4 shows detected changes for all tested ranges.
For the default setting (thresholds: -2 and 2) we observed
that some area with significant changes were omitted. On the
other hand, for threshold values -1 and 1 to many areas of
insignificant changes were masked.

Figure 4. Images of backscatter coefficient (σ0) for the river stretch km 652
– 660 on 1 and 4 January 2016 and masks of changes for three ranges of
thresholds: (A) lower -1 and upper 1; (B) lower -1.5 and upper 1.5; (C) lower
-2 and upper 2

Having the optimal threshold values, we checked the im-
pact of the speckle reduction method. Fig. 5 presents masks
generated from data for which we applied three different
speckle reduction methods – multilooking with window 3×3,
multilooking with window 5×5, refined Lee filter with window
7 × 7. We obtained the best results using multilooking with
window 5× 5 – the mask covers compact areas and therefore
is easier to interpret than in other cases.

Since 4 January 2016 we observed higher backscatter at km
654 – 659 along the left river bank. It indicates on high ice
accumulation. Fig. 6 presents data acquired 8, 11, 13 and 20
January 2016. Ice accumulation is well seen at data from 8
and 20 January 2016, however, cannot be distinguished with
data acquired on 11 and 13 of January 2016. We compared
dates of SAR imagery acquisitions with meteorological data –
precipitation and average daily temperature – presented at fig.
7.

From 6 to 8 January 2016 snowfall occurred (0.5 mm – 1
mm) and the average daily air temperature form 29 December
2015 to 8 January 2016 was below 0◦C (from -2.5◦C to -
12◦C). Thus, snow cover lying on the ice cover did not contain
liquid water. SAR penetrate this type of snow – called dry
snow [14]. Air temperature between 8 and 11 January 2016
was oscillating around 0◦C and also further snowfall occurred
(3.5 mm – 9 mm). Thus, on 11 January 2016 wet snow –
snow that contains liquid water – lied on ice cover. As the
wet snow absorbs microwave radiation [14], it is not possible
to obtain information about the ice cover underneath. Until 14
January 2016 the daily air temperature was oscillating around
0◦C, therefore also on SAR imagery acquired on 13 January
2016 ice cover is not visible. Since 14 January 2016 daily air

Figure 5. Masks of changes between 1 and 4 January 2016 with three methods
of speckle reduction: (A) multilooking 3x3, (B) multilooking 5x5, (C) refined
Lee filter with window 7x7.

Figure 6. Visibility of ice cover at images of backscatter coefficient (σ0)
with condition of dry snow (8 and 20 January 2016) and wet snow (11 and
13 January 2016).

temperature has fallen below 0◦C again so we could observe
ice cover on data from 20 January 2016.

VI. CONCLUSIONS

Frequent acquisition of SAR data enabled to observe ice
cover regularly (every 3 – 5 days) throughout the whole season
(6 weeks). Without the open access policy of Copernicus
programme, it would not be possible to obtain such large
number of SAR data because of high price.

The analysis of visibility of the study area at Landsat-8
and Sentinel-2 images proved limited usefulness of optical
satellites data for river ice cover monitoring in Poland due
to the cloud cover. Thus, it stresses advantage of using SAR
data.
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Figure 7. Meteorological data – average daily air temperature and precipita-
tion – during period of SAR data acquisition. Source: Institute of Meteorology
and Water Management – National Research Institute in Płock

Using proposed method of change detection we obtained
information about ice cover development throughout the whole
ice season. To our best knowledge, this is the first time when
the whole season of river ice phenomena was monitored using
Sentinel-1 data. We empirically chose the optimal thresholds to
mask changed areas and the optimal way of speckle reduction.
Ongoing work is addressed to answer the following questions:
which type of ice we are able to detect using SAR data; how
to estimate ice cover thickness; how to detect number of ice
layers. It can be obtained by comparing SAR data with ice
profiles from ground measurements.

We observed significant influence of snow cover on the
possibility of data interpretation. When the snow contains
liquid water it precludes data interpretation. In other case it
does not affect image interpretation. Thus, it is necessary to
analyse meteorological data – precipitation and air temperature
– parallelly with SAR data.
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