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Abstract

Here we present an algorithm for continuous ice dynamics estimation based on coastal
and ship radar data. The ice dynamics are estimated based on automatically selected
ice targets in the images. These targets are here called virtual buoys (VB’s) and are
tracked based on an optical flow method. To maintain continuous ice drift tracking new
VB’s are added after a given number of VB’s have been lost i.e. they can not be tracked
reliably any more. Some tracking results and some computed derived quantities for
a few test cases are presented.

1 Introduction

Sea ice motion is an important parameter, because ice dynamics has a major effect on
the nature of sea ice. Ice motion can cause ice pressure which in turn contributes to
ice deformation, or diverging ice motion can cause opening of ice (cracks, leads). Here
we represent a method to use coastal and ship radars for continuous monitoring of sea
ice drift.

Marine radars typically operate at 10 GHz (wavelength A1 ~ 3cm) and 3GHz (1 ~
10cm), i.e. at X and S bands. The radar resolution is defined by means of two resolu-
tions, bearing and range resolutions. Bearing (a.k.a. as azimuth or angular) resolution
is the ability of a radar system to separate objects at the same range, but at slightly
different bearings. The bearing resolution depends on radar beam width and the range
of the targets. Range resolution is the ability of a radar system to distinguish between
two or more targets on the same bearing but at different ranges. Range resolution de-
pends on the radar pulse length, unless radar pulse compression techniques (Cohen,
1987) are used. For digitizing the radar signal we have used a radar video server with
a 20 MHz sampling rate. The radar server is Based on standard PC technology, and
forms PPI (Plan Position Indicator) images from the radar signal, the radar triggering
pulse and the radar antenna pulse. PPl is the most common type of radar display: the
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radar antenna is represented in the center of the display, so the distance from it can be
presented as concentric circles.

If necessary, radar platform (ship) motion can be compensated based on the geoin-
formation (GPS position of each radar frame). However, large ship motion is not de-
sirable because the radar signal is rapidly attenuated as a function of the range, or
in the worst case the two radar images with a given time gap between them are not
overlapping any more.

Relatively many publications on ice drift from Synthetic Aperture Radar (SAR) im-
agery and other satellite-borne EO data have been published. The motion estimation
is based on detecting the same features in two adjacent images (e.g. Fily and Rothrock,
1987; Sun, 1994; Thomas et al., 2004, 2008; Karvonen, 2012). Motion vector estima-
tion for weather radar data has also been studied, e.g. in Peura and Hohti (2004).
Sea ice drift and object tracking from coastal radars has been studied earlier e.g.
in Okhotsk Sea by matching of prominent features preserved from image to another
(Tabata et al., 1980), in Barrow Sea using Lucas-Kanade optical flow algorithm (Lucas
and Kanade, 1981) for features detected by Harris corner/edge detection (Harris and
Stephens, 1988) algorithm (Rohith et al., 2013), and in Baltic Sea using a combination
of phase-correlation and normalized cross-correlation (Karvonen, 2013a). One practi-
cal restriction for all the methods is that they can only operate where distinguishable
objects exist, and in the featureless areas either no estimates are given, or the esti-
mates are inter/extrapolated values. The motion detection methods are computationally
intensive, but in principle easy to parallelize due to local nature of the computations.

In our earlier studies (Karvonen, 2013a; Karvonen et al., 2013) we have used data
with longer temporal differences (10-30min) than here, and an algorithm based on
cross-correlation techniques. This approach was directly adapted from techniques
used for ice drift estimation from SAR imagery (Thomas et al., 2004, 2008; Karvonen,
2012). However, with a finer temporal resolution sub-pixel resolution would be desir-
able, and it can not be achieved using cross-correlation techniques without suitable
interpolation of the results. This interpolation needs to be nonlinear, thus also requiring
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a larger support area than a simple linear interpolation. Optical flow algorithm in turn
inherently gives the estimates with a sub-pixel resolution. For this reason we found
optical flow approach better suitable for fine temporal resolution radar imagery sea ice
dynamics analysis.

2 Data sets used in the study

We have used three data sets to test the new algorithm. Two of the data sets were
coastal radar data from the Tankar coastal radar, located at (63.95° N, 22.84° E): the
first data set period was 25 February 2011 from 03:00 to 16:58 UTC (total time period
of about 14 h), and the second data set period from 8 February 2012 from 00:00 to
23:58 UTC (total time period about one day). The data sets were selected such that
they include significant ice drift. The temporal resolution of the two coastal radar data
sets was 2min. The third data set was a longer period data set and collected on-
board RV Lance during the period from 21 January 2015, 11:30 UTC to 18 February
2015, 10:20UTC. The temporal resolution of the RV Lance data set was 10 min. For
demonstration purposes we selected a one-day period (8 February 2015 from 00:00 to
24:00 UTC) of the RV Lance data set. In this period set there also occurred significant
and heterogeneous ice motion with respect to the ship within the radar coverage. Dur-
ing this one-day period the location of RV Lance was north of Svalbard, approximately
82.5°N, 18°E. The total range of the Tankar coastal radar data sets was 40 km and
the image size was 1200 x 1200 pixels, i.e. the nominal resolution was 33.3 m. For the
RV Lance radar the image size in pixels was the same as for the Tankar data, but the
range was only 7.5 km, resulting to a nominal resolution of 12.5m.

To reduce radar artifacts temporal median in the beginning of each minute (11 im-
ages, corresponding to about same amount of time in seconds, assuming that the radar
rotation frequency is about 1 Hz) was performed. During this time period the ice motion
is neglectable and only the noise and possible artifacts are reduced by the filtering.
The images were also processed by homomorphic filtering to reduce the signal attenu-
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ation as a function of the range (Lensu et al., 2014). This processing mainly makes the
visual analysis of the data easier. According to some performed tests it does not have
significant effect on the tracking of objects.

For the RV Lance data we were unable to perform the temporal median filtering
because we only had data with 10 min temporal sampling at our disposal, i.e. only one
unfiltered image every ten minutes.

3 Weather and ice conditions on the test sites

The air temperature on 25 February 2011 around the Tankar lighthouse and radar
station was from about —15°C in the morning to about —3°C in the afternoon. The
previous day was colder with a daily maximum temperature of about —15°C. The wind
direction was 150—180°, and wind speed varied in the range 6-8 ms™'. In the eastern
parts of the area there was land fast ice, west of the fast ice there was a zone of very
open ice (concentration 10-30 %), and west of this zone there were very close drift
ice (concentration 90—-100 %). The ice thickness in the area was 20-55cm. The ice
information were extracted from the FMI ice charts.

On 8 February 2012 the air temperature around the Tankar lighthouse and radar
station was from —11° in the morning to —20°C in the evening, also the previous day
the temperatures were relatively cold, below —10°C. The wind direction was 90-120°,
and wind speed in the range 2—6 m s According to the FMI ice charts there was a fast
ice zone in the eastern parts of the area, a zone of new ice to north and east of the
fast ice, and very close drift ice further in the west. The ice thickness in the area was
5-30cm.

On 8 February 2015 the air temperatures around RV Lance were cold, about —30 °C,
the wind direction was 300-330° and wind speed around 8ms~'. The ship was drift-
ing with a speed of approximately O.2ms'1, first to the south and later to southeast.
According to the met.norway ice charts the ice in the area was very close drift ice,
and according to the operational Nansen Environmental and Remote Sensing Center
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(NERSC) Topaz ice model (Sakov et al., 2012) the ice thickness was 100-120cm in
the area.

4 Virtual buoys and tracking algorithm

We used an edge and corner detection to locate the VB’s in the first radar image of
a radar image sequence, and also when adding new VB’s after the number of VB’s
has reduced to a predefined level (an adjustable parameter). The tracking algorithm is
also based on the optical flow, e.g. Horn and Schunck (1981); Beauchemin and Barron
(1985), between successive image pairs.

The flow diagram of our algorithm has been presented in the diagram of Fig. 1. In
the first phase the VB’s are initialized based on absolute local binary patterns (ALBP’s)
and then one iteration of motion tracking between the first two images of the image
sequence is performed to prune the VB’s due to noise amplification by the image filter-
ing: all the images fed into the algorithm are first filtered by the homomorphic filtering
to reduce the range dependence of the radar signal. After this initialization a list of the
automatically selected VB’s (including the locations and cross-correlations between the
matched windows) are fed to the continuous VB tracking algorithm. At each iteration
a new filtered radar image is put into the tracking system and the optical flow tracking
between the previous and the novel image is performed. After each tracking iteration
the number of resulting VB’s is compared to a predefined threshold (7,), and if the
number of the remaining VB’s is less than T, new VB’s are added starting from near
range until the original number of VB’s has been reached. The new VB location are
defined based on ALBP with the limitation that they are not allowed to be added closer
than a given radius R, (we have applied R, = 15 pixels here, but this parameter can
be defined by the user) from the existing VB’s. After the VB adding step the tracking is
continued with the updated list of VB’s. If there still exist more VB’s than then defined
threshold, then the VB tracking is continued without updating the list of VB’s.

4706

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

TCD
9, 47014731, 2015

Virtual radar ice
buoys

J. Karvonen

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/4701/2015/tcd-9-4701-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/4701/2015/tcd-9-4701-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

4.1 Local binary patterns and VB selection

We used local binary patterns (Ojala et al., 1996) in the edge and corner detection.
We used a step of 1/4 corresponding to eight bit binary patterns, the radius R gp
(distance from the center pixel, see Fig. 2) used here was two. A (8bit) local binary
pattern is defined as

7
LBP = > 51(gx - 90)2", (1)
k=0

where g, is the gray tone of the center pixel and the values of g, are the gray tones
in the eight pixels within the given radius R gp around the center pixel, see Fig. 2, and
S1(x) defined as

1, fx>0
Sq(x) = 2
1) {o, if x < 0. @
Here we have used a variant which we here call the Absolute LBP (ALBP):
7
ALBP = > s,(9x - 9)2", (3)
k=0

and s,(x) defined as

1, if|x|>T
So(X) = 4
2(X) {o, if x| <T )

Rotational invariance can be achieved by using the minimum among all the (8) cyclic
shifts of the ALBP. This is denoted here by ALBP,. The values 15 of ALBP, corresponds
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to an edge point, value 31 corresponds to a corner point, and value 63 corresponds to
a sharp corner point.

As we wish the VB’s to be traceable objects which do not to get mixed with other
nearby features, we wish them to have a locally unique nonlinear structure with much
corners. We select the points which locally (within a given radius A,) maximize the
complexity function F:

Fo(r,c) = Ny(r,c,Rs)Ngo(r,c, Rs), (5)

where N,(r,c,R;) is the number of corner points within a search radius A, from the
location described by the column and row coordinates (r,c), and Ng.(r,c,R;) is the
number of sharp corner points within the same area. To avoid assigning VB’s too close
to each other, we only perform the search R or more outside the already assigned VB
locations. We have used values A, = 30 and A = 15 pixels here, but these parameters
can be defined by the user.

VB’s are added always when the number of VB’s becomes less than a given thresh-
old Ty. T, can be defined as an absolute value or relative to the number of original
VB’s. In the experiments presented here we have used relative T, values of 75-90 %
of the number of the original number of the VB’s.

Because we apply the homomorphic filtering prior to the VB selection, we also get
relatively many VB’s in the far range, because the filtering also amplifies the noise in
the far range. For this reason we perform one tracking iteration between the first and
second images of the sequence to remove the VB’s due to this noise amplification.
This first iteration removes the VB’s generated by random fluctuation (amplified radar
noise).

4.2 Optical flow and algorithm implementation

Optical flow (Horn and Schunck, 1981; Beauchemin and Barron, 1985) is a method
used for estimating motion in image sequences such as in digital video. In optical flow
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we assume an intensity at a location (x, y) in a digital image at time to be moving such
that

I(x,y,t) =1(x + Ax,y + Ay, t + At) (6)

Using the Taylor expansion, and assuming small motion

lol} ot} ol
/ A Ay, t+ At) =/ )+ —Ax+ —Ay + — At + HOT
(x +Ax,y + Ay, t + At) (X’y’)+6x X+6y y+6t +HO
ol lol} ol
= —A —Ay+—A1t=0, 7
ax Tay™ Tt Y
HOT stands for higher than first order terms. Dividing by At we get the optical flow

equation:
vy +1,v, = =1y, (8)

where /, I, I; indicate the partial derivatives of the image signal with respect to x, y,
and . The changes of / at (x,y) in x and y directions and change of / in time can
be estimated from an image pair. To perform the estimation additional conditions are
needed. One practical approach is the Lucas-Kanade method (Lucas and Kanade,
1981) where it is assumed that optical flow equation holds for a block of N pixels p,
(k=1,...,N):

L(p1)vy +1,(p1)vy, = =11(D4)
. 9)
L(pn)vy +1,(Pn)Vy, = =11(DN)

This corresponds to a (overdetermined) linear system Av=b. And can be solved (least
squares solution) (Penrose, 1955) as

v=(ATA) 1 ATb = Mb, (10)
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M= (ATA)'1AT is known as the Moore-Penrose pseudoinverse.
We have used the following discrete estimates for /,, /, and /; (Horn and Schunck,
1981):

I, =(l4(r+1,c)=1li(r,c)+1i(r+1,c+1)=1(r,c+ 1)+
I(r+1,c)=Iy(r,c)+1s(r+1,c+1)=Iy(r,c+1))/4

ly=(li(r,c+1)=1i(r,c)+ 1(r+1,c+1) =11 (r+1,0)+
Ir(r,c+1)=Iy(r,c)+ Ir(r+1,c+1)=Iy(r+1,c))/4

Iy =(Is(r,c)=1i(r,c) + I(r+1,¢)=1{(r+1,c)+
Iy(r,ce+1)=Ili(r,c+ 1)+ (r+1,c+1)=/1(r+1,c+1))/4 (11)

where /; and /, are the first and second (in this temporal order) image of an image
pair, (r,c) refers to the row and column coordinates which are used here instead of x
and y. The image pixel values with fractional coordinates are computed using bi-linear
interpolation. For numerical stability it is essential that the estimates for /,, /, and /; are
computed at the same spatiotemporal location.

The optical flow method is best suitable for short motion corresponding to short time
differences, e.g. for our coastal radar data with a relatively short short time difference
(in our case 2min). In practice some image smoothing at sharp edges is recommend-
able before the optical flow computation, because optical flow assumes continuity of
the signal. For this reason we perform a spatial Gaussian smoothing of the images be-
fore the optical flow estimation. The Gaussian smoothing is combined with the original
image data by a linear combination to get the smoothed pixel value /'(r,c) from the
original pixel value /(r,c) and the smoothed pixel value G(r,c):

I'(r,c)=fG(r,c)+ (1 =1)I(r,c). (12)

We used a Gaussian kernel with standard deviation o = 15.0 (pixels) in the Gaussian
smoothing, and for the factor f = 0.8.
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In computation of the optical flow we used a spherical window with a radius of 11
pixels (resulting to N = 377) for the coastal radar data and a a spherical window with
radius of 21 pixels (N = 1373) for the ship radar (with longer time difference between
the successive images) in the optical flow estimation.

If the cross-correlation between two matched windows is less than a given threshold
T the object is not tracked any more, i.e. the VB is lost. We have used 7., = 0.9 in our
experiments presented here. We also studied the use of the coefficient of determination
of the linear fits as a measure of the matching quality, but it seems to have insignificant
correlation e.g. with respect to the cross-correlation, which seems to be a more useful
measure. The first tracking iteration (between the first and second images) is used to
prune the unreliable VB’s produced by noise amplification due to the homomorphic
filtering. The same cross-correlation thresholding is applied for this purpose.

5 Experimental results
5.1 Coastal radar image sequences

The initial radar images (first images in the image sequences) of the two coastal radar
image sequences of 25 February 2011 and 8 February 2012, with the locations of the
initial VB’s indicated, used in our experiments are shown in Fig. 3. The location of the
radar indicated by the green dot and the initial VB’s are indicated by red dots and the
location of the radar by green dots.

The first and last images of the 25 February 2011 and the 8 February 2012 cases
are shown in Figs. 4 and 5, respectively. From these images we can see the change of
the ice field during the whole study periods. In the 11 February 2011 case a large ice
field is torn off and drifting away from the land and land fast ice zone. In the 8 February
2012 case a smaller part of the ice is also torn off and floating away from the coast.
The trajectories resulting from the Lucas-Kanade optical flow algorithm for the two test
cases are shown in Fig. 6a and b. We can see that for the 25 February 2011 case
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the direction of the motion was rather uniform over the whole drift ice area, but for the
8 February 2012 case the direction of the motion was less uniform. However, this kind
of trajectory plots do not show the ice drift velocity evaluation as a function of time.

The VB trajectories computed by the algorithm correspond to the visual interpretation
during the test periods. The visual inspection was performed using animations of the
image sequences with the VB’s indicated by colored circles over the radar imagery. The
information derived from VB’s gives us possibilities to estimate different parameters
related to the ice dynamics. We have computed some features for three selected VB’s
on both the images. Three VB’s were selected to initially be close each other such
that they form a triangle. Based on the triangles formed by the VB triplets we could
compute the evolution of the area of the triangles as a function of time, indicating local
divergence or convergence. The trajectories of the selected VB triplets are indicated
by red color in Fig. 6.

For the 25 February 2011 case a large part of the ice was torn off the fast ice and
drifting to northwestern direction (Figs. 4 and 6a). For this case we applied a threshold
Ty = 75 % of the original number of VB’s. The number of VB’s as a function of the 2min
time steps for this case is shown in Fig. 7a. We adjusted T, this high just to demonstrate
the adding of VB’s, in practice a lower value could be used. for the 8 February 2012
case some smaller ice floats were torn off and drifting to west and southwest (Figs. 5
and 6b). For this case we used Ty, = 90 % of the original number of VB’s. The number
of VB'’s as a function of 2 min time steps is shown in Fig. 7b. Because the total time was
longer for this case the VB’s were added twice during the whole time period of 24 h.

It is also straightforward to compute the velocity and direction (here given as the com-
pass direction with zero degrees to the north, 90° to east and so on) by just dividing
the displacement converted to meters by the time step of two minutes for each succes-
sive image pair. The velocities and direction for the selected three VB’s of 25 February
2011 case are shown in Fig. 8. It can be seen that the three VB’s are moving rather
coherently. The velocity is first very slow and the direction rather ambiguous. Then the
velocity is accelerated rather rapidly (the acceleration could also be estimated by di-
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viding the velocity differences between the two adjacent velocities by the time step, if
necessary). It can also be seen that as the direction changes for a short time, the ve-
locity is reduced (around time step 300). In Fig. 9 the velocity and direction are shown
for the 8 February 2012 case. Also in this case the ice is quite stable for a while in
the beginning of the time period and then the velocity accelerates to a top value of
about 0.3ms™' achieved near the end of the period. For the 25 February 2011 case
the top velocity was a little lower and achieved about in the middle of the time period.
For the 8 February 2012 case the velocities of the three studied VB’s were less uniform
than for the 25 February 2011 case. This also results to the larger divergence for this
case compared to 25 February 2011 case. The area of the triangle formed by the three
studied VB’s in this case increases up to about 1.5 times the original triangle size, for
the 25 February 2011 case the area only increases to about 1.2 times the original size.
These numbers indicate slight divergence in both the cases.

5.2 Ship radar image sequence

The RV Lance ship radar data was collected during the period from 21 January to
18 February, and the temporal difference between each image pair was 10 min which
is quite long for an optical flow algorithm. The ship was drifting in ice and no ship motion
correction based on ship GPS has been performed, i.e. the detected ice drift is the drift
with respect to the ship. We computed the tracking for the whole period but here we
only show the results for a one day period with some interesting motion. During many of
the days the motion with respect to the ship was not significant. Because the ship radar
had a shorter range and higher resolution there were sea ice details visible over the
whole image. For demonstration we selected the 8 February 2015 data for the whole
day with significant ice motion with respect to the ship is some areas within the ship
radar range. Also in this case we selected three adjacent VB’s, indicated by red color
in the trajectory image of Fig. 12, for which we computed their velocities, directions and
the divergence based on the area of the triangle formed by these three VB’s. The first
image of the one day time period (8 February 2015, 00:00 UTC) and the last image of
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the period (9 February 2015, 00:00 UTC) are shown in Fig. 11. It can be seen that two
larger leads are opening, one in the northeastern part and another in the southern part
of the images. This is also indicated by the VB trajectories shown in Fig. 12. The drift
velocity, direction and divergence for the selected VB triplet are shown in Figs. 13 and
14. In this case the direction changes quite suddenly around time step 60. However,
there is no significant reduction in the computed drift velocity. This may be due to the
relatively sparse time step of 10 min, with 2min time steps the speed change might
have been larger. It can also be seen that there occur some compression for the ice
area described by the selected triplet of VB’s. The area is decreased to about 80 % of
the original area. This is because the VB'’s belong to the ice field east of the opening
lead and the ice is compressing in this area.

6 Discussion and conclusions

A novel algorithm for ice tracking was developed to track virtual ice buoys. The algo-
rithm enables continuous ice dynamics tracking by adding VB’s after certain absolute
or relative amount of VB’s has been lost, this number or ratio can be defined by the
algorithm user. The location of the VB’s are initialized automatically based on the local
information content of the image favoring location with well-distinguishable features.
The VB’s can also be initialized manually if some specific case studies are made. This
method is best suitable for relatively short temporal steps and giving sub-pixel resolu-
tion, unlike our earlier algorithm based on cross-correlation (Karvonen, 2013a). From
the VB tracks many kinds of derived quantities can be computed, and information on
the nature of the ice dynamics extracted. For example it is possible to distinguish be-
tween deformed ice and level ice or open water at least in the near range area, and
also opening of new open water channels can be identified.

We applied the developed algorithm to three test cases. Here we only computed
some relatively simple derived quantities related to the ice dynamics, i.e. velocity, di-
rection, and the relative area defined by triplets of VB’s. The relative area gives infor-
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mation on the divergence and convergence of the ice, and also at some degree on the
compression in the ice. Some other and more sophisticated ways to analyze VB data
have been presented e.g. in Karvonen et al. (2013). The main purpose of this study
was the development of the VB tracking system.

The VB drift results for the test cases were evaluated based on visual inspection of
the animations of the image sequences with overlaid VB positions. There were no real
buoy data available. The visual analysis showed that the algorithm results correspond
to the visual interpretation and same targets were tracked throughout the radar image
sequences. This could also be visually verified by extracting single frames of the radar
image time series with a time difference of e.g. 2-3 h, and with some given VB positions
indicated on the radar images. Also according to this verification the algorithm tracking
results and visual inspection were in good agreement.

This VB tracking software complemented with some basic VB data analysis software
tools will be included in the radar servers making automated ice dynamics analysis in
real-time or near-real-time possible. The analysis tools will include the analysis of VB
drift velocity and direction, and divergence based on triangles formed by VB triplets.
These will be computed within the convex polygon defined by the outer VB’s in the
image in a given grid and for a given time step (multiple of the basic time step). This
integration is under construction as part of the project “Harnessing Coastal Radars for
Environmental Monitoring Purposes” (HARDCORE) funded by the Baltic Sea Research
and Development Programme (BONUS).
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