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- Airborne laser scanner (ALS) measurements were conducted in 
The Baltic Sea in March 2005. ALS is a 3-D laser scanner 
providing cross-track scans of sea ice surface topography.

- Nearly coincident with the ALS acquisitions on 14 March one
ENVISAT APP image with HH- and VV-polarization was acquired.
The ALS and ENVISAT data were acquired under cold conditions;
mean air temperature on 14 March was -13.4ºC. 

Background
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- The  ALS measurements utilized in this study consisted of two 
approximately 400 m wide lines; line 1: 68 km long, line 2: 179 km long.

- The ALS lines were divided into successive non-overlapping 300 by
300 m windows centered at the flight path. From the SAR data
windows of 315 by 315 m (21 x 21 pixels) co-located with the ALS
data were extracted.

- To compute e.g. slope statistics, a grid with a resolution of 5 m 
was formed from ALS data sets by averaging all hf measurements
inside a grid cell. In the case of missing measurements the value of hf

was determined  with a linear interpolation. To every grid point was 
assigned also a sigma0-value using the nearest pixel rule (the image was  
sampled into pixels with a resolution of 15 m).

Data sets
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- Due to usually thin snow cover the elevations measured by ALS
were roughly equal to the elevation of the ice surface. The ALS
data were processed to ice freeboard (hf) data from which
various statistical parameters were calculated (e.g. mean hf).
The hf data can be converted to the total ice thickness   multiplying it 
by factor K  where K  depends on ice and snow cover
characteristics (typical range for K is from 5 to 8)

-Because the thermodynamically grown ice thickness in the study area 
was at maximum about 50 cm, the larger ice thickness values (hf >10cm) 
are due to mechanical deformation. Hence, the hf represents also the degree of 
ice deformation.
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ALS-
data
(narrow
strip)
has
been
overlayed
over
the SAR
image. 
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DEM image from  ALS data displayed  as a ’hill shade’ image. The left part 
of line is open water and the ’holes’ in the image are due to missing data.
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- The linear relationships between the mean sigma0  and different h_f statistics
(computed over a window of resolution of 300 m) were quantitatively studied 
by correlation analysis using both the original hf values and the hf representation 
in the 5 m grid.

-The  correlation coefficients varied from 0.7 to 0.9 to the statistics shown
in the following figures. 

- Many of the hf statistics are strongly intercorrelated. 

- Due to its explicit physical interpretation the mean hf (which
is directly related to the mean ice thickness)  was chosen for further analysis.

Descriptive data analysis
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The relative area covered by the deformed ice (hf >10cm) .
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The spatial distribution of deformed ice (the mean size
of  deformed ice area).
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The mean slope between 5m by 5m hf values as
a function of sigma0.
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The mean hf value in the deformed ice areas.
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The total sum of hf values in the deformed ice areas.  
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Inversion schme

- The inspection of Figs. 1 and 2 suggest to apply a simple exponential 
model for the inversion:

hf (cm) = a * exp( b * sigma0(dB)).

- The model fitting was performed using the Markov Chain Monte Carlo 
(MCMC)-methodology where the model parameters are assumed to be random 
variables. The uncertainty in the model fitting due to the random nature of the
(a,b)-parameters is taken into account by computing the predictive
envelopes around the modeled regression curve (see Fig. 3).
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Fig. 1. The uncertainty of the model is quantified here using the predictive 
envelopes. The grey areas in the figure correspond envelopes computed from 
the 50%, 90%, 95% and 99% posterior regions. The envelopes begin getting 
wider from the sigma0 value –15 dB upwards.  

Data set 1
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Data set 2

Fig. 2. The uncertainty of the model is quantified here using the predictive envelopes. Th

grey areas in the figure correspond envelopes computed from the 50%, 90%, 95% 

and  99% posterior regions. The envelopes begin getting wider from the 

sigma0 value –15 dB upwards.  
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Fig. 3. For this ALS/SAR data set the relationship between sigma0 and
freeboard height remained quite stabile as can be seen by comparing
the posterior distributions of the model parameters in the two data sets.
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- When we predict a hf -value using the regression model we must
take into account the additional uncertainty due to the
observation errors (here std of hf was assumed to be 5 cm). The
resulting posterior predictive range for the hf -estimate is
shown in Figs. 4 and 5 as a "tube" surrounding the estimates.

Regression based prediction 
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Fig. 4. fb-estimates for transect 2. Model based on data of transect 1. Also
the posterior predictive envelope (90 %) indicated (green tube).
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Fig. 5. fb-estimates for transect 1. Model based on data of transect 2. Also
the posterior predictive envelope (90 %) indicated (green tube).
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Each pixel in the SAR-image (14.03.2005) is an average over the
300 m by 300 m window. Using sliding windows the pixels are 
computed with a sampling interval 100 m in the horizontal and vertical
direction.. 
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fb-image 14.03.2005. Using the nonlinear regression model.



© Finnish Institute of Marine Research, 2008

The histogram for the s0 values in the ENVISAT ASAR APP-image.
The image resolution is 300m by 300m.
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The histogram for the fb-values obtained from  the ENVISAT ASAR 
APP-image using the nonlinear regression. The shape has a much longer
tail than the corresponding s0-distribution.
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Conclusions

-In this sea ice data set the correspondence between the ENVISAT-derived 
C-band backscatter and the ALS-based estimated freeboard was unexpectedly
strong. The contrast between deformed features and level ice
varies a lot at C-band and is in many cases quite weak,

- In the current case one of the factors contributing to the distinctive separation
between deformed ice areas and level ice was the thin dry snow
cover. Also the long freezing period prior the image acquisition
caused that the small-scale surface roughness was strongly
associated with level ice age and, hence, also with ice thickness.
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-One of the reasons for the success was that the data was analyzed in a 
scale (300 m) appropriate for the dependence study. It is extremely difficult 
to identify separate ridges from a C-band SAR image. In our approach the
magnitude of sigma0  was large only if several ridges occurred
in the area of interest or the ice field consisted of hummocked or
rubble ice.

- The presented case study demonstrates that in the ideal conditions
the dependence  between sigma0 and  ice thickness can be very strong. 
A total opposition for the current case is represented by very wet snow/ice 
field where the contrasts between different ice types disappear.
Usually the dependence is somewhere between these two extreme cases.
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- Usually the dynamic range of sigma0 values from sea ice cover is
from 10  to 14 dB inside a single scene. 

- In the light of the field measurements performed in the Baltic Sea  
the measured differences in the small scale (cm scale) ice surface  
roughness can generate sigma0 differences up to 10 dB according to 
the IEM model (strongest modeled radar response –14 dB at 
incidence angle 20 deg and HH-pol.). The rest of sigma0 variation is 
due to the large scale ice surface roughness, the volume scattering 
and the properties  of snow layer.

- By monitoring the seasonal evolution of the radar response on the 
fast level ice area  we have observed variations up to 7 dB  due to 
the differences only in the snow  conditions (dry snow -> wet snow). 
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- Perhaps a rather typical depedence between ice thickness and 
the radar response at C-band can be seen in the following figure. 

- There a large amount of  HEM ice thickness measurements were 
compared to the backscattering strength in the RADARSAT-1 images. 
The total length of HEM profiles were about 400 km. 

- Due to the time gap between the different data sets (ice field movement) 
the registration accuracy is not as good as in the ALS/SAR data set. This
partially explains the extreme values in the distribution tails (for level
ice and for highly ridged ice). On the other hand, the radar response from 
rafted ice varies a lot. Also other uncertainty sources exist in the HEM/SAR data.

- We do not have an estimate for the snow depth variation. 
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Three ice thickness categories according to the HEM ice thickness 
measurements: 1-50 cm (blue), 51-100 cm (green), over 100 cm (red).


