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Abstract. Advances in satellite remote sensing of sea ice and icebergs in 
Arctic regions are described in case studies showing the benefits of using 
multi-sensor observations. It is demonstrated how Synthetic Aperture Ra-
dar (SAR) used in combination with optical images can improve discrimi-
nation of open water, nilas, young ice and three gradations of deformed 
first-year ice. The classification method is based on multi-sensor data fu-
sion and neural network, where in situ observations were used for training 
of the algorithm. Synergetic use of scatterometer and passive microwave 
(PMW) data is well-established to estimate large scale ice motion, but in 
straits and marginal seas more detailed ice drift data are needed. In the 
Fram Strait SAR images from ENVISAT have been used to estimate ice 
drift and ice area flux since early 2004. It is demonstrated that SAR wide-
swath images can provide more accurate and higher-resolution ice drift 
vectors compared to scatterometer and PMW data. Methods for retrieval of 
thickness for thin ice are available using thermal infrared, passive micro-
wave and SAR data, but these methods are research-oriented and not used 
in regular monitoring. Laser and radar altimeter measurements from satel-
lites have shown promising capability to observe sea ice freeboard and 
thickness for ice thicker than about one meter. Such data used in combina-
tion with ice drift and ice types will provide new estimates of ice volume 
variability and fluxes. SAR and optical data have also been used to observe 
icebergs in the Barents Sea. The two data types are complementary and 
can improve iceberg detection if they are used in combination.  

1. Introduction  

The most mature satellite method for sea ice observation is large-scale ice 
concentration and ice extent measurements by passive microwave (PMW) 
radiometer data. A number of retrieval algorithms have been developed 
and intercompared over the last three decades (e.g. Andersen et al. 2006)  
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It is generally agreed that the accuracy in ice concentration and extent 

series of ice extent and area from these data show that the total ice area in 

(Johannessen et al. 1999, 2004). 
Observation of sea ice has improved significantly by use of satellite 

Synthetic Aperture Radar (SAR) images, providing detailed information 
on ice types, ice motion, ice edge, leads, polynyas, ridges, fast-ice bounda-
ries, freezing and melting. In the last decade extensive SAR data sets have 
been used for ice monitoring in many ice-covered areas (e.g. Kwok and 
Cunningham 2002; Johannessen et al. 2007) An overview of remote sensing 
data used for observation of sea ice variables is given in Table 1.  

Table 1. Sea ice variables and remote sensing sensors. 

Ice variable Remote sensing data  Products  
Area, extent and 
concentration 

PMW data 
Scatterometer data 
optical/IR data 
 

Global maps are available daily from 
SSMI, AMSR-E, and scatterometer 
data. Regional ice charts using SAR, 
optical and IR data 

Ice thickness 
altimeter, IR, SAR 

Large-scale maps are provided by ERS 
and IceSat data. Improved products 
from CRYOSAT after 2009. Thin ice 
retrieval from IR and SAR data 

Ice drift PMW data 
Scatterometer data 
SAR wideswath and 
Global Mode data 

Large-scale ice drift products are from 
scatterometer and PMW data for the 
non-melt season. SAR-based ice drift 
is available for selected regions. 

and surface temp 
Research activity, pathfinder data sets 
are produced 

Ice type classifi-
cation available, young and first-year ice can 

be retrieved from SAR 
Ice roughness 
and deformation 

Radar and laser  
Altimeter, SAR 

Ice roughness maps are shown using 
Icesat data. SAR can provide data on 
deformation 

Icebergs in the 
Arctic 

High resolution optical 
and SAR images 

Maps are produced as part of sea ice 
services. Detailed mapping with high-
resolution images is a research activity 

 
This chapter presents four examples of improved retrieval of sea     

parameters using the multi-sensor approach: ice classification, ice drift and 
flux retrieval, ice thickness and iceberg detection.  

estimates from PMW data is in 5–10% except for the melt season. Time 

the Arctic has been reduced by 3– 4% per decade since 1978, while the 
multi-year ice area has been reduced by 7% per decade in the same period 

Radar altimeter/Laser 

Ice-snow albedo Optical/IR images 

Scatterometer, SAR  Multi-year and first-year products are 
and PMW 
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A number of ice classification methods using SAR and other satellite data 
have been developed in the last two decades, but robust classification 
methods have not yet been developed and few algorithms are used in op-
erational monitoring systems (e.g. Tsatsoulis and Kwok 1998; Onstott and 
Shuchman 2004; Johannessen et al. 2007) In practical ice analysis of SAR 
images, human interpretation is mostly used for classification of ice types 
and ice processes. Recent results on SAR ice analysis and classification 
have been published by e.g. Bogdanov et al. (2007).  

It is demonstrated here that combining two types of SAR images with 
optical images can improve the classification of five-six ice types (i.e. 
open water, grease ice, nilas, young ice, undeformed and deformed first-
year ice) The example shown in Figure 1 is from a typical winter situation 
in the Kara Sea, where the ice cover consists of various levels of new, 
young and first-year ice. The images obtained over the same area on the 
same day are ERS-2 SAR, RADARSAT ScanSAR, and a Meteor 3/5 opti-
cal image. The pixels in the RADARSAT image were normalized in range 
to be comparable to the ERS pixels, compensating for the difference inci-
dence angle of the two SAR images. The study was done during a field ex-
periment with the nuclear icebreaker Sovetsky Soyuz, collecting in situ  
observations of ice types in the study area (Bogdanov et al. 2005).  

The ice in the study area consisted mostly of medium and thick first-
year ice, and coastal polynyas with thin ice (Figure 1) New and young ice 
has low radiance in visual imagery, which increases as the ice becomes 
thicker. The dark signature of the SAR images in region A corresponds to 
grease ice and nilas in a refreezing polynya. The dark area in the lower 
right corner of the optical image is also a polynya consisting of grey or 

SAR images in region B corresponds to greyish signature in the optical 
image, indicating that this is young ice with thickness up to 30 cm. The ice 
floes in area C are undeformed first-year ice with low backscatter in the 
SAR images and high reflectance in the optical image due to the snow 
cover on top of the ice. Area D has mainly first-year ice of medium defor-
mation, mixed with some young ice with brighter SAR signature than the 
first-year ice. Area E contains highly deformed first-year ice with higher 
backscatter than medium deformed first-year ice. The optical image cannot 
distinguish between different levels of deformation since the signal depends 
mainly on the albedo of the snow cover.  

The classification method used in this example is based on a multi-
sensor data fusion algorithm described by Bogdanov et al. (2005) where a 
number of pre-defined ice classes with training data sets for each of the 

grey-white ice with thickness of 10–20 cm. The bright signature in the 

Ice classification by synergy of SAR and optical data 2. 
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classes were used as input to the algorithm. The six sea ice classes were: 
smooth, medium deformed and deformed first-year ice, young ice, nilas, 
and open water. The results from classification of the two SAR images are 
shown in Figure 2a while the results from the classification with the opti-
cal image included are shown in Figure 2b.  
 

 
Fig. 1. Sea ice area in the Kara Sea mapped by three types of satellite data on 30 
April 1998. Left: ERS-2 SAR; middle: RADARSAT ScanSAR Wide; and right: 
optical image from Meteor 3/5. The coastline surrounding the island in the upper 
part of the image and the fast-ice border in the lower part of the image are super-
imposed on the SAR images. The main ice types in the images are A: nilas, B: 
young ice, C: first-year level ice, D: first-year medium deformed ice, and E: first-
year very deformed ice. 

The young ice and first-year ice classes are quite similar in the 
tworesults, whereas the main improvement is found for the nilas where   
inclusion of the optical image makes a significant impact. The large nilas 
in the upper left region (area A in Figure 1) and the smaller nilas in the 
lower right corner are more correctly classified. The open water class is 
not found within the study region. To quantify the classification results, a 
number of test data sets were selected for each of the six classes. The per-
centage correct classification increased from 75% to 85% by including the 
optical image. The possibility to improve ice classification further is possi-
ble by including infrared radiometer data providing temperature measure-
ments and SAR data with multipolarization and other frequencies.  
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Fig. 2. Results of ice classification based on the multilayer neural network 
method by Bogdanov et al. (2005) Left: classification results based on ERS and 
RADARSAT SAR data; right: classification results after including the optical image 
from Meteor. 

3. Ice drift in the Fram Strait from active and passive 
microwave data 

Ice drift retrieval from satellite sensors have been developed in the last two 
decades, using NOAA AVHRR (e.g. Emery et al. 1991), SSM/I and scat-
terometer (Gohin et al. 1998) as well as high resolution sensors such as 
SAR (e.g. Kwok 1998) The most common algorithms to retrieve ice drift 
from satellite data are based on the area-correlation principle (e.g. Fily and 
Rothrock 1987), where the correspondence is established by matching im-
age patches using their correlation coefficient.  

Ice drift in the Fram Strait has been estimated using PMW data with 
rather coarse resolution since 1978 (Kwok 2004) In this study, wideswath 
SAR data have been used to estimate ice drift and ice area flux with re-
peated observations every three days (Figure 3) From February 2004, ice 
area flux profiles across 79 N have been calculated using ice drift from 
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SAR and ice concentration profiles from PMW data. The ice drift time 
series shows large short-time variability superimposed on a seasonal cycle, 
with typical mean velocity is 0.20 ms–1 in winter and 0.10 ms–1 in summer. 

Fig. 3. Left: ASAR Wideswath image from 14 April 2006 covering the sea ice in 
the Fram Strait; right: Ice drift vectors retrieved from SAR images on 14 and 17 
April 2006. The dashed line near the coast of Greenland represent the boundary of 
the fast-ice, while the dashed line on the right side is the ice edge boundary. Both 
boundaries are retrieved from the SAR images. 

6 2

6 2

6 2

SAR-based ice drift was estimated using a correlation algorithm (e.g. Fily 
and Rothrock 1987) as well as manual analysis to obtain maximum accu-
racy of the ice drift vectors, estimated to be about 10 %  in this region. The 
SAR ice drift vectors have been interpolated to a 20 km grid at the 79° N 
latitude in order to resolve the cross strait profile of the ice drift field. The 
SAR ice drift retrieval is used as a supplement to large-scale ice drift from 
the scatterometer and PMW data which are only available for the winter 
months. SAR-based ice drift will also be used to validate ice drift from the 
PMW and scatterometer data.  

 

SAR data is estimated to be 0.73 × 10  km /year for 2004 and 0.66 × 

Monthly mean area flux has been estimated from February 2004 to 
September 2006 as shown in Figure 4. There is a maximum flux in the win-

with previous studies (e.g. Kwok et al. 2004) The annual area flux from the 
ter months and a minimum in the summer months, which is in agreement 

10  km /year for 2005. Area fluxes retrieved from PMW data from 1978 to 
2002 showed a mean value of 0.86 × 10  km /year (Kwok et al. 2004) The 
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Fig. 4. Monthly ice area flux (km2 per month) from SAR ice drift and SSMI ice 
concentration. 

4. Retrieval of thickness and related sea ice parameters 

Thickness is the most difficult sea ice parameter to observe from satellites 
and also the parameter with most severe lack of observations. Available 
data on ice thickness are mainly obtained by non-space methods using 
upward looking sonars, electromagnetic induction sensors, ice buoys and 
other in situ measurements techniques.  

A method to retrieve ice thickness from thermal infrared (IR) satellite 
images have been developed for winter conditions for thickness up to 
about 0.5 m (Drucker et al. 2003) The IR-method is not very useful for 
regular observation of ice thickness because of cloud cover limitations. To 
study the evolution of ice thickness through the whole freezing season, the 
possibility to use SAR data has been investigated (Kwok and Cunningham 
2002) A SAR algorithm based on the RADARSAT Geophysical Processor 
System (RGPS) has been developed to derive the distribution of thin ice 
kinematically. By following a large number of ice trajectories throughout 
an ice growth season, the RGPS tracks the area changes of each Lagran-
gian cell (Kwok 1998) The ice thickness retrieval uses assumption about 
freezing rates and ridging due to the deformation of the ice cover. Ice 
thickness from SAR images have been compared with IR retrievals in the 
Beaufort Sea and the Canadian Arctic, showing good agreement for new 
ice being formed in leads (Yu and Lindsay 2003) However, both methods 
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have their limitations due to assumptions about snow cover, freezing rates 
and the amount of ridging as a result of ice deformation.  

Russian ice scientists have analyzed AVHRR image since 1979 for thin 
ice thickness retrieval (Bushuev et al. 2007) An example of ice thickness 
map in the eastern Barents Sea is shown in Figure 5 where validation data 
from coastal stations and ship observations show generally good agreement 
with the satellite retrievals.  

 

 
Fig. 5. Example of the ice thickness in the Barents Sea derived from NOAA 
AVHRR IR image on May 4, 2001, 08:20GMT, prepared by Arctic and Antarctic 
Research Institute (Johannessen et al. 2007). 

Retrieval of thin ice thickness from SSM/I data, as complementary 
method to the IR technique, has been demonstrated by Martin et al (2004) 

freezing polynyas could be determined using the vertical to horizontal ratio 
of the 37 GHz brightness temperature. This method has been adapted to 
AMSR-E data to improve the resolution of thin ice thickness estimation 
and heat flux retrieval in polynyas (Martin et al. 2005) Use of SAR data 
has been an important part of recent heat flux and thin ice studies, because 
SAR can provide accurate definition of polynya areas and estimates of 
polynya evolution.  

A promising new technique to retrieve sea-ice thickness from satellite-
borne altimeter data has been developed and tested on ERS-1/2 altimeter data 

in the Bering Sea. These studies showed that 10 – 20 cm thin ice in re-
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(Laxon et al. 2003) Also laser altimeter data have shown capability to 
provide synoptic data on ice thickness across the Arctic Ocean (Kwok et al. 
2006) CryoSat, scheduled for launched in 2009, will carry an improved 
radar altimeter that has ice thickness measurements as a key objective.  

5. Observing icebergs in Arctic ice-covered seas 

Until now, satellite data can only observe large icebergs, typically 100 m 
or more in horizontal extent, under favourable cloud, wind and sea ice 
conditions. Studies on icebergs detection in satellite images have been 
conducted in several areas in the Northern hemisphere, such as in eastern 
Canada (Power et al. 2001), off the coast of Greenland (e.g. Gill 2001) and 
in the northern Barents Sea (Kloster and Spring 1993; Sandven et al. 1999)  

In this study the iceberg detection capability of ENVISAT ASAR alter-
nating polarization images (AP) and RADARSAT ScanSAR Narrow (SN) 
mode is compared with Landsat optical images in April 2006. A selection 
of 15 icebergs of size from 50 to 400 m were identified in a subset of a 
Landsat panchromatic image (pixel size 15 m) covering the southern part 

should be mentioned that several hundred icebergs could be identified in 
the whole Landsat image, but only a small subset was selected for further 
analysis. In optical images icebergs are identified as bright objects against 
a less bright background combined with a dark shadow due to low sun angle 
and height of the iceberg. In SAR images icebergs are also identified as 
bright objects, but detection capability depends on the backscatter of the 
surrounding sea ice or open water.  

The HH image had better signal-to-noise ratio for all 15 icebergs com-
pared to the VV image. Both HH- and VV-image showed many bright 
spots that were not identified as any object in the Landsat image. A com-
parison with a RADARSAT ScanSAR Narrow image with pixel size of 25 m 
and HH polarization was also done. Four of the smaller icebergs could not 
be identified, suggesting that 25 m pixel size in the RADARSAT image 
compared to the 12.5 m pixels in the AP image makes a difference.  

For iceberg detection in the Barents Sea region, image resolution both in 
SAR and optical images should be better than 10 m. Further studies are 
needed to compare iceberg size and shape data from ship and aircraft with 
satellite data. Since future SAR systems will have different polarization 
options, it is important to determine which SAR modes should be used for 
iceberg detection. 

of the Franz Josef Land archipelago (Figure 6a). The subimage covered 
about 30 by 30 km and overlapped with the SAR AP image (Figure 6b). It 
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a b 
Fig. 6. (a) Landsat subimage from the southern part of Franz Josef Land region 

400 m are identified and marked by circles (A – R); (b) ENVISAR ASAR Alter-
nating Polarization image from 12 April 2006, available in both HH- and VV-
polarization. The subimage covers the same areas as the Landsat image and the 
same icebergs are indicated as in (a). 

6. Conclusions  

Polar orbiting satellites produce an increasing amount of data from several 
sensors that can be exploited in sea ice observation. In this study, four ex-
amples of multi-sensor observations of sea ice and icebergs parameters 
have been described, demonstrating the benefit of combining data from 
several sensors to produce higher quality sea ice information. For regional 
monitoring of ice concentration and ice types, use of high–resolution radar 
and optical/infrared images can improve the quality of ice classification. 
For ice drift estimation, synergetic use of scatterometer and PMW data has 
shown promising results in large-scale mapping, while SAR data are useful 
for regional mapping of ice drift with higher resolution. Iceberg observa-
tions can benefit from the combined use of radar and optical/infrared 
images, and by increasing image resolution to better than 10 m.  

A major task in the coming years will be to exploit new SAR data 
(RADARSAT-2, ALOS, TerraSAR-X, Sentinel), with multi-polarization 
capability in combination, altimeter data (IceSat, CryoSat), optical/IR and 
PMW data, to improve observation of sea ice thickness, motion and fluxes. 

obtained on 14 April 2006. A selection of icebergs with horizontal scale from 50 to 
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