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ABSTRACT: During the last two decades, the ice cover within the Arctic has decreased in area by an amount

of 3% every year. The ice extent in the Barents Sea, a relatively shallow sea of mean depth 230m, is governed

by several parameters including inflow from the Atlantic, local wind fields and air temperature. Coupled cir-

culation models have raised concerns about the stability of the inflow of Atlantic water to the Nordic and Bar-

ents Seas, and how this flux is affected by global and regional changes. 
Monitoring the Atlantic Inflow toward the Arctic (MAIA) is an EU-funded project involving six European

research institutes and laboratories. It is concerned with how the flux (of heat and salt) from the Atlantic to 
the Nordic and Barents Seas is changing, how this affects the ice extent, and ultimately in obtaining an inex-
pensive but reliable system for monitoring Atlantic inflows via coastal sea-level data. The exact dates and lo-
cations of flux events within the Barents Sea are identified using historical oceanographic data. The role of
SMHI in this project is to identify and measure changes in ice front locations using both Special Sensor Mi-
crowave Imager (SSM/I) and Synthetic Aperture Radar (SAR) imagery. There exist a number of algorithms
already in practice for the detection of the Marginal Ice Zone (MIZ) from SSM/I imagery, with a range of ac-
curacies dependent upon which channels are employed. Due to a higher resolution, SAR imagery are used to 
validate conclusions drawn from SSM/I data. This requires careful classification between areas demonstrating
equally high backscatter such as wind-roughened ocean and rough ice. 

Preliminary results indicate that perturbations of heat flux into the Barents Sea influence the ice extent in
the western basin of the Barents Sea but not in the eastern part. These perturbations have a prolongation of a
couple of days to a week, which is the basic time scale in the MAIA project. The results are based on daily 
SSM/I ice concentration data and measured water and heat exchange between the Nordic and Barents Seas.
The SSM/I data give good coverage in time but are less useful for ice edge movements. The impact of the ice
edge itself to changes in the water transport is under investigation using high spatial resolution SAR data. 

1 INTRODUCTION

The transport of heat and salt to the Norwegian and 
Barents seas is essential for the living conditions in 
northern Europe. The ocean circulation on the conti-
nental shelves in the region is also strongly influ-
enced by the inflow of Atlantic Water through the 
Greenland-Shetland section. Knowledge of the vari-
ability of this inflow is important for evaluations of 
climate change and the interpretation of how repre-
sentative ocean conditions are during limited field 
studies. Also, the extrapolation of limited time series 
to extreme events depends on knowledge of how 
typical conditions are over the measurement period. 

MAIA (Monitoring the Atlantic Inflow toward the 
Arctic) is a European Union funded project involv-
ing six partners: SINTEF Fishery and Aquaculture 
and the Institute of Marine Research (Norway), 
Swedish Meteorological and Hydrological Institute, 
Université Pierre et Marie Curie (France) and NERC 
Proudman Oceanographic Laboratory and Aberdeen 
Fisheries Research (U.K.). MAIA has as its main ob-
jective the development of an inexpensive, reliable 
system for monitoring the inflows of Atlantic water 
to the northern seas, based on coastal sea-level data, 
and to investigate how the changing ice extent in the 
north is related to this flux.  
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Figure 1. Map of MAIA study site, indicating tidal stations 
where coastal water level data were measured. The project was 
divided geographically as well as by specialty; the role of 
SMHI was to monitor the ice front motions in the Barents Sea 
by remote sensing techniques. 

Available observation systems, including standard 
tidal stations, are used to obtain transport estimates 
with a time resolution of less than a week and to 
show to what degree the method is accurate and ap-
plicable to the monitoring of other regions. Figure 1 
represents the study site of the MAIA project, indi-
cating tidal stations from which coastal water level 
data are extracted. The principal of geostrophy is 
applied to enable flux to be calculated from coastal 
water level data. Figure 2 shows that for the pressure 
force (perpendicular to the water surface,) and gravi-
tational force (vertically downwards) to be balanced, 
we must introduce the coriolis acceleration. The 
coriolis force explains the deviation of a trajectory 
from it’s original path within a rotating frame of ref-
erence, and is a function of the angular velocity of 
the Earth, latitude and velocity of the trajectory. In 
this case, a current north along the Norwegian shelf 
(into the page) would generate a coriolis acceleration 
directed rightwards, balancing the forces and allow-
ing flux to be calculated from the slope of the water 
surface.

 Figure 2. If the pressure (perpendicular to the surface) and 
gravitational forces are balanced, there must also exist a corio-
lis acceleration to the right. 

2 ICE COVER WITHIN THE BARENTS SEA 

The ice cover is an important link in the arctic cli-
mate system. Variations in the ice front, or Marginal 
Ice Zone (MIZ), in the Barents Sea are a measure of 
climate variability. It was the aim of SMHI within 
the MAIA project to measure changes in the ice ex-
tent in relation to the flux and various other oceano-
graphic and meteorological parameters.  

The relation between parameters such as ice ex-
tent (defined as the area covered by the Marginal Ice 
Zone, where ice concentration is 15%), total ice 
area, and area covered by the gaps in the ice cover 
was investigated for both west and east sides of the 
Barents Sea. It was found that open areas behave 
very differently within the west and east.

Upon examination of the link between ice area 
and both meteorological and oceanographic parame-
ters, an important result was found. There exists a 
negative correlation (R = -0.33) between the heat 
flux and the ice extent in the western Barents Sea, 
but not the eastern. Monitoring the effect of the At-
lantic flux on the ice extent by remote sensing tech-
niques was therefore limited to the western half.  

To identify so-called flux-events, cumulative flux 
data were employed. Deviations from a linear gradi-
ent indicate sudden increases in volume flux, lasting 
a period of several days. Special Sensor Microwave 
Imager (SSM/I) data are then used to locate the ice 
edge on these particular dates, enabling the verifica-
tion of ice edge movements at a higher resolution us-
ing Synthetic Aperture Radar (SAR) imagery. 

High-resolution SAR imagery were employed to 
validate conclusions made about the ice concentra-
tion from SSM/I data. It has been acknowledged that 
the two types of imagery will provide different 
quantitative information regarding the ice concentra-
tion. SAR data frequently produce higher concentra-
tion values, although this often applies to summer 
studies only when meltponds on the ice surface af-
fect the signal accuracy (Cavalieri 1994). The data 
employed are listed in Table 1 below, divided ac-
cording to data acquired either for ice concentration 
purposes (scenes 1-5) or for the monitoring of flux 
(scenes 6-9). 

Figure 3 below represents the location of each 
frame, and was produced by the image archiving 
software issued by the European Space Agency 
(ESA): DESCW. 
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Table1. Image details including date and orbital parameters.  

Date Orbit Track Frame 

10.12.98 19029 137 2025 
10.12.98 19029 137 2043 
14.01.99 19530 137 2043 
16.02.99 20002 108 2043 
16.02.99 20002 108 2061 
11.12.99 24268 366 2025 
11.12.99 24268 366 2043 
14.12.99 24311 409 2025 
14.12.99 24311 409 2043 

Figure 3. Frame location as plotted by ESA software, DESCW. 

3 REMOTE SENSING OF BARENTS SEA 

3.1 Special Sensor Microwave Imager 

Coverage of the Arctic has been archived by the 
Special Sensor Microwave Imager from 1987 until 
present. It is a passive radiometer, therefore meas-
ures the strength of the radiation emitted by the 
Earth’s surface. It records emitted radiation at four 
different frequencies, three of these in both horizon-
tal and vertical polarizations. Although SSM/I im-
agery are available at an extremely good temporal 
resolution, spatial resolution is poor and of the order 
kilometres. 

There exist many algorithms to convert bright-
ness temperature to ice concentration, and the data 
employed in this project were processed using the 
Bootstrap Algorithm (Comiso 1986). In this case, 
the 37GHz channels are used in high concentration 
areas and the 19V and 35V in low concentration ar-
eas. Because of the use of this 19V channel, it has 
the same low resolution within the MIZ as the 
NASA Team Algorithm, although its not as affected 
by strong winds. 

Figure 4 is an example of an SSM/I image for the 
area around Svalbard and Novaya Zemlya. Bright-
ness temperature has been converted to ice concen-
tration using the Bootstrap Algorithm as described 
above. Each pixel represents an area of approxi-
mately 25km

2
, only 1/16

th
 of an entire SAR scene. 

Figure 4. SSM/I image of Barents Sea, where brightness tem-
perature has been converted to ice concentration using the 
Bootstrap Algorithm. 

3.2 European Remote Sensing Satellite – Synthetic 
Aperture Radar 

The second ERS satellite was launched in 1995 to 
replace ERS-1, although ERS-1 continued to operate 
for 5 years after that. It is an active microwave in-
strument, measuring the strength of the return of a 
signal emitted at a frequency of 5.3GHz (λ = 
5.66cm). The particular data product employed in 
this project, SAR Precision image (SAR.PRI), has 
pixel dimensions of 12.5m projected in the ground 
range. Each scene covers an area of 100km

2
and has 

been averaged over 3-looks. Temporal resolution is 
poor, however, with an optimum repeat-pass of 3 
days (with the exception of tandem data). 

In the interpretation of a SAR image it should be 
remembered that the level of backscatter is represen-
tative of three main groups of properties: dielectric, 
geometrical and the physical properties of the SAR 
itself. Calibration, the process of converting raw 
Digital Numbers (DNs) to sigma-nought values, 
eliminates this third group of properties. Spatial 
(from one frame to another) and temporal gradients 
would be meaningless if the data were not cali-
brated.

Intensity (related to the square of the image pixel 
value) is converted to sigma-nought SAR backscat-
ter using the method derived by Meadows et al. 
(1998):
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where <I> is average intensity over distributed tar-
get, K is the calibration constant (dependent upon 
SAR Processing and Archiving Facility), αD and αref

are target and reference incidence angles, G
2
(θD) is 

elevation antenna pattern (a function of target look 
angle), RD and Rref are target and reference slant 
range distances, Image and Reference Replica Power 
are the replica pulse power values which apply to the 
imagery and to the data used in processing the refer-
ence ERS SAR image, and Power Loss is the ana-
logue to digital convertor (ADC) power loss. Inci-
dence angle, antenna pattern and slant range change 
only with range i.e. across-track, and with the excep-
tion of Power Loss (which undergoes large-scale 
smoothing in both directions) and intensity, all other 
terms remain constant for each image.  
     PRI imagery processed after 1997 have already 
been corrected for range spreading loss (the ratio of 
RD

3
to Rref

3
) and antenna gain. However, if the levels 

of backscatter are such that a power loss factor has 
to be calculated (i.e. σo

 (dB) > -2), these factors 
must be removed in order to return the data to as raw 
a state as possible. Figure 5a is a SAR scene of south 
Svalbard, acquired on December 10

th
 1998, cali-

brated without a correction for power loss. It can be 
seen that in the areas of wind-blown ocean and gla-
ciated slopes (where specular reflection is occur-
ring), σo

 is indeed > -2. Figure 5b is the correspond-
ing power loss amplitude scene, demonstrating that 
large smoothing in each direction has greatly re-
duced the levels of backscatter. The maximum σo

 of 
≅ -3 dB indicates a correction of < 0.5 dB according 
to the ESA look-up table (ESA 2002), which is sim-
ply within the accuracy of the calibration process.  

Figure 5a. Partially calibrated SAR scene indicating ADC 

(power loss) saturation over areas such as wind-blown ocean 

and glaciated slopes

Figure 5b. Corresponding power loss amplitude scene, where 
large-scale smoothing in both directions has reduced maximum 
backscatter level. 

4 RESULTS AND ANALYSIS 

4.1 Monitoring of Atlantic Flux via ERS-2 SAR 
imagery

The lack of ERS imagery at the time of suspected 
flux events (as identified from the gradient of the 
cumulative flux data) was unfortunate. We acquired 
ERS-2 imagery, coinciding with both the date of the 
Atlantic flux and the ice edge location (according to 
the SSM/I imagery), at a time shortly after one such 
flux event. Figures 6a and 6b depict two scenes ac-
quired on the 11

th
 and 14

th
 December 1999, shortly 

after a suspected flux event. 
A great deal of qualitative information can be ex-

tracted from the data, enabling us to determine 
whether or not the changes which took place over 
the 3-day period were related to a flux or were sim-
ply wind-induced. The data acquired on the 11

th
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(Figure 6a) depict a strong wind-field in the south 
part of the image, as the wind-streaks over the ocean 
demonstrate. The main changes which have oc-
curred, however, are along the southeast coast of 
Svalbard (Storfjorden). There exists a low-level 
backscatter feature that could possibly be a polynya 
- an area of open ocean or thin ice, known to be a 
significant source of heat loss of the ocean to the 
atmosphere (Lemke 2001) - on the west side of the 
December 11th image. This polynya-like feature has 
become distorted in shape 3 days later as we can see 
from Figure 6b, but from the north. Other changes 
include areas along the coast that began the 3-day 
period as relatively smooth ice, but appeared to form 
pressure ridges as the ice has become more compact, 
leading to an increase in radar brightness or back-
scatter.

To correctly analyse the changes that have oc-
curred during the 3-day period, the meteorological 
data must be considered. We have wind magnitudes 
and directions and air temperature (2m above sea 
level) from two different locations, namely Ny Åle-
sund (west Svalbard) and Ingöya (near Hammerfest, 
north Norwegian coast) as displayed in Table 2: 

Table 2. Meteorological data for 2 measuring sites for dates 9th

to 14th December, where units are: Temperature (oC), wind 
speed in the easterly direction E (ms-1), wind speed in the 
northerly direction N (ms-1), magnitude of wind speed Mag 
(ms-1) and direction Dir (degrees).  

 Temp E N Mag Dir 
 Ny Ålesund 

9 -6.56 -2.90 -7.07 7.64 157.70 
10 -6.53 -6.33 -1.37 6.48 102.21 
11 -8.06 -6.23 -2.97 6.90 115.49 
12 -11.29 -1.87 -7.33 7.56 165.69 
13 -14.49 1.50 -9.33 9.45 189.13 
14 -16.59 2.50 -8.50 8.86 196.39 

 Ingöya 
9 -17.74 1.65 3.22 3.62 62.87 

10 -17.05 0.88 1.88 2.08 64.92 
11 -10.84 2.16 -1.20 2.47 330.95 
12 -10.48 1.80 0.92 2.02 27.07 
13 -14.40 0.60 -0.35 0.69 329.74 
14 -14.23 0.51 -0.89 1.03 299.81 

At Ny Ålesund, the measuring station closest to 
Storfjorden, the wind speed was blowing in a direc-
tion changing from northwest to northeast over the 
3-day period (11th to 14th December). The wind 
strength was consistently over 6-7 ms-1, a relatively 
high magnitude since it is known that to observe 
high-backscatter Bragg scattering within ice-free 
ocean a wind speed of 2-3 ms-1 is the limit (Apel 
1987).

Figure 6a. Fully-calibrated SAR scene from 11th December, 
1999, frame 2043. 

Figure 6b. Frame 2043 acquired on December 14th, 1999, high-
lighting changes that have taken place over 3-day period. 

Clearly, the changes that can be observed in Figures 
6a) and 6b) are wind-induced and not the result of an 
Atlantic flux. The latter may have been observable 
had the meteorological conditions been different, but 
unfortunately no alternative ERS data were available 
to test this. 

4.2 Validation of SSM/I-Derived Ice Front Motions 
using SAR 

There is no set rule for converting radar backscatter 
to ice concentration, and several methods were in-
vestigated. These were all based on first classifying 
the SAR scene as either ice or water, of which sev-
eral methods exist: 

Method 1. A so-called ‘threshold’ method, devised 
by Dokken et al. (2000), which is based upon the ex-
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traction (partly manually) of local thresholds within 
uncalibrated imagery. The algorithm does, however, 
account for a range dependency within the Digital 
Numbers. DNs are plotted for open water and ice at 
a range of different incidence angles across the 
scene. To reduce the influence of speckle, each point 
represents a mean of several pixels. These plots will 
form two lines, but the lines are not exactly parallel 
since the range-dependency is less evident in the 
DNs representing ice due to the many different 
types. However, there still exists a line that opti-
mally separates the two groups of data, located at a 
factor x times the standard deviation of the mean 
value of the linearly changing water backscatter with 
range. Once x has been (manually) determined, an 
unsupervised classification can be obtained with the 
two classes either ice or water. 

Method 2. A simpler method is to examine the his-
togram of the calibrated image. It was discovered 
that for all of the winter scenes, the histograms fol-
lowed a ‘double-bin’ or binomial curve. It could be 
estimated that one bin (containing the pixels of a 
lower backscatter value) represented the range of 
different ice types and the other (of higher backscat-
ter values) represented wind-blown ocean or the 
small number of pixels covered by the glaciated 
slopes. Iterative gamma filtering can enhance the 
peaks of the histogram (Lythe et al. 1999), but re-
duces the resolution of the image. An example of 
such a binomial histogram is displayed in Figure 7, 
demonstrating how the value of sigma-nought be-
tween the two classes can be extracted easily. 

Figure 7. Histogram of backscatter levels calculated from win-
ter SAR scene, demonstrating how pixels can be classed as one 
of either two groups: water (higher values) or ice (lower) 

The problems with classification methods 1 and 2 
are that first of all the two groups of backscatter val-
ues cannot overlap, and that each is valid only for 
particular circumstances. The threshold method is 
always illustrated with the group of DN values for 
water lower than those for ice, and so relies upon 
winds speeds lower than a certain level and an air 
temperature below 0

o
C. For the threshold method to 

work, the high-backscatter open water areas must be 
masked from the process. Conversely, the basic two-
bin method was designed for imagery of open seas 
in high wind speed conditions, where the backscatter 

from the wind-blown ocean was of a higher level 
than that of the different types of ice.

An example of an ice concentration image calcu-
lated using the two-bin method is presented in Fig-
ure 8. It demonstrates the limitations of this basic 
technique, since it is implied most of the marginal 
ice zone can be described as either 100% ice or 
100% water. This may be the case if the ice edge 
(defined as concentration 15%) has compacted re-
cently due to winds blowing against its edge, but 
there are also conditions when it should expand rap-
idly in conditions of freezing such as in early winter 
(Sandven et al. 1999). A classification technique 
with an output number of classes greater than two 
should therefore be examined. 

Figure 8. Ice concentration calculated from basic classification 
(2-bin histogram), demonstrating the limitations of the tech-
nique. 

Method 3. Standard image classification techniques 
should not be neglected, and one of the most useful 
is the K-means unsupervised pixel clustering algo-
rithm. The algorithm identifies the clusters by first 
calculating class means that are distributed evenly 
across the data range (where the user inputs the 
number of classes), and then iteratively classifies 
each pixel into the nearest cluster or class according 
the minimum distance technique. Employing the K-
means program in ENVI, a different number of 
classes/clusters and iterations can be attempted in 
order to obtain the closest picture. It is not the dif-
ferent types of ice we want to classify, but the limi-
tations of methods 1 and 2 above indicate that we 
must make allowances for the water having different 
levels of backscatter. Results are therefore presented 
for both 3 and 4 clusters from 1 and 2 iterations 
(Figures 9a to d), and are discussed in Table 3. 
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Table 3: Results from K-Means classification, where ‘#Cl’ and 

‘#It’ represent the number of classes and iterations input by the 

user

 #Cl #It Comments 
9a 3 1 Would appear to be reasonable 

classification of ice and water 
within MIZ, but 3

rd
 class (red) is 

also used to describe low back-
scatter-ocean areas, therefore in-
correct.

9b 3 2 The extra iteration implies that 
3

rd
 class is only used to describe 

pixels on border of scene i.e. 
value zero, and MIZ is now of 
100% concentration, therefore to-
tally incorrect. 

9c 4 1 The highest backscatter 3 classes 
(red, green and aqua) are used to 
describe the ocean and how it is 
affected by the wind in varying 
degrees. Good classification be-
tween ice (dark blue) and calmest 
water (aqua) within MIZ.    

9d 4 2 The extra iteration implies that 
the lowest backscatter level class 
is disregarded and the MIZ is 
now represented as 100% ice. 
The classification also implies 
areas of 100% ice exist within 
the calmer areas of sea in the 
south part of the scene: incorrect. 

Four classes with only one iteration produced the 
most realistic classification, as can been from the ta-
ble of results and from the images (Figures 9a-9d). 
An ice concentration image calculated from this 
classification is depicted in Figure 10a. To compare 
it with the SSM/I scene acquired on the same date 
(Figure 4), the resolution of the SAR must be de-
graded to 25km pixel-dimension i.e. only 4 by 4 pix-
els.

Figure 9 (opposite): Results from K-means classification ap-
plied to December 10th 1998 scene, as detailed in Table 3 
above. Clearly (c) presents the most realistic classification, 
with 3 classes to describe the sea surface (red, green and aqua) 
and dark blue for the range of ice types. 
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Figure 10. Ice concentration calculated from K-means classifi-
cation result, input parameters 4 classes and 1 iteration. 

The result of comparing ice concentration as calcu-
lated from the K-means calculation with the SSM/I 
Bootstrap Algorithm was exceptionally good. On 
computing a SAR-derived ice concentration image 
of the same resolution as the SSM/I data, a direct 
comparison can be made. For the 3 pixels next to the 
southern tip Svalbard, oriented east-west, the follow-
ing quantitative results were extracted: 

K-means reduced resolution data: 0.504, 0.269, 
0.023

SSM/I Bootstrap: 0.490, 0.278, 0.016 

Although the locations and borders of these corre-
sponding pixels have simply been estimated using 
the masked land as a guide, these results are ex-
tremely satisfactory. 

5 CONCLUSIONS 

Our ultimate aim is to monitor flux events using 
high-resolution SAR imagery, but for this particular 
article meteorological conditions and limited data 
opportunities made our aim impossible. It is still the 
aim of MAIA however, and we shall investigate al-
ternative means. 

In the meantime, we can satisfy ourselves that the 
ice concentration we are measuring from the SAR 
imagery is accurate, as indeed we have demonstrated 
from this brief but thorough experiment. The stan-
dard image processing technique of the K-means al-
gorithm proved to be extremely useful in classifying 
the SAR scenes into ice/water, which was the focus. 
The different ice classes do not make any difference 
to ice concentration, but the different levels of back-
scatter which wind-blown ocean can obtain make 
unsupervised classification difficult. By examining 
the results of various classifications, in terms of the 
number of classes actually required, we were able to 

arrive at the optimal parameters. SSM/I imagery are 
constantly being acquired and so there are ample 
opportunities for validation.
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