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1

Introd uction

The objective of this thesis is to study images
of first year sea ice and quantify their dependency on weather parameters. For this , a time
series of SAR images, measured by the satellite
ERS-1, covering a part of Bothnian Bay in the
Baltic Sea, ha.ve been studied. The weather parameters used , are air temperature , air humidity,
air water content and precipitation . This study
aims to increase the usefulness of SAR images by
developing the interpretation of the images. Future use of SAR data includes modeling, climate
studies and monitoring.
First , a short introduction to microwave
radars and the SAR system is presented in Section 2. In Section 3, the theory of backscatter ,
especially for snow and ice, is discussed. The
weather and ice conditions of the area and time
of the images are present.ed in Section 4. Section 5 contains a description of the image and
meteorological data used for the analysis. How
the images are calibrated is described in Section
6 and Section 7 introduces the theory of Principal Components (PC) and their connection to
Empirical Orthogonal Functions (EOF) .
The analysis of the images and the results from
this analysis is discussed in Section 8. The last
two sections contain summary and conclusions
and a discussion of future work on the subject
matter.

Synthetic Aperture Radar (SAR) is an active
satellite 1 sensor, recording satellite images by
measuring the echo of transmitted microwave
pulses. SAR images are for example currently
used operationally in the Swedish and Finnish
ice-breaking services in the Baltic sea, in order to
give an overview of the ice situation . Compared
to other satellite sensors, SAR records high resolution data and since it is an active sensor, it is
independent of what time of the day it measures.
SAR is also independent of clouds, however not
totally weather independent . The images change
appearance depending on weather conditions.

30'

64° N

30'

63o~OoE

~ -·
~ .....2 1° E

22°E

23° E

24° E

25° E

26° E

2

Figure 1: Bothnian Bay in the northern part of
the Baltic sea. The square represents the area
covered by the SAR images. Figure 2 shows the
area in more detail. Storöhamn and Farstugrunden are weather stations providing data used in
this study.
1 SAR

Synthetic
(SAR)

Aperture

Radar

In this section, the concept of the active microwave system SAR will be sort.ed out. First
follows a brief introduction to active microwave
sensors in general. Then the SAR system characteristics, for example range and azimuth resolution and speckle phenomenon , are discussed.

sensors can also be air-borne.
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Figure 2: The square represents the area covered by the SAR images .
Finally the ERS-1 SAR system is presented. The
symbols, equations and data in this section are
mainly taken from [Rob95] and [Ela88].

2.1

lite. The timing and the pulse form of the
returned signal is recorded.
• Scatterometer and Imaging radar, radars
which views obliquely. On these radars
the magnitude of the returned signal is
recorded. The scatterometer records the average power of the returned pulse. This
is good for global coverage, since it averages roughness over a wide area and measures for example surface wind with very
coarse resolution, 16-50 km. lmaging radar
records the full time history of the returned
pulse. There are two different kinds of
imaging radars: SLAR (Side-looking airborne radar) and SAR (Synthetic Aperture
Radar). SLAR is a real aperture radar used
for oil spill detection and ship reconnaissance by several Coast Guard organizations.
It has high resolution in range direction,
10m-20m , and angular dependent resolution
in azimuth direction. SAR has very high

Active Microwave Sensors in General

A radar emits pulses of m1crowave radiation.
Due to the relative long wave length the microwaves are able to penetrate through clouds
in the atmosphere. The microwave sensor deteets the returned signal, which carries information about the surface and the intervening path.
The information content depends on type of sensor, the properties of the returned signal and the
viewing angle of the sensor. This will be discussed further in Section 3.
Radars can be divided into three classes:
• Altimeter radar, radar using specular reflection , which will be explained in Section 3.1.
It measures the height relative to the sate!3

resolution in both range and azimuth direc- frequency modulated pulse, a so called chirped
tion . Range and azimuth direction are ex- pulse, see Figure 3. Using a chirped pulse, the
instantaneously emitted power can be low, alplained in Figure 4.
though the total emitted energy is high. Fur• Weather radar, Marin e (navigation) radar thermore, a frequency delay filter can demoduand H.F. (High Frequency) shore-based late the emitted pulse toa short spike, which will
radar, radar using grazing or near horizon- give sufficient range resolution.
tal incidence angle.
In the next two sections, the SAR system is 2 · 2 · 2 Azimuth Resolution
described in more detail.
For a normal aperture radar, the range resolution is much finer than the azimuth. The az2.2 SAR (Synthetic Aperture Radar) imuth resolution is dependent on the width of
the beam. A feature is easier to distinguish with
Principles
a narrow focused beam than with a wide beam,
SAR is a complex system characterised by high that covers many features. The beam width, /3
resolution leading to high data rate. Due to the depends on the wavelength of the radar, Aradar
synthesised aperture, the ground system needs and the aperture of the antenna, Dradar by the
computationally intensive processing to recover following relation:
an image from the raw data. This sections descri bes the method used to achieve the high res/3 = Aradar
olution with a SAR system.
Dradar

2.2.1

The symbols /3 and Dradar are marked in Figure
4. Equation 1 implies that a !arge antenna is required to achieve high resolution in the azimuth
direction. This can be illustrated by squeezing a
water hose; the more narrow opening the wider
beam. The following equation is valid:

Range Resolution

Since the time of the returned signal corresponds
to a particular range, SAR does not look nadir.
That would result in getting two echoes at the
same time. The range resolution depends on how
precisely this time can be measured, and how
short the pulse length is. If all energy is sent
at the same time in a very short pulse, it is no
question about which part of the signal that was
sent first. The problem is that a single pulse,
short enough to give accurate range resolution
and strong enough to be measurable after scattering at the surface, would require far too much
power. However, if the pulse is long, there must
be an ability to distinguish the first part of the
pulse from the last part, in order to get satisfying resolution. The solution is to use a longer,

AradarR

r=---

(2)

Dradar

where ris the resolution on the ground at a range
R, from the satellite. The shorter the distance
between target and satellite, the more narrow
becomes the beam leading to higher resolution.
SLAR uses a narrow beam while SAR synthesises a narrow beam by signal processing, see
Figure 5.
In order to improve the azimuth resolution,
the antenna aperture must be made longer in the
4
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Figure 3: A chirped pulse. The pulse is emitted <luring time !lT . A signal from near range comes
back first , at time A. The last signal comes back from far range at time B. The smallest interval
between A and B that can be distinguished is !lT. With a chirped signal , a shorter time lap than
!lT can be distinguished .
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Figure 4: The radar beam. The range resolution is much finer tha.n the azimuth resolution for a.
normal a.perture radar.
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DSAR

Satellite track

Ground
r=DSAR

G

Figure 5: Synthesised narrow beam. A wide beam produces an image where the points furthest
away are blur. At point Pi SAR sends out a pulse toward target G for the first time. At point P2
it sends out another pulse and at P3 the last pulse that reaches G. In the data processing stage
the signals from target G are added. That gives P3 - Pi = DsAR where DsAR is the length of the
synthetic aperture. The smaller the aperture is, the wider becomes the beam and the longer G will
be illuminated by the beam and there will be more information from G to add.
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Figure 6: Doppler shift. Because af the Doppler shift in the frequency in the return signal, produced
when the satellite moves with constant velocity, the signal from G can be distinguished from other
targets an the ground.
azimuth direction. On the ground this can be
done by synthesising a long antenna from a line
af point antennae, operating simultaneously. In
space the same principle is applied, except that
the long antenna is synthesised by operating the
same short antenna sequentially, at a !arge number af locations along the orbit track, see Figure
5. Ta achieve this the returned signal must be
recorded in greater detail, and the elapsed time
since the emission must be preserved with great
accuracy. The resolution, rsAR, based an the
synthesised aperture is

give

= AradarR
2r

Dradar

(4)
2
It shows the interesting outcome that a more
narrow real aperture gives a better resolution
with SAR. However, the aperture can not be toa
small, since there are same various demands that
must be fulfilled. A typical length af the synthesised antenna is 800 m, corresponding ta a
physical antenna af 10 m.
For a real aperture antenna, only one pulse
is transmitted, received and displayed as a single line. For SAR each target will produce a lat
af return pulses. Ta identify where each return(3)
rsAR = - - ing pulse comes from in the illuminated area,
2DsAR
the Doppler shift is used. Doppler shift is the
where DsAR is the synthesised aperture, i.e. the changes in freq uency w ben the satellite moves
distance where G in Figure ,5 is within the field forward, see Figure 6. When processing the data
af view. If the earth curvature is neglected then all targets are assumed ta be stationary. Due ta
DsAR = r, see Equation 2. Equations 2 and 3 the Doppler shift this leads ta errors when a tarrsAR
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get is moving in azimuth direction. As an example, if a train is running towards the satellite in
azimuth direction, the train seems to be nearer
the satellite than it really is. This leads to a
displacement in the SAR image.
To achieve high resolution in azimuth direction the SAR sensor synthesises a long antenna
by moving forward, illuminating the same target many times. The received signal, in form of
pulses, are stored and added in the right order.
This creates the synthetic antenna. The images
are built up from the signal time delay and the
Doppler shift of the returning signal.
2.2.3

Speckle

Figure 7: Vectorial summation of the returns
from individual scatters within one resolution element. </> is the phase of the signal and R is the
resultant. Speckle is defined as interference between the different scattering elements.

Thousands of pulses are emitted over a few seconds. The image is formed by coherently summing the instantaneous amplitudes of the returned pulses within every single resolution element. Since the path to the antenna can differ
by several wavelengths for waves from different
targets within the resolution cell, the individual
returns come back in different phases, meaning
varying amplitudes. Adding up all the returns
from the individual scatters, Figure 7, each pixel
results in a random spikiness, speckle or fading,
overlaying the true image. Speckle is a property
of backscatter and not a calibration problem. It
gives the SAR images their somewhat grainy appearance. Due to the speckle, a single pixel has
little significance.
By averaging the SAR images over a certain
number of looks, the speckle decreases. The
number of looks is the number of samples which
have been averaged in order to reduce speckle.
The number of looks is a common parameter
for describing the quality of SAR images. The
method is called multi-looking and is used at expense of a degradation in spatial resolution. Av-

eraging can be done in the SAR processing step.
There are several techniques for multi-looking.

2.3

The ERS-1 SAR

ERS-1, the first European Remote Sensing Satellite, was launched in July 1991. It was put in
stand-by mode in June 1996 but can still be reactivated as back-up for its successor ERS-2. ERS1 has a sun-synchronous, near polar orbit with
a mean altitude of 785 km. The inclination of
an orbit is the angle between the plane of the
orbit and the equatorial plane. The inclination
of ERS-1 is 98.9° and the orbiting period is 100
min. During the period of the images analysed
in this thesis, ERS-1 had a 3-day cycle. It means
that the satellite was back in the same track every third day.
8

Among other instruments, ERS-1 has an Active Microwave Instrument, AMI, which consists of a Wind Scatterometer and a Synthetic
Aperture Radar, SAR. The Wind Scatterometer uses three antennae to generate sea surface
wind speed and direction measurements. SAR
uses one antenna which operates in two different modes, wave mode and image mode. The
wave mode prod uces length and direction measurements of ocean waves over 5x5 km. The
image mode measures over a wider swath, looking to the right of the satellite. The images that
are analysed in this thesis are produced by image
mode. SAR image mode needs a lot of power and
memory and can therefore only be active for a
maximum of 12 min per orbit as it is dependent
on solar energy. Due to the high data rate and
no storing possibilities on board, SAR can only
measure within the reception zone of a ground
station. Nowadays, there are enough ground stations for ERS-1 to cover almost the entire globe,
up to N 84.6°.
Some of the key characteristics of the ERS-1
SAR are listed in Table 1.

2.4

beam over a 500 km range. Depending on the
swath the resolution varies from 8 m to 100 m.
The incidence angles has a large range between
20°-50°. The satellite has a repeat cycle of 24
days. However, du e to the steerable beam, a location can be viewed more frequently than with
ERS-2. RADARSAT SAR has HH polarisation
(horizontally transmitted, horizontally received)
which is an advantage within the ice applications, since this type of polarisation makes it easier to distinguish between open water and thin
new ice. However, Envisat-1, with a more advanced antenna concerning polarisation modes,
is waiting to be launched.
Envisat-1, an environmental research satellite
of European Space Agency, is scheduled to take
over after ERS-1/2 in November 1999. It will
carry an Advanced Synthetic Aperture Radar
(ASAR) besides a !arge amount of other instruments. The ASAR, operating at C-band, will
have an array antenna equipped with distributed
transmit/receive modules offering the ability to
provide different combination of polarizations.
ASAR will also be able to scan in a similar way
to RADARSAT.

Current and Future SAR Sensors

For the moment there are two operational polar orbiting satellites carrying SAR instruments,
ERS-2 and RADARSAT. The SAR instrument
on ERS-2 is similar to ERS-1 SAR while the SAR
on RADARSAT has the ability to shape and
steer its radar beam, achieving up to five times
larger area covera.ge than the ERS SARs. SAR
images from RADARSAT are currently used operationally in the Swedish ice breaking services.
RADARSAT isa commercial, Canadian satellite launched in November, 1995. Using a single
frequency, C-Band, the RADARSAT SAR has
the unique ability to shape and steer its radar

3

Backscatter Theory

The amount of energy reflected from a surface
covered by the radar signal, depencls on the physical characteristics of the surface. The energy
reflectecl is clescribed by the radar cross section ,
a, clefinecl as the cross section area of a metallic sphere, with a radius >> radar wavelength ,
that scatters the same energy as the illuminated
target.
(5)
9

Parameters
Radar frequency
Radar wavelength
Spatial resolution along track
Spatial resolution across track
Swath width
Localisation accuracy
Antenna dimensions
Incidence angle
Polarization
Transmitted pulse length
Pulse frequency repetition
Transmitted peak power

Values
5.3 GHz (C-band)
0.056 m
30 m
26 m
100 km
1 km
10 m long, 1 m wide
19-26°, 23° from nadir at mid swath
vertical-transmi t, vertical- recei ve
64 ns
299 µs
4.8 kW

Table 1: Key characteristics of the ERS-1 SAR.

q

where a 0 is the mean scattering cross section per
unit area [LDKM95], see Figure 8. a 0 is used in
practice, since averaging over an area is necessary due to speckle. Note that a 0 is dimensionless and due to the range of values a 0 is usually
expressed in decibels.
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where a 0 of O dB is equivalent to 1 m2 cross
section of a sphere per 1 m 2 ground area.
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3.1

Backscatter in General

The geometry and the electrical features, e.g.
the dielectrical constant, are the main sur'
face
characteristics that effect the backscatteröA
ing [Ela88]. The geometry is defined by paramAreaA
eters such as slope and roughness, see Figure 9.
Figure 8: The mean scattering cross section per The dielectrical constant of a material depends,
among other variables, on its water content, temunit area.
perature and salinity. The imaginary component
of the dielectrical constant represents the abi lity of a medium to absorb the radar wave. The
0
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~pec~lar regime
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Figure 9: Backscatter as a function of incidence
angle and roughness. Backscattering from natura! surfaces usually consists of a combination
of specular returns from facets near vertical incidence and Bragg scattering from !arge angles.

+
~

Figure 10: Subdivision of rough surfaces into
their Fourier spectral components.
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backscattered signal decreases with increasing
liquid water content in the propagation medium,
due to absorption which decreases the penetration depth [Ela88].
Beside surface characteristics, a 0 depends on
parameters as wavelength, polarisation and incident angle of the radar signal. The !anger the
wavelength of a signal is, the deeper the signal penetrates into the material. The microwave
wavelengths are within the range of 0.1 - 300
cm. A signal of the longest wavelength penetrates about ten times deeper than a signal of the
shortest wavelength [Ela88]. ERS-1 SAR signal
has a penetration depth of the order of centimetres.
The incidence angle plays a crucial role for the
backscattering. The impact of incidence angle in
combination with roughness, can be seen in Figure 9. For small incidence angles, less than 20°,
specular reflections from facets dominates the returned signal. In the case of incidence angles between 20° and 70° the dominating mechanism of
the reflected signal is the Bragg scattering. A
rough surface can be subdivided into its Fourier
spectral components, see Figure 10. Bragg scattering is a mechanism where the reflected signal from some of these surface components resonates with the incident wave [Ela88]. Incidence
angles larger than 70° give a weak backscatter
that can be described as a modified Bragg scatter, since !arge targets have a shadowing effect
on the signal. ERS-1 SAR has an incidence angle between 19°-26°. Backscattering from natura.I surfaces usually consists of a combination of
specular returns from facets near vertical incidence and Bragg scattering from !arge angles.
Due to the variation of the radar incidence angle across the swath, the pixel values are slightly
higher at near edge, since SAR looks more nadir
there compared to far edge. Also, the difference

in dista.nce between nea.r and far edge gives a.
more faded signa.I from the far edge. No calibration method can prevent the influence of cha.nge
in ba.cksca.ttering, due to the incidence angle.

3.2

the air bubbles in the ice get a. more significa.nt
role as a. ba.cksca.tter mechanism. In the Ba.ltic
Sea, for the frequency, pola.rization, amplitude
and incidence angle of ERS-1 SAR, the principal backscatter mecha.nism is the scatter from
the snow /ice interface [UJA92]. The backsca.tter from deformed ice is domina.ted by specular
reflections, while leve! ice effects the signa.I by
sma.11-scale surface roughness (Bra.gg sca.ttering)
[Ca.r95]. Since the va.lue of a. pixel is an a.verage
in SAR images, deformed ice a.ffects the pixel
va.lue although it only covers a. fraction of the
pixel.
The ice/wa.ter interface is only rea.ched by
long microwa.ves d ue to the effects of absorption
[Ca.r95].

Snow and Sea lce Backscatter

When an electroma.gnetic wave rea.ches an interface separating two media., the wa.ve is part.ly
transmiUed and part.ly reflected, depending on
the electromagnetic cha.racteristics of the two
media. When the radar signa.I rea.ches the sea.
ice, there a.re three main surfaces tha.t ca.n effect
the wave: a.tmosphere/snow surface, snow /ice
interface and ice/wa.ter interface [Car95]. Volume sca.ttering due to inhomogeneities within
the different la.yers does a.lso interact with the
radar signa.I.
If the snow cover on the ice is dry the microwa.ve signa.I penetrates through the snow and
interacts with the ice surface undernea.th. On
the other hand, if the snow is wet the penetration
depth of the radar signa.I decrea.ses and the signal
is scattered from the snow cover. The snow becomes visible for the radar. At the same time the
backsca.ttered signa.I decreases due to absorption
in the wet snow layer. A snow layer is more visible for high freq uencies [Ela.88]. The snow surface roughness, grain size and possible ice crusts
within the snow layer a.re other parameters tha.t
effect the ba.ckscatter from the snow cover.
Surface roughness is the ma.in factor effecting
the backscattering from ice. Air bubbles in the
ice sca.tter the signal due to inhomogeneities, i.e.
cha.nge in the dielectrical consta.nt. Sa.linity and
temperature of the sea ice a.ffect a 0 indirectly,
since they effect the volume of brine packets,
lea.ding to inhomogeneities in the ice and also absorption of the signal by brine [Ca.r95]. If salinity
and temperature a.re low, as in the Ba.ltic Sea,

4

Weather and Ice Conditions

The winter 1994 can be defined as normal, since
the whole Gulf of Bothnia and the northern part
of the Ba.ltic Proper were ice covered in the beginning of Ma.rch.
The ice sea.son sta.rted in la.te November 1993
<luring a. period of cold weather, with ice formations in the archipela.gos in the Gulf of Bothnia.
However, this period wa.s overtaken by warm
winds from the south, packing the ice along the
northernmost part of the Bothnia.n Bay. In January the ice formation took place in the open sea.
in Bothnia.n Ba.y, with some ridge formations.
The cold weather covering Scandina.via., continued even in February and wa.s cha.racterised by
a high pressure system with weak northeasterly
winds and cloudless conditions over the Ba.ltic
Sea. During this period the ice conditions in
the Bothnia.n Ba.y wa.s stabilized and only minor
changes in the ice formation took place in late
February and March. The Bothnian Sea was

12

ice covered <luring this period, but with varying conditions in the western part due to an
easterly ice drift. Maximum ice extent was obtained in March 3 to 4 1994. A few days later
strong winds from south broke up the ice in the
southern Bothnian Sea and created strong ice
pressure with ridge formations in the northern
part. In the end of April, the ice concentration started to decrease in the Bothnian Bay and
in mid May the western part was ice free with
open water, whereas same ice was left along the
Finnish coast. This ice-break-up occurred about
one week earlier than normal [Car94].

5
5.1

Data Description
Meteorological Data

The meteorological conditions in the area covered by the SAR images is best represented by
the weather stations Storöhamn, Haparanda and
the lighthouse Farstugrunden, see Figure 1. According to [MH94], Storöhamn and Haparanda
weather stations show no significant difference
between each other in the weather parameters.
Since Storöhamn is situated on a peninsula in the
middle of the image area it should be the most
relevant. Weather station Farstugrunden has a
more remote position and is chosen to represent
the more maritime weather conditions.
The daily means of air temperature, relative humidity and precipitation have been used.
Farstugrunden does not make observations of
precipitation. Due to the maritime location
of Farstugrunden weather station , it shows a
slightly higher temperature than Storöhamn, see
Figure 11.
The air temperature and relative humidity
were used to calculate the water vapor content of
air, so called mixing ratio [WH77]. The mixing

ratio shows a high correlation with air temperature, see Figure 11.

5.2

Image Data

A time series of 17 SAR Low Resolution Images
(LRI) were used in this study. LRI are down
loaded and processed at Tromso Satellite Station
(TSS). They are generat.ed from the Full Resolution Image (FRI) , which is similar to ESAs ERS1 Ul16 Fast Delivery (FD) Product with pixel
size 20 X 15.8 m (range direction x azimuth direction) . The SAR LRI product size is computed
by reducing the SAR FRI product size by a factor 25 (5 X 5 pixels) giving a resolution of 100
x 80 m (range direction X azimuth direction).
The images were recorded d uring the second
ice orbit. phase of ERS-1. This orbit was configured such that a given area was covered every third day. The images were registered <luring descending path in the morning at 10 UTC
and short after received via Internet by SMHI
to be used in The Baltic Experiment for ERS-1
(BEERS) in winter 1994. The images were then
stored on Exabyte cassettes as 16-bits images.
17 images cover the period 940113-940407.
The dates of the images are list.ed in Table 2.
Since same images were geometrically deformed,
probably due to failure in the data processing or
deviations in the satellite orbit, the area is not
covered exactly every third day.
An original ERS SAR image covers an area of
100 km x 100 km. In this study only a part of
the image area is used. This is partly because
of the calibration and partly because the images
should only cover fast ice, since the main idea of
this study is to analyse ice that is not affected
by any dynamical forces. The location of the
subimage covering 59 X 26 km, can be seen in
Figure 1 and 2. The images consist of 590 x 330

13

-

100
90
~ 1 0 0 ~ - - ~ - - ~ - - ~ ~ - - ~ - - ~ - - - ~ - - ~ - -- ~ - - ~ - - - ~ ~

_q
-E

"O

80

::i

.c
Q)

~ 60
ai

~--~--~--~~--~--~---~--~---~--~---~~

a:

10

E'10
-S
C
0

~ 5
·u
·5.

...
a..
Q)

0

20

30

40

50

70

60

*

*
* *

* **
10

#

20

30

40

* •*

lil

50

60

*

~

70

100

90

lil

lil

**

lil

80

*

*
lil

m

*
* **
90

100

Day number

Figure 11: Weather parameters <luring the period 940101-940415. Green and blue lines represent
Storöhamn and Farstugrunden weather stations respectively. Precipitation is only measured at
Storöhamn weather station. The dates of the SAR images are marked with squares. The two red
squares represent the last images in the time series, discussed separately in Section 8.4.
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Ja.nua.ry
13
16
19*
22*
25
31

Februa.ry
3
12
15
21*
24

March
5
8*

April
7

11

23
26*

Table 2: The <la.tes of the images. A star marks the images used for calcula.tion of the calibration
consta.nt, see Section 6.3.

pixels. The loca.tion of the su bareas differs from 6.1 Radiometric Calibration
scene to scene but they are all within the limit of
In this thesis radiometric calibration has been
the range correction, see Section 6.2. The images
performed on the LRI images. Radiometric caliare geographically adjusted manua.lly.
bration has been chosen because it relates the
Six ERS-1 Ul16 Fast Delivery (FD) images pixel value to a radar backscatter value, a 0 ,
were used to calculate the calibration constant which is a measure of the surface characteristics
of the LRI. FD images are received from Kiruna independent of the SAR system parameters. Ra.receiving stations. Ta.ble 3 shows some of the diometric ca.libration is therefore used with mulcharacteristics of the two types of images used tichannel SARs, beca.use it makes it possible to
in this study.
compare data from different SAR sensors.
The radiometric calibration of LRI is based on
the calibration of two other types of images, PRI
(Precision Images) and FD images. According
to [LBM+ 98], the following relation is valid to
6 Calibration of LRI linages
calculate a 0 in a PRI.
ao =
There are different kinds of calibrations of SAR
PI (7)
(< DN 2 > -(DNn )2 )-l.-~cPRP
K sm0ref
RRP
images e.g. geometric, phase (see Figure 7) and
radiometric calibration [Fre92]. Geometric ca.1- where
ibration means to adjust the image coordinate
• DN (Digital Number) is the pixel value.
system toa. reference surface. One kind of phase
< > sta.nds for spatial averaging over the
calibration is to relate a phase difference between
area. of interest . The value of one pixel
two SAR images to a topographica.l height. It is
has little statistical significance d ue to the
called interferometric calibration and is used for
speckle and must therefore be averaged .
example to see how fast glaciers grow. For explanation of phase within a SAR pixel element,
• I( is the calibra.tion constant which is spesee Figu re 7.
cific to the type of data product and to the
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Product
Pixel size ( range x azimu th)
Resolution (range x azimuth)
Bits
Looks
Receiving station

LRI
100 m x80m
100 m x 80 m
16
3
Tromso

FD (U116)
20.0 m X 15.9 m
25 m x 22 m
16
3
Kiruna

Table 3: Characteristics of the LRI and FD image products.

processing centre. The calibration constant
is discussed in Section 6.3.
•

_sin 6
sm 0ref

is the change in scattering area on
ground with increasing incidence angle, 0.
This factor will be discussed further in Section 6.2.

• C is the factor that accounts for updating

[LBM+98], as for example, open water areas
under windy conditions, !arge cities and the
ice sheet on Greenland.

• DNn is the root mean square (rms) noise
pixel value. The noise includes contributions from for instance the Earth microwave
background radiation and thermal noise in
the antenna.

the gain. Due to the antenna pattern, corAccording to [Ula.94]
rections for the antenna gain ha.ve to be performed on the images. This is implemented
DNJ = K · (- 25.5dB ± 0.5dB)
(8)
in the processing of the PRI. Since the gain
correction has improved <luring the life time
of ERS-1, C is needed to com pensate for this where - 25.5dB ±0.5dB isa reference value of the
noise-equivalent backscattering coefficient found
in the calibration.
in the PRI header.
According to [Ula.94] the following relation is
• PRP st.ands for Product Replica Power and
RRP stands for Reference Replica Power. valid to calculate a 0 for FD images:
The replica pulse works like a control pulse
ao =
for the SAR system and is applied on the
images through the gain normalisation. The
(< DN 2 > - DN,;)-/;:·
replica pulse correction factor is a correction
( _lL )3 ~ G 2 (lire/)
(9)
Rref
sin0re/ G 2 (v)
for the unwanted variations of this control
pulse.
where ( R Rref ) 3 , represen ting the range spreading
• PI st.ands for Power loss and is a correc- loss, is added compared to Equation 7. The cortion d ue to the problem of saturation of rection for the range spreading loss is applied althe Analogue to Digital Converter ( ADC). ready at the processing step on PRI images but
It is mainly a problem for !arge distributed not on FD images, why this must be done in the
targets ha.ving high backscatter coefficients calibration. The sa.me is true for the antenna
16

gain factor, G~~[:{) which has not been applied
on the FD at processing. Since no antenna gain
normalisation has been performed on the FD images, the Replica Power correction from Equation 7 is not needed in Equation 9 [Ula94]. The
phenomenon of power loss was not known when
Equation 9 was written, even though it isa problem for FD in the same way as for PRI.
LRI are averaged FRI which are similar to FD
images. It means that LRI have the same characteristics as FD and Equation 9 is assumed to be
· valid for LRI images including the powerloss factor from Equation 7. However, the saturation is
mainly a problem over !arge distributed targets
with high backscatter coefficients like open water
areas under windy conditions. Since this study
focus on sea ice, no correction for saturation is
applied in the calibration. Hence, the following
equation is valid to calculate a 0 values in LRI:

Iao = ft( < DN2 > -DN~) I

(10)

where f is the range correction, see Equation 11
below. Calibration constant I< is speci:fic to the
type of data product and a calibration constant,
l<LRI, for LRI will be determined in Section 6.3.

6.2

Range Correction, f

Figure 12: Geometry of ERS-1 SAR. R is the
dista.nce between satellite and target. 0 is the
In this section, the parameters calibrating the
incidence angle. v is the antenna. elevation angle,
backscatter signal in range direction will be disalso ca.Hed look angle. 0 > v due to the curvature
cussed. Since the SAR antenna looks obliquely
of the earth surface .
. in different angles, the backscattered signal has
to be com pensated for the geometry over the
swath. Figure 12 shows the geometry of ERS1 SAR.
The factors correcting the backscatter in range
direction ca.n be concluded in the range correction factor, f, w hich is given by the following
17

6.3

equation [Ula94]:

l{LRI

The calibration constant fits the brightness leve!
of the image product, to the radar backsca.tter
leve! , a 0 • Since no official calibration constant
exists for LRI, l(LRI is estimated from FD images for which a calibration constant is defined.
Since a 0 has the same value independent of image product , the following expression from Equations 9 and 10, neglecting the powerloss factor,
is valid:

(11)

where the first term represents the range spreading loss and the second term accounts for the
change in scattering area on ground, with increasing .incidence angle. The last term is compensation for the antenna pattern which describes the form of the illuminated beam. Since
the antenna does not spread the signal homogeneously in all direction, a correction has to
be made. The antenna pattern used is received
from the look-up table lmproved ERS-1 SAR Elevation Antenna Pattern [LBM+98]. The reference values in Equation 11 are: Rrej = 847
km, 0rej = 23° and Vrej = 20.35°. Vref is the antenna boresight angle. R, 0 and v, see Figure 12,
are calculated across the swath in Appendix A.
Since these parameters can not be exactly determined from the information given in the image
file header, the image swath is assumed to be an
curve of exactly 100 km. According to [Ula94]
this assumption results in a calibration error of
± 0.25 dB.
Due to the stable orbit of ERS-1, the look angle of the SAR antenna is very stable, ± 0.03°
[Ula94], and it is often sufficient to use a single
range correction for all images in the same region
and fora single kind of orbit phase. The calibration is restricted to the 10 - 90 km swath , d ue
to the strong fall of the antenna gain pattern
at the edges, which increases the uncertainties
[Ula94]. As described in Section 5.2, only part
of the original image area is used in this study.
The area used is within the 10 - 90 km limit in all
cases. The values of the range correction across
the whole swap can be seen in Figure 13.

Calibration Constant,

~(<
1'-LRJ

DNlRI

>

- DN~LRJ)

T._f (< DNfD > -

1 '-FD

=

DN~FD)

(12)

where the suffix F D and LRI denotes the different images. DN~LRI and DN~LRI are given by
Equation 8. Simplification gives

<

2

DNLRI

J(LRI

2

>= ,:;:-· < DNFD >

(13)

1 '-FD

which shows the relation between the pixel values in LRI and FD images, respectively.
Six LRI and F D images from the same satellite
passes, covering the same area, were used to calculate the l(LRI· Images from the dates 940119,
940122 , 940221, 940308, 940320 and 940326 were
used . Each image was divided into 10 parts in
azimuth direction and into 16 parts in range direction within the 10-90 km limit. In Figure 14
the relation in Equation 13 is plotted for each
area mean in the 160 subareas. Due to change
of SAR data processor at Troms0 Satellite Station in March 1994, the pixel values of the LRI
images decreased in brightness leve!. The decrease can clearly be seen in Figure 14 where two
lines shows the relation between the pixel values
in the LRI and FD images. The circles represent the period before the change of processor,
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Figure 13: Range correction across the swath. Due to strong fall of the antenna gain pattern at
the edges, the range correction is only valid within the 10-90 km swath.
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Figure 14: The relation between the pixel values in LRI and FD images. Circles represent the scenes ·
from 940119, 940122, 940221 and 940308. Stars represent t.he scenes from 940320 and 940326.
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Figure 15: Linear relation between the pixel values in LRI and FD images represented by scenes
from 940119, 940122, 940221 and 940308. The blue line represents the linear trend in the data and
the red lines represent the standard deviation from the blue line.
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Figure 16: Linear relation between the pixel values in LRI and FD images represented by scenes
from 940320 and 940326. The blue line represents the linear trend in the data and the red lines
represent the standard deviation from the blue line. Note the difference in scale relative Figure 15.
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Date
940113-940311
940320-940407

Ca.libration constant (dB)
54.6
65.9

Accuracy (dB)
0.5
0.7

Table 4: Calibration constants of the LRI images.

940113-940311 and the stars represent the period after, 940320-940407. The relations are linear where the slopes of the lines are described
by the factor ~~~r in Equation 13. The lines
result in two different calibration constants <luring the period of the time series. The FD image
calibration constant, KFD = 73.0 dB [MPAH97],
[Ula94], wa.s used to calculate l<LRI ·
[(LRI is determined to (54.6 ± 0.5)dB <luring
thefirst period oftime and to (65 .9± 0.7)dBduring the second period. Figure 15 and 16 show the
relations between < DN},D > and < DNLRI >.
The red lines show the standard deviation from
the linear trend. In table 4 the two determined
calibration constants are summarized.
The range correction, the calibration constant
and rms noise pixel value are the components included in the calibration of LRI. The dominating
errors are the ra.nge resolution with an accuracy
of 0.25 dB and the calibration constant with an
accuracy of 0.7 dB in the worst ca.se. By taking unknown errors into account, the calibration
error is estimated to ± 1 dB.

7

E111pirical Orthogonal Functions (EOF) Theory

Empirical Orthogonal Functions (EOF)
[Pre88] are found within the !arge statistical
field of Principal Component Analysis (PCA).
PCA is a statistical technique to describe a
data set with a decreased number of variables,
to which the main part of the variance is
concentrated. That simplifies the ana.lyse of,
for instance, a time series of satellite images
which contains thousands of variables, each
one represented by one pixel. There are differen t definitions of Principal Components in
relation to Empirical Orthogonal Functions
in the literature. In this thesis the Empirical
Orthogonal Function is a Principal Component
normalised to the length 1, a.s in [Jol90]. It
should be noticed that the statistical EOFs do
not necessarily have any physical meaning and
should only be used as indicators of physical
relations. The equations and symbols in this
section are mainly from [ET98].

7.1

Spatial and Temporal Functions

The aim is to find a set of orthogonal spatial
functions, <f>(x) , of certain conditions, see below,
in order to express the data set as in Equation
14.
M

1·(xm, t)

= l/!m(t) = :I>i(t)<t>(xm)

(14)
Empirical Orthogonal Function analysis was cari=l
ried out on the images in order to study the time
variability of the whole image area.. Analysis and
The data 'lj;(x, t), in Equa.tion 14 is collected
results are described in Section 8.5. This section at M locations but the equation describes the
gives an introduction to the EOF theory.
data series at the rn:th location Xm. ai ( t) is a
21

m=2

Figure 17: 1/J(x, t) measured at two locations, x 1 and x 2 , each location representing one dimension.
The variable is measured at three occasions, t 1 , t 2 and t 3 • i represents the orthogonal spatial
functions.
temporal function describing the amplitude of
the i:th orthogonal spatial function at time t,
see Figure 17.
Figure 17 shows an example of 1/J(x, t) measured at two locations, x 1 and x2, each location
representing one dimension. The variable is measured at three occasions, t 1 , t 2 and t3. The figure illustrates how the method simply describes
a rotation of the coordinate system, where the
"new" spatial ftfnctions are described by coeflicients <Pi(x) of the old base x, see Equation 15.
ai(t) is called the modal coeflicients and is the
time series projected on respective spatial function.

1/J(x, t)

=

quired for the spatial functions. Since the procedure describes a rotation of the M-dimensional
coordinate system, the spatial functions are orthogonal so that they form a set of basis functions.
M

L (<Pim<Pjm) = bij

(16)

m=l

The Kronecker delta is defined by
1
8·tJ -- { 0

, J=Z
j =/- i

,

(17)

To make the PC:s unique, the time amplitudes

a;(t) are uncorrelated.

l

(18)

gives that Ai is equal to the variance of each ora1(t1)(</>11 , <P12)x+a2(t1)(</>21,<P22)x
[ a1(t2)(<P11, <P12)x + a2(t2)(</>21, 4>22)x (15) thogonal mode according to
a1 (t3)( <Pn, </>12)x + a2 (t3)( 4>21 , </>22)x
1 N
A; = a;(t)ai(t) = N
(ai(tn) 2)
(19)

L

As mentioned before, certain conditions are re-

n=l
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where N is the number of sa.mples, t1 · · · tN.

7.2

The Eigenvalue Equation

By forming the covariance matrix 41m(t)41k(t)
and using Equation 16 and 18 to simplify the
expression , the following eigenval ue problem can
be found [ET98].
M

L 1Pm(t)1/Jk(t)<Pik = Ai<Pim

(20)

k=l

where the PCs, <Pim are the eigenvectors and >-.i
the corresponding eigenvalues. This means that
the eigenvectors associated with the nonzero
eigenvalues of corresponding covariance or correlation matrix, represent a set of orthogonal base
vectors which fulfill the requirements in Equation 16 and 18. The eigenvector with the highest
eigenvalue represents the first Principal Component and has the direction of the largest variance in the M-dimensional space, while the second eigenvector is perpendicular to the first and
keeps the second largest variance.
Another proof of this statement, starting in
the other end, can be read in [RJ96]. It describes how the direction of the greatest variance
is found from the eigenvectors of the correlation
matrix, based on the equation of the hyperellipsoid the data points are forming. The hyperellipsoid is centered, since the mean value of the
time series at each location are removed from the
data set, 1/J(x, t) .

8

Analysis and Results

In this section, the analysis of the 17 calibrated
images in the time series will be presented . To
start with, 21 separat.ed areas of different surface
characteristics are analysed. In Section 8.1 the

time series of the mean backscatter coefficients
of the 21 subareas are shown. The temporal and
spatial variations of the areas are discussed in
Section 8.2. In Section 8.3 a classification based
on the temporal standard deviation values, texture and backscattering coefficient of the 21 areas is made and compared to contemporary values.
Section 8.4 presents a case study of the two
last images in the time series which represent
cold and mild weather respectively. In Section
8.5 the 21 subareas are extended to the whole
image area, by using EOF analysis in order to
get an overview of the weather dependence of
the backscatter coefficient.
This section begins with an explanation of the
temporal mean image of the 17 calibrated images. The geography of the image area and the
ice formations that can be seen in the mean image are described. As mentioned in Section 5.2,
the area is chosen within the fast ice in order to
avoid movements in the ice cover. Still, there
are !arge variations of ice formations within the
area, as can be seen in Figure 18. The sea area
of the images is characterised by low salinity
due to high discharge of fresh water from several !arge rivers. The area is shallow within the
archipelago.
The figure shows the temporal mean image with 21 marked areas representing different
types of ice. Those areas will be further discussed in later sections. The high backscatter
areas in the upper part of the image are land,
while the very high values found at area c and
further clown in the image are due to very rough
ice. The rough ice is jam med brash barriers, consisting of small ice blocks which work as facets
giving a very strong ba.ckscattering due to many
sma.Jl local incidence angles. Those ice formations were crea.ted by southerly winds resulting
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Figure 18: The temporal mean image of the 17 calibrated images. 21 areas showing different surface
classes are n1arked.
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Figure 19: The mean backscatter coefficient of the areas marked in Figure 18 and the air temperature vs time. The capita! letters, (A - F) refer to the surface classes in Table 5. The dates of the
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in strong ice-pressure <luring early winter. The
bright line running from the lower right corner
up between b and c is a ship track. The cracked
ice along the track gives a strong backscattering. The ship track goes to Karlsborg, a harbor
south of Kalix. Cities and villages can clearly be
seen in the mean image d ue to the strong radar
backscattering from man-made features. The island with area number 6, on the right barder
of the images, is Seskarö. In the surroundings
of area number 5, belts of ridges can be seen.
According to the a- 0 value in the mean image,
the leve! ice in the left part of the images are
smoother than in the right part.
From the ice chart, it can be seen that the leve!
ice thickness in the area was about 300-450 mm
in the beginning of the period and then increased
to 500-700 mm in late March. The ice is snow
covered <luring the period of the images but it is
difficult to tel1 the thickness of the snow cover,
since the snow distribution varies due to wind
and surface roughness. Also, no measurements
were made in the area <luring the period. On
land the snow thickness is between 800-900 mm.
Snow depth measurements made on the ice at
Ratan, varied between 100-300 mm <luring the
period. Ratan is located north of Umeå, about
150 km south of the image site.

8.1

between
Mean
Correlations
Coefficients
and
Backscatter
Weather Parameters.

are shown in Figure 19. The colours represent
the surface classes, A - F, defined in Section 8.3.
The uncalibrated gray leve! variations of site
1 - 7 have been investigated in [MH94]. The
gray levels showed no significant correlation with
air temperature, except for the land areas 6 and
7. The same result can be seen in Table 11, Appendix 8.1, where the correlations between the
mean backscatter coefficients and weather parameters are shown. The land areas show significant correlation 2 both with air temperature
and air water content. Four of the marked ice
areas show significant correlation with air water
content but no ice area correlates with temperature or relative humidity.
This section has shown the mean backscatter
coefficients of 21 areas and discussed the correlations between the mean backscatter coefficient
and weather parameters which can be seen in
Appendix 8.1. Land and four ice areas show significant correlation with weather parameters.

8.2

A Study of Temporal and Spatial
Variability

In this section the temporal standard deviation
image, normalised by the temporal mean image,
is analysed . Note that tempora.l standard deviation is not the texture being related to a certain
surface. Instead the tempora.l standard deviation image normalised by the mean , represents
variation in time. The image describes how the
mean leve! varies between the <la.tes in each pixel.
The tem para.I standard deviation image is
shown in Figure 20. Low values in the image
represent low variation in time while high values

This section describes the time series of the mean
backscatter coefficients of the areas, marked in
Figure 18. Also the correlation between the
mean backscatter coefficients and weather pa2 According to [HI-195], the linear correlation coefficient
rameters are shown .
of 17 variables (i.e images) must be > I0.601 in order to
The time variations of the mean backscatter give 99% probability that two variables are linearly assocoefficients of the areas and the air temperature ciated to each other.
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Figure 20: The temporal standard deviation image of the 17 calibrated images , normalised by the
temporal mean image.
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represent high variations through the time series.
Most of the shore lines and boundaries in Figure 20 have high va.lues, since the 17 images are
not perfectly geographically orientated to each
other. The time variance have little connection
to ice type in the temporal standard deviation
image. The same values can be found in leve!
ice as in more rough ice.
The areas marked a - n in Figure 20, have
been chosen to characterise the different levels
of the temporal variation, while areas 1 - 7 were
chosen to characterise different ice types. The
mean of those areas in Figure 18 and 20 are
plotted in Figure 21. Six surface dasses can be
distinguished in the plot. As mentioned above,
the time dependent variance shows no or very
small difference between the dasses, except for
very rough ice which differs substantially. Instead the ice dasses can be determined by their
spatial mean a- 0 value.
The texture represents the spatial variation of
an area and is calculated from its standard deviation divided by the mean. One method of dassification is based on the texture and the backscatter coefficient of the subareas. This can be seen
in Figure 22, which shows the texture versus a- 0
of the subareas. The values from the last image in the series, from 940407 , is exduded due
to differing weather conditions at that <late, see
further discussions in Section 8.4. Areas 2 and 5
are exduded as well since their areas are not homogeneous and probably contain more than one
ice dass.
Figure 22 shows that only the backscatter coefficient gives the difference between ice dasses,
except for very rough ice which differ from the
other ice types in texture. Very rough ice can
not be distinguished from land, neither in texture nor in backscatter. However, note that the
temporal variability in Figure 21 is much higher

for areas c and h than for the land areas, 6 and
7. By applying the difference in temporal variability between the two dasses in combination
with the texture and a- 0 values, a land mask can
be created. The following conditions, according
to Figure 21 and 22, crea.tes the land mask:
a- 0 > - l0dB
land = true if {
texture > 0.32
temporal variability < 0.35
(21 )
The ice types with the lowest backscatter coefficient in Figure 22, can be separated only if a
combination of texture and backscatter is used,
since they are within each other's error bars.
Smooth ice differs from rough ice only in a- 0 ,
while very rough ice differs from all other ice
dasses in all three categories; tem poral variability, texture and backscatter coefficient. Land
and very rough ice only differ in temporal variability.

8.3

A Seasonal
Scheme

lce

Classification

From spatial variations in the tem poral vanability, texture and backscatter coefficient, six
dasses have been defined in the time series of
LRI. In this section the dassification scheme is
presented and compared to a- 0 values from calibrated FD images from the same period.
The area of the images is complex with many
ice types within a small region. In Table 5 a
dassification of the area is shown. Six dasses
from Figure 22 ha.ve been defined. Three of those
dasses consist of leve! ice of different degrees of
roughness. One dass is land and two represent
rough ice. (An English - Swedish glossary of
some ice dasses can be find in Appendix B.)
In Table 6 a- 0 values of contemporary FD images are shown [DUL94]. These images were reg-
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Figure 21: The mean values of the marked areas in the temporal mean image versus the mean
values of the same areas in the normalised temporal standard deviation image. The capital letters,
(A - F) refer to the surface classes in Table 5.
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from mean. The capital letters, (A - F) refer to the surface classes in Table 5. The last image in
the series, 940407, is excluded. The areas 2 and 5 are also excluded.
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Class
A
B
C
D
E
F

Type
Smooth leve! ice
Leve! ice
Rough leve! ice
Deformed ice
Jammed brash barrier
Land

Mean a 0 (dB)
-16.8
-15.3
-12.4
-10.0
-8.5
-8.3

Mean texture
0.22
0.26
0.25
0.25
0.34
0.32

Table 5: Backscatter coefficients and texture value of six classes from Figure 22 . A-F refer to the
surface classes in the figure.
Ice dass
Smooth leve! ice
Rough leve! ice
Slightly deformed ice
Ridged ice
Hummocked ice
Jammed brash barrier

Min a 0 (dB)
-22 .0
-17.5
-14.5
-1 3.0
-9.5
-11.0

Max a 0 (dB )
-17.0
-15.5
-12.0
-9.5
-8.0
-6.0

Table 6: Backscatter coefficients of different ice classes received from calibrated FD images, March
1994 [DUL94].

istered <luring cold conditions in the western part
of the Bothnian Bay du ring the dates 940301 and
940304. The texture is not included in Table 6,
since a texture value of an FD image is not direct comparable to a texture value of an LRI.
The texture of an area decreases with resolution
according to [Dam93].
The ice dass in the LRI have on average higher
0
a values than the corresponding dass in the FD
images in Table 6. As an example, compare the
Smooth leve! ice in the two tables. However,
the Jammed brash barrier shows similar values
between the two types of images.
The values in Table 6 were not calcu lated from
the same FD calibration constant that was used
in Section 6.3. This can be one reason of the differences in a 0 . In addition to that, LRI were ca!-

ibrated with the improved antenna pattern correction. Since the classification is relative to the
types of ice within a single scene, the smooth ice
in the fast ice may not necessarily correspond to
the smoothest leve! ice in the drift ice, classified
in the FD images. Subjectivity of how the classes
are defined could be another reason for the differences in backscatter coefficients between the
ice cl asses.
In this section six classes in the LRI have been
defined from spatial variations in the temporal
variability, texture and backscatter coefficient.
One land dass and five ice classes, including two
classes of deformed ice and three leve! ice classes.
In comparison toa classification of conternporary
FD images, the LRI backscatter coefficients are
on average higher.
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8.4

Time Variability - a Case Study

In this section, the last two images in the time
series are compared as an example of the influence of weather variability on SAR images.
Figure 23 and 24 show the two last images
in the time series. The last image , 940407,
shows a drastic decrease in backscatter due to
mild weather. The ice situation has not changed
between the two dates and according to the ice
charts in Figure 25 and 26, the image area is
covered by fast ice (a diagonal pattern in the
ice charts) even at the later <late. In [DUL94]
it is shown that the number of discriminated
ice dasses decreases when air temperature rises.
That result can also be seen in Figure 23 and 24.
The air temperature was below o°C <luring the
whole period until the last days in March , see
Figure 11. The red squares in the figure represent the dates of the two images. Also the air
wetness increases at the end of the period. Preci pitation occurred on the day of the last image,
which may have affected the backscatter signal,
especially if the temperature is above o°C.
Figure 27 shows the contrast between the two
images, which gives an overview of the changes
between the dates. Negative values (blue colour)
in the Figure represent decrease in backscatter
values from 940326 to 940407 and positive values
(yellow / red colour) represent increased values.
The backscatter coefficient has mainly decreased in areas with rough ice, while level ice
is unchanged or shows a weak increase in same
areas. Under cold conditions the snow on the
ice is dry and transparent for the radar signal.
When the snow is wet, the radar signal can not
penetrate through the snow layer due to high energy loss and do not reach the ice underneath .
It means that in the first image, 940326, where
the temperature is below o°C and the snow is
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dry, the signal penetrates through the snow and
scatters from the ice surface, while in the last
image the backscattering comes from the snow
cover. It explains the decrease of backscatter in
the rough areas, since wet snow makes rough areas look smoother to the radar. In Figure 11
it can bee seen that precipitation occurred the
days before and on the day of the last image.
The small variance of backscatter from smooth
ice could be due to the fact that the signal level
is too small to decrease. There is less snow on
plane surfaces due to wind which could be an
other reason for the small changes in backscatter on smooth ice. The increase of backscatter
in some areas with level ice could occur since
the grain size increases in wet snow. It means
that the wet snow scatters the signal more than
smooth level ice under dry snow <luring cold conditions [DUL94] .
Other contrasts that can be seen in Figure 27
is the red coloured areas which are due to small
geometrically displacements between the images.
The yellow lines in the lower right part of the
images are tracks made of ice breakers between
940326 and 940407 and the red coloured area
below , is probably due to movements of the ice
near the ice edge.
All areas have more or less decreased in
backscatter <luring the period. Areas with high
a 0 values have decreased more than areas with
lower values. Figure 28 shows how the different test sites changed in backscatter and texture between the two dates. Areas within dass
5, "Jam med brashed barrier", have decreased
most, from -9 dB to about -15 dB. The rate
of change in backscatteri ng seems to depend
on dass, while rate of change in texture varies
within the dasses. About half of the test areas
have increased in texture value and the other half
have decreased.
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Figure 23: Calibrated low resolution image from 940326. The daily mean air temperature was

-8°C.
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Figure 24: Calibrated low resolution image from 940407. The daily mean au temperature was

+1°c.
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Figure 27: Contrast in backscatter coefficient between the dates 940326 and 940407.
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In this section two images, recorded <luring different weather conditions, have been discussed.
It has been shown that all areas decreased in
backscatter when the air temperature rised. The
reason is that wet snow absorbs the signal more
effective than dry snow i.e. the surface looks
smoother to the radar. The signal never reaches
the rough ice underneath. High a- 0 values have
decreased more than lower values. The rate of
change in backscattering seems to depend on the
type of surface dass, while rate of change in texture varies within the classes. Number of discriminated ice classes decreases when air temperature rises.

8.5

Empirical Orthogonal Functions
(EOF) Analysis

This section describes an Empirical Orthogonal
Function (EOF) analysis of the image area. The
section starts with a short discussion about the
reasons of using EOFs.
An EOF analysis makes it possible to analyse
the whole image area instead of studying homogeneous subareas, as in Section 8.1. Therefore,
in order to study the dependency of ice texture
and backscatter coefficient on weather parameters, an EOF analysis was carried out based on
the entire data set. Since an EOF analysis filters out the dominating variations of the data
set, weather dependent components can be separated from components influenced by other parameters.
To reduce the influence of speckle and to make
the calculations faster, the images were averaged
over 5 X 5 pixels. Due to the high demand of
computer memory in the program used, the averaged scene was splitted into q uarters according
to Figure 29.
The eigenvalues representing more than 3% of

the variance along the EOFs, are plotted in Figure 30. As indicated in the figure, the first EOF
contains 45-60% of the energy in the fluctuation,
while the second EOF contains less than 1.5% of
the energy, except for the second EOF in area
Q4 which keeps almost 25%. Area Q4 is probably affected by movements in the ice due to the
short distance to the ice edge. This could influence the results since the study assumes stable
ice conditions, i.e. the only changes in the ice
occurs on the snow and ice surface.
Since the first EOF contains the main part
of the energy in the fluctuations, it could be
seen as a first approximation of the variations
in the area, while the following EOFs are modifications/corrections of the first one [ECSW97].
The modal coefficients of the first EOF in each
quarter, except in quarter Q4, show significant
negative correlation (> /0.601 , see Section 8.1)
with both the air temperature and water content of the air. The modal coefficients and the
correlation coefficients of Ql-Q4 are shown in
Figures 32, 34, 36 and 38, respectively. Only in
a few ca.ses the correlation coefficient differs between the two weather stations. In these cases,
the highest correlation is specified. The modal
coefficients in Q4 show only significant correlation with air water content.
The high correlation with the high energy
modal coefficients, a 1 (t), may indicate that air
temperature and air water content are the dominating parameters, affecting the backscatter
value in the images. Air water content correlates
on the same leve! or better than the temperature with the modal coefficients. There are of
course other parameters affecting the backscatter but of less significance. Those may be found
in lower energy modes, uncorrelated with air
temperature and air water content. If for example there were two independent parameters dom-
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Figure 29: The division of the scene in the EOF calculation. The quarters are named Ql, Q2, Q3
and Q4 respectively.
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Figure 30: Eigenvalues representing more than 3% of the total variance derived from data in each
quarter. The per cent is shown cumulative.
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inating the backscattering process, there should
be two EOFs of similar energy. This may be the
case for the first two functions in quarter Q4, see
Figure 30. The second EOF in area Q4 contains
more energy compared to the second EOFs from
the other areas in the image. Also it does not
show any correlation with the weather parameters. This could mean that there is a parameter
affecting the variations almost as much as the air
water content. The second parameter involved
could be movements in the ice due to wind or
sea leve! changes.
Relative humidity and precipitation do not
show any significant correlation with the modal
functions. Since precipitation accumulates on
the ground and changes properties d ue to wind
and temperature, it is not sufficient to use momentary values. Instead the precipitation <luring a three day period was added. The changes
of the snow cover due to wind and temperature
were not taken into account.
The meaning of EOF values can be explained
by the following statements:

In Sections 8.5.1 to 8.5.4 the four first EOFs
and modal coefficients of each quarter are shown
and described, to see how the variations are distributed within the image and how they physically could be explained. The roman figures in
the following sections refer to the three statements above.
8.5.1

First EOF
Land and the central ice area show positive EOF
values (I), see Figure 31, meaning that the pixel
values follows the modal coefficient function variation (III). The mod al coefficients of the first
EOF show negative correlation with air temperature and air water content, see Figure 32 and
Table 7. The negative correlation gives that a 0
decreases with increasing temperature and air
water content in the area. The EOF values are
higher at land areas than at the central ice area.
This means that the variation of the land pixel
values are doser related than the variation of the
central ice pixel values to the modal coefficient
fu nction variation (11).
lce near the coastline has negative EOF pixel
values, which means that the area varies in opposite phase to the modal coefficient function (III).
This in combination with the negative correlation between the modal coefficient function and
the weather parameters, gives that a 0 increases
with increasing tempera.ture and air water content in the area.

I Similar pixel values of an EOF within an
area means that the EOF has the same relation to all the pixels. The pixels follow
each other in the variations.
Il The absolute pixel value of the EOF describes how well the variation of the pixel
follows the variation of the modal coefficient
function, i.e. which area that dominates the
variation of the EOF.

111 Positive pixel values of an EOF means that
the pixel value variation is in phase with
the modal coefficient function, while negative values means that the variation is in
opposite phase with the modal coefficient
function.

Area Ql

Second EOF
The ice areas shov.r positive values and land areas
negative values (I). The second EOF does not
show any significant correlation with any of the
weather para.meters.
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Figure 31: The first four EOFs in area Ql.
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Correlation coefficient
Relative humidity (Fa)
Relative humidity (St)
Air temperature (Fa)
Air temperature (St)
Air water content (Fa)
Air water content (St)

First EOF

Second EOF

Third EOF

Fourth EOF

-0.4998
-0.1235
-0.8119
-0 .8608
-0.8239
-0.8680

0.1394
0.1923
0.2295
0.3054
0.1847
0.2533

0.4558
0.3796
0.6382
0.5259
0.7115
0.6538

-0.1464
-0.2855
-0.0134
0.0226
-0.0035
-0.0063

Table 7: The correlation coefficients between the weather parameters (daily means) and the modal
coefficient functions for the first four EOFs in area Ql.

Third EOF

8.5.2

Area Q2

First EOF
The pixel value distribution is similar to the distribution in the second EOF, except for very low
values in the smooth ice area in the upper part
of the image. The air temperature and air water
content show positive correlation with the modal
coefficients. The positive correlation gives that
a 0 follows the variations of air temperature and
air water content in the ice areas (111), while the
opposite is valid for land and the upper ice area.
Compared to the results of the first EOF this
may indicate that two counteracting processes
affect the backscattering due to weather changes.
Since the first EOF is the highest energy mode it
contains the dominating process. On the other
hand, the counteracting values may indicate that
the variations in the first EOF were exaggerated
and are compensated for by the third EOF.

The entire area shows positive EOF values (I),
see Figure 33, meaning that the pixel values
follows the modal coefficient function variation
(111). The modal coefficients show negative correlation with air temperature and air water content, see Figure 34 and Table 8. The negative
correlation gives that a 0 decreases with increasing temperature and air water content in the
area.
The EOF values are slightly higher at ice areas
than at land areas. This means that the variation of the ice pixel values are closer related
than the variation of the land pixel values to the
modal coefficient function (Il). At Seskarö some
EOF pixel values are negative.

Second EOF
The pixel values are negative at land areas (I).
The ice areas in the right part of the image, inFourth EOF
cluding the very rough ice in the lower part, show
positive values while ice in the archipelago shows
The fourth EOF shows no correlation with the high negative values (1). The second EOF does
weather parameters and no specific area pattern not show any significant correlation with any of
the weather parameters.
(I).
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Figure 33: The first four EOFs m area Q2.
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Figure 34: The modal coefficient functions for the first four EOFs in area Q2. Only the significant
correlation coefficients between the functions and weather parameters are shown.
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Correlation coefficient
Relative humidity (Fa)
Relative humidity (St)
Air temperature (Fa)
Air temperature (St)
Air water content (Fa)
Air water content (St)

First EOF
-0.3977
0.0209
-0.6296
-0.6218
-0.7228
-0.7451

Second EOF
0.2597
0.4295
0.3573
0.3630
0.3712
0.4084

Third EOF
0.2964
-0.1781
0.5115
0.6522
0.4164
0.4781

Fourth EOF
0.2387
0.4527
0.0533
-0.0180
-0.0050
-0.1038

Table 8: The correlation coefficients between the weather parameters and the modal coefficient
functions for the first four EOFs in area Q2.

Third EOF

8.5.3

The pixel values are negative at land areas. In
opposite to the second EOF , the ice areas in the
right part of the image shows negative values
close to zero, while ice in the archipelago shows
high positive values (I). It may indicate that two
different processes affect the two different ice areas.
The moda.l coefficients correlate with the air
temperature. The correlation is positive which
means that the a 0 values decrease with increasing air temperature at land areas, while a 0 at ice
areas in the archipelago increases with increasing air temperature. The more open ice areas,
with values close to zero, have little relation with
the modal coefficient function (III).

Area Q3

First EOF
The entire area shows positive EOF values (I),
see Figure 35, meaning that the pixel values
follows the modal coefficient function variation
(III). The modal coefficients show negative correlation with air temperature and air water content, see Figure 36 and Table 9. The negative
correlation gives that a 0 decreases with increasing temperature and air water content in the
area.
The EOF values are higher at open ice areas
than at areas with islands. This means that the
variation of the ice pixel values are closer related
than the variation of the land pixel values to the
mod al coefficient function (II).

Second EOF
The ice areas show low positive values and the
land areas high negative values (I) . The modal
coefficients show positive correlation with air
No specific area pattern is shown except for temperature and air water content. The low
slightly higher values at the very rough ice in values at the ice areas indicate little connection
the lower part of the area (I). The fourth EOF between the modal coefficient function and the
shows no correlation with the weather parame- EOF va.lues of the ice areas (II), while the positers.
tive correlation and the negative land pixel val-

Fourth EOF
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Figure 35: The first four EOFs in area Q3.
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Figure 36: The modal coefficient functions for the first four EOFs in area Q3. Only the significant
correlation coefficients between the functions and weather parameters are shown.
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Correlation coeflicient
Relative humidity (Fa)
Relative humidity (St)
Air temperature (Fa)
Air temperature (St)
Air water content (Fa)
Air water content (St)

First EOF
-0.4499
0.0013
-0.7463
-0.7602
-0.8037
-0.8272

Second EOF
0.4094
0.1392
0.6979
0.7589
0.6921
0.7463

Third EOF
0.5016
0.0622
0.8015
0.8191
0.7730
0.7513

Fourth EOF
0.5756
0.4903
0.7404
0.63 18
0.8038
0.7552

Table 9: The correlation coefficients between the weather parameters and the modal coefficient
functions for the first four EOFs in area Q3.

ues give that O'o decreases with increasing tem- mentioned above, the high variance of the second
perature and air water content at land areas EOF, see Figure 30, could be due to movements
(III) .
in the ice. It can be seen that the second EOF
compensates the variations in the first EOF.

Third and Fourth EOF
The pixel value distribution is similar to the distribution in the second EOF. The air temperature and air water content show the same positive correlation with the modal coefficients as in
the second EOF.

8.5.4

Area Q4

Third EOF and Fourth EOF
The modal coefficient functions of the third and
fourth EOF in area Q4 show no correlation to
the weather parameters. The line of high values
in the third EOF may be due to displacement
between the images in the time series or movements in the ice.

First EOF
8.5 .5
Rough ice shows positive EOF values while less
rough ice shows EOF values close to zero (I) in
Figure 37. The modal coefficients of the first
EOF show negative correlation with air water
content , see Figure 38 and Table 10. The negative correlation gives that O'o decreases with increasing temperature and air water content in
the rough ice area (III).

EOF Summary

A conclusion from the discussion above, is that
the temperature and air water content are the
dominating parameters affecting the backscattered signal in the image area. Land and ice
areas do not respond in the same way in the
EOFs and can therefore be distinguished from
each other, while the differences between different ice classes are small in most cases. For exam ple, in the EOFs that correlate with weather
Second EOF
parameters, the very rough ice area in Q2 does
The second modal coefficient function shows no not differ from the smoother ice. The differcorrelation with the weather parameters. As ences that can be seen in area Q4 is probably
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Figure 37: The first four EOFs in area Q4.
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Figure 38: The modal coefficient functions for the first four EOFs in area Q4. Only the significant
correlation coefficients between the functions and weather parameters are shown.
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Correlation coefficient
Relative humidity (Fa)
Relative humidity (St)
Air temperature (Fa)
Air temperature (St)
Air water content (Fa)
Air water content (St)

First EOF
-0.4339
-0.1412
-0.5602
-0.5591
-0.6528
-0.6874

Second EOF
-0.0499
-0.4854
0.4564
0.5288
0.4768
0.5444

Third EOF
0.2009
-0.1021
0.1819
0.1150
0.2106
0.1389

Fourth EOF
0.3912
0.6265
0.3962
0.2736
0.3950
0.3011

Table 10: The correlation coefficients between the weather parameters and the modal coefficient
functions for the first four EOFs in area Q4.

due to movements in the ice and not different
ice classes.
The first and third EOFs generally indicate
tha.t there are two counteracting processes affecting the backscatter coefficient of ice due to
weather changes. The dominating process (in
the first EOFs) decreases a 0 with increasing temperature and air water content, while the lower
energy mode (the third EOFs) indicates a process where a 0 increases with increa.sing tempera.ture and air water content. On the other hand
the counteracting values may indicate that the
variations in the first EOF were exaggerated and
are compensated for by the third EOF.
On land, both the first and third EOFs, implies tha.t the backscatter coefficient decreases
for increasing temperature.
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Su1nmary and Conclusion

In this thesis the dependency of texture and
backscatter of ice in LRI images, on air temperature, air humidity, air water content and precipita.tion has been described.
Six surface classes in the LRI have been defined. Orre land class and five ice classes, including two classes of deformed ice and three

leve! ice classes. It has been shown that smooth
ice differs from rough ice only in a 0 , w hile very
rough ice differs from all other ice classes in all
the three categories; temporal variability, texture and backscatter coefficient. Land and very
rough ice only differ in temporal variability. A
reason for the differences in tem por al variability between rough ice and land could be due to
the differences in temperature gradient in their
"bot tom layers". The sea. below the ice has a
temperature of zero degrees centigrade, while the
frozen land has a temperature far below zero.
This implies that the snow cover on land keeps a
relatively constant humidity even if the air temperature varies. The humidity of the snow on
the ice on the other hand, is affected by the heat
source from below and are therefore more sensitive to an increase in air temperature. Since
rough ice has higher backscatter values, it varies
within a larger interval tha.n smoother ice. The
discussion above should be va.lid for com pa.risons
between all ice classes, but according to Figure
21 there is a discontinuity between rough and
less rough ice.
In compa.rison toa classification of contemporary FD images, the LRI backscatter coefficients
are on average higher.
In a case study, two images recorded <luring
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different wea.ther conditions ha.ve been discussed.
It has been shown tha.t all the 21 areas that
represent the different surface da.sses, decrea.sed
in backscatter when the air temperature rised
above zero. The rea.son is tha.t wet snow scatters and at the same time absorbs the signal
more effective compared to dry snow, i.e. the
surface looks smoother since the ice underneath
is less visible to the radar. High a 0 values ha.ve
decreased. more than lower values. The rate of
change in backscattering seems to depend on surface dass, while rate of change in texture varies
within the dass.
In the study of the variability of mean
backscatter coefficient of separated homogeneous
areas, the land areas correlate with air temperature and air water content. However, four ice
areas, mainly within deformed ice (dass D), correlate with air water content.
The whole image area., was analysed with
EOFs. As a result of the EOF analysis, the temperature and air water content are the dominating parameters affecting the backscattered signal in the image area. Land and ice areas <lo
not respond in the same way in the EOFs and
can therefore, be distinguished from each other,
while the differences between different ice dasses
are small in most ca.ses. The analysis also indicates that there a.re two counteracting processes
affecting the ba.ckscatter coefficient of ice due
to weather changes. Since the EOFs only are
statistically related, the two counteracting processes could be an effect of the definitions of
the EOFs. The dominating process decreases a 0
with increasing temperature and air water content, while the less domina.ting process indicates
that a 0 increases with increasing temperature
and air wa.ter content. The first process mentioned describes the same process tha.t decrea.ses
the backscatter coefficient in the ca.se study de46

scribed above. The latter, less dominant process, could be an increased snow grain size d ue to
higher temperature and air water content. This
increa.ses the backscatter coefficient.
The land area differs from ice areas also in
the EOF analysis, which could be expla.ined by
the difference in temperature gradients described
above.
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Future Work

It is important to further develop the interpretation of SAR images and increase the understa.nding of the effects of various weather conditions.
In order to achieve higher accuracy in the practical use of SAR images, for example in the ice
breaking services, it is necessary to more precisely determine the ice backscatter coefficient
for different weather situations.
Firstly the influence of wet snow must be
further investigated. This ca.n be a.chieved by
using more frequent and longer time series of
SAR images from periods with large variations
in weather conditions. RADARSAT SAR images ca.n be received every second day and could
therefore be used for this purpose. The problem with RADARSAT is to compare data from
different incidence a.ngles due to the wide swath.
Secondly, the influence of wind on the ice
ba.ckscatter coefficient has not been investigated
here. The wind affects the snow and ice surface
roughness and is therefore an important parameter when determining the ice ba.ckscatter coefficient for different weather conditions. More momenta.ry in situ measurements of the weather parameters would decrease the number of errors depending on local weather changes. In this study,
only data from two wea.ther stations were ava.ila.ble. Since the backscatter coefficient varies a

lot in the temperatures around zero degrees, an information and comments and friends and colother improvement would be to use correlation leagues at SMHI for their help and support.
methods that trace nonlinear relations. Also it
would be useful to take into account time shifts
between variables.
Thirdly, in order to understand the differences
in backscatter between land and ice surfaces,
their humidity and temperature gradients should
be investigated.
Finally, a further investigation of the standard
deviation image should be carried out. As an
extra feature, it is also possible to produce a land
mask using Equation 21.
In the future, the unique collection of instruments on board Envisat-1 (see Section 2.4), will
record data sets consisting of large amounts of
parameters. This will develop our understanding within Earth science and the large number
of parameters recorded, will also increase the understanding of many features of the measured
data.
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A

Calculation of R, 0 and v

given by the LRI header is used. Zero Doppler
range time) is the time it takes for the signal to
trave! from the satellite to near edge and back.

(22)
where c is the light velocity. t 1 =5.54-10- 3 s gives
R1 = 830690 m.
R

Re, Earth radius

near range

The latitude >.. = 66° and the GEM-6 ellipsoid
mode!, gives the Earth radius Re = 6360352 m by
following equation:
Re

=a

cos 2 >.. + (b / a) 4 sin 2 >..
cos 2 >.. + (b / a) 2 sin 2 >..

(23)

where a and b represent the equatorial and the
polar Earth radius respectively. a=6378.17 km
and b=6356. 79 km {IRS93}.
Rs, satellite radius
The near edge information of incidence angle is
not accessible nezther in the FD or in 'the LRI
Figure 39: Geometry of ERS-1 SAR. R is the header. According to {Ula94} a good assumption
dist ance between satellite and target . () is the of the incidence angle at near edge, 01 , is 19.4°.
incidence angle. v is the antenna elevation angle, R1, Re and 01 and the law of cosine give the
also called look angle. Due to the curvature of satellite radius, Rs, see Figure 39.
earth surface () > v .

(24)

In this appendix R, () and v in Figure 39 will be
calculated step by step across the swath. R, 0 v1 , look angle at near edge
and v are used in the calculate of the range corThe look angle at near edge, v1 , is derived from
rection, fin Equation 11.
Re, Rs and 01 and the law of sine.

R 1 , distance between satellite and near
edg~
To calculate the distance between satellite and
near edge, R 1 , the zero Doppler range time, t 1 ,

sin v1
Re

sin(rr - 01)

(25)
50

v, look angle

a1 - near edge

v, the look angle can be calculated from Re, R
anda and the law of sine, Equation 25

(26)

sm v
Re

sm a
R
===}

Calculations over the entire swath
V1

At this point, all parameters at near edge,
R1, 81, v1 and a1, are known, including Re and
Rs. To go further there are two possible assumptions to choose between. The first possibility is
to assume 0= 23° in the middle of the image.
The second possibility is to assume that the swath
represents an arc of 100 km and 50 km at mid
range. The last alternative is chosen, since it
has shown best result in previous calculation according to {Ula97}. The difference between the
alternatives is not big. 50 km at mid range gives
0=26.5° at far range while 0= 23° at mid range
gives 26.6° at far range. The deviation from the
true angles is maximum ±0.2 ° {Ula94J.

Assuming the arc, x varies over the swath gives

(27)
where a1 is given in radians.

R, slant range
R, the slant range is received from a and the law
oj cosine.

(28)
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(29)

O, incidence angle
The incidence angle () across the image is given
by

rr

= v + a + (rr -

0)

===}

B=v+a

(30)

The parameters R, () and v is now known for
each pixel across the swath and can be used in the
calculation oj the range correction, j in Equation
11.

B

The angle a

.
sina
= arcsm(ReR)

G lossary - Ice Classes
Level ice - Slät is
Deformed ice - Deformerad is
Ridged ice - Is med vallar
Hummocked ice - Upptornad is
Jammed brash barrier Is i form av en stampvall

C

Correlation Coeffi.cients

Class
A

Area
g
J

B

C

m
d
f
1
1
4

e
n

D

3

a
b
I

k

E

C

F

6
7

h

Rel. hum. (Fa)/(St)
-0.1240/ 0.0259
-0.2683/ 0.0970
-0.2822/ 0.0378
-0.2238/ 0.1964
-0.2103/ 0.2293
-0.1979/ 0.2392
-0.3404/ 0.0829
-0 .4386 / -0 .0370
-0.2909/ 0.0024
-0.4401/-0.1052
-0.3303/ 0.0193
-0.3395/-0.0073
-0.3364/-0.3218
-0.3397 /-0.0366
-0.3627 /-0.0758
-0.1263/ 0.2656
-0.1191/0.2681
-0.3728/ 0.0502
-0.3443/ 0.0567

Air temp . (Fa)/(St)
-0.0618/-0.0019
-0 .4382 / -0 .4367
-0 .3635 /-0.3783
-0 .4423 / -0 .4 772
-0.4732/-0.5261
-0.4821 /-0.5393
-0.4496/-0.4689
-0.4640/-0.4678
-0.4551 /-0.4855
-0.3880 /-0.3733
-0.5547 /-0.5965
-0 .4488 / -0 .4 726
-0.1539/-0.1464
-0. 5279 /-0 .5684
-0.5322/-0.5685
-0.3530/ -0.3585
-0.3086/-0.3165
-0.7093/-0.7643
-0.7962/-0.8503

Air water cont . (Fa) / (St)
-0.1296/-0.0358
-0 .4686 /-0 .4489
-0.3968/-0.3717
-0 .4651 /-0 .4634
-0.5278/ -0.5437
-0.5080/ -0.5305
-0.5177 /-0.4938
-0.5502/-0.5227
-0.5358 / -0 .6048
-0.5008/-0.4769
-0.6162/-0.6871
-0.5497 / -0.5678
-0.3162/ -0.3556
-0.5953/ -0.6737
-0.6048/ -0.6825
-0.4001 /-0.3811
-0.3559 / -0.3328
-0.7543/ -0.8188
-0.791/-0.8665

Table 11: The correlation coefficients between the weather parameters (daily means) and the mean
backscatter coefficients of the areas marked in Figure 18. Fa = Farstugrunden, St = Storöhamn . .
The capita! letters , (A - F) refer to the surface classes in Table 5. Areas 2 and 5 are excluded
since their areas are not homogeneous and probably contain more than one ice dass.
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