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Quantitative research and correction of incident angle effect

for wide-swath SAR images
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Abstract: Based on a quantitative study of the incident angle effect of a wide-swath synthetic aperture radar ( SAR) image this

paper proposes a class-based correction method for such an effect. The method achieves sampling by using watershed segmentation

and regional labeling technology as well as a class-based radiation correction of land-cover backscatter values based on the cosine

Lambert’s law estimated through linear regression. Experimental results of the Envisat Advanced SAR ( C-band horizontal-ransmit—

ting horizontalreceiving polarization) data show that an incident angle effect is exerted on radar backscatter; the higher the mois—

ture content of the land-cover type is the more obvious the incident angle effect is. The correction of incident angle effect with this

proposed algorithm is better than order cosine correction.
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1 INTRODUCTION

The backscatter coefficient of Synthetic Aperture Radar
( SAR) depends on the characteristics of the feature (e.g. sur—
face roughness structure and water content) and on the inter—
ference of imaging system properties ( e. g. incident angle fre—
quency p olarization mode and speckle noise) ( Baker et al.
1994; Yu 2006) . This coefficient is also influenced by environ—
mental factors such as season. However for the specific imaging
platform and environment non-stationary SAR images primarily
depend on two factors: coherent spot noise and incident angle
effect. Most studies have taken an interest in coherent spot
noise. However for both spaceborne and airborne wide-swath
SAR the incident angle effect has a severe impact on the accura—
cy of automatic interpretation; this effect is exerted not only on
moderate-distance or remote—distance interpretation but also on
close interpretation and artificial interpretation ( Leclerc et al.
2001) .

For distributed targets the incident angle effect refers to r
adar returns that are stronger in the close range and weaken as
they move toward the far range. For example for a Sahelian
grassland image acquired by the Envisat Advanced SAR ( Envisat
ASAR) at C-band horizontal-transmitting  horizontalreceiving
polarization with the incident angle changed from 15° to 45° the
corresponding backscatter variation is approximately - 0. 36

dB/° ( Monsivéis et al. 2006) . For airborne SAR data inci-
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dent angle variation often achieves more than 40° ( Menges et
al. 2001a) .
served with different geometric angles the incident angle effect
will be more significant ( Menges et al. 200la). Ulaby
(1975 1978) and Makynen et al. (2002) suggested that the

incident angle effect d epends not only on the incident angle but

If the image acquired of the same region is ob—

also on the roughness of the land cover water content and phys—
ical structure. However almost all of the research and applica—
tions that considered incident angle variation have mainly been c
ompleted on the image level with three categories. The most sim—
plistic method is to ignore the part of the image where the i
ncident angle is too large and its effect is strong namely the far
range. This method has been applied mainly on airborne radar
1994; Israelsson et al. 1994). An

approach based on radar statistics along the range can be used to

images ( Rignot et al.

standardize angle dependence. In this empirical method after
the relationship between the radar backscatter and incident angle
is found in a specific image we use linear or second-erder re—
gression to normalize the observed backscatter values along the
range in the incident angle extent. This method can be applied to
the whole image and to the particular land-eover type in the im—
age through a layer mask such as the correction of the incident
2001b) . The

limitation of this correction method is that it depends on a specif—

angle effect of the airborne radar ( Menges et al.

ic radar dataset and cannot be replicated in other images. Anoth—

er application with a statistical method based on surface fitting
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technology is the use of the parameter polynomial model fit for the
whole image data which considers information entropy as a crite—
2011) . However this method is al-
so global. The third method is to develop a simple physical model

rion function ( Lang et al.

that explains specific angular dependence in terms of the incident
angle ( 6,) as an independent variable. Based on the SAR image
the corresponding physical model is
this method

dominant land-eover type
applied to the whole image correction. However
needs the dominant land-cover type of prior knowledge in the im—
age and cannot compensate for the i ncident angle effect of the

2001) .

Therefore according to the given research area based on the

other land-cover type in the image ( Leclerc et al.

data of Envisat ASAR in a wide model assuming that the same
land-eover type has the same roughness moisture content and
physical structure the present study uses watershed segmentation
and regional marker technology to realize land-eover sampling
and then uses basic statistics to complete quantitative research on
the angle effect at land-eover level. On this basis the class—
based standardization and radiation correction of land-cover back—
scatter are achieved based on the cosine Lamberts law estimated

through linear regression.
2 RESEARCH AREA AND TEST DATA

The study site includes Bohai Sea Shangdong Peninsula
Liaodong Peninsula Littoral Plain and part of the Yellow Sea
(34°N—41°N 115°E—124°E) . This area is mainly composed

of plains power sand silt mass coasts and offshores. The terrain is
flat and straight shoreline.

Bohai Sea covers the Bohai Straits Liaodong Bay Bohai Bay
Laizhou Bay and the central basin of the Bohai Sea. Given its loca—
tion in the mid-atitude monsoon climate zone which is swept by the
Siberian cold wave different degrees of freezing phenomena are ob—
served in Bohai Sea every winter. The freezing period usually begins
in December. The last glacial maximum is from January to February in
the following year. The melting ice period is in February. The seven
ASAR wide-swath mode ( WSM) scenes used in the test with a swath
width of 405 km at 150 m spatial resolution are distributed during this
period. Fig. 1(a) —Fig.1 () show three of these scenes. The scene
in Fig. 1(a)
was obtained on December 21 2005. The scene is in the initial ice pe—

the range distance of which increases toward the west

riod and landfast ice has formed at the beginning. Fig.1(b) was ac—
quired on February 6 2006 during which the range distance increased
toward the east. This period is the last glacial maximum. The ice outer
line of Bohai Bay is up to 14 n miles general ice thickness is between
5 emand 10 em  and the largest ice thickness is 25 em. Fig. 1(¢) was
acquired on February 23 2006 during which the range distance in—
creased toward the west; it occurred in the ice melting period. An evi-
dent incident angle effect can be observed in these three images hin—
dering a sea ice analyst’s interpretation of sea ice. Thus we need to
compensate for the incident angle effect. To ensure the precision of
sampling we also utilize the ice chart of the same period ( Zhang et
al. 2006) and optical satellite imagery as auxiliary information.

(a) 2005-12-2

(b) 2006-02-06

(¢) 2006-02-23

Fig.1 Amplitude image of Bohai Bay

3 ABSOLUTE CALIBRATION

Although uncalibrated SAR imagery is sufficient for quali—
tative use calibrated SAR images are essential to the quantita—
2007) . ASAR
WSM is a ground-range-detected product. ASAR ground-range

tive use of SAR data( Johannessen et al.
images have all been applied to antenna gain pattern compensa—
tion ( based on ellipsoid approximations) and range spreading
loss correction during the formation of the images. Therefore
we do not consider the influence of the two in the following cali—
bration process.

For ground—range-detected products the general form of the
SAR intensity image is shown as Eq. (1) . The equation gives the

effect of the local incident angle on the DN stored in a slantrange

pixel without noise ( Leclerc et al. 2001)
. Ko"(i ) .
DN(ij) = sin 6,(i ) cos 6,(i) 0.0, <90
DN*(ij) =0 6, =90° (1

where K is the absolute calibration constant ¢ (i j) is the back—
scatter coefficient for pixel (i j) DN’(i j) is the pixel intensity
for pixel (i j) ( DN is proportional to backscatter amplitude) 0,
is the local incident angle in the range direction and @, is the lo—
cal incident angle in the azimuth direction. The right side of Eq.
(1) indicates that the size of the scattering area in ground-range—
etected products is the corresponding area in the slant range of
sin( 0,) cos( 6,)
For WSM products at the reference elevation assuming that
the terrain is flat ( @, =0) the sigma zero is defined as follows
( Rosich & Meadows 2004) :

1.
times.
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o(i ) = PN g (i ) (2)

where 6, is the angle between radar sight and the horizontal plane
perpendicular. When the area is flat 6, =6,. The K used in the
test image is 7413102.5. The sine of the incident angle is used
to compensate for the change in pixel size because the ratio of the
slant distance projection resolution cell length and the corre—
sponding length in the ground range is sin( §,) which increases
the backscatter ¢°( i j) with the incident angle. The compensa—
tion effect of the incident angle is shown in Fig. 8( a) —Fig. 8
the three ASAR WSM images

still have an incident angle effect after absolute calibration.

4 METHOD
4.1 Sampling

(¢). With increasing distance

To facilitate the quantitative research and correction of the
incident angle effect this study designs a unique homogeneous
backscattering region sampling method. Land-eover type is usual-
ly complex and confusing; the method based on space knowledge
and homogeneous area intensity information is s ampling for land—
cover type. Space knowledge is from the optical imagery in the
same area and the ice chart of the same period; it provides infor—
mation about land-cover type and analyzes initial sampling range
for radar intensity. Therefore the test image can be classified in—
to three types: sea ice open water and land. Sea ice is mainly
distributed in coastal areas and the span has a narrow range dis—
tance even in the last glacial maximum. No waves in the open
water are observed during the study period. The land part corre—
sponds to the coastal zone of the Shangdong Peninsula Liaodong
Peninsula and Littoral Plain. The study area is flat and so the
terrain and local incident angle effect can be ignored. Shadow
and layer areas are masked out in the images by using the digital
elevation model.

The land-cover type must be accurately exiracted by s
egmentation and classification techniques in image processing.
Speckle noise is a major obstacle that affects the accuracy of the
SAR image classification. Sampling based on intensity informa—
tion should control the radar spots. The image is segmented with
a watershed algorithm ( Vincent & Soille 1991) that d ivides the
image into many small regions with relatively uniform backscatter
in each. Suppose each region v consists of a set of sites S, that
belongs to it. The effect of the speckle noise is reduced because

the feature vectors of the individual sites {y Ise S,} can be av-

eraged into one feature vector y, for the entire

&

{a) Initial ice age

(b) Last glacial maximum

region. K means clustering algorithm based on the number of land—
cover types is adopted to find an optimal labeling of each water—
shed region. To ensure the gradient of the incident angle effect
the areas in this step are not merged. Segmentation and classifica—
tion techniques in this paper refer to a non-supervised lower classi—
fication method.

The momon units of analysis for radar backscattering are the 1°
range bins of incident angles. Each bin in the image stands for 1° of
incident angle observation. After sampling for the land-eover type
the average sigma value is given by a range bin. The sigma value
curve moving from near to far range of r elated land-cover type is al—

so obtained. The entire sampling process is shown in Fig. 2.

Auxiliary data Radar image

. !

Sampling based on
intensity

Sampling based on
spatial conditions

l—* Sampling arcas ‘—|

i

Averaging of radar backscattering by 1

.

Drawing of backscatter
variation curve

Fig.2  Sampling process

In most studies ground survey is usually the first choice of
learning sample selection. However for scenarios in which ground
survey is limited or the accessibility of the areas is hampered by lo—
cal conditions such as in the Arctic traditional ground survey is
unrealistic. The proposed approach of spatial knowledge and homog—
enous area intensity information results in an efficient and optimal

strategy that is worth using.
4.2 Radar backscattering analysis at land-cover level

For Envisat ASAR images this section describes the quanti—
tative research based on land-cover types that consider reflective
targets and analyze the radar backscatter.

We adopt the sampling method described in Fig. 2 and identi—
fy the sea ice open water and land areas ( white light gray and
dark gray areas respectively in Fig.3) . The sigma zero trend is

drawn after traditional absolute calibration. The sea ice of the

(¢) lee melting age

Fig.3 Sampling images

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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three images is in the initial ice age the last glacial maximum

and the melting age. The images in Fig. 4 show the obvious inci—

dent angle effect. The curve for the open water is the volatility

maximum with respect to changes in sea ice and land. The same

scattering trend along the range is observed in the land area of

the three images.
Data analysis of sea ice indicates that sea ice open water
and land have different backscatter variations with incident angle

change after the absolute calibration as shown in Table 1. The

g -0 IF a =6
3 _
E 124 | E S
@ e | / @ 10
g '| E
z, -l4 ) f g -12
2 -16 V \f g =
= L -16
-18 _18
-0 —t——r— =20

radiation variation of the open water is the most obvious. These
changes are observed in the same land-cover type. The same
land-eover type is assumed to have the same roughness moisture
content and physical structure; therefore the decrease of aver—
age sigma value is attributed only to the incident angle and the
land-cover type. A method that considers correction at the land-
cover level rather than of the whole image is warranted because
backscatter variation with the incident angle does not equally af-

fect all land-eover types.

Average sigma/dB

18 22 26 30 34 38 42
Incident angle/(")

Incident angle/(*) Incident angle/()
(a) Sea ice (b) Open water (c) Land
=+—Fig.8(a) —— Fig 8(b) —=Fig.8(c)
Fig.4 Backscatter plot for land-cover types
Table 1 Backscattering coefficients of sea ice open water and land
Sea ice Open water Land
Backscattering/dB
Maximum Minimum Variation Maximum Minimum Variation Maximum Minimum Variation
Fig. 1( a) -9.10 -16.11 7.01 -0.02 -13.20 13.18 -5.17 -11.76 6.59
Fig. 1( b) -7.08 -16.93 9.85 -0.08 -19.86 19.78 -7.10 -12.43 5.39
Fig. 1( ¢) -8.52 -19.64 11.12 -0.23 -18.14 17.91 -4.12 -13.92 9.80

4.3 Correction method

For the various classes of the study a method to compensate
for the effect is applied once the incident angle effect is quanti—
fied.

The calibration model based on the theory of radiative trans—
fer/Lambert’s law ( Ulay 1981; et al.
2001b) is proposed in this paper. If the scattering target is a
perfect L ambertian scattering cross section and the radiation
wave front is reflected to the antenna completely backward the

. .. 0 . .
scattering coefficient o obeys a simple cosine law

et al. Menges

o’ = aycos 0.(i ) cos 6,(i)) (3)
where o is independent of the coefficient of the land-cover
types.

For a perfectly rough surface

reflected

the wave front is not totally

and backscatter follow the

coefficients square

cosine law
0 0 2 . 2 P
o = oycos” 0.(i) cos” 6,1 (4)
If the scattering target is distributed by the independent
point reflector.

0 0
o =0,

(5)
A single model cannot be suitable for any land-eover presen—
ted in the image and we want to find a generic backscatter mod—

el that is compatible with various land-cover types. Thus a uni-

versal description is designed based on Eq. (3) —Eq. ( 5)

o = oay{cos 6,(i) cos 6,(i)) }" (6)
where n is not limited to 0 1 2. A better normalized curve can
be produced by searching for a preferred estimate of n. Thus
better flatness degrees along the range distance are observed.

Assuming that the terrain is flat (9, =0) and 6, =6, Eq.
(6) can be simplified to
a’ = oycos'(6)

To compensate for the incident angle effect
by linear regression

(7)

we estimate n

y =nx+b
b=lg( ay) -

the correction model is

Y = g%0s"(6,) +b

(8)
where y =1g( ¢°)

Therefore

x =1g( cos@;)

(o

(9)
5 EXPERIMENTAL RESULTS AND ANALYSIS

For the three Envisat ASAR images the backscatter values
are normalized for the three affected classes: sea ice open water
and land. The coefficients n and b for these classes estimated via
a regression model ( Eq. (8)) are shown in Table 2. We also
model the backscatter of sea ice open water and land and then
correct the incident angle effect. Experiments are developed by
the p roposed correction method which is compared with class—
based correction absolute calibration and first-erder cosine cor—
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rection ( Fig. 5—Fig.7) ( Menges et al. 2001a; Ulaby et al.
1981) . The e xperiment results indicate that the method adopted
in this paper is simple easy to implement and requires little
time. The method can effectively correct the incident angle effect
of Envisat ASAR images.

Table 2 Coefficients n and b for sea ice open water and land

Sea ice

Open water Land
Fig. 8
n b n b n b
(a) 0.81 —-1.49 12.04 -0.11 1.85 -1.54
(b) 2.65 -1.75 10.17 -0.64 2.18 -1.36
(c) 1.54 -1.63 10.29 -0.45 2.58 -1.66

Fig. 5—Fig. 7 demonstrate that the brightness of sea ice

open water and land in the range is enhanced by absolute cali—
bration first-order cosine correction and class-based correction.
However absolute calibration and first-erder cosine correction

are applied in the whole image ignoring the influence of the s
patial distribution of the land-cover type. Although the incident
angle effect is compensated for the corrected images still have
the incident angle effect in the far range.

This study uses a class method based on land-cover types.
After the class-based correction the backscatter values of sea

ice open water and land obtain different compensations. We

also o btain better results with relatively uniform backscatter and
eliminate the incident angle effect in the far range. Overall the
curves of class-hased correction are smoother than those of abso—

lute calibration and first-erder cosine correction and the land—

-6 -6

; P

: \ =

E =10 2 -10
=

5 =12 5 -12
£ o
chn =11)
= ]

& -14 E -14
Z =

-16 -16

cover types in the image are more likely to be distinguished. Fig.

8 to Fig. 10 show that sea ice open water and land have a bet—
ter visual result via class-based correction than via absolute cali-
bration and first-order cosine correction. The incident angle
effect is eliminated and mainly reflected only on open water in the
far range the backscattering of which is significantly enhanced.
The gray values of sea ice open water and land are different

thereby facilitating artificial interpretation and improving senior
classification accuracy.

backscatter values affected
by the incident angle and the correction factor are usually differ—
ent. Given that the incident angle effect on the land-cover type

with higher moisture content ( e. g.

For different land-cover types

open water) is more notice—
able than on sea ice and land the correction factor of this type is
larger. After correction an obvious improvement is o bserved in
the area of open water. Take sea ice for example. A lthough sea
ice takes up only a small proportion in the whole scene the inci—
dent angle effect can be appreciable. Table 2 reveals that the
correction factor of sea ice in the last glacial maximum is the lar—
gest whereas that in the initial ice age is the minimum.

For most of the classes backscatter systematically decreases
from close range to far range. This result contradicts several stud—
ies that suggest that after correcting for topographic effects the
incident angle effect can be ignored for spaceborne observations.
The results of this study indicate that when dealing with space—
borne observations with a swath of several hundreds of k
ilometers the incident angle effect on radar backscatter should
be considered.

Average sigma/dB

8 s s . i
26 28 30 32 34 36 38 40 42 18
Incident angle/(")

77

26

{a) Vanation after sea ice correction in Fig_ 1{a)

—=— Corrected by absolute calibration

Incident angle/(”)
(b) Variation after sea ice correction in Fig. 1(b)

—+— Corrected by fist order cosine

30 42 18

22

26 30 34
Incident angle/(*)
(¢) Vaniation after sea ice correction in Fig. 1{c)

—=— Corrected by class-based

Curves of sea ice backscatter estimates with incident angle
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Fig® Bohai Bay ASAR images after absolute calibration

(a) Variation after correction in Fig 8(a)

Fig.9

(b) Variation after correction in Fig 8(b)

(a) Varnation after correction in Fig 8(a) (b} Variation after correction in Fig 8(b)

Fig.10
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Bohai Bay ASAR images after first-order cosine correction
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6 CONCLUSION

The angle change of backscatter is measured and analyzed
for several ASAR WSM images which confirms that the incident
angle effect in the mode of wide observation width cannot be neg—
lected particularly on sea ice and open water. Based on quanti-
tative research radiation correction in land-cover backscatter
values based on the cosine Lambert’s law estimated through linear
regression is performed. Compared with the traditional effect that
uses the absolute calibration formula the method in this paper
can efficiently compensate for the incident angle effect of wide
observation width SAR images.

Most satellite ground receiving stations offset the backscatter
change in the range direction by using the sine part in the abso—
lute calibration or the first-order cosine correction. Thus chan—
ges in land-eover types have been ignored. For the application of
wide observation width satellite SAR  however a more thorough
correction scheme should be considered namely the scheme re—
garding the distribution of land-cover types. The estimated values
of n and b in the correction result can also be used for the senior

classification of land-cover types.
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