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ABSTRACT:

Synthetic Aperture Radar (SAR) is an effective leattservation sensor for the regions where freqalenid and fog cover makes
optical image acquisition extremely difficult. TB¢ate Bureau of Surveying and Mapping of Chinaoizdticting the western China
mapping project, which aims to generate 1:50,0G0estopography and other thematic maps for the wikdtern china region
covering around 2 million square kilometers andifigwnot been mapped at this or finer scale befarpart of the western china
region characterized by frequent cloud, fog andh mgpuntains will be mapped by SAR. But, due toittierent side-looking, SAR
images suffer strong geometric distortions, suckaysver, shadow and foreshortening, especially avauntainous regions. These
geometric distortions greatly limited the interit&in of SAR images. To cope with this difficultg,methodology of generating
color SAR orthophotos over mountainous area has pegposed. The methodology consists of severabitapt processes. A fully
polarized SAR image is processed to form a colade which generally has better interpretabilityntta gray-scale image from
single polarized data. The color image is thenartctified with high precision Digital Elevationddel (DEM). At the same time,
the radiometric distortion induced by topography. ¢he variation of effective illumination areatkn a pixel cell is corrected.
Finally, two SAR images with opposite viewing angdech as the ascending and descending acquisifioaprocessed. A mask
marking the layover and shadow area is generateddban the DEM. The ascending and descending SAfRdmare fused by
replacing the pixels within the mask with thoseniréhe opposite viewing image. Through these pracgss colorful SAR
orthophoto is generated, which can be used asearbap for image interpretation. The validity of fm®posed methodology has
been demonstrated with an experiment using RADARAjUad-polarization products in the Hengduan mainrdrea of Western
China. A software module has been developed base¢tdeomethodology, and has been successfully apfieche Western China
Mapping Project.

1. INTRODUCTION 2. METHODOLOGY OVERVIEW

SAR provides an efficient way of earth observatfon areas
covered by rain, haze/fog and cloud frequently ugtothe year.
However, SAR images have severe geometric distmtisuch
as layover and shadow, which are the consequerfcesla
looking viewing geometry and underlying topograpfgjief.
Precise geometric correction is thus absolutelyessary when
spatial information of terrain feature is neededorintegrated
analysis of multi-temporal and multi-source infotioa is to be
performed (Chen 2004). Since the prevalence ofviayand
shadow in mountainous areas, scattering signais fiioese
distortion regions hardly contain information abatgtrrain
cover types. The State Bureau of Surveying and hhapp
(SBSM) of China is conducting the Western China plag
Project, which aims to generate 1:50,000 scalegigmhy and
other thematic maps for the wild western chinagegiovering
around 2 million square kilometers and having rerbmapped
at this or finer scale before. A part of the wastehina region
characterized by frequent cloud, fog and high maust for
example the Hengduan mountain area, will be mappesAR.
Obviously, using a single SAR acquisition can naemnthe
needs of interpreting land cover and other themaf@mation
in these regions. In this paper, a methodologyripased to

generating color SAR orthophotos by fusion two SAR

acquisitions with opposite viewing geometry, elg ascending
and descending configuration.
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The proposed methodology consists of several maioggsing
steps: color composition from polarized SAR, ortho-
rectification, terrain-induced radiometric correctj fusion of
ascending and descending data. The overall flowabfathe
methodology is shown in Fig.1l. These processingss&re
introduced as follows (Figure 1).

2.1 Color Composition of Polarized SAR

A polarimetric SAR measures the microwave reflégtiof a
target using quad-polarizations HH, HV, VH, and Y8/form a
scattering matrix (Lee 1999). Based on the scatjematrix,
many methods can be used to form a false color osit® In
this work, the Pauli polarimetric decomposition hwet is used
to generate the Red/Green/Blue channels as sho&nquation
1.

|a|2—>BIue
lof?—~Red )
|c|2 —~Green
1
N

S, + S, » S, are the elements of scattering matrix.

Where[a b c]=—=(S, +S, S, -S, 25, ).ands,
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Asconding and dscending 2.3 Terrain Induced Radiometric Correction
polarimetric SAR data
(RadarSAT-2) . . . .
v It is assumed that the topography is flat in cotiosmal SAR

image radiometric calibration. In mountainous ayrete
backscattering is distorted by topography relief Phang
L2 2003). As for space-borne SAR imagery, the radidmet
DEM distortion caused by topography is mainly the waoia of
effective scattering area. Theoretically speakinie
radiometric distortion caused by the scatteringaaeach a

Color composition

Range—Doppler Model

Sparse GCPs N .
Construction

[ v T
4

Orthorectification maximum when the local incident angle is zero. $tmaller

¥ the incident angle, the bigger the error caused thwy

Terrain induced radiometric topography (Chen 2002). Considering this, we adbgt

correction method proposed by Y. Zhang (2003) to correct the

v radiometric distortions caused by topography. Thisthod

I-Iilh:L;, and involves calculate a scatteri_ng area normalizatfaotor
. based on DEM and SAR imaging geometry.

Color orthophoto The effective scattering area, namely A, is theaa@eSAR

ground resolution cell in actual terrain projectad the

Figure 1. Flowchart of fusion of ascending and dasing normal plane of radar light. It can be calculated&qguation 4

polarimetric SAR data for color orthophoto genemati (Adrian 1998).
22  SAR Imagery Ortho-Rectification with Sparse A=_ O G )
Ground Control Points (GCPs) sin(y, ) cos@, )

Where, 5 is the slant resolution in range directiq®; is the
The Range-Doppler(R-D) equations (See equatiorre}re 5 g 8

physical geometric model for SAR images. For spaueb azimuth resolutiony is the local incident angle in range
SAR, the R-D model can be calculated from the patara direction; g, is the slope angle in azimuth direction.
provided in the header file of a SAR image. Basadtte

model, for every ground resolution cell represerigdthe

3D geodetic coordinate Xm’Ym’Hm)' the projected image As shown in Figure 27 can be calculated according to
coordinate {_, j,) can be calculated. Equation 5:

R=|R-R| L ©)

) where y is the viewing angle of SAR, and is the slope
__2(R-R)V - et
fy = angle in range direction.
A |R-R|

In Equation Z,Kandv are the position vector of the Since the backscattering coefficient has a squeationship

with the amplitude of SAR image, the amplitude eatan be
multiplied by a scattering area normalization facio

R is the position vector of the ground targgt v 7)., R is expressed in equation 6 (Zhang Y 2002) to elimirthe
radiometric distortion caused by the variation ffecive
scattering area of SAR ground cell.

Doppler frequency of the center of the electro_magr’aeam o= sin(y—8 )cod, 6)
and A is the wavelength of the electromagnetic wave.

sensor&s,yslzs)and velocity vector kv,YwZv) respectively,

the distance between the target and the senﬁloris the

But, due to the limited accuracy of the paramepeovided
in the header file, the calculated image coordir(@te;j )

may offset from the real image coordinate, §, ), which
corresponds to the ground target atxm(,ym,Hm). The

relationship between the calculated image coordiaat the
real image coordinate can be modeled with a seooter
polynomial expressed by equation 3. By means d¢éast 4
GCPs, these parameterg, (d, ) can be estimated using a

.
least-square method. After knowing these parametbes Vm‘
SAR image can be ortho-rectified to a known DEM (Y. 7

Zhang 2002). Please note, here sparse GCPs arelaramnks
because it is very difficult to obtain many GCPsegi the g D
remoteness and inaccessibility of the Western Clagin.

ir:CO+C1xic+CZXi02 (3)
Jp =dy+d;xj +d,x ch

Figure 2. Local incident angle in range direction
2.4 Fusion of Ascending and Descending I mages

Based on the terrain slope and aspect angles, k image
can be generated which marks the areas affectesthdagow
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and layover. Since the radar illumination rays stemding

and descending images are opposite to each ofleemasks
will be complement to each other. Therefore theeading

and descending images can be fused by setting iaiatec
rule to exclude pixels in layover/shadow regione Tesult

image will be full of information and can be used further

interpretation. The details of this processingian@duced in

next section.

3. FUSION OF ASCENDING AND DESCENDING
SAR IMAGES

3.1 BasicPrinciple

Because of rough topography, there are severe éayand
shadows in ortho-rectified SAR images. Figure 3wshthis
phenomenon in ascending and descending SAR imadhs i
Hengduan Mountain areas. Layover and shadow relggsn
very limited useful information, which not only necks the
visual effect, but also results in the difficultyf anage
interpretation. However, since the lines of sighO§) of
ascending and descending images are symmetry |dpess
facing the LOS of an ascending image are in thé Biapes
of corresponding descending image, vice versaekample,
figure 3(a) is a right side-looking SAR image ircesding
direction and figure 3(b) is a descending one. Hy®ver
area surrounded by the red line in the facing slopégure
3(a) corresponds to the red area in the back stofigure
3(b). Therefore, the layover area in figure 3(ah dze
substituted by the red area in figure 3(b), andilaiy the
layover area in figure 3(b) can also be replacedthsy
corresponding area in the back slope in figure .3B)
compensating the layover/shadow region of
ascending/descending data with the information from
counterpart descending/ascending data, a SAR drthop
with full information can be generated.

Based on the above principle, in this paper a nata tlision
method using ascending and descending side-looRikB
images is proposed, including two parts: 1) debectof
layover and shadow from SAR images; and 2) datariuer
ascending and descending SAR images.

Right Side-looking <:I

Ascending Direction

::> Right Su’ic-lm)kin

(@) (b)
Figure 3. (a) Ascending SAR images (b) Descen8iAR
images

3.2 Detection of layover and shadow

Layover and shadow areas in SAR image need to teeted
before fusing ascending and descending data. Bassdtie
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SAR geometric model and DEM, a method is develdped
detect layover and shadow areas from SAR images. Th
method includes the following steps:

1) The SAR image with larger incidence angle of ithage
center is selected as master image, and the athbealave.

2) Using DEM, the aspect angle in azimuth directidna
pixel in the ortho-rectified master image is cadtall, by
means of which to determine whether this pixebisated in
the facing slope or the back slope.

3) Based on the SAR geometric model, the original and
column coordinates of each pixel in the ortho-fesdi
master image are calculated. Accordingly, theielfite state
vectors can also be obtained by utilizing orbit elod

4) Calculating look anglgZ and slope anglé in range
direction. If the pixel is located in back slopelaatisfies the
condition Q >y, then it is within shadow area and marked
as Flag =1. If the pixel is in the facing slope andets the
condition y+6’r =90°, then it is determined to be within
the layover area and marked as Flag=0.

5) Generating mask images. The mask images forvéayo
and shadow are generated by conducting the caloulaf
step 2) ~ 4) for each pixel.

6) Editing the mask images. By means of morphokigic
operations such as erosion, dilation and averdigeiriig, the
mask images are edited to eliminate the ‘“islandst a
“zigzags”, errors.

The method of detecting for layover and shadow sarea
mainly involves the following aspects: the judgéesufor the
facing and back slope, the calculation of radak langle)/,
slope angle in azimuﬂﬁ?a and slope angl@r in range.

1) Judge rules for the facing and back slope
(1) Heading angle calculation of SAR orbit

Heading angle_ can be calculated with the first and

last state vectors which are obtained from thededite of
master image.

(2) Base on DEM, aspect angﬂen of each pixel at
ground resolution is calculated.
(3) Calculating the aspect angle in azimtﬁ’gfor

1
5g A

" L
' o

kY
i
o
L A,
R
A

Figure 4. Aspect angle in azimuth direction

The aspect angle in azimLﬁ; refers to the angle from flight

direction of SAR sensdbto the aspect of ground resolution
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pixel L | As shown in Figure 4,AB is parallel to the
ascending orbit direction of SAR senser, N for the
geographic north directionB, for the aspect angle of
ground resolution pixel , Q for the heading angle of
sensorS Thus, the aspect angle in azimyfh can be
expressed as:

a) If aspect angl;é?n is greater than heading angle of

sensoS then

Be=B % U]
b) If aspect anglﬁn is less than or equal to heading
angle of sensdB, then
B, =360-Q, + 8, 8)
(4) To determine whetheﬂS is greater than 180

for each pixel, if YES, the pixel is judged to lmethe facing
slope, otherwise the back slope.

2) Calculation of radar look angl§

Based on SAR imaging geometry, radar look aftgan be

expressed as (Jia 2005)

Sl[&F+R2— IR IZ ©(9)
x|R xR

3) Calculation of slope anglﬁa in azimuth and slope

y=90°—arcco

angle 8, inrange

6, and 8 are calculated with slope angle, aspect, and
heading angle of SAR sensor, which are extractad DEM.

> \
Figure 5. Slope anglé, in azimuth and slope ang. in

range

As shown in Figure 5Sis the SAR sensor. In the cuboid

ABCD - EFGE‘} GF is parallel to the descending azimuth
direction, andFN is the aspect of the ground scattering unit
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uuu
EMKJ , B, is the azimuth angle ofFN referring to the

sensor flight directiont:;AE’ 9a and t9r are the slope angles

in azimuth and range of the ground scattering @ntKJ ,
respectively. According to geometric relationshidifan
1998), we have

MF _ MNSin@Lsing, _ sindUsing; (10)

tan@ )= ——
EF MN [tosg co¥
Thus,
6 = arctan{smfo%’gs ] (11)

By the same way,

6, = arctan% ] 12)

3.3 Data Fusion of Ascending and Descending SAR
Images

The decision-making rule is shown is figure 6, gsmask
images for layover and shadow, by which the graye/af
the pixel in layover and shadow areas can be regladgth
corresponding pixel for multi-side-looking SAR détsion.

Master
mask image

0 = layover
1 = shadow

Keep master
gray values

0 = layover

Both
retaining
and
replacing
are 0K

Orthograph

Figure 6. Fusion of ascending and descending SAdRé®

Replace
master gray

values by
slave” s

Keep master
gray values

4, EXPERIMENT ANALYSISAND APPLICATION
4.1 Test Areaand Data

Based on the methodology and algorithms discussedea a
specific module has been developed. An experimastleen
conducted using two RadarSat-2 (ascending track and
descending track respectively) fully polarized imsgwnith
8m resolution in Hengduan Mountain area (see Figo Test
the validity of the proposed methodology and theettgped
software.

Hengduan mountain area as a whole shows an eastaves
north-south direction. It is characterized withtigountains,
deep valleys, and complex landform types. Thedesa has
a elevation varying from 1658 meters to 6719 medtcve
see level and the average 3642 meters. This toplograas
led to the severe foreshortening, layover and shiado both
the ascending and descending SAR images. Therasshas
very long time cloudy/foggy weather during a yeand
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some meteorological disasters (thunder, snow ailsitdrze)
occurs very often.

The complex topography and harsh natural conditroake
traditional field work extremely hard. It is impdsie to
survey many GCPs in the field .Therefore, some tpaiith
clear visual feature at the Radarsat-2 imagesedetesl from
SPOT-5 HRS panchromatic image (5 meters resolutmbg
used as GCPs. Totally, 19 points are located wliir t
planimetric coordinates measured from ortho-resdifSPOT
5 image and height from existing 1:100,000 DEM. ©fit
them, 5 points are used as GCPs to rectify the Radar
images with the method presented at section 2@ tlanrest

14 points are used as check points. The planimetric

positioning accuracy of the rectification in thedKection is
about 8m, in the Y direction about 7.5m, and the RM
around 11m, which fully meets the standards of Q080
scale topography map regulated by SBSM.

— RS2 Ascending Image
— RS2 Descending Image

287 4

2868 4

8.5

8.4

Latitude

283 4

282

98.7
Longitude
Figure 7. Spatial coverage of the ascending asdetteling
RadarSat-2 images

4.2 Experiment Resultsand Analysis

4.2.1 Shadow and layover area detection According to the
method of shadow and layover detection introduced
section 3.2, the ascending RadarSAT-2 image iseches
the master image, and the descending one as theisiage.
With the existing 1:100,000 DEM of the measurechathe
shadow and layover areas of the SAR images aracett as
the mask map (as shown in Figure 8).

Figure 8. Mask map

Due to the limited accuracy of sensor orbit and DEM
example the DEM we have used is at 1:100,000 sedlich
generally has a grid spacing of 50 meters, theaete¢d mask
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map will present some errors, such as holes arzhgigin

order to reduce the impact of these errors on ftesveard

fusion process, the morphological erosion and idifat
operations is used to filter the mask image. Thecebf the

morphological filtering is shown in Fig. 9.

'

(@)

(b)
Figure 9. (a)Original mask with hole and zigzagA\f9r
morphological filtering

4.2.2 Fusion of ascending and descending SAR images
With the mask map of shadow and layover, the asognd

image as the master image, the descending one eas th

subordinate image, the fusion experiment is camigdunder
integrated decision-making rules. The result iswshadn
Figure 10.

Figure 10(c) is the resulted SAR color orthophdteramage
fusion. Figure 10(a) and Figure 10(b) are the adiognand
descending rectified RadarSAT-2 image respectivEhese
figures show that after image fusion, the shadow lagover
areas have been greatly mitigated and eventualbetter
color SAR orthophoto has been obtained. Moreoveis t
method is also applicable to the case of fusingcaiosd or
subset images from different tracks, to cover gdaor only
a portion of SAR frame.

4.3 Application

Based on the proposed methodology of color SAR
orthophoto generation, the SAR color orthophotogedog
700,000 square kilometers in the Hengduan Mourdaéas
have been produced. These orthophotos have beenasse
the base map of field work to investigate the lander and
thematic information in this mountainous region.

5. DISCUSSION AND CONCLUSION

In Figl0(c), there are still some residual layovensd
shadows, which are mainly caused by the followeggspns:

1) The incidence angles of the ascending and ddsugen
images are not exactly opposite, e.g. they are239%hd
40.53° respectively in the case of Figure 10, legdd that
the range and location of layover and shadow airedke
ascending and descending images are not
complement to each other. Therefore, we need tefufr
choose the ascending and descending images fonfusi

2) The DEM used in this experiment has limited aacy,
which causes the errors in shadow and layover eidra

But we have to bear in mind that for spaceborn¢esys the
incidence angle of SAR image can not be adjustedves

precisely
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want, therefore the first reason may always eXissolution
to this problem is to use more images rather tham with
one in ascending track and another in descendauk tfor
data fusion. For example, we can use 4 imageseasith 2 in
ascending/descending directions. This can be aetisith
spaceborne or airborne SAR systems with the abdity
adjustable viewing angles. In this case, it will bet a
problem to get a totally layover/shadow free ortmap

a set of methodology to generate color SAR orthapho
where the images are acquired in both ascending and
descending directions and fused together to exchigels
within layover and shadow regions. The proposed
methodology has been tested and validated and dexs fut

into use in the Western China Mapping Project. Hewethe
methodology can be improved further by using marages

to get a totally layover/shaodow free fusion, amdhbcing

the tone differences of the images during differsiue-

using the proposed data fusion scheme.
looking image fusion.

In response to the complex terrain and intrinseftuees of

SAR slant imaging in mountainous areas, this pgpesents

Figure 10. (a) Rectified ascending RADARSAT-2 imah) Rectified descending RADARSAT-2 image (ecAnding and
descending RADARSAT-2 image fusion result
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