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ABSTRACT:

The contribution of Polarimetric Synthetic Aperture Ra(RoISAR) images compared with the single-channel SAR imseof tem-
poral scene characterization has been found and descdlzeftitvaluable information in the literature. However, dtesg number of
recent studies focusing on single polarized glacier moinitp the potential of polarimetry to estimate the surfaemeity of glaciers
has not been explored due to the complex mechanism of pafiatizthrough glacier/snow. In this paper, a new approac¢hegrob-
lem of monitoring glacier surface velocity is proposed byameof temporal PoISAR images, using a basic concept froonrirdtion
theory: Mutual Information (MI). The proposed polarimetric tracking method applies kil to measure the statistical dependence
between temporal polarimetric images, which is assumee tméiximal if the images are geometrically aligned. Sinceptioposed
polarimetric tracking method is very powerful and geneitatan be implemented into any kind of multivariate remotesseg data
such as multi-spectral optical and single-channel SAR &sag

The proposed polarimetric tracking is then used to retrgauéace velocity of Aletsch glacier located in Switzerlamt of Inyltshik
glacier in Kyrgyzstan with two different SAR sensors; Ea¢i€-band (single polarized) and DLR airborne L-band (fptyarimetric)
systems, respectively. The effect of number of channelafpoktry) into tracking investigations demonstrated that presence of
snow, as expected, effects the location of the phase cerdéfaérent polarization, such as glacier tracking with peral HH compared
to temporal VV channels. Shortly, a change in polarimetigoature of the scatterer can change the phase centemgauguestion
of how much of what | am observing is motion then penetratibmthis paper, it is shown that considering the multi-char8&R
statistics, it is possible to optimize the separate thesg&ribations.

1 INTRODUCTION 2 GLACIER SURFACE MONITORING

Polarimetric Synthetic Aperture Radar (POISAR) data aiede  This paper expands the ideas firstly presented in (Erten. et al
used more and more for temporal analysis such as crop inyento >012)  which uses the Ml to characterize the temporal saene i
change detection, land use management and etc. Although theierms of PoISAR images. In this work, the mutual informa-
are interesting works in glacier monitoring with singleaohel  tion, which is maximum if the temporal images are geomeltsica
single-polarized SAR images (Erten et al., 2009, Reigb@l.et  ajigned, is used for multi-channel (PoISAR) tracking by leitp
2008, Fallourd et al., 2011), the potential of POISAR in @ac  jng the second order statistics of the acquisitions.

monitoring has not been fully investigated yet. Indeed, ange

in the polarimetric signature affects the phase centerdrpties- 21 Theoretical Background

ence of the snow, meaning that tracking with temporal HH ehan

nels may differ from the VV one (Rott and Davis, 1993). To o - IR
take into account this polarimetric information into thadking, A témporal acquisition vector, for each pixel, = [k‘l k2]
instead of single channel tracking, as in common in litergtu is a complex vector distributed as a multi-component cacul
a new polarimetric approach is proposed in this paper. The amaussian/\/'c(q ¥) that consists of two target vectols ~
proach proposed in this work for tackling this problem is the /¢ (0, ¥, ) andks ~ A€ (0, $22) obtained from temporal multi
maximization of theMutual Information (MI) between tempo-  channel SAR images at tinmie andt», respectively. Here, the
ral polarimetric covariance matrices, yielding the bedidiveen | \mber of elements in one of the target vectorat timet; is
different displacement (shift) vectors. represented byn, and hence the temporal target vedidras the
The presentation of the paper is as follows. Section 2 agdses dimension ofy = 2 x m. For exampleg = 2 corresponds to in-
the theoretical background of the multi-channel MI and egpr ~terferometric SAR (InSAR) images where@s-= 6 corresponds
the proposed algorithm how to use in glacier monitoring. -Sec Polarimetric interferometric (PolInSAR) images. It can tee
tion 3 is dedicated to experimental results on for tempdeatigr ~ Marked that with single channel data (= 1), only one copolar-
monitoring with DLR airborne E-SAR sensor and Envisat im- ized channek; = kp or k; = k.. is recorded, and the phase
ages, presenting the performance of the proposed algofitiam carries no useful information for distributed targets. Wheulti-
long and short wavelength, respectively. Section 4 comduble  channel (polarimetric) data are available ézg.: [knn kho kool
work with discussions. phase differences between channels provide informatiautab
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dielectric and geometric properties of the scattering omadiLee  between images. In this work, the maximization of the Ml isdis
and Pottier, 2009). as a tracking algorithm.

The true covariance matriX, which contains sufficient statis- Let's assume that a reference blogk;, = [A11,, A11,,- -
tlcs_ to charac_tenze the_achIs_mo_n veckgrs not known, and is Ans,l,AnS]T matches a second blocles, — [Azs., , Az
estimated using a maximum likelihood methodspgample -

29

T
look) spatial coherent averagingt = £ 5°"_ k;kl. The true " 7A22i(s—1)7A22is:| . This matching results in a displace-
covariance matrix:, as well as itsi-sample estimatel, can be  ment (shift) vectow; , wherei indicates the block which is shifted
portioned as: ¢ subpixels, ands is the number of pixels in blocld,,, and

Asz,,. Then, the displacement vect@rbetween the images is
. _ { S i } and A — { Ann A } (1)  obtained by maximizing the Mi11,, Az2,.) for each block
Z21 E22 A21 AQQ
17: argmaxf(MI (A1157A22i5) ,171) . (3)
which summarize all the information (the joint and margjnal
from temporal multi-channel SAR acquisitiond,» = A}, isa
m x m dimensional cross correlation matrix between the acqui-
sition vectorsk; and k> which characterizes the interferometric 3 EXPERIMENTAL RESULTS
and polarimetric information. Since the variables falluratly
into two sets, they can be correlated or uncorrelated pseses This section contains a concise presentation of the praoppse
(0 < P? = %'212%5, Ua1 < I,,) over time depending on the  larimetric tracking method. It is not intended to give ardiepth
monitored objects. The matricet;; and A2. are the standard geophysical analysis, but merely an example of motion @stim
n-look andm x m dimensional polarimetric covariance matrices tion using the MI. To validate the proposed approach anddwsh
of separate temporal images. Note that,/for= 1, matrix A;; its performances in different acquisition circumstantes, dif-
reduces to the single intensity scadar ferent sensors having different system parameters havelsee.
It is worth mentioning that the precise/coherent geomeuieg-
istration of temporal SAR images is a strict requirementrack-
ing algorithms. In order to perform a precise coregistrafior
spaceborne image, backward geocoding was employed (Siansos
etal., 2006). In the backward geocoding approach, for ed&¥ D

Vi

2.2 Proposed Algorithm:

The Ml is well known technique for co-registration of renlgte
sensed images such as medical, optical and radar images @tlae

al., 1997, Reinartz et al., 2011, Chen et al., 2003). In thjzep, . . . .
. - N element, the image pixel with the nearest range-Dopplerdtoo
the MI is adopted for glacier monitoring in terms of temporal . . ) o
nate is calculated. For airborne images, which is more ehgé

multi-channel images. The major requirement to compute thEhan the spaceborne ones due to the absence of precisenerbit i

MI between two images is the accurate estimation of the join ormation, themulti-squint approach has been applied (Prats et
histogram from the samples. However, in the case of polaricme al 2009)’ = pp pp

images, it is really time consuming work due to the requineime

of 6 dimensional joint histogram. To overcome this problem{oin pg first pair considers airborne images acquired by the Expe
distribution between temporal polarimetric covariancelrio@s  jmental SAR (E-SAR) system of the German Aerospace Cen-
derived by Erten etal., 2012 is used. ter (DLR) in the frame of th®MSAR campaign, 2006 (Prats et
In probability and information theory, the mutual inforrizat al., 2009). Table 1 summarizes the acquisitions over thésélte

is a commutative measure of the difference between the join_?_ﬁgiegilroﬁitjg inoﬁg"ids: At‘:apri ir(‘)?gﬁg‘sgofgﬁgnsysrf\%gfm'
probability distributionpxy (', y) and the marglnfal probability le ofm(;nitoring the fas)t/ Iaciper surface veIO(’:iE[) in thegence
distributionspx (z) andpy (y) of the random variableX and gf el corr%lated s gckle e y i
Y, respectively (Papoulis, 2002). Taking the joint disttibn y P p :
p(Ai1, As2) of temporal polarimetric covariance matricds: T _ . .

; S 0 address the application potential of the proposed meimod
an(jE?tQQchte Il\/llggivzve'en them due to the Wishart process in tlmesingle channel SAR images, spaceborne sensor ASAR Envisat
is (Erten etal., ): images acquired over Inyltshik glacier located in Kyrggrsare

Darr(Air; Asy) = E{log(oﬁl (n,0)} proc_essed. In case of spa_ceborne _monltorlng, avery fashfiow
) glaciers deserves a special attention. In particular, peelde
— nlog (Im — p2) _ _2nP" (2 patterns of the temporal images are no longer correlatedalue
Im — P2 the satellite fixed temporal resolutiof3(days for Envisat) and

the shorter wavelength.

¢ = 2111\222122221A11A2222212212111\22 Fig. 1 shows the histograms of the coherences of both pairs in
Sz = 11— $1285 Yot the glacier area. The decorrelation effect in the Envisaitquen-
pared to the E-SAR pair is already visible in the figure. Irecafs
whereo F; (n, C) is thecomplex hypergeometric function of ma-  fast moving glacier, a larger wavelength like the L-bagd.§
trix C.. This function can be calculated with the help of the posi-cm) one, compared to a shorter wavelength X-bahd ¢m),
tive eigenvalues of they x m Hermitian matrixC' by (Smithand  tackles some of the decorrelation problems because ofdtepr
Garth, 2007). ties to penetrate more into the snow and the firn.

In terms of tracking applications the best match betweemptem 3.1 Aletsch glacier (coherent) monitoring with L-band

ral images is found by maximizing a tracking algorithm begwe

a reference image at timg and a second image at tinig. In This section presents the results to show the performaricbee o
practice, the reference image is fixed, and the second insage proposed fully polarimetric Ml approach with L-band dataihg
shifted by a factor of resolution (subpixel). At every sughi  one day temporal resolution. In particular, a detailed ysislof
shift the value of the tracking algorithm is stored, and thb-s  polarimetric tracking based on Ml over glacier having tenapo
pixel shift at the peak is assumed to be the correct displanem (relatively) correlated speckle patterns is handled. Eiglots the
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Table 1: SAR acquisitions

Envisat C-band| E-SAR L-band
temporal resolution 35 day 1 day
wavelength 3.1cm 24.3cm
along-track resolution 7.8 m 1.5m g
across-track resolution 4m 3m
polarization vV HH, VV, HV, VH
baseline 360 m om
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Figure 1: Reconstructed coherence histograms corresmpmali © —mZai(M)I)—nel?n((MI)

the Aletsch glacier, after & day and to Inyltshik glacier after . .
35 day time interval, using a coherence estimation window off 19ure 2: Retrieval of the along-track (a) and across-t(agklis-

placements, after aday time interval, using the proposed polari-
metric tracking. (c) The robustness map. The horizontaldiion

estimated along-track (a) and the across-track (b) displects ~ corresponds to the along-track whereas the vertical direcor-
through two SWISAR campaign acquisitions. In here, the am+esponds to the across-track direction.

plitude of the displacements is the division of the dispfaents

vector by the time interval between acquisitions. The along surface velocity of the Inyltshik glacier can be found in {da
track information turns out to be very valuable, since in som etal., 2008, Erten et al., 2009).

areas the across-track (LOS) measurement cannot yieldisny d
placement due to the lack of movement in the across-track di-
rection, highlighting the limitation of DINSAR applicatio The
amplitude of the displacements in both directions can béyeas
discriminated because of the geometrical characterisfidbe
monitored glaciers. Considering previous in situ measergs)
the displacement maps are found correctly in both acress-tr
and along-track directions. The first one with the averagé&rof
cm/day and the other one with the average speetbaim/day,
respectively.

11 x 11 samples.

4 CONCLUSIONSAND DISCUSSIONS

Multi-channel (polarimetric) tracking approach has beemdn-
strated to estimat2 D glacier surface velocity by maximizing the
MI between temporal acquisitions. Two conclusions can béema
after analyzing the first results in multi-channel trackifdrstly,

in the ablation zone of the glacier, the multi-channel thaghm-
proves the surface velocity estimation significantly. T¢as be
explained thanks to the natural properties of the ice blaoic
To test the performances of the MI based tracking throughlevho coherent scatters in this area. Since polarimetry doesawet &

glacier, the classical maximum likelihood estimation parfance  significant role in those features, making use of the miitirmel
criteria: -hence polarimetric channels, increase the randomnese afct

quisitions, and so the quality of the estimation. Secoridlyhe
accumulation zone of the glacier, tracking between interfet-
_ max(MI) — mean(MI) (4)  ric methods with different polarization can cause a mistead
mean(M1T) — min(MI) information based on the difference in penetration deptH &f
has been plotted in Fig. 2(c). It can be easily seen that aread V'V channels into snow. It has also been shown that thanks
including moving ice blocks, crevasses and rocks have afisign to multi-channel tracking this misleading information dzop-
Canﬂy better estimation performance than areas inc|uhﬁmrs timized since the movement/shift between each temporalr'pol

of snow. Note that a detailed analysis of Aletsch glaciefamer ~ Metric channel is the same. However, availability of groome-
velocity monitoring with single channel SAR (only tempoval’ surement is required for validating the proposed methoe.fdh

channels) can be found in (Prats et al., 2009) and (Reigtmr,et lowing specific research questions will be answered withigdo
2008). measurements:

3.2 Inyltshik glacier (incoherent) monitoring with C-band
e At what level of accuracy can glacier surface velocity can

As final example for the Ml based tracking, the surface displa be measured thanks to POLSAR images?
ment map of Inyltshik glacier by single channel Envisat @ha
highlighting the application potential of the proposedapiphet-

ric tracking in decorrelated data set (see Fig. 3(a)), has bé-

tained. Thg surfac.e ve!omty map -Fig. 3(b)-, which is in ac 4 How can the proposed algorithm be depended on the wave-
cordance with previous in situ measurements, shows thedlypi length (penetration to ice)?

surface velocity pattern of glaciers with an highest velesiin ’
the center of the glacier and a strong gradient towards thado
ary. A more detailed study about the geophysical propesfitse

e Can PoISAR glacier surface velocity measure improve the
one with single-channel single-polarized SAR images.
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(b) Displacement map

Rott, H. and Davis, R. E., 1993. Multifrequency and polatime
Figure 3: (a) Interferometric coherence image of Envisanec  'iC sar observations on alpine glaciers. Annals of glagyld7,

The white rectangle indicates the location of Inyltshikoiga pp. 98-98.

(b) Velocity map+/d?, + dZ. produced by maximizing the M, gansosti. E., Berardino, P., Manunta, M., Serafino, F. and
whered,; andd.. shows the displacement vector in along-track Fornaro, G., 2006. Geometrical sar image registration. -Geo

and across-track direction, respectively. science and Remote Sensing, IEEE Trans. on 44(10), pp. 2861—
2870.
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