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Abstract: Reliable multitemporal landslide detection over longer periods of time requires
multi-sensor time series data characterized by high internal geometric stabiliteell as

high relative and absolute accuracy. For thigpose a new methodology for fully
automated coegistration has been developed allowing efficient and robust spatial
alignment of standard orthorectified data products originating from a multitude of optical
satellite remote sensing data of varyingtgpaesolution. Correlatiofased ceegistration

uses worlewide available terrain corrected Landkatvel 1T time series data Hee spatial
reference ensuring global applicability. The developed approach has been applied to a
multi-sensor time serie®f 592 remote sensing datasets covering an appet&ly
12,000km? area in Southern Kyrgyzstan (Central Asia) strongly affected by landslides.
The database contains images acquired during the last 26 years by Landsat (E)TM,
ASTER, SPOT and RapidEye sersoAnalysis of the spatial shifts obtained from
co-registration has revealed senspecific alignments ranging betweemSand more than
400m. Overall accuracy assessment of these alignments has resuliddgim relative
imageto-image accuracy of 1ih (RMSE) anda high absolute accuracy of 23 (RMSE)

for the whole ceregistered databasenaking it suitable for mukiemporal landslide
detection at a regional scale in Southern Kyrgyzstan.
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1. Introduction

Landslides are a wordide occurring natural hazard leading to severe loss of life and
infrastructure. A global tendency towards steadily increasing landslide riskecabskrvegdbecause
of the spreading of settlements in unfavorable regions and the consequences of climatgicBange
Against this background, improved understanding of landslide processes in space and time is of
great importancgerequiring multi-temporal landslide inventorid8i 5]. So far, they have been largely
missing for most parts of the worldbecause of their time and labor intense preparation using
conventional mapping methodSi 7]. In this contextthe increasing availability of optical satellite
remote sensing data has opened up new opportunities for spatiotemporal analysis of landslide
occurrence covering large ardassi 10].

The ompleteness and quality of remote sendiaged landslide inventories depend on the used
multi-temporal image database, wheradsgh temporal repetition rate over the longest possible time
period of data availability is rexred in order to perform longéerm analysis of landslide occurrence
which is necessary for objective landslide hazard assesqBigsjt For this purposethe global
Landsat archive is of key importangaroviding free access to the longest available time series of
mediumresolution optical satéle remote sensing dafal]. However, in order to achiewbe best
possible temporal data coverage, ms#ihsor data have to be usedsulting in a heterogeneous
database of varying spatial and temporal resolution.

Despite this variability precse imageto-image ceregistration has to be ensured for all
multi-temporal and muksensor datasets, because insufficient spatial fit leads to various amhbiguities
resulting in the detection of artifact changd®,13], as well as incorrect spatial delineation of
landslides.The geation of longeterm inventories requires maintainitige geometric stability of the
image database over sealelecadedaking into account seasonal and irdenual landscape changes.
Furthermore, the resulting mutmporal remote sensing database has to be of sufficient absolute
positional accuracy related to an external spatial reference syatlwing the combination of
information derived from remote sensing analysis wveither spatial data, such as GP&ed field
measurementsithin a GIS environment in order to perform subsequent process and hazard analysis.

The overall goal of the presented studg baen the development and application of a methodology
for automated imag®-image ceregistration in order to create an image datablaasgs suitablefor
longer term automated landslide detection within a 12®0 study area in Southern Kyrgyzstan
(Central Asia)strongly affected by landslid¢8]. The original image database for this area comprises
almost 600 datasets acquired by the multispectral d4a(8)TM, SPOT, ASTER and RapidEye
satellite systems during the last 26 years. Most of these images were obtaitiedfonm of
orthorectifiedstandard data producliom the respective satellite data providdrstial evaluation of
the relative spatiafit between these highdevel data products has revealed that significant spatial
offsets occur between most of thantluding data acquired by the same sensor.
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Against this background, the objective has been the development ekgistmation methodogy
thatis suitable to correct for the spatial offsets between large amounts of orthorectified standard data
products comprising longéerm multisensor time series. Thus, the approach has to be able to handle
various multisensor effects, such as difaces betweerthe spatial, spectral and radiometric
properties of the image dats well as multtemporal effects, such as varying atmospheric, solar and
land cover conditionsresulting from seasonal and letgrm variability between the image
datased [14i 16]. Despite the large number of existing methods for automatedgistration which
are comprehensively discussed in Le Moighal, 2011[14], Dawnet al, 2010[17] and Zitovaand
Flusser 2003 [18], only a few of these methods are capable of dealing with seii8or and
multi-temporal effects at the same time.

In general, the existing e®gistration methods are classified into two main categories comprising
featurebased and areldased technique$l8]. For accommodating muiiensor effects during
co-registration, featurbased techniques, such as séal@riant feature transform (SIFT)L9] and
speededip robust features (SURE)0], are considered to be more suitalilecause these techniques
use salient features, suchk edges, corners, intersections of linear structures and centroids of distinct
geometric objects. These features are expected to be geometrically stable tdes@tesoirelated
variability of the image datg21i 24]. However, in rural mountainguareaglike Southern Kyrgyzstan
such distinct timenvariant features are often scarce and unevenly distripwtadh largely increases
the likelihood for significant coegistration error§21,25] For such environmentareabased methods
are considered to be more suitable, becauseegistration is based on identifying distinctive
properties for image matching usingiensity information rather than local featu{24,25] Hence,
areabased methods aim at identifying image atbasaresimilar in intensity, whereate commonly
used similarity measures are crassrelation and sequential similarity detect[@B8,26].

Independendf the used coegistration method, most of the already existing approaches have not
been developed for fully automated and efficient processing of big amounts ofsemdtr and
multi-temporal image data covering large areas over lopgeods of time. Thereforehe practical
usability of these methods is often limifdzecause othe high methodological complexityhe big
computational effortas well as additional requirements specific to the analyzed dafaSet3,22]

The presented study asnat the development of a robust and globally applicable methodology for
automated coegistration which is suitable dr efficient correction of spatial offsets between
orthorectified standard data products representing 1seitsor time series.

In this contexta spatially and temporally consistent spatial reference system is requliogdng
spatial alignment of all atasets with sufficient relative and absolute accuracy. For this purpose
globally available Landsatevel 1T time series data have been selectecdcammon spatial reference.
They are characterized by splxel imageto-image ceregistration accuracy thughout the whole
time seried27i 29], whereaghe absolute accuracy of the global Landsatel 1T datahse has been
estimated to 18n [27]. Both accuracies are considered to be sufficient for landslide detection at a
regional scale. Moreover, Landsat datarespnt the only source of spatial reference information
consistently and repeatedly covering the whole study, alleaving consistent spatial alignment of all
time-series datasetw/hich, in part are irregularly and patdly distributed over the largeusty area.

The developed ceegistration approach is described in Section 3. The results of spatial alignment
are presented in Sectionebmprising sensespecific analysis for the complete database. In Section 5
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the relative and absolute accuracy of #nehieved caegistration is analyzed for the whole database
including its influence othe multi-temporal delineation of landslides. The developed methodology is
comprehensively discussed in Sectigfoéusing on achievable accuracy and overall applitabi

2. Study Area and Spatial Database
2.1. StudyArea in Southern Kyrgyzstan (Central Asia)

The study area is located in Southern Kyrgyzstan in Central Asia and covers approximately
12,000km? (Figure 1), whereashdslide occurrence is especially camtcated along the Eastern rim
of the Fergana Basin in the foothills of the surrounding Tien Shan and Pamir mountain Iratigss.
area of high tectonic activity and pronounced topographic relgfdslides are a widespread
phenomenonrepresenting onefdhe most severe natural hazards to the local populdtemdslides
vary widely in their sizesranging between a few hundred square meters for small events and several
hundred thousands or even millions of square meters for large f48.86%

Since mat of these landslides belong to the rotational and translational types, they cause
widespread destruction of the mostly vegetated surface cover and, thuglladetectable in optical
imagery in general[8,31]. Most of these landslides are caused dmynplex interactions between
geological, tectonic, seismic and hydrogeological factwrgch have not been well understoget.

As a resultlandslides occur frequentlput at the same timétregularly throughout the whole study
area and cannot be rtdd to distinct triggering events, such as earthquakes and intense raif8forms

In this region landslides have been investigated since the 1950s, whapgasximately 3000
landslides have been documented (Figure 1). However, regular monitoring has been limited to the time
period between 1968 and 1998cusing on larger settlements and their surroundings, whereas for
most of the landslidesoordinatebasd geographic locations are missing. Against this background,
there is agreat need for creating a spatiotemporal landslide inventory covering the whole area
(Figure 1).

2.2 Satellite Remote Sensing Database

A multi-temporal database of optical remot@seg data has been created for the study area in
Southern Kyrgyzstan. This muliemporal database consists of 592 multispectral - nadd
high-resolution satellite remote sensing images acquired by the LaRdsand ETM+, SPOT1
and-5, ASTER and Raplelye sensors during the last 26 years (Table 1). The spatial resolutions of the
contributing sensors range betweenn3@or Landsat and B for RapidEye data. They also cover
different spectral ranges by varying spectral bands and resolutions. Howewvelfr ttadlse sensors
represent multispectral instruments comprising the green, redemrthfrared (NIR) spectral bands
as the lowest common spectral denominat@lowing comprehensive mulensor analysis of
landsliderelated surface changes.
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Figure 1. Study area in Southern Kyrgyzstafinse) The location within Kyrgyzstan
(depicted asa red dashed line)(Main figure The bcation of known landslides
and reference information for accuracy assessment in Secti@heSk( points (CPs)
differential GPSDGPS)points and analyzed landslides) within the study,atepicted as
atransparent polygon overlay.
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Almost all of the remote sensing datasets were obtained from the respective satellite data providers
in the form of orthorectified standard data puwts (Table 1) in order to minimize geometric
preprocessing efforts and to facilitates applicability of the developed methodology independsnt
local groundtruth information, such as GCPs. the case of SPOT, radiometricalbalibrated
Level 1A dah were automatically orthorectified using standard orthorectification routines of the ENVI
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software which are based on orbital position parameters and a digital elevation model (SRTM). As a
result the established muitemporal and muksensor satelliteremote sensing database solely
contains orthorectified datasets.

Table 1. Optical satellite remote sensing database

Resolution  Swath Width, Spectral No. of i ] Acquisition Product )
Sensor Time period Datasets Provider
(m) Extent (km) Range (hm)  Bands Dates Level
RapidEye 5 77,25 %25 440 850 5 2009 2012 51 503 3A BlackBridge
SPOTF5 10 60, 60 x60 50011750 4 2006 2010 5 9 1A SPOT IMAGE
ASTER 1590 60, 60 x60 52012430 14 20002008 20 30 3A01 ASTER GDS
SPOTF1 20 60, 60 x60 500890 3 1986 2 3 1A SPOT IMAGE
185, 19891999
Landsat TM 30 4501 2350 7 14 25 1T USGS GLS
185 x170 2009 2012
185,
Landsat ETM+ 30 450 2350 8 19992003 13 24 1T USGS GLS

185 x170

Except for RapidEye, all other datasets have been contained in satellitee reemsing data
archives. RapidEye data have been acquired in the frame of the RESA (RapidEye Science Archive)
program allowing customized tasking of data acquisition duringgened time periods. Due to the
five independent satellites of the RapidEsgstem[32], a database of high spatial and temporal
resolution could be created for the whole region of intedestotal, the databaseomprises 503
Level 3A standard orthorectified data products characterized by ai%el size resultng fromcubic
convolution resampling of the original 6 RapidEye data. Each of these datasets belongs to one of
the fixed 21 RapidEye tilg83] covering the study area (Figure 2).

Datasets acquired by different sensors vary in their spatial extent betweenl2@&m? for
Landsat and 28 25km? for a single RapidEye tile. Therefore, for each sengmying numbers of
datasets are required to cover the whole region of interagpire=2 illustrates the spatiotemporal
coverage for the different sensors, whereas the numbers of temporal repetitions azedsmloiThe
diagrams at the bottom show the number of temporal repetition and their areal coverage of the study
area with maximun and minimum values depicted in grey.

In the case of Landsathe database contains 49 scenes covering 100% of the study area at least for
23 different acquisition dates, wherghe maximum temporal repetition of 27 acquisition dates could
be achieveddr 80% of the area during the time period between 1989 and 2012. ASTER (30 scenes)
and SPOT (10 scenes) have significantly lower temporal repetitigthisspatial coverage of the study
area of 91% and7%, respectively. RapidEye comprises the highest rurobdatase{sdue tothe
high temporal repetition anthe orthorectified datasets o relatively small size (2% 25km?),
resulting in a high number of datasets for a single acquisition date. Temporal repetition varies between
13 and 28 coverages fdne different parts of the study area and is almost as high as for Landsat
despite the much shorter acquisition peribadrsusl9 years). Overall, spatial and temporal coverage
differs within the study aredoecause of its large size and the variety séduisensorsepresenting a
challenge to coegistration since the whole image database has to be transferred into one consistent
spatial system. For this purposine LandsatLevel 1T database has been selectedcauseit
repeatedly covers the whole dyuarea in a spatially consistent way (Section 2.3).
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Figure 2. Maps depict sensespecific spatiotemporal coverage of the study.dde&grams
showthe number of temporal repetitions and the related areal coverage of the study area.
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The multitemporal deéabase is characterized by high seasonal andantaunal variability of land
cover, comprising additional challenges to-peEgistration. In Figur8, this variability is exemplarily
illustrated for a 6.8& 7.2km? subset of the study area showing coldrared (CIR) visualizations of
theimage data of all sensors contained in the database acquired during different seasons between 19¢
and 2011. Seasonal variability mainly originates from differences in vegetation wdareas the
period of most intenseegetation development lasts from May until early Augpsgking in June.
Another seasonal change is the decline of discharge in the river bed during the depicted time spar
(AprilT September). Besides these regularly occurring changes, episodic chandes aaserved
which are caused by agricultural land use and landslide occurrence. During the depicted periqd of time
the highest landslide activity can be observed between 2002 and &8€4dting in a significant
increaseof landslide affected slopes (i@v ellipses in Figure 3)comparing the datasets acquired in
2004 and 1986.

The small subset${gure Zi f) depicted at the bottom of FiguBeillustrate the initial spatial offsets
occurring between standard orthorectified datasets. The black cross rbpresent the center
coordinates of the subsets, whereas the esicégped markers indicate an identical point represented by
a road crossing. In Figuia the cross hair and the marked point have the same position, whereas
for all other subsetsa rehtive offset can be observeamounting to a maximum of almost 400
in the case of SPOT (Figure3d). This maximum geometric offset is caused by the applied
orthorectification procedure that is solely based on orbital position paramelech have bee less
accurate for SPOT than for the later SPG3. Although in the case of the other sensgtisese offsets
are less pronounced, they still amount to up ton6@nd need to be corrected in the process of
automated cwoegistration.
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Figure 3. Exemplary epresentation of multemporal time series (1988011) (AiF)
Color infrared (CIR)visualization of seasonal differing mu#iensor datasets; selected
landslide prone areas are depicted by yellow dashed elli@é¢}s.The geometric offsets
within the timeseries.

2.3. Spatial Reference Information
2.3.1. Spatial Reference for Gregistration

In this studyterrain corrected Landsat Level 1T data are usdtesspatial reference, while at the
same timethey are part of the satellite remote sensing @da&lfSection 2.2). They have been selected
becauseahey are freely and widely available and because they represent the only spatially consistent
reference information for the whole study area. In contrast, datasets acquired by other sensors either d



