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1. Introduction and objectives

Geohazardsare natural phenomena containing all the different geological
processes and geographical features that are capable of triggering catastrophic
events or natural disasters that threaten human beings and damage property,
critical infrastructure and the na#lrenvironment. Since landslides are an
important type of geohazards, it is necessary to assess and map the susceptibility
of a region to landslides and the hazard of landslides with the highest available
spatial and temporal resolution.

Landslide investigtion has been develaperoviding remarkable resultisrough

the integration of remote sensing data and Geographic Information System (GIS)
using different statistical analysis models to investigate landslide susceptibility
zones (Biswajeet and Saro, 2007

Some approaches have already considered the use of Interfer@yethetic
Aperture Rada(InSAR) techniques for providing information on slope stability

by analysing the total value and velocity of these greaurfhce deformations.

The most effectivapproaches of using interferometry for investigating greund
surface deformations have applied mainly the Differential INSARM@AR) and
Persistent Scatterer Interferometry (PSI) techniques (Gabriel et al., 1989; Hooper,
2006).

The road network in northest Syria is susceptible to unforeseen landslides.
Several road$iave beerdamaged by landslides annually after intense rainfall
events. These unpredicted landslides and the resulting damage to the road network
threaten the lives and properties of the people who live there and cause both direct
and indirect losses. Thereforegthrean northwest Syria needsomprehensive
landslide hazard assessment, leading to produce a landslide hazard map and
identify potential landslide areas to be taken into account by the authorities
orderto guide the regional planning processnd nmmimize the risk in those
areas.

The aim of this research was tievelop a workflow for the creation of the
landslide hazard mafor northwest Syrighat can be updated regularly to identify

all sites with a high hazard ftandslides throughout the areadaaiong the road
network, in particular along the highw#yere This will help local authorities to

take the necessary precautions at all these sites to avoid losses due to possible
future landslides along the highway. Based on the research aim, theirigllo

main objectivedave beemchieved

- | have determind the relative influence of each causative facton the
occurrence of landslides morthwest Syriaccording to the statistical analysis
processto find out the most factors influencing and corlingl the spatial
distribution of landslidethere



- | have verifiedthe efficiency of the four different statistical analysis methods
applied in this researdbr predicting landslide susceptibility find outwhich
methodgives better landslide susceptibility results than the others in order to
pick out the optimal landslide susceptibility mamofthwest Syria

- | havealsoevaluatedhe capability of Sentinel SAR datdo generate digital
elevation models and to measurmaean velocities of groumsurface
deformations in northwest Syria and to investigate the advantages and
disadvantages of both purposes.

- | haveassessdthelandslide hazard using a landslide hazard malr@sed on
landslide susceptibility and growsdirface deformation intensity resulting
from the mean velocity data of the PSI technigqouni@eterminethe spatial
distribution ofthe low, medium and high hazard zof@sandslidesalong the
road network ath to identify the sites along the highway that could be
considered high hazard areas for landslides

2. Study area

2.1 Geographical and climatic conditions

The study area covers an area of 264. '
at the Turkishborde i n t he nort h, and from 36.

Mediterranean Sea in the webhe elevations between 0 and 1130 metres above
sea level.The highest average monthly rainfall is around 125 mm in both
December and January, while the maximum monthly rainfall reached 379 mm in
January 2012 and the maximum annual rainfall reached 1284 mm in 2012
(NASA-POWER, 2019).

2.2 Geological conditions

The study area contains the B&assit ophiolite complex deposits in addition to
the Phanerozoic sedimentary rocks

The lithology of the sedimentary deposits consists of pelagic and neritic
carbonate, radiolarian chert, conglomerate, clayey and sandyitdepos

The ophiolite complex outcrop is dominated by two massifs, Baer in the east and
Bassit in the west. The Baer massif rocks is relatively structurally intact, while the
Bassitmassif rocks are ovehrusted by thin imbricate thrust sheets of pillow
lavas (AlRiyami et al.,, 2000). BadBassit ophiolite complex was originally
described by Dubertret in 1955 and mapped by Kazmin and Kulakov in 1968 who
have determined the followingnits in the Syrian BaeBassit ophiolite complex:
metamorphic sole, ultrabasic and basic rocks, volcanic sedimentary rocks.
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3. Methods

3.1 Digital elevation model generation

The DEM was generated using two different approaches for two different
purposes. The first DEM, the topograpbgsed DEM, was created on the basis

of a topographical map from 1984 and was used to represent the topographical
characteristics of the area #ey werebefore the occurrence of the landslides
under investigation and to extract the derivative maps involved in the statistical
analysis of landslide susceptibility, i.e. slope gradient, slope aspect, terrain
curvature and drainage network. The secoltMDthe SARbased DEM, was
created on the basis of Senthietlata and used as a newer and higlsolution

DEM for the PSI techniquappliedin this research.

3.2 Landslide inventory map preparation

The landslide inventory map was prepared based oavallable geotechnical
reports as well as information from the authorities and the local population about
past landslides to determine the location of each of these landslides. The spatial
extent of these landslides in the landslide inventory map wasedhauwkividually

and verified by a visual comparison between the LarsiSEV image of 22
September 1984 and the Land8aDLI image of 6 October 2018 with help of
ancillary information available through the Historical Imagery tool in Google
Earth. The Higirical Imagery tool in Google Earth was also used to detect
changes in texture and characteristics of gresurfice and vegetation cover
during this period and to verify whether these changes are indicators of past
landslide events or just changes duditonan activity or some fire events that
occurred during this period, especially after 2011 when the war in Syria began.

The resulting landslide polygons were randomly divided into two sets; 7@%o of
landslide polygonsvasused as a training set for thetsstical analysis methods

used in this research to create the landslide susceptibility maps, and the remaining
30%wasused as a testing set to validate the resulting susceptibility maps.

The same procedure waarried outfor the nonlandslide dataset lich was
prepared with the same size of the landslide dataset to optimally perform the
statistical analysis of the landslide susceptibility. Thus, thelaroaslide dataset

was prepared with the same number of polygons and the same number of pixels
as a wiole, based on relevant geotechnical reports and maps as well as personal
knowledge from local field work.



3.3 Causative factor maps preparation for susceptibility analysis

For statistical analysis of susceptibility to landstidaine causative factors
influencing the spatial distribution of landslides were taken into account
depending on various criteria such as mapping unit and type of landslides in the
area, as well as the availability of data and the results of many similar studies
(Guzzetti, 2005; Radhan et al., 2011; Lee et al., 2012). These factors are: slope
gradient, slope aspect, terrain curvature, distance to streams, distance to roads,
distance to faults, lithology, land cover, and Normalized Differential Vegetation
Index (NDVI).

Within the elatively small study area, it is very likely that the amount of rainfall

is the same throughout the area according to the available rainfall data. Therefore,
it was decided to exclude rainfall data from the statistical analysis of landslide
susceptibility After all, rainfall can be considered as a trigger rather than a
causative factor for landslide occurrence in the area.

The preparation process of the nine causative factor maps was done separately on
the basis of the source data of each causative fdat@gkrcGIS, the causative

factor maps were prepared as a raster grid format, and clipped to the same spatial
extent. Then, all resulting raster maps were reprojected using the same coordinate
system, and resampled to the same pixel size to make themnunitbe pixel

size for all the map layers was set to 12.5 m, which is the recommended grid
resolution of the topograpHyased DEM. In order to be used in the landslide
susceptibility analysis, eadfthe nine causative factor mapas reclassified into
number of classes depending on its own criteria.

3.4 Landslide susceptibility mapping using statistical analysis

In ArcGIS, the training set extracted from the landslide inventory map was
converted to a raster set. Then, the training set was spatialld lioleach of the
causative factor maps to determine within each factor the class corresponding to
each pixel of the training set, thus allowing to perform a susceptibility statistical
analysis and produce a landslide susceptibility map according to etmshfotir
statistical methodapplied

At the end, each landslide susceptibility map resulting trendifferenstatistical
analysis methaglwas validated using the Aréinder the Curve (AUC) analysis
The landslide susceptibility map with the best AWas selected as the final
landslide susceptibility map (Figure 1).
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Figure 1. Methodology of landslide susceptibility mapping.

3.5 Ground-surface deformation mapping using advanced remote
sensing techniques

Groundsurface deformation mapping using advanced remote sensing techniques
was carried out for a period between October 2018 and March 2019 to cover the
majority of a rainfall season. Two advanced remote sensing techniques were
applied. The first was thBersistent Scatterer Interferometry (PSI) which was
used to create the mean velocity map of gresundace deformations ithe
satellite LOS diection during the study periodhe second was the Differential
INSAR (D-InNSAR) which was used to create the n@ptotal groundsurface
deformations irthe satellite LOS direction during the same period to be used in
the validation of interferometry results by comparison withGBS field
measurements.



3.5.1 Mean velocity map of grounesurface deformations usingP Sl
technique

Fourteenimages were coegistered in SNAP software to one unique master
image chosen from them using the Sentihébolbox. The thirteen resulting
masterslave pair images with different temporal and perpendicular baselines
were also procegd in SNAP to generate two final products for all pair images
with and without interferogram formation. The two final products are required to
export the combination of amplitude and wrapped phases of these SAR time
series images to StaMPS in order to wapvall the wrapped phases using
advanced logarithms, as well as to estimate the Persistent Scatterer (PS)
probability for each pixel in theinterferograms.

As the result, a multipoint data set of all persistent scatterers with the mean
velocity values \as generated, representing the gresudace deformations over
the study area during the study period.

3.5.2 Total groundsurface deformatiors using D-INSAR technique

To create a total grourslirface deformation map usinglBSAR technique, two

SAR image acquired by SentindlB on 16 October 2018 and 21 March 2019
were coregistered as master and slave and used to generate an interferogram
Then, both of the flakarth phase and the topographic phase were subtracted from
the interferogram and all the ressary steps were performed to prepare the
remaining displacement phase to be exported to SNARKiHdr unwrapping
process in SNAPHUWUhe resultingunwrapped displacement phasasimported

back into SNAP andanvertednto displacement values.

The final projected result of the total grousdrface deformations was exported
asa raster grid format to ArcGIS, so that thdrf3AR results along the highway
in the Balloran Dam areaouldbe compared with the-BPS field measurements
carried out there

3.5.3 Comparison of interferometry results with DGPS field
measurements

For D-GPS field measurements, two campaigns with the Leica System 550 GPS
were conducted in October 2018 and March 2019 to obtain elevation data from

10 validation points alonthe highway in the Balloran Dam area, to investigate

the groundsurface deformation there between 16 October 2018 and 21 March
2019.A shapefile was <created from the di:
campaigns at each validation point to compare tHeH3 @formation values at

these ten validation points with the correspondiripn®AR deformation values.



3.6 Landslide hazard assessment

The assessment of landslide hazard was carried out using a landslide hazard
matrix (Hurlimannet al., 2008; Lu et al., 2014The landslide hazard matrix
focuses mainly on two parameters: the first is the probability of landslide
occurrence, i.e. the landslide susceptibility, and the second is the intensity of
groundsurface deformations, i.e. thenean velocity of groungurface
deformations during the study perjoi classify the landslide hazard as low,
moderate and high (Figug.
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Figure2: The landslide hazard assessment based on the landslide hazard matrix
(after Lu et al., 2014).

The intensity map of the grourslirface deformations was created by
interpolating the resulting multipoint data set of positive and negative mean
velocities of grounéurface deformations in the LOS direction to create a mean
velocity raster map. The meaalocity raster map was then reclassified into three
positive mean velocity levels and three negative mean velocity levels using the
Equal Interval classification method, so that the same levels were compiled to
obtain the intensity map with the lemoderae-high intensity zones. At the end,

the intensity map and the landslide susceptibility map were used in the landslide
hazard matrix to obtain the landslide hazard map as the final result (B)gure
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Figure3: Methodology of landslide hazard assessment.

The interpolatiorof the mean velocitiesas performed using the Inverse Distance
Weighted (IDW) interpolation in ArcGIS to obtain a continuous spatial extent
from the generated mean velocity data of the gresurfhce deformations
(GarciaDavalillo etal., 2013; Notti et al., 2014).

4. Resultsand conclusions

4.1 | havedeveloped a workflow to create the landslide hazard map using freely
available Sentinell data, advanced remote sensing techniques and GIS.
The landslide hazard was assessed accordirgglémdslide hazard matrix
based on both the landslide susceptibility result of the statistical analysis
process and the mean velocity result of gresadace deformations during
the main rainfall season of 202819 using PSI technigyélammad et al.,
2020). the workflow of this research can be followed to monitor the landslide
hazard along the road network in other places around the world, especially in
areas with high rainfall and frequent landslides.
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4.2 1 have shown that different statistical analysisnethods for predicting
landslide susceptibility produce different resultBour statistical analysis
methods for predictingandslide susceptibilitywere performedbased on
landslide and nofandslide training sets and nine causative factors
influencing the spatial distribution of landslides, including slope gradient,
slope aspect, terrain curvature, distance to streams, distance to roads, distance
to faults, lithology, land cover and Normalized Differential Vegetation Index
(NDVI). As a result, four dirent landslide susceptibility maps were
produced.

4.3 | have found that according to the results of tiéR, WoE and LR statistical
analysis methods, the most influential causative factor was land cover
Within land cover factorthe soil and agriculture land class and the tuplt
area class have the largest influence ondadbeurrence of landslidesn
addition to land cover, lithology and slope gradient were also factors that
significantly influenced the spatial distribution t@ndslides innorthwest
Syria

4.41 have demonstratedthe need to preserve the remaining forests and
vegetatiomareasin northwest SyriaThestatistical analyses show tHatests
reduce the likelihood of landsliddsutthe reduction in forest and vegetation
area in the Syrian coastal region reached 25.66% between 1987 and 2017
(Hammad et al., 2018a).

45 | have revealed that according tdé¢ validation results of the landslide
susceptibility analysisnethods usingAUC analysis the use of theANN
method in northwest Syrishas achieved excellent results in terms of
susceptibility to landslidesin contrast, the use of the FR, WoE and LR
methods have achieve@ny goodand goodesults(Figure 4)according to
the literatire(Silalahi et al., 2019)herefore, the optimahethod for creating
thelandslide susceptibility map northwest Syriavas theANN method.

ANN ( AUC =90.28%)
LR (AUC = 87.99%)
WoE (AUC = 84.79%)
FR (AUC =70.03%)

Cumulative percentages
of landslide pixels

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 B2 B85 BB 91 94 97 100

Classes of landslide susceptibility index

Figure4: The AUC of thefour statistical analysismethod used

-9-



4.6 | have created the first landslideusceptibility map for northwest Syriaith
90.28% prediction accuracybased on the ANN methodqFigure 5)
(Hammadetal.,2020T he structure of 9 input
output layers was selected for the neural network training phase (lBigure
with setting up a random subdivision of the input landslide andaruaslide
training dataset into 70% for training, 15% for validation and 15% for testing
(Figure 7).The best performance of the neural network used for the statistical
analysis of ladslides was after 23 iterations (Fig@je

35°§0'E 35°§5'E 360.0'E
N
Legend “‘Zg
N
Landslide susceptibility index (ANN) = KP( =
s High:255 s
- Low : 128
<z
z o
7= T
0 4 0
% P
(vp]
=
= o
o By
D - o
% P
(42]
=
= in
0 B
< 0
0 0 5 Kilometers i
- .
35°50'E 35°55'E 36°0'E

Figure 5: The landslide susceptibility map baseth@®NN method
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4.7

Neural Network

Input

Figure 6: The structure of the neural network training used in this research

Select Percentages

& Randomly divide up the 2706 samples:

@ Training: 70% 1894 samples
@ Validation: 15% v 406 samples
W Testing: 15% v 406 samples

Figure 7: Input training data subdivision during ttening phase in the

ANN analysis.
Epoch: o[l 23 iterations | 1000
Time: [ 0:00:00 ]
Performance: 0510 | 10.000129 | | 0.00
Gradient: 0459 | 0.000246 | | 1.00e-06
Validation Checks: O | | 6

Figure8: The performance of the neural network used fosstiseeptibility
analysis.

| have demonstrated thecapability of Sentinell data and InSAR
techniques to generate high resolution digital elevation models
(Hammad et al., 2017and also to detect and measure millimetre mean
velocities of groundsurface deformatiolHammad et al., 2018b; 2020)
However, the use of Sentingél data to measure and monitor ground
surface deformations and landslides using PSI technique has proven to be
more reliable andecommendedhan the use of this data to generate
DEMSs, especially when there is atmospheric inbgeneity or in areas of
dense vegetation where a large amount of decorrektidtow coherence

can be generated between the two SAR images used in the DEM
generation process, resulting in significant errors in the final result.
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4.8

4.9

| have found that he comparison process betweetihe D-INSAR
displacementresults and the D-GPS displacementresults showed
differences at 10 validation pointsalong the highwayin the Balloran

area, where the root mean guare of the differenceswas 20.14 cm
(Hammadet al., 2019)This is becaustne DGPS measurements are made

in the vertical direction and the interferometric measurements are made in
the LOS direction. The difference was considerable where the ground
surface deformation or landslide occurred paratiehe satellite azimuth
direction and perpendicular to the LOS direction. However, the
interferometric results can show us places where severe gsoufade
deformations have occurred, which is adequate for the purpose of landslide
hazard assessme(itable 1)

Table 1:Differences between the results oflElBAR and DGPS at the
validation points irthe Balloran area and the root mean square of
these differences

Validation | D-InSAR results | D-GPS results| Difference values
point name (cm) (cm) (cm)
P1 10.64 3.10 7.54
P2 12.97 2.04 10.93
P3 16.20 75.07 58.87
P4 12.83 5.06 7.77
P5 10.77 3.12 7.65
P6 10.56 3.02 7.54
P7 12.10 5.08 7.02
P8 8.810 2.41 6.4
P9 10.11 2.03 8.08
P10 12.35 3.05 9.3
RMS = d4405.97 = 20. 114

| have measured the mearvelocities of groundsurface deformation
during the study period between 16 October 2018 and 21 March 2019
using PSI technique based on Sentirkldatafor northwest Syria23,528
persistent scatterexgere generatedhowingmean velocitieof ground
surface deformations ranged frod7.70 mm per year to 101.64 mm per
year in the satellite LOS directiomluring the study periodFigure 9)
(Hammad et al., 2020)
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Figure 9: The persistent scatterertidlgition map with mean velocitied
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4.10 | have integratedhe landslide susceptibility results of the ANN statistical
analysis and the mean velocity results thfe PSI technique usingthe
landslide hazard matrix with the help of the GJ8vhich has proverto be
a promising methof assessindgandslide hazard using free SAR data
and provides important results along the road networkFigure 5)
(Hammad et al., 2020)The landslide susceptibility results ar tmean
velocities of grouneésuface deformations resulting from the PSI technique
have been classified into lemediumhigh zonesn order to be useith the
landslide hazard matrix to assess the landslide hakara result, the first
landslide hazard map for northwest Syria was creagaslell aghe spatial
distribution of the three landslide hazard zones along the road network there
(Figure 10).Moreover two sites with a high hazardr landslides have
been dentified along the highway in the study area aQaka'niya and
Qastal Maaf(Figure 11). The results of the landslide hazard assessment
need to be regularly updated to identggssiblefuture landslide sites
where the necessary precautions need to kentéo avoid losses and
minimize the risk at these sites.
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