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Abstract
Although general approaches to the effect of water on the mechanisms causing landslides have been adopted, the work presented
in this paper was carried out to quantify the landslide susceptibility variation in space and time, integrating the soil moisture
distribution and routing (SMDR) model and landslide susceptibility concept. The approach proposed in the present study reflects
the temporal effects of the saturation degree index (SDI) on landslide susceptibility as a new index to understand the effect of soil
saturation. The topographic wetness index (TWI) is a conventional parameter that represents the relative wetness on landsliding.
The new proposed landslide susceptibility approach is used in the study area to understand the effect of soil saturation and the
emergence of the Derebaşı landslide in the study area. The comparative results of landslide susceptibility maps obtained from the
new approach utilizing the proposed SDI and conventional TWI are remarkable. Accordingly, a new substantial method is
proposed using the attainable monthly mean meteorological data to generate monthly landslide susceptibility maps. The results
obtained for the Derebaşı landslide using the proposedmethod are validated with the other landslide that has occurred in the same
watershed. The results revealed that the approach proposed in this study was compatible with the landslide mechanism in the
study area and may help to express the water effect in landslide susceptibility analyses.
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Introduction

There is an increasing interest in landslide susceptibility as-
sessments in many areas of the world. Landslide susceptibility
mapping has become essential to manage land use and built-
up areas. Many methods and techniques have been proposed
to evaluate where landslides are most likely to occur using
geographic information systems (GIS) and quantitative
methods (Süzen and Doyuran 2004; Ercanoglu and

Gokceoglu 2004; Ercanoglu 2005; Guzzetti et al. 2005;
Süzen and Kaya 2012; Çölkesen et al. 2016; Ko and Lo
2016; Mead et al. 2016; Tsangaratos and Ilia 2016).
Landslides are the result of interdependent spatio-temporal
processes, including static and dynamic factors. Static factors
(e.g., elevation, slope, aspect, topographical curvature, topo-
graphic wetness index, etc.) vary spatially and remain steady
temporally. Dynamic (triggering) factors (e.g., earthquakes,
precipitation, human activities, soil moisture) vary temporally
and remain spatially steady at the watershed scale. The aim of
this study was to evaluate the water effect in the vadose zone
by considering the landslide susceptibility concept with inte-
gration of the saturation degree index (SDI).

The study area is in the western part of the Black Sea Region
(Turkey), which is infamous as the most landslide-prone region
in the country. Landslides in this region have been studied by
many researchers (Temiz 2000; Ercanoglu and Gokceoglu 2002,
2004; Ercanoglu 2003; Ercanoglu et al. 2004; Canoglu 2015). In
these studies, landslide susceptibility of this region was assessed
and compared by different methodologies, such as fuzzy logic
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and statistical analyses, since this regionwas known as one of the
most landslide-prone areas of Turkey. In almost every study, it
was highlighted that the main triggering factor for the landslides
was rainfall, but it was not analyzed and its effect was not taken
into consideration. In this region, none of the landslides was
triggered by earthquakes (based on the archives and seismic
records) or human activities. Many researchers have noted that,
in general, landslides occur after excessive rainfall (Ayalew
1999; Calcaterra et al. 2000; Kuthari 2007; Giannecchini et al.
2012). However, the Derebaşı landslide, which occurred in the
study area, was not caused by excessive rainfall. On the date on
which theDerebaşı landslide occurred (5 June 2000), the amount
of rainfall recorded by Yenice Meteorological Station, situated
very close to the landslide location, was only 7.3 mm. In addi-
tion, no seismic activity was recorded at or just before the occur-
rence date and any trace of human effect (mining, road construc-
tion, etc.) was not observed. For this reason, one of the major
goals of this study was to evaluate why the Derebaşı landslide
occurred using spatio-temporal saturation degree variations in
order to reveal the initiation mechanism of this landslide.

The topographic wetness index (TWI) is a commonly used
index to reflect the effect of water in landslide susceptibility
assessments. Moore et al. (1991) defined the TWI as an indi-
cator of the spatial distribution of soil water content, as
expressed in Eq. (1):

TWI ¼ ln A=tan θð Þ ð1Þ

where A is the specific catchment area and θ is the local slope.
However, this index is valid under steady-state meteorological
conditions and is not representative for rainfall-runoff process-
es. For example, let us consider two watersheds, namely WS1
andWS2, with the same topographical features. WS1 is locat-
ed in a desert climate region and WS2 in an Amazon climate
region, and, in such a case, the TWIs ofWS1 andWS2 will be
the same. But in reality, the wetness conditions and the effect
of water on the slopes with respect to landslide mechanisms
will be completely different. Under this circumstance, the
TWI cannot exactly reflect the dynamic and static processes
of landslide susceptibility. To reflect the spatio-temporal effect
of hydrodynamic factors, a new index should be integrated
into the landslide susceptibility assessments. Therefore, in this
study, a model was proposed that includes the spatial and
temporal variation of the soil moisture in terms of a new index
reflecting the spatio-temporal effect of water.

The soil moisture and landslide relationship has been tack-
led by many researchers (Pelletier et al. 1997; Pack et al. 1998;
Van Asch et al. 1999; Ray et al. 2010a, 2010b, 2011).
However, these studies are not landslide susceptibility studies
and consist of a conventional slope stability approach
combining a factor of safety with a hydrologic model.
Gorsevski et al. (2006) and Canoglu (2017) studied a spatio-
temporal landslide susceptibility concept with the use of a

hydrologic model based upon the saturation excess runoff phe-
nomenon. However, in these studies, a factor of safety concept
was considered and expressing landslide susceptibility through
a factor of safety is beyond the philosophy of the landslide
susceptibility concept. For this reason, in order to address the
lack of consideration of an index representing the spatial and
temporal effects of the water in landslide susceptibility assess-
ments, the soil moisture distribution and routing (SMDR)
model is executed (Soil and Water Laboratory 2003). The
SMDR is a fully spatially distributed model, based on the
saturation excess runoff phenomenon where the soil hydrody-
namic processes are captured in each pixel of the selected
watershed. By processing the SMDR model, a map of the
degree of saturation has been obtained for the date of the land-
slide. With the aim of integrating the effect of water in the
landslide susceptibility concept, the saturation degree map
was converted to a new index, namely the SDI, by the frequen-
cy ratio analysis method proposed by Lee and Talib (2005).

For the execution of the SMDR model, digital maps such
as a digital elevation model (DEM), aspect map, vegetative
characteristic map (VCM), soil type map (STM), and water-
shed boundary map (WBM), as well as ASCII look-up tables
such as the vegetative characteristics table (VCT), soil char-
acteristics table (SCT), and meteorological data tables, are
required. STM and SCT were obtained from the laboratory
tests applied on ten representative soil samples collected from
the watershed area.

The work presented here is aimed at determining the effect
of water on landslide susceptibility considering spatio-
temporal processes. The SDI is generated frommonthly mean
meteorological data for 12 months by combining the SMDR
model and frequency ratio analysis. The SDI were produced
for 12 months and used for the generation of monthly land-
slide susceptibility maps covering a time period of one year. In
this way, landslide susceptibility was determined from the
temporal perspective and it became possible to follow the
variations of the landslide susceptibility during the considered
period. Concisely, this study includes four stages: (a) simulat-
ing the saturation degree map of the Yenice watershed for the
date of occurrence of the Derebaşı landslide by processing the
SMDR model, (b) generating an SDI map using frequency
analysis, (c) comparing the landslide susceptibility maps ren-
dered by the TWI and SDI, and (d) generating landslide sus-
ceptibility maps for 12 months (considered period) using the
SDI with monthly mean meteorological data.

General characteristics of the study area

The study area is located in theWest Black SeaRegion of Turkey
and covers an area of 15.34 km2. The climate is of oceanic type
with high and evenly distributed rainfall all year round according
to the Köppen (1936) climate classification. Summers are warm
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and humid; winters are cool and damp (Atalay 1997). The Black
Sea is the region that receives the greatest amount of precipitation
in Turkey. Snowfall is quite common between the months of
December and March, lasting for a week or two, and can be
heavy. The study area, called the Yenice watershed, is located
approximately 26 km west of Karabük city (see Fig. 1).
Landslides in the Yenice watershed have been frequently report-
ed in some studies (Ercanoglu 2003; Ercanoglu and Gokceoglu
2004; Alkevli 2009). According to these studies, the Yenice wa-
tershed is covered by the Ulus Formation, which is of Upper
Cretaceous age. The Ulus Formation represents a typical flysch
sequence that is highly susceptible to weathering (Deveciler
1986; Demir and Ercan 1999). Although the term flysch refers
to Brock material^, the landslides in the study area occur within
theweathering zone of flysch layers. In other words, landslides in
the region occur in the zone of soil type material (Ercanoglu
2005). In order to determine the site characteristics of the water-
shed and soil sampling, detailed field work was performed.
During the field studies carried out in the Yenice watershed, four
different soil types were observed and mapped. In accordance
with the sieve analysis realized on the soil samples taken from the
field, clay (C), clayey loam (CL), loam (L), and sandy clay (SC)
soil types were obtained. According to the VCM acquired by the
Directorate of Yenice Regional Forestry for the date onwhich the
Derebaşı landslide occurred, 20.3% of the area of the Yenice
watershed was covered by forest. On the basis of field observa-
tions, themorphometric size parameters of the Derebaşı landslide
are width ~ 300m and length ~ 850m. The approximate depth of
the slip surface is around 30 m, as determined from the field
observations. Elevations in the area range between 165 and
837 m and the highest point in the study area is Sepetçi Ridge.
There is also an important topographic feature in the form of
Tepetarla Ridge (see Fig. 2). In the Yenice watershed, the slope
angles range between 0° and 41°, with an average of 19°. The
slope at the Derebaşı landslide location ranges between 19° and
31°. Farmlands exist on gentle slopes, while extensive and thick
forests cover the highest and steepest elevations. Çobanköy,
Derebaşı, Mısıroglu, and Beşevliler are the main districts of the
study area.

Based on the information gathered from the Republic
of Turkey Prime Ministry Disaster and Emergency
Management Presidency, the exact date of the Derebaşı
landslide was 5 June 2000. Although the exact date of
the Cebeciler landslide was not recorded, the year was
reported as 1998. The Yenice watershed embodies many
landslides besides the Derebaşı and Cebeciler landslides,
but the proposed methodology focuses on the Derebaşı
landslide and validation of the proposed methodology is
conducted using the Cebeciler landslide (Fig. 1). This
study was focused on the Derebaşı and Cebeciler land-
slides because the only known dates of landslides in this
region were the Derebaşı (daily scale) and Cebeciler
(semi-monthly scale) landslides.

Input data and data production

Within the context of the study, field work and sampling,
laboratory tests, execution of the SMDR model, and imple-
mentation of frequency ratio analysis were realized in order to
identify the weight of the saturation degree on the landslide
susceptibility. For the execution of the SMDR model, five
raster maps (the DEM, STM, VCM, WBM, and aspect map)
and four ASCII look-up tables (VCT, SCT, PDF, and daily
meteorological table) are required. Frequency ratio analysis
was carried out with six variables (topographic elevation,
slope, aspect, SDI or TWI, permeability, and soil type).

The DEM of the study area is generated by digitizing the
1:25000 scaled topographical map of the General Command
of Mapping (National Mapping Agency of Turkey 1999). The
resolution of the DEM was 10 m × 10 m. The aspect map,
slope map, and WBM were generated by the Spatial Analyst
Tool of the ArcGIS 10.1 software. The VCM (for the year
2000), VCT, and plant development factor (PDF) were obtain-
ed from the Directorate of Yenice Regional Forestry. The
STM was drawn based on the field observations and labora-
tory tests (grain size distribution). The first step in determining
the STM borderlines is mapping the soil type variations based
on the field observations and collection of ten representative
soil samples from the watershed (Fig. 2).

Subsequently, laboratory tests were performed on the soil
samples, the grain size distribution was determined for each
sample, and the inverse distance weighting (IDW) algorithm
was utilized to obtain the percentage map for clay, silt, and sand,
respectively. Finally, the borderline of the STM was drawn by
observations and interpolation. Then, the STM was re-drawn
based on the field observations and verified by the IDW. The
required soil properties for the SCT were compiled from the
laboratory tests and were estimated from the soil texture through
statistical relationships proposed by Rawls and Brakensiek
(1983, 1985). The daily meteorological table was obtained from
the General Directorate of Meteorological Service of Turkey for
Yenice Station for the years 1989–2009. The monthly mean
precipitation, daily temperature, and monthly potential evapo-
transpiration (PET) are tabulated in Table 1 for each month.

The permeability map was obtained by interpolating the
results of the permeability test (ASTM standard D5084
2010) carried out on the soil samples. Then, the permeability
map was determined by the IDWmethod. Furthermore, due to
the anomaly of saturation degree around the crown of the
Derebaşı landslide, the landslide area was divided into three
zones to observe the initiation location (see Fig. 2).

Methodology

In fact, the past and present are key to the future, a very well
known uniformitarianism principle, based on the idea that events
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Fig. 1 Location map of the study area

3162 M. C. Canoglu et al.



in the future will be more likely to occur under the similar con-
ditions that led to the past and present (Van Westen et al. 2008).
In harmony with the purpose of the study, the SMDRmodel and

frequency ratio analysis approaches were utilized. The SMDR
model was employed to generate the saturation degree map for
the date on which the Derebaşı landslide occurred. On the SDI
map of the Yenice watershed, frequency ratio analysis was car-
ried out to assess landslide susceptibility. Saturation degree maps
were obtained by the SMDRmodel. These maps were analyzed
and categorized by the frequency ratio method in order to obtain
the SDI. The final stage of the methodology consists of the
generalization of the suggested model for the landslides of un-
known date by taking into consideration the available monthly
mean meteorological data.

SMDR model

The general purpose of the SMDR model is to identify the
location and evolution of variable source areas for runoff gen-
eration and to estimate the saturation degree from the water
fluxes. Therefore, it does not require extensive calibration and
is designed to use data that are readily available in electronic
form (Gérard-Marchant et al. 2006).

In this study, the SMDR model divides the watershed
into a square grid of cells with cell dimensions of 10 m ×

Fig. 2 Soil type map of the Yenice watershed

Table 1 Mean meteorological data (1989–2009)

Monthly precipitation
(mm)

Daily temperature
(°C)

Monthly PET
(mm)

January 44.2 4.8 0

February 41.8 5.6 0

March 40.4 8.7 0

April 49.2 12.7 96

May 42.9 16.6 144

June 56.9 20.6 144

July 27.6 23.5 207

August 37.2 23.5 135

September 35.0 19.1 84

October 49.5 14.9 42

November 57.8 8.8 0

December 50.8 5.4 0

PET, potential evapotranspiration
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10 m. Larger cell dimensions tend to misrepresent the
landscape curvatures and lead to unreasonably high esti-
mates of soil water content (Kuo et al. 1999). Within each
cell, soil properties are assumed to be homogeneous. A
soil water mass balance is computed for the surface soil of
each cell at each time step. A daily time step is chosen,
considering the computational speed, accuracy of results,
and data availability. The water mass balance calculation
is realized by the SMDR model within a defined water-
shed boundary. The daily water inputs considered by the
SMDR model for each cell are the daily precipitation and
lateral flow from the surrounding upslope cells. The out-
puts are lateral flow to the surrounding downslope cells,
percolation, and evapotranspiration. The water mass bal-
ance equations for each cell are expressed in the SMDR
model as follows:

W2 jΘ tð Þ−Θ t−Δtð Þj ¼ jRF tð Þ þ SM tð Þj þ Qi tð Þ−Qo tð Þ−ET tð Þ−P tð Þ−SE tð Þ
ð2Þ

where W is the grid size (m), is the cell average water
content (cm3.cm− 3), Δt is the time step (days), RF and SM
are the rainfall and snowmelt volumes, respectively, Qi is
the volume of water received through lateral flow from
the surrounding upslope cells, Qo is the volume of water
lost through lateral flow to the surrounding downslope
cells, ET is the volume of water lost by evapotranspira-
tion, P is the volume of water lost by percolation, and SE
is the saturation excess runoff. For this equation, the
thickness of the soil is taken as 1 m. Volumes are
expressed in cubic meters.

The daily mean air temperature is corrected by the
adiabatic lapse rate of 6.5 × 10− 3 for changes in local
elevation (Boll et al. 1998). Precipitation occurring when
the mean daily temperature is below 0 °C is assumed to
be snow. Snow is assumed to remain melted until the
mean daily temperature is above 0 °C. The SM is com-
puted by a simple land-cover-dependent temperature in-
dex method. Meteorological data defined for the SMDR
model are assumed to be the same for each pixel in the
watershed.

Subsurface lateral flow is calculated for each cell using
Darcy’s law by approximating the hydraulic gradient by
the local slope (β). Lateral outflow (Qo) can be expressed
as follows:

Qo ¼ −κ K Θð Þ W β Δt ð3Þ

where K is the average hydraulic conductivity of the layer
(m.day− 1) and κ is a depth-dependent multiplier (typical
range of 2–10) introduced to correct transmissivities for
preferential flows in macropores (Boll et al. 1998). In the

SMDR model, the average hydraulic conductivity K is
defined as:

K Θð Þ ¼ 0 for Θ < Θ f

K θð Þ ¼ Ksat:exp α
θ−θsð Þ
θs−θ f
� �

 !

for Θ f ≤Θ < Θm

K Θð Þ ¼ Km þ Ks
θ−θmð Þ
θs−θmð Þ for Θm≤Θ

ð4Þ

where Θf, Θm, and Θs correspond to the field capacity,
macroporous drainage limit, and saturation, respectively.
On the other hand, Ks = K( s) and Km = K( m) are the
hydraulic conductivities at saturation and at the
macroporous drainage limit, respectively, and α is a uni-
versal constant equal to 13 for a large range of soils
(Bresler et al. 1978; Steenhuis and van der Molen
1986). The D∞ algorithm was employed to find the dis-
tribution of the lateral outflows from each cell according
to the local aspect between one cardinal and one diagonal
downslope neighboring cell (Tarboton 1997). The sum of
the contributions received from the upslope surrounding
cells is considered as lateral inflow. Additionally, in the
SMDR model, the soil type variation within the watershed
affects only hydraulic conductivity, which is one of the
parameters controlling the lateral flow rate (Eq. 3). The
lateral flow rate is a component of water mass balance
calculation of each cell for a defined time step (Eq. 2).
For this reason, the accuracy of the saturation degree
maps obtained from the SMDR model cannot be affected
by the soil type distribution within the watershed.

In the SMDR model, evapotranspiration is calculated as a
function of the daily PET, vegetation condition, and soil mois-
ture according to Thornthwaite and Mather (1955). Basically,
the ratio between the actual and PET increases linearly with
water content from zero at or below the permanent wilting
point, Θpwp, to a value of one at or above the ET limit, Θetl.

Determining the percolation amount requires some knowl-
edge of the fracture properties of rock material. Therefore, the
soil below the bounding layer is modeled as a lumped subsur-
face reservoir and the total percolating volume is added to the
reservoir storage at each time step. In the SMDR model, per-
colation is calculated for each cell as follows:

P ¼ min K Θð Þ;Ksub½ �W2 Δt ð5Þ
where Ksub is the conductivity at saturation of the cell substra-
tum (m.day− 1) and the hydraulic conductivity K is given by
Eq. (4). Percolation stops when the average water content of
the bottom structural layer is less than the field capacity. The
saturation excess overland flow SE (m− 3) is constituted by the
water in excess of saturation for the end of each time step.

The SMDR model results for the date of occurrence
shows an anomaly of saturation degree around the crown
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Table 2 Number of pixels (frequency) for each saturation degree class of three different zones between the dates 25 May 2000 and 5 June 2000
obtained from the soil moisture distribution and routing (SMDR) model

Date Rainfall
(mm)

Temperature
(°C)

ET
(mm)

Saturation degree

Class Frequency zone
1

Frequency zone
2

Frequency zone
3

25.05.2000 23.1 15.2 1 0.70–0.75 1 0 0

0.75–0.80 2 0 0

0.80–0.85 322 322 393

0.85–0.90 721 379 446

0.90–0.95 1 0 0

0.95–1.00 0 0 0

26.05.2000 2.9 17.1 1 0.70–0.75 0 0 0

0.75–0.80 4 0 0

0.80–0.85 374 385 430

0.85–0.90 668 316 409

0.90–0.95 1 0 0

0.95–1.00 0 0 0

27.05.2000 3.3 20.3 4.3 0.70–0.75 0 0 0

0.75–0.80 4 0 0

0.80–0.85 439 433 472

0.85–0.90 600 268 367

0.90–0.95 3 0 0

0.95–1.00 1 0 0

28.05.2000 0.5 20 5.5 0.70–0.75 2 0 0

0.75–0.80 5 0 0

0.80–0.85 464 453 496

0.85–0.90 567 248 343

0.90–0.95 8 0 0

0.95–1.00 1 0 0

29.05.2000 1.4 22.7 6.4 0.70–0.75 2 0 1

0.75–0.80 11 0 6

0.80–0.85 482 471 520

0.85–0.90 540 230 312

0.90–0.95 12 0 0

0.95–1.00 0 0 0

30.05.2000 1.6 18.2 4.4 0.70–0.75 1 1 1

0.75–0.80 12 4 8

0.80–0.85 508 484 544

0.85–0.90 512 212 286

0.90–0.95 13 0 0

0.95–1.00 1 0 0

31.05.2000 0.9 18.7 3.4 0.70–0.75 2 1 1

0.75–0.80 13 8 13

0.80–0.85 512 490 547

0.85–0.90 501 200 278

0.90–0.95 17 2 0

0.95–1.00 2 0 0

01.06.2000 0 20.8 3.4 0.70–0.75 2 1 1

0.75–0.80 24 16 22

0.80–0.85 520 488 550
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Table 2 (continued)

Date Rainfall
(mm)

Temperature
(°C)

ET
(mm)

Saturation degree

Class Frequency zone
1

Frequency zone
2

Frequency zone
3

0.85–0.90 478 192 265

0.90–0.95 21 4 1

0.95–1.00 2 0 0

02.06.2000 2.5 16.2 5.4 0.70–0.75 4 1 1

0.75–0.80 33 28 40

0.80–0.85 536 480 539

0.85–0.90 447 184 257

0.90–0.95 22 8 2

0.95–1.00 5 0 0

03.06.2000 11.2 15.1 1.5 0.70–0.75 6 1 1

0.75–0.80 43 38 64

0.80–0.85 538 478 518

0.85–0.90 429 172 251

0.90–0.95 25 12 5

0.95–1.00 6 0 0

04.06.2000 10.7 17.3 1.8 0.70–0.75 9 2 3

0.75–0.80 52 57 90

0.80–0.85 532 457 493

0.85–0.90 415 172 247

0.90–0.95 31 13 6

0.95–1.00 8 0 0

05.06.2000 7.3 19.6 2.1 0.70–0.75 10 1 6

0.75–0.80 68 79 119

0.80–0.85 523 436 468

0.85–0.90 399 164 237

0.90–0.95 37 21 9

0.95–1.00 10 0 0

ET, evapotranspiration

Fig. 3 Workflow diagram summarizing the followed methodology
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of the Derebaşı landslide. For this reason, the Derebaşı
landslide area is divided into three zones in order to ob-
serve the initiation location (see Fig. 2). Saturation degree
maps between the dates of 25 May and 5 June 2000 ob-
tained from the SMDR model are analyzed for three dif-
ferent zones of the Derebaşı landslide to follow up the
landslide evolution in space and time (Table 2).

The number of pixels (frequency) of each saturation degree
class is analyzed from 10 days before the date of occurrence of
the Derebaşı landslide. The increase in the number of pixels in
zone 1 for the saturation degree classes 0.90–0.95 and 0.95–
1.00 were more remarkable (see Table 2). This prominent
increase indicates that the Derebaşı landslide was initiated
from zone 1, as reported by the Disaster and Emergency

Table 3 Spatial relationships between each parameter and landslide and frequency ratio values

Parameters Class Number of pixels
without landslide

Ratio a
(%)

Number of pixels
with landslide

Ratio b
(%)

Frequency
ratio (b/a)

Slope (°) 0–10 7374 9.74 0 0.00 0.00

10–20 32,825 43.36 151 14.39 0.33

20–30 31,744 41.93 896 85.41 2.04

> 30 3756 4.96 2 0.19 0.04

Aspect (°) 0–45 5360 7.08 0 0.00 0.00

45–90 12,912 17.06 0 0.00 0.00

90–135 8081 10.68 11 1.05 0.10

135–180 10,642 14.06 696 66.35 4.72

180–225 21,820 28.82 334 31.84 1.10

225–270 14,696 19.41 8 0.76 0.04

270–315 1904 2.52 0 0.00 0.00

315–360 284 0.38 0 0.00 0.00

Elevation (m) 150–300 9101 12.02 0 0.00 0.00

300–450 19,367 25.58 86 8.20 0.32

450–600 22,533 29.77 963 91.80 3.08

600–750 22,334 29.50 0 0.00 0.00

750–900 2364 3.12 0 0.00 0.00

TWI < 16 7 0.01 0 0.00 0.00

16–17 48,204 63.68 1 0.10 0.00

17–18 23,745 31.37 985 93.90 2.99

18–19 2765 3.65 63 6.01 1.64

19–20 978 1.29 0 0.00 0.00

Soil type Clayey loam 18,130 23.95 0 0.00 0.00

Clay 25,342 33.48 0 0.00 0.00

Sandy clayey loam 19,944 26.35 169 16.11 0.61

Loam 618 0.82 615 58.63 71.81

Rock 11,665 15.41 265 25.26 1.64

Saturation degree (for 05.06.2000) 0.70–0.75 1281 1.69 12 1.14 0.68

0.75–0.80 10,014 13.23 68 6.48 0.49

0.80–0.85 36,291 47.94 523 49.86 1.04

0.85–0.90 24,575 32.46 399 38.04 1.17

0.90–0.95 3168 4.18 37 3.53 0.84

0.95–1.00 370 0.49 10 0.95 1.95

Permeability (× 10− 5 m/s) 1.64–3.40 13,954 18.43 0 0.00 0.00

3.40–5.16 16,628 21.97 0 0.00 0.00

5.16–6.93 38,724 51.16 0 0.00 0.00

6.93–8.69 6300 8.32 633 60.34 7.25

8.69–10.50 93 0.12 416 39.66 322.79
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Management Presidency archives and interviews of local peo-
ple (General Directorate of Natural Disaster 2000).
Additionally, it can be observed from Table 2 that the rainfall
during the analyzed period (25 May to 5 June) is not in accor-
dance with the increase in saturation degree. The reason for
the increase of saturation degree in zone 1 can be explained by
the water fluxes coming from upslope cells.

Frequency ratio analysis in terms of landslide
susceptibility

In general, to determine the landslide susceptibility, the causal
factors of past landslide occurrences are considered to assess
the initiation of landslides in the future for the same region
(Chung and Fabbri 1999). To reflect statistically the concep-
tual relation between landslides that occurred in the past and
their causal factors, frequency ratio analysis was used. The
frequency ratio is the ratio of the probability of occurrence
to the probability of non-occurrence of specific attributes
(Lee and Talib 2005). The method followed in this study can
be expressed by the workflow diagram shown in Fig. 3.

If the frequency ratio is greater than 1, the relationship
between a landslide and the causal parameter’s attribute
will be stronger; conversely, if the ratio is less than 1, the
relationship between a landslide and the causal parame-
ter’s attribute will be weaker (Lee and Talib 2005). The
frequency ratio is shown in Table 2 for all parameters for
each parameter class. It is known from the reports of the
Disaster and Emergency Management Presidency that the
Derebaşı landslide was initiated from zone 1, while zones

2 and 3 were considered to be out of the landslide area in
Table 3.

The ultimate landslide susceptibility is computed from the
summation of each parameter’s frequency ratio values using
Eqs. (6) and (7). In Eq. (6), the SDI is obtained by the inte-
gration of the saturation degree map (of 5 June 2000) handled
from the SMDR model and frequency ratio analysis. To em-
phasize the effect of the new proposed index (SDI), only basic
topographic parameters are utilized in Eqs. (6) and (7) togeth-
er with the SDI and TWI, respectively. The landslide suscep-
tibility value represents the relative susceptibility to landslide
occurrence, as higher values are associated with higher land-
slide susceptibility.

Landslide Susceptibility 1ð Þ ¼ Fr slope indexð Þ þ Fr aspect indexð Þ
þFr elevation indexð Þ
þFr saturation degree indexð Þ
þFr soil type indexð Þ
þFr permeability indexð Þ

ð6Þ

Landslide Susceptibility 2ð Þ ¼ Fr slope indexð Þ
þ Fr aspect indexð Þ
þ Fr elevation indexð Þ
þ Fr TWIð Þ
þ Fr soil type indexð Þ
þ Fr permeability indexð Þ

ð7Þ

Fig. 4 Comparison of the landslide susceptibility maps of the Yenice watershed: a computed by Eq. 6 with the use of the saturation degree index (SDI); b
computed by Eq. 7 with the use of the topographic wetness index (TWI)
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Fig. 5 Spatial patterns of monthly landslide susceptibility in the Yenice watershed for the year 1998
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where Landslide Susceptibility (1) is the landslide susceptibil-
ity computed by considering the SDI, Landslide Susceptibility
(2) is the landslide susceptibility computed by considering the
TWI, and Fr is the frequency of each parameter for each class.

Results and discussions

To assess the results of the so-produced maps, a comparison of
the landslide susceptibility maps computed by Eqs. (6) and (7)
was performed. The results revealed that the effect of the SDI
is more accurate for the Derebaşı landslide (Fig. 4).
Furthermore, Fig. 4 shows that the Derebaşı Landslide initiat-
ed from zone 1.

Throughout this study, a new perspective on the existing
landslide susceptibility concept is proposed in order to show
the effect of water in terms of a new index (SDI). In other
words, a new index called the SDI is considered to integrate
the effect of water with the ordinary landslide susceptibility
phenomenon. To validate the new proposed SDI, the same
methodology is followed for the Cebeciler landslide, whose
exact date of occurrence is unknown but whose year of occur-
rence was recorded as 1998 by the General Directorate of
Natural Disaster (1998) in the geological investigation report.
Therefore, monthly meanmeteorological data were handled to
identify landslide susceptibility maps for 12 months for the
year 1998 to estimate the month in which the Cebeciler land-
slide occurred (Fig. 5).

In Fig. 5, landslide susceptibility classes were specified
based on the natural break concept considering five different
landslide susceptibility classes. It can be deduced from Fig. 5
that May was the most susceptible month in the year 1998 in
the Yenice watershed for the Cebeciler landslide, as reported
by the General Directorate of Natural Disaster (1998). This
result illustrates that the frequency ratio analysis approach
using the SDI for 12 months is also valid for the Cebeciler

landslide. In addition, the percentage areas of highly suscep-
tible and susceptible classes of February and June were greater
than in the other months (Table 4).

In addition, a new procedure is considered to produce a land-
slide susceptibilitymap. This procedure utilizes the SMDRmod-
el and frequency ratio analysis in order to take into account the
effect of water more determinately. Consequently, it is believed
that the only initiation factor for the Derebaşı landslide is the
variance of the water flux in terms of saturation degree consid-
ering the rainfall (only 7.3 mm); there was no seismic record or
evidence of human activity. To create the saturation degree map
of the Yenice watershed, the SMDR model based on the satura-
tion excess runoff phenomenon was run. This study is expected
to address the lack of consideration of the spatial and temporal
effects of water in landslide susceptibility mapping.

The TWI is a conventional topography-based index param-
eter that represents the spatial variations of the effect of water
in a watershed. However, it is deduced that the TWI cannot
reflect hydrodynamic processes due to its representation of
unclear temporal processes. Additionally, this index is pro-
posed for determining the wetness variations of large-scale
watersheds under steady state rainfall conditions (Moore et
al. 1991). Comparison of the TWI and SDI (which is derived
from the saturation degreemap produced by the SMDRmodel
for the date of occurrence of the Derebaşı landslide) indicates
that the TWI map is not totally meaningful in terms of the
initiation mechanism of the Derebaşı and Cebeciler landslides
due to its consideration of static parameters (Fig. 6a, b).

It is seen from Fig. 6a that the TWI is in the range of
16–17 for most of the area in the Yenice watershed, and
an increase of the TWI around the toe of the Derebaşı
landslide can be observed, which is contrary to the initi-
ation mechanism of the Derebaşı landslide indicated in
Table 2. However, in Fig. 6b, higher values of the SDI
can be observed in zone 1 of the Derebaşı landslide, in
harmony with the initiation mechanism. Additionally, it

Table 4 Percentage area of each
susceptibility class for each
month of the year 1998

Non-
susceptible (%)

Less
susceptible (%)

Moderately-
susceptible (%)

Susceptible
(%)

Highly
susceptible (%)

January 39.53 45.33 14.04 0.56 0.54

February 27.21 50.90 18.64 2.51 0.74

March 34.34 46.85 17.48 0.79 0.54

April 35.55 46.25 17.06 0.56 0.58

May 6.49 67.72 22.38 2.67 0.74

June 28.40 51.05 17.67 2.16 0.72

July 36.13 44.44 18.34 0.52 0.57

August 40.31 45.20 13.43 0.57 0.49

September 33.24 44.46 20.75 1.04 0.51

October 39.59 45.11 14.25 0.53 0.52

November 36.04 49.77 13.03 0.68 0.48

December 38.90 45.81 14.20 0.57 0.52
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can be deduced that the hydrological models based on the
variable source area concept clarify the processes of the
initiation of landslides in the context of landslide suscep-
tibility phenomena more accurately.

Slope angle, slope aspect, topographical elevation, soil
type, permeability, and saturation degree were used as basic
topographical input parameters for the frequency ratio analy-
sis of landslide susceptibility mapping. The SDI and the wide-
ly used TWI were employed as input maps of frequency ratio
analysis and the landslide susceptibility maps were compared
(see Fig. 4). Thus, it is proved that using the SDI for landslide
susceptibility is more effective, deterministic, and accurate in
terms of reflecting the temporal effect of water. In this way, the
landslide susceptibility concept gains a temporal dimension.
In other words, up until now, landslide susceptibility phenom-
ena have answered the question of Bwhere^, while this study
allows landslide susceptibility phenomenon to also approach
the question of Bwhen^, similarly to the hazard concept, with-
out executing detailed analyses.

A methodology combining the SMDR model with the fre-
quency ratio is used to handle the landslide susceptibility
maps for each month of the year 1998. The obtained landslide
susceptibility maps show an anomaly in the Cebeciler land-
slide area, and the most susceptible month in this area is May
1998. The geological investigation report of the Cebeciler
Landslide was written in May 1998. This can be evaluated
as an evidence of temporal verification. Additionally, a sus-
ceptibility anomaly in the crown of the Cebeciler landslide can
be evaluated as the evidence of spatial verification. Thereby,
the methodology was verified spatially and temporally for a
different landslide area.

The work aimed to express the SDI obtained from the
methodology by combining the SMDR model with the
frequency ratio mathematically. However, the static fac-
tors (e.g., elevation, slope, aspect, topographic wetness
index, etc.) used for landslide susceptibility vary spatially
and remain steady temporally. Dynamic (triggering) fac-
tors (e.g., earthquakes, effect of water, human activities)
vary temporally and remain steady spatially at the water-
shed scale. It can be concluded that ignoring the static
factors for a mathematical expression is inconceivable
for an index that varies spatially and temporally. such as
the SDI. For this reason, in order to generalize the ap-
proach shown in Fig. 5, the SMDR model executed with
all the available monthly average meteorological data
(1989–2009 for the Yenice watershed) and the monthly
mean saturation degree maps were converted to SDI for
utilization in the new generalized landslide susceptibility
approach (Fig. 7).

According to the maps shown in Fig. 7, the most
susceptible months were June and May, while
September and November could also be considered as
susceptible (Table 5). This integrated approach is prom-
ising, as it incorporates a methodology for better quan-
tification of parameters and accurate representation of
spatial and temporal landslide susceptibility. The inten-
tion of the study was to show a quantitative unbiased
approach in the context of uncertainties in the effect of
water as an initiation factor for landslide susceptibility.
Figure 5 validates the applicability of the proposed
methods, approaches, and landslide susceptibility classi-
fication index.

Fig. 6 Comparison of a the TWI and b the SDI for the Yenice watershed
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Fig. 7 Spatial patterns of monthly landslide susceptibility in the Yenice watershed
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Conclusions

Landslides are very sensitive to their triggering factor or initi-
ation parameter. For this reason, the use of a daily scale for the
proposed method could reflect the initiation mechanism of
landslides more accurately, as done in the analysis of a known
date landslide (Derebaşı) shown in Table 2. However, monthly
mean meteorological data have been utilized to reflect the
landslides which have not yet occurred for a generalized
spatio-temporal landslide susceptibility method.

In this study, soil thickness in the soil moisture distri-
bution and routing (SMDR) model is conceived as 1 m
depth, and it is considered that, under this depth, the only
water movement is percolation. In addition, the ground-
water level is much deeper than the slip surface of the
Derebaşı landslide. Therefore, groundwater fluctuations
have no effect on landsliding and the vertical saturation
degree variations are ineffectual for the initiation mecha-
nism of the Derebaşı landslide. For this reason, assuming
a soil thickness of 1 m for the simulation of saturation
degree variations can be accepted for a landslide which
has a 30-m-deep slip surface.

This method was developed to reflect the spatio-temporal
effect of water on landslide susceptibility as a landslide initi-
ation factor for a watershed that embodies a landslide. For
watersheds that have no landslide generation, or in the case
of the existence of significant seismic records, improvement
of the stages of this method should be treated as the subject of
future research studies.

Within the context of data accessibility, in countries
that have soil characteristics databases, such as the
SSURGO database in the United States, this method is
simple and expeditious. However, in countries that do
not have soil databases, the execution of this method re-
quires site works including soil mapping and sampling
and laboratory works.
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