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Abstract
The main objective of this work is to evaluate the landslide hazard using temporal and spatial probability analysis at a large 
scale for the urban area of Azazga in northern Algeria. The historical landslide events for a period from 1952 to 2019 were 
collected and mapped from various sources, and a database was built. The daily and cumulative antecedent rainfall data 
related to landslide events were prepared from rain stations located in and around the urban area of Azazga. The rainfall 
threshold model for landslide occurrence was developed by analyzing the relationship between the daily and cumulative 
values of antecedent rainfall related to landslide events. The results show that 30-day antecedent rainfall is the most reliable 
predictor of current landslide events. The resultant rainfall threshold model was validated further using the 2012 rainfall and 
landslide events, which are not included in the threshold model. The results were used to estimate the temporal probability 
of a landslide occurrence using a Poisson probability model. For the spatial prediction probability of landslide initiation, 
four landslide susceptibility maps were previously prepared using statistical models. Finally, landslide hazard maps were 
produced by combining the temporal and spatial probabilities of landslides for three return periods: 1, 3, and 5 years. The 
obtained results could be considered as a first step toward reducing landslide risk and developing an early warning system.
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Introduction

Rainfall-induced landslides, especially during the winter 
season, are the most recurrent geological hazards that have 
a high-risk impact in the Azazga urban area in northern 
Algeria. Rainfall was particularly heavy impact over the 
last decade, resulting in an increase in the frequency of 
landslides, which have caused significant damage to infra-
structure, properties, forests, and agricultural areas (Djerbal 
et al. 2014; Bourenane et al. 2021a, b). Landslides prin-
cipally occur during rainy season between December and 
February, mainly during intense rainfall. The most recent 
cases occurred in 2012, 2014, and 2018 were caused and 

reactivated by intense rainfall during the winter season, 
causing substantial and extensive damages at different parts 
of the Azazga urban area (Bourenane et al. 2021a, b, 2022a). 
Moreover, the extension of landslide events in the Azazga 
can be attributed to the effects of steep terrain, geological 
structures, mechanical characteristics of rock layers, tectonic 
activity, climate change, and extensive human activities. In 
addition, rapid and unplanned development of land-use plan-
ning in landslide-prone areas, territory mismanagement, and 
a lack of risk mitigation strategy exacerbate the impact of 
the landslide hazard and increase the risk. However, the 
landslide hazard was not adequately considered in the local 
development strategy and land use planning. Furthermore, 
despite the ongoing evolution of landslides and their asso-
ciated adverse impacts, there has been virtually little stud-
ies that aims to predict and prevent these hazards (Djerbal 
et al. 2014; Bourenane et al. 2021a, b, 2022a). Therefore, 
landslide hazard assessment and mapping are essential 
and urgent tasks that may assist authorities in reducing 
landslide damage through effective land use planning and 
development.
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During the last decade, landslide hazard assessment has 
been recognized as an important research topic. The major-
ity of the progress has been made in producing susceptibil-
ity and hazard maps at regional scales (1:25,000–1:50,000), 
while at large scales (1:10,000), used in land use rules, such 
studies are scarce. However, assessing landslide hazard and 
risk at a large scale using a minimal set of data, a replicable 
methodology, and geographical information systems (GIS) 
tools is a real challenge for earth scientists, risk managers, 
and government authorities.

Landslide hazard is defined as the probability of land-
slides of a given magnitude within a given area for a speci-
fied period of time (Varnes 1984; Van Westen et al. 2006). 
Landslide hazard mapping is associated with the division of 
an area into relatively homogeneous zones and their classi-
fication according to their degree of landslide hazard. Thus, 
landslide hazard integrates two main independent compo-
nents: (1) location or “where” a landslide will occur (spatial 
probability) and (2) time or “when” or how frequently they 
will occur (temporal probability). Hence, landslide hazards 
assessment can be obtained from two sources: (i) landslide 
spatial probability, also known as landslide susceptibility, 
expressed as the spatial probability distribution of observed 
landslides in a territory for predisposing factors; and (ii) 
landslide temporal probability related to the occurrences of 
triggering events such as earthquakes and rainfalls.

For the evaluation of landslide hazards, different 
approaches and models have been effectively applied and 
developed in the literature (Guzzetti et al. 2006; Pradhan and 
Lee 2010; Pradhan 2012; Althuwaynee et al. 2012; Devkota 
et al. 2012; Lee et al. 2012; Pourghasemi et al. 2012a, b; 
Zare et al. 2012; Tien Bui et al. 2012; Pradhan et al. 2023). 
Nonetheless, there have been limited efforts made to esti-
mate the temporal probability, mainly at a large scale due 
to the absence of historical datasets (Guzzetti et al. 2005; 
Jaiswal et al. 2010; Das et al. 2011). Thus, landslide hazard 
mapping is substantially difficult in poor countries, such as 
Algeria, due to insufficient datasets or the unavailability 
more of historical data.

Two methods have been largely used for the temporal 
probability assessment of future landslides. The first is the 
analysis of potential slope failure, while the second is the 
statistical analysis of past landslide events (Lopez Saez 
et al. 2012). The first method analyzes the local slope char-
acteristics and estimates the probability of instability. This 
approach is less suitable for large areas because necessi-
tating detailed knowledge of local conditions such as soil 
properties, shear parameters, changes in groundwater level, 
and discharge conditions (Jaiswal and van Westen 2009). 
The second examines the frequency of past landslide occur-
rences (Brabb 1984), which can be done directly using his-
torical landslide records or indirectly using information from 
rainfall-triggered landslide events (Corominas and Moya 

2008). Direct analyses of fairly extensive historical land-
slide data over a long-time range are thought to be a reliable 
way to determine the temporal probability. However, hav-
ing such data for all of the current individual landslides on 
such a large scale is quite challenging. Therefore, an indirect 
method based on the rainfall frequency of occurrence was 
applied in this study to estimate the temporal probability of 
landslides. Although the indirect technique does not require 
a comprehensive multitemporal landslide inventory, it neces-
sitates the development of accurate relationships between 
rainfall and the occurrence of landslides based on rainfall 
cluster times exceeding the threshold. Due to the fact that 
the frequency of rainfall-triggered landslides only offers an 
estimate of how frequently landslides may occur, it must be 
combined with the spatial prediction of potential landslides 
to produce a landslide hazard map (Corominas and Moya 
2008).

Landslide hazard assessment using rainfall thresholds 
was performed with success in many areas throughout the 
world (Corominas and Moya 1999; Glade 2000; Chleborad 
2000; Jakob and Weatherly 2003; Aleotti 2004; Coe et al. 
2004; Guzzetti et al. 2005; Chleborad et al. 2006; Matsu-
shi and Matsukura 2007; Salciarini et al. 2008, 2012; Mar-
telloni et al. 2011; Melchiorre and Frattini 2012). Three 
main methods have been developed for determining rain-
fall thresholds, including physical-based threshold mod-
els, empirical models, and statistical models (Caine 1980; 
Wilson and Wieczorek 1995). The physical process models 
analyze the relationship between rainfall and local causal 
factors (such as lithology, slope gradient, and soil depth) 
using a dynamic hydrological model. Empirical models 
calculate rainfall thresholds by reviewing historical rainfall 
events that caused landslides. The thresholds are habitually 
determined by drawing lower bound lines in the graph of the 
plotted historical rainfall that induced landslides (Guzzetti 
et al. 2007). Statistical-based models use statistical analysis 
methods such as the logistic regression and the Bayesian 
inference to determine rainfall thresholds (Guzzetti et al. 
2007; Frattini et al. 2009).

The goal of this research is to propose a reproducible 
methodology for evaluation and mapping landslide hazards 
using temporal and spatial probability analysis in the urban 
area of Azazga, northern Algeria. The methodology has 
been conducted, by using field data obtained from histori-
cal landslide records, including the dates of occurrence of 
the landslides and the daily rainfall records from five (5) 
rain gauge stations.

The temporal probability of a landslide was assessed 
using the Poisson model based on rainfall threshold. The 
rainfall threshold was calculated using a relationship 
between historical landslide records and the corresponding 
daily rainfall. The spatial probability analysis was evaluated 
using landslide susceptibility maps, which were produced 
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based on previous research by the same author using fre-
quency ratio, statistical index, weights of evidence, and 
logistic regression models (Bourenane et al. 2021b). Sub-
sequently, landslide hazard maps were produced by multi-
plying the temporal probability by the spatial probability. 
The final results give useful guidance for reducing landslide 
hazards and might be used as guidelines for landuse develop-
ment planning in the city of Azazga.

Study area characteristics

The Azazga region is geographically located in the northern 
region of Algeria (Fig. 1a), at about 35 km from Tizi-Ouzou 
Prefecture, and at about 135 km from the capital city, Algiers 
(Fig. 1b). The study area concerns the urban area of the 
city of Azazga, which is defined by its master plan (PDAU) 
perimeter (Fig. 1d), that covering a surface area of about 
9  km2. It is delimited by the longitudes of 619,620 m and 

624,350 m and the latitudes of 4,065,390 to 4,069,450 m 
(WGS 1984 and UTM Zone 31, North).

Geomorphologically, the Azazga region is a part of the 
Great Kabylia Mountains that belong to the Tellean Atlas 
chain of northern Algeria. Three geomorphological units can 
be identified in the study area (Fig. 1 d): (i) the mountainous 
area of El Abed in the east with steep slopes and an altitude 
exceeding 700 m; (ii) the hilly area between the mountains 
and the valley where the altitudes are varying between 150 
and 400 m; and (iii) the valley of Sébaou located at the west-
ern part of Azazga city with an altitude ranging between 50 
and 150 m. The diverse topography makes the province one 
of the most susceptible regions in Algeria for natural disas-
ters such as landslides. The elevation in Azazga City ranges 
from 500 to 1000 m above sea level and increases from the 
Southwest to the Northeast.

Geologically, the Azazga province is a part of the North 
Kabyle flysch domain that dominates the Neogene basin 
of Tizi-Ouzou to the west and limited to the south by the 

Fig. 1  Geographical setting of 
the study area within (a) the 
north center of Algeria and 
located at the east of the capital 
city Algiers, (b) the north-east 
of the Tizi Ouzou prefecture 
with the administrative division 
of north Algeria, and (c) the 
administrative limit of the urban 
perimeter of the city of Azazga 
draped on the digital elevation 
model (DEM); the zones limit 
is categorized based on spatial 
coverage of rain gauges, rain 
gauge location, and elevation 
difference (the white line delim-
its the two zones)
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metamorphic core of Grande Kabylie and the Djurdjura 
Jurassic limestone chain (Raymond 1974; Wildi 1983) 
(Fig. 2a). The study area exhibits three main geological for-
mations (Fig. 2b) (Gelard 1979; ORGM 1996): (i) the marly 
clays of the Cretaceous flysch in the western parts of Azazga 
City; (ii) the clays and the massive sandstones of the Oli-
gocene Numidian flysch in the eastern parts; (iii) the clayed 
marls of the post-nappe Miocene in the NW; and (iv) the 
clayey and sandy sandstones of the Quaternary scree in the 
center and northern parts. Because of their high plasticity, 
these geological formations are highly susceptible to ero-
sion, landslides, and flows in the presence of water.

Tectonically, the landslides are located in the faulted 
and folded flysch zone, a thrust sheet unit that experienced 
tectonic movements during the alpine cycle (Gelard 1979; 
ORGM 1996). The major tectonic characteristics include 

(Fig. 2b) (i) a major tectonic contact, oriented N-S, divid-
ing the “flysch of Azazga” unit and the Numidian unit; (ii) 
a system of faults oriented in two main directions, SW-NE, 
and NW–SE, visible especially in the Numidian sandstones; 
and (iii) overthrusting of the Numidian sandstones on the 
Cretaceous clay to the west.

The drainage network is represented by the semi-per-
manent flow of the Iazoughen, Aboud, and Boulina rivers, 
which are connected by a temporary flow affluent (Fig. 2b). 
The hydrogeology of the area is determined by the distribu-
tion of the permeable quaternary scree and the impermeable 
flysch substratum. The upper layer is permeable and allows 
water to pass through, while the underlying shale layer may 
be impermeable. The main aquifers are the Numidian sand-
stones and the Quaternary scree slopes. The slope’s water 
supply is replenished seasonally by rainfall via surface 

Fig. 2  Geomorphological 
and geological setting of the 
study area: a geomorphologi-
cal and structural positions of 
the flyschs in Greater Kabylia 
(Raymond 1974; Wildi 1983); 
b geological map of the Azazga 
region (ORGM 1996)



Arab J Geosci (2023) 16:592 

1 3

Page 5 of 22 592

infiltration and fluctuates. As a result, groundwater is an 
important resource, particularly during the winter season 
(December to February), when rainfall is at its peak.

The land use of the urban area comprises settlement 
areas (46.5%), grass and agricultural land (34.5%), and for-
est (19%). The Azazga urban area is still developing and 
extending to forest and agricultural zones, which may lead 
to more frequent landslides.

The study area is situated in the Mediterranean climate 
type, characterized by dry seasons from June to September 
and rainy, snowy winters from October to April with a high 
frequency of intense rainfalls. According to the daily pre-
cipitation database from five rain gauges (Fig. 1 c) provided 
by the National Agency of Meteorology and Hydrology 
(ANRH) for a period of 67 years (1952–2019), the mean 
annual rainfall ranges from 1412 mm in the Aghrib and 
1159 mm in the Yakourene regions (located in mountain-
ous areas) to 723 mm in the Freha region, located in the 
plain area. The intermediate values of annual rainfall are 
recorded in the Azazga Ecole rain gauge (981 mm), located 
in a hilly area (Table 1). The frequency and intensity of the 
rainfall are focused mainly over a short period of time dur-
ing the winter rainy season, which lasts from December 
to March and accounts for 50 to 60% of the yearly rain-
fall. The winter rainfall in Azazga can be characterized as 
being of low intensity, lasting a long time, and interrupted 
occasionally by bursts of heavy rain. During the winter and 
autumn seasons, highly variable rainfall quantities (700 to 
1200 mm  year−1) occur with severe storms, causing a major 
landslide potential.

Data collection and database construction

Historical landslide inventory and mapping

The historical landslide inventory was performed for a 
period of 67 years, from 1952 to 2019. This map is based 
on landslide inventory maps from a variety of data sources, 
including (1) interpretation of aerial photographs, Google 
Earth satellite imagery, and high-resolution satellite 
imagery; (2) examination of historical landslide records 

(landslide reports, newspaper records, and data collected 
from the field interviewing of local people); and (3) detailed 
and extensive fieldwork (Bourenane et al. 2021a, b). The 
database contains the in situ information associated with 
each landslide characteristic, such as the geological condi-
tions of slopes, geomorphological features, and geometrical 
parameters, as well as the direct relationship with the rainfall 
amount, i.e., the temporal occurrence of rainfall-triggered 
landslides (Table 2).

Figure 3 depicts the spatial distribution of landslides in 
Azazga. The landslide perimeter occupies an area of about 
2816  km2, representing about 31% of the total urban area 
perimeter (master plan perimeter). The smallest landslide 
surface of the landslide is about 805  m2, whereas the largest 
one is 6841  m2. Since landslides are not evenly distributed 
throughout the study area, it is likely that lithology and other 
controlling factors play a significant role in determining 
when and where landslides occur.

According to Cruden and Varnes (1996) classification, 
the observed landslides can be divided into three types: (i) 
The slide represents an area of 27.95%; (ii) the flow repre-
sents 2.05%; and (iii) the rock falls with about a surface area 
of 1%. The flows are affected by rainfall events and actually 
occur during rainy seasons in less consolidated sandy clays, 
greatly altered, decompressed, and saturated on deep valleys 
and slopes with a mean slope of 20 to 30° along the Aboud 
river to the north and the Boulina river to the south of the 
city. The slides are the most important in terms of spatial 
extents and mobilized volumes. They are very common in 
the scree formations to the north of the city (Tadart, Tala 
Oukouchah, and Ighil Bouzal), along the Aboud and Boulina 
valleys, as well as in the Numidian clays to the east. The 
rock falls is the less common type and is mostly observed 
in the fractured Numidian sandstones in the mountains of 
the Djemâa-Bouchen in the west and the Djebel El Abed 
in the east of the urban area. This type is influenced by the 
sandstones’ pre-existing fractures. The failures are caused by 
differential erosion or by the destabilization of the underly-
ing formations when these sandstones alternate with marly 
or clayey soils.

According to an analysis of the relationships between the 
occurrence of landslides observed in the landslide inventory 

Table 1  Available daily 
precipitation data (see Fig. 1c 
for the locations of the 05 
meteorological stations) 
provided by the National 
Agency of Meteorology and 
Hydrology (ANRH)

N° Meteorigical station Location Daily rainfall data Mean annual 
precipitation 
(mm)X (UTM) Y (UTM) Z

1 AZAGA ECOLE 649.25 383.9 430 1950–2014 981.401
2 YAKOURENE 655.2 382.15 820 1950–2012 1159.054
3 TALA GASSI 654.6 389.45 560 1950–2012 1184.347
4 AGHRIBS 645.1 391.25 680 1950–2012 1412.457
5 FREHA 641.9 383.5 140 1950–2020 722.879
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map and each lithological unit, 65% of all landslides occur 
in the quaternary scree unit, followed by the cretaceous clay 
flysch unit, which accounts for 20%, and the numidian sand-
stone unit, which accounts for 25%. Regarding tectonics, the 
NW–SE and NE-SW fault directions appear to be in control 
of some landslides. The tectonic contacts between the Qua-
ternary formations and the substratum, the fractures, and the 
schistosity planes in the slope direction create preferential 
flow drains that favor water infiltration and affect the occur-
rence of landslides.

The analysis of the landslide inventory indicates that the 
major part of the mass movements in the city of Azazga 
were generated by rainfall, which raised the pore-water pres-
sure after infiltration into the soil. Referring to Table 2, the 
majority of these landslides occurred during rainy season, 
from October to April, when daily rainfall exceeded 8 mm. 
Though the antecedent rainfall that contributed to the satura-
tion of the soil also had an essential influence on the land-
slide occurrences (Godt et al. 2006), numerous landslides 
occurred in January and March 1952, when daily rainfall 
and 3 days of antecedent rainfall exceeded 8.5 and 51 mm, 
respectively. A large number of landslide occurrences also 
occurred on March 24, 2018, when daily rainfall and 15-day 
antecedent rainfall exceeded 60 and 85 mm, respectively 
(Tables 1 and 2).

Rainfall distribution

Rainfall is largely regarded as the principal triggering factor 
of landslides in the city of Azazga and surrounding areas 
(Bourenane et al. 2021a). The historical landslide inventory 
conducted between 1952 and 2019 reveals that the primary 
causes of landslides are related to heavy rainfall events, with 
landslides principally occurring during the rainy season. In 
order to confirm this influence of rainfall events on land-
slides occurrence in the study area, the daily rainfall data 
from 1952 to 2019 was collected from the five (5) mete-
orological stations (Azazga Ecole, Yakourene, Tala Gassi 
Aghribs, and Freha) installed in and around the vicinity of 
the study area (Table 1 and Fig. 1c).

Analysis of the historical landslide inventory conducted 
from 1952 to 2019 indicates that the occurrence of land-
slides in the city of Azazga are typically linked to continu-
ous and heavy rainfall events during the winter season from 
December and February (Fig. 4). The majority of histori-
cal landslide events observed in Azazga (1952, 1955, 1973, 
1974, 1984, 2003, 2004, 2012, 2014, 2018, and 2019) are 
associated with high intensity of rainfall events that exceed 
500 mm annually. Such a high intensity of rainfall can be 
enough to trigger landslides, nevertheless, the cumulative 
rainfall and antecedent rainfall also plays a crucial role in 
the initiation of the landslides.Ta

bl
e 

2 
 (c

on
tin

ue
d)

La
nd

-
sl

id
e 

ep
is

od
e

Ty
pe

 o
f l

an
ds

lid
e

D
at

e 
of

 o
cc

ur
re

nc
e

(d
d/

m
m

/y
yy

y)
D

ai
ly

 
ra

in
fa

ll 
(m

m
)

3 
da

ys
 

ra
in

fa
ll 

(m
m

)

5 
da

ys
 

ra
in

fa
ll 

(m
m

)

7 
da

ys
 

ra
in

fa
ll 

(m
m

)

10
 d

ay
s 

ra
in

fa
ll 

(m
m

)

15
 d

ay
s 

ra
in

fa
ll 

(m
m

)

30
 d

ay
s 

ra
in

fa
ll 

(m
m

)

A
ffe

ct
ed

 a
re

as

27
Sl

id
e

21
/0

6/
20

16
7.

4
8.

2
8.

2
8.

2
8.

2
8.

2
81

.2
W

es
t o

f t
he

 c
ity

 o
f A

za
zg

a
28

Sl
id

e
24

/0
3/

20
18

32
.8

47
64

.4
68

.7
68

.7
84

.9
21

0.
7

Re
ac

tiv
at

io
n 

of
 la

nd
sl

id
es

 o
f 2

01
2 

an
d 

20
14

29
Sl

id
e

22
/0

3/
20

18
32

.8
47

64
.4

68
.7

68
.7

84
.9

21
0.

7
Re

ac
tiv

at
io

n 
of

 la
nd

sl
id

es
 o

f 2
01

2 
an

d 
20

14
30

Sl
id

e
24

/0
3/

20
18

60
.3

70
.6

10
9

12
6.

4
13

0.
7

14
0

23
7.

9
Re

ac
tiv

at
io

n 
of

 la
nd

sl
id

es
 o

f 2
01

2 
an

d 
20

14
31

Sl
id

e
25

/0
3/

20
18

24
.3

87
89

.3
89

.3
97

.9
13

6.
1

42
6.

5
Re

ac
tiv

at
io

n 
of

 la
nd

sl
id

es
 o

f 2
01

2 
an

d 
20

14
32

Sl
id

e
15

/0
1/

20
19

6.
2

62
.7

65
65

73
.6

11
1.

8
40

2.
2

W
es

t o
f t

he
 c

ity
 o

f A
za

zg
a



 Arab J Geosci (2023) 16:592

1 3

592 Page 8 of 22

The annual rainfall distributions recorded at five stations 
clearly show a great variability and irregularity of the inter-
annual rainfall as well as their extreme concentration over a 
specific period with an increase from downstream (plains) to 
upstream (mountains). Figure 4 depicts the annual variation 
in monthly (Fig. 4a) and annual rainfall (Fig. 4b) gathered 
from the rain gauges. This spatial distribution variability of 
precipitation is mainly related to the altimetric gradient with 
increasing rainfall from the Freha plain to the hilly areas (the 
town of Azazga) and the mountain areas (Yakourene and 
Aghribs). The average annual and rainy season precipita-
tion was 1093 mm and 668 mm, respectively (Fig. 4). Mon-
soonal rainfall contributed 85% of the total rainfall during 
this period of time. The occurrence of these specific precipi-
tation patterns proves the important role that rainfall plays 
in generating landslides in the study area. The mean annual 
rainfall ranges from 723 mm in the Freha region (Freha rain 
gauge) in the west of the city and 981.40 mm (Azazga Ecole 
rain gauge) in the center of the city to 1184.34 mm in the 
Aghrib region (Tala Gassi rain gauge) in the north (Table 1). 
The intermediate values of annual rainfall are recorded in the 
Yakourene region in the east, with annual rainfall ranging 
between 1159.05 mm (Yakourene rain gauge) and 1184.34 
mm (Tala Gassi rain gauge). These results reflect the impor-
tance of torrential rains in the mountainous area.

Because of the variability of rainfall distribution, the 
study area is divided into two zones based on the spatial 
coverage of rain gauges, the location of the rain gauges, and 
elevation differences (Fig. 1c). Zone 1 concerns the eastern 

Fig. 3  Landslide inventory 
map of the study area for the 
period of 67 years (1950–2019) 
used for the landslide hazard 
zonation. The numbering 
corresponds to the episode of 
the temporal occurrence of 
rainfall-triggered landslides data 
of Table 2
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part of the study area and represents the mountainous area 
with high slope (30° to 60°) where altitude can exceed 
700 m. It houses two rain gauge stations, i.e., Yakourene 
and Tala Gassi. This area is underlain mostly by sandstones 
from the Oligocene Numidian Flysch. Zone 2 concerns the 
western and central parts of the study area and represents 
the hilly area with the gentle slope area (10° to 30°), and 
the altitudes are varying between 100 and 400 m. The zone 
houses two rain gauge stations: Azazga Ecole and Freha. 
This zone is represented by the sandy clays of Quaternary 
scree and the marly clays of the Cretaceous flysch.

The highest concentration of landslides or the land-
slide density is occurred during the highest rainfall where 
the antecedent rainfall influences the landslide occurrence 
(Table 2). Many landslides occurred in January 1952, when 
daily rainfall and 5 days antecedent rainfall exceeded 8.5 
and 70 mm, respectively. A large number of landslide occur-
rences were also happened in March 2012, when daily rain-
fall and 15-day antecedent rainfall exceeded 22 and 105 mm, 
respectively. In March 2018, many slides occurred as a result 
of daily rainfall and 30-day antecedent rainfall exceeding 6.2 
mm and 81.2, respectively (Table 2).

Temporal assessment of landslide hazard

Rainfall threshold estimation

Rainfall threshold, which corresponds to the minimum or 
maximum amount of rainfall required for landslide initiation 
in a specific area, is the principal independent component 
that contributes to the development of temporal probabil-
ity (Guzzetti et al. 2007). Rainfall threshold is related to 
the limit of a hydrological condition that, when reached or 
exceeded, induces a landslide. The estimation of rainfall 
thresholds for landslide occurrence is considered a fun-
damental challenge in landslide hazard assessment. Many 
approaches have been presented and developed by vari-
ous researchers to estimate rainfall thresholds (Dahal et al. 
2009; Zezere et al. 2005; Giannecchini et al. 2012; Crosta 
1998; Corominas and Moya 1999; D’Odorico and Fagher-
azzi 2003; Glade 2000; Frattini et al. 2009; Marques et al. 
2008; Saito et al. 2010). They are classified into five thresh-
old groups: (i) physical model; (ii) empirical; (iii) intensity 
duration; (iv) normalized intensity-duration; (v) cumulative 
rainfall; and (vi) antecedent rainfall. The rainfall intensity-
duration thresholds and the empirical approaches are the 
most widely applied because they can easily and simply pro-
vide an approximate estimate of the minimum precipitation 
conditions. The most commonly used variables for estimat-
ing rainfall thresholds are daily rainfall, antecedent rainfall, 
cumulative rainfall, and normalized critical rainfall.

In the case of the study area, only the daily rainfall data is 
available; antecedent cumulative rainfall was considered to 
have a major role in the occurrence of landslides for the rea-
son that it increases the pore-water pressure by reducing the 
shear strength of soil. As a result, the empirical method was 
used to establish the threshold model based on antecedent 
rainfall. Figure 2 illustrates the daily rainfall data recorded 
by each rainfall gauge station and nearby main landslide 
events in the Azazga between 1952 and 2019. Seasonal 
rainfall occurs with discontinuity and can be characterized 
as usually low-intensity, long-duration occurrences along 
with occasional extreme episodes, making the choice of 
antecende rainfall suitable.

Antecedent rainfall is an essential factor in the initiation 
of landslides, particularly in less impermeable soils, as it 
reduces soil suction and increases pore water pressure. The 
most difficult part of using antecedent rainfall for landslide 
hazard estimation is determining the number of days to take 
into account. A thorough literature examination indicated 
a complex relationship between the number of days for the 
antecedent rainfall and the triggering of a landslide. Gener-
ally, the antecedent rainfall between 3 and 120 days was 
considered important in landslide occurrence understand-
ing. The variation in the number of days for the antecedent 
rainfall can be influenced by a variety of factors, including 
(i) variation of the morphology, lithology, and vegetation; 
(ii) variation of meteorological and climatic conditions; and 
(iii) heterogeneity and incompleteness in the rainfall and 
landslide data used to determine the thresholds.

In order to estimate the number of days for the anteced-
ent rainfall for this study, the inventory was categorized into 
two groups according to the two zones considered: zone 1 in 
the eastern part with a high slope and zone 2 in the western 
and central parts with a gentle slope (Fig. 1c). Then, we 
examined the relationship between the daily rainfalls and 
the related antecedent rainfall corresponding to the past 
landslide events for six periods: 3, 5, 7, 10, 15, and 30 days 
(Table 2). The results are shown in Fig. 5. The reliability 
results indicate the minimum number of rainfall days that 
have been plotted above each threshold (Lee et al. 2014). 
The red dots indicate the landslide events, whereas the blue 
dots represent the maximum yearly rainfall in 1 day without 
recorded landslides for the respective time periods. The best 
discrimination between events that induced landslides and 
those that did not was observed for the 30 days of antecedent 
rainfall. For the other antecedent rainfall days, discrimina-
tion appears to be less evident.

For this result, the rainfall threshold was estimated using 
the 30-day antecedent rainfall. For each zone, a scatter graph 
representing daily rainfall (with one or more landslides) 
against the corresponding 30-day antecedent rainfall was 
constructed to determine the rainfall threshold RTH. This 
graph is generated using historical rainfall-induced landslide 
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data from 1952 to 2019. The historical landslides of 2012 
were used to validate the threshold. Figure 6 depicts the 
threshold equations, reliability values, and threshold val-
ues for each zone. Each zone has its own threshold based 
on the nearest event. Using the lower end of the plotted 
points in the scattered graph, the mathematical equation 
for the envelope curve for landslides was then obtained 
as RTH (zone 1) = 119.76–0.2115  R30Ad and RTH (zone 
2) = 72.303–0.1515,  R30Ad, where RTH corresponds to the 
rainfall threshold and  R30Ad represents the cumulative rain-
fall values for the antecedent 30 days.

Validation of the rainfall threshold

The validation of the used models is regarded as the most 
important component in landslide hazard modeling, and 
without validation, the prediction models have no scien-
tific importance (Chung and Fabbri 2003). Our rainfall 
threshold results in this study are validated by using recent 
rainfall events related to the landslide data for the period 
from 1 January 2012 to 31 December 2012. This dataset 
was not utilized in the development of the rainfall thresh-
old model.

Fig. 5  Relationship between the daily rainfall (blue bars) recorded by each rainfall gauge station and the nearby main landslide events (red 
rounds) in the two defined zones
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The result reveals that the rainfall threshold was exceeded 
severel times in zone 1 and zone 2 during the period from 
January to December 2012 (Fig. 7). The threshold exceed-
ance axis shows the value of RTH in relation to the value 
of  R30Ad for each day, with positive values indicating the 
occurrence of landslides. Figure 7 indicates that a heavy 
measure of rainfall occurred, exceeding the threshold. Suc-
cessively, the rainfall threshold was exceeded 11 times in 
Yakouren (zone 1) and 23 times in Azazga (zone 2). It could 
be perceived that all landslides occurred when rainfall values 
exceeded these thresholds. In addition, other rainfall values 
that exceeded these thresholds have been recorded in the 

two stations (Yakouren and Azazga), but no landslide was 
reported. The obtained results in this study indicated that 
all the used threshold models provided good accuracy in 
predicting landslide hazards in Azazga city.

Temporal assessment of landslide hazard

The estimation of the temporal probability of landslide haz-
ard occurrence was based on the following two hypotheses: 
(1) the probability of landslide occurrence is associated 
with the probability of occurrence of the rainfall threshold 
(Jaiswal and van Westen 2009); and (2) the landslide will 

Fig. 6  Relationship between the daily rainfall and the antecedent rainfall in the city of Azazga for the period 1952–2019. In the figures, red dia-
monds depict the landslide events, and the blue diamond shows the maximum yearly rainfall in one day without a reported landslide
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most likely occur when rainfall amounts exceed the rainfall 
threshold (Chleborad et al. 2006). For estimating the tem-
poral probability of a landslide occurrence, the probability 
of occurrence of episodes of rainfall exceeding the rainfall 
threshold for the period of 67 years (from 1950 to 2019) was 
used based on a Poisson model, as follows (Crovelli 2000):

where N(t) is the number of landslides that occurred during 
time t, and λ is the rate of n landslides occur.

The probability of one or more landslides occurring dur-
ing time t, known as the exceedance probability, can be cal-
culated as follows:

where μ is the future mean recurrence interval and μ = t-1; t 
is a future time period for which the exceedance probability 
is estimated. To estimate the future mean recurrence inter-
val, we used the historical mean recurrence interval, with 
the supposition that the future landslides occurrence will be 
the same as it was in the past (Crovelli 2000).

(1)P(N(t) = n) = e−�t
(−�t)n

n!
;n = 1, 2, 3,…

(2)P(N(t) ≥ 1) = 1 − Exp(−t∕�)

The temporal probability of landslide hazards in the study 
area was obtained for the two defined zones individually, 
and their distribution along with the threshold equations is 
presented in Table 3. Initially, the number of times for which 
the threshold was exceeded for the study period (1952–2019) 
was calculated using the time series of daily rainfall from 
5 rain gauges. Afterward, the temporal probability was cal-
culated for three scenarios: 1, 3, and 5 years (Table 3). For 
zone 1, during the simulation period, the threshold value 
was exceeded 11 times, and out of these 11 cases, land-
slides were triggered in 10 cases. The estimated probability 
P[L|(R > RT)] for zone 1 was 0.90. The threshold value was 
also exceeded 23 and 64 times in zone 2 over the course of 
the 67-year period, triggering 14 landslides and adding 0.60 
to the temporal probability values. The probability of at least 
one rainfall event occurring in any given year ranged from 
0.60 to 0.90. The zone 1 received the highest probability 
values, followed by the zone 2. Additionally, this variation 
was observed in the number of landslide occurrences for 
each zone. During the monsoon season, these precipitation 
events were also capable of causing numerous landslides.

It is worth noting that, in some cases, rainfall days exceed-
ing the threshold did not always result in a single landslide, 

Fig. 7  Rainfall threshold for the city of Azazga, where RTH is the threshold rainfall, and  R30Ad is the 30-day antecedent rainfall

Table 3  Temporal probability of landslide hazard for the city of Azazga with the return periods of 1, 3, and 5 years

Zones Threshold equation (RT) A number of times the 
threshold are exceeded

P(R > RT) Landslide 
frequency

P[L|(R > RT)] Temporal probability for dif-
ferent return periods

(1 year) (3 years) (5 years)

Zone 1 
(Eastern 
part)

RTH = 19.76–0.2115 30Ad 11 0.84 10 0.90 0.999 1 1

Zone 2 
(center 
and West-
ern part)

RTH = 2.303–0.1515 R30Ad 23 0.99 14 0.60 0.811 0.993 0.999
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whereas moderate rainfall amounts triggered some landslide 
events. This scattered event occurred mostly in areas with 
gentle terrain (zone 2). This could be due to the follow-
ing factors: (1) no extensive record of small events in the 
study area, (2) landslides caused by human activities, and (3) 
frequent and intense slope loading that initiates cracks and 
facilitates rainfall infiltration. The most frequently reported 
and destructive of human activities is road construction, 
which changes the landscape and accelerates the occurrence 
of slope instability (Chau et al. 2004).

Spatial prediction of landslide hazard

The spatial probability of landslide occurrence in a given 
area for a given conditionning factors is defined as landslide 
susceptibility, and its determination is one of the crucial 
steps needed to understand and identify potentially landslide 
prone sections for any study region. The spatial prediction of 
landslide susceptibility can be obtained by two basic catego-
ries of methods: (i) qualitative approaches based on expert 
knowledge of the target area, and (ii) quantitative approaches 
based on statistical algorithms. Since statistical techniques 
have produced completely satisfactory results over the past 
few decades, they are now viewed as being more objective 
and suitable for landslide susceptibility mapping, especially 
at large scales, due to their capacity to reduce the subjectiv-
ity in qualitative expert analysis.

Different landslide susceptibility maps (LSMs) were 
produced in the study area from earlier research by the 
same author using four statistical models, including fre-
quency ratio (FR), statistical index (SI), weights of evi-
dence (WoE), and logistic regression (LR) (Bourenane 
et al. 2021b). The evalution and the mapping of landslide 
susceptibility are based on numerical expressions of the 
spatial statistical relationship between the distribution 

of both landslide-conditioning factors and the landslides 
using GIS-based statistical modeling. For this objective, 
primarily, a landslide inventory map and ten landslide-
conditioning factors (including the geology, distance to 
faults, distance to lineaments, precipitation, slope, alti-
tude, aspect, land use, distance to drainage, and distance 
to roads) were prepared and derived from high-resolution 
satellite imagery and aerial photographs interpretation, 
detailed field observation, geological map, a DEM, and 
a rainfall database. Secondly, the susceptibility assess-
ment was performed using four simple statistical models 
with the help of GIS techniques to generate LSMs. The 
assessment procedure is based on a cross-analysis of land-
slide-related factors and spatial frequency using statistical 
models and the GIS matrix method. The weighting factor 
values of the training sets of each layer for each landslide 
factor have been assessed using the equations of the four 
used models (FR, SI, LR, and WoE), in order to produce 
the final LSMs. The resulting maps (Fig. 8) were catego-
rized into five distinct classes using the standard deviation 
method: low, moderate, high, and very high susceptibility. 
The total number of elements (weight value) was divided 
into these five groups. Finally, the obtained LSMs were 
validated using the ROC (receiver operating character-
istic) curves. The ROC curves show that (Fig. 9) (i) all 
the statistical models provided good accuracy in landslide 
susceptibility mapping; and (ii) the landslide susceptibility 
model obtained from the frequency ratio (78.4%) has the 
highest prediction probability, followed by the statistical 
index (78.1%), weights of evidence (73.5%), and logistic 
regression (72.1%) models. The obtained maps were used 
in this study to determine the spatial probability of land-
slide hazards for the city of Azazga. The detailed appli-
cation of the abovementioned four statistical models for 
landslide susceptibility mapping in the city of Azazga is 
described in previous work (Bourenane et al. 2021b).

Fig. 8  Validation of the threshold models for the two defined zones in the city of Azazga. Positive values on the vertical axis indicate threshold 
exceedance (R [RTH)
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Landslide hazard assessment

The landslide hazard in the study area was evaluated by mul-
tiplying the temporal and spatial probability values of land-
slides for three return periods (1, 3, and 5 years) (Tien Bui 
et al. 2013). Twelve landslide hazard maps were produced 
and classified into five hazardous classes: very high, high, 
moderate, low, and very low. Examples of rainfall induced 
landslide hazard maps for the return periods of 1, 3, and 5 
years are shown in Fig. 10. Figure 11 presents examples of 
detailed landslide hazard maps for three scenarios draped 
on high-resolution satellite images. For validation, the 
obtained landslide hazard maps have been compared with 

the landslide inventory map using the statistical rules: first, 
the percentages of landslides increased concurrently with the 
degree of hazard and the observed landslide should belong 
to the high hazard class, and second, the high hazard class 
should cover only small areas (Bai et al. 2010). The results 
indicated that all the used models provided good accuracy 
in landslide hazard mapping in the city of Azazga. The 
cumulative percentage of landslides increased from a low-
hazard zone to a very high hazard zone. Indeed, 60% of 
the landslide pixels are located in very-high hazard areas. 
Only a few landslide pixels (2%) are located in the very low-
hazard areas. The landslide pixels falling in the moderate 
and low-hazard areas are 12% and 2%, respectively. Overall, 

Fig. 9  Landslide susceptibility maps obtained from (a) the FR method; (b) the SI method; (c) the WoE method; and (d) the LR method (Boure-
nane et al. 2021b)
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the landslide hazard map clearly distinguishes between the 
very high and very-low hazard areas (Fig. 12). Furthermore, 
when planning mitigation and designing landslide remedial 
measures, the zone with a very high to moderate hazard 
should be considered.

Discussion

Landslides induced, especially during rainfall, are the 
most frequent natural hazard with a high-risk effect in the 
mountainous areas of Algeria (Bouhadad et al. 2010). The 
frequency of landslides has particularly increased over the 
last decade, due to heavy rainfall that has caused important 

damage to constructions, infrastructures, and environmen-
tal areas. Therefore, assessing landslide hazards is a crucial 
and urgent task for authorities and a difficult challenge for 
scientists.

In the last decades, numerous methods and methodolo-
gies using statistical-based geospatial models combined with 
GIS technology have been developed for the quantitative 
assessment of landslide hazard; however, they may be best 
categorized as susceptibility models due to the fact that they 
only offer information on spatial probability (Das et al. 2011; 
Pradhan et al. 2023).

In this paper, we propose a methodology for landslide 
hazard assessment and mapping at large scales using a rain-
fall threshold model for landslide occurrence based on the 
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Fig. 11  Landslide hazard maps obtained from frequency ratio and statistical index for three scenarios 1, 2, and 5 years using the model
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relationship between the historical records and the related 
rainfall events. This methodology enables us to assess land-
slide hazard scenarios with available multi-temporal land-
slide inventories and daily rainfall records.

The landslide hazard maps were produced by combining 
the landslide susceptibility maps with the temporal probabil-
ity of landslides. These hazard maps give information on the 
location “where” and time “when” a landslide will probably 
occur; as a result, land use planning for future development 
implementation in various scenarios (1, 3, and 5 years) is 
possible. The obtained landslide hazard maps can be used as 
a primary guide for comprehensive land use planning, urban 
development management at a detailed time and location.

The principal reasons for the scarcity of quantitative 
hazard assessment are represented by an insufficient inven-
tory of the precise time and volume of landslides, the 

classification of slope material failures, and an updated 
land use map. In this study, we filled a gap in the litera-
ture by generating a large-scale hazard map that includes 
the spatial and temporal aspects by using available infor-
mation on rainfall-induced landslides from 1950 to 2019. 
Primarily, landslide susceptibility maps were established 
using geomorphological and geological conditioning fac-
tors that are unlikely to change during the prediction periods. 
Furthermore, other factors such as distance from roads and 
drainages, as well as land use, may be resistant to signifi-
cant change after 5 to 10 years. However, we made sure to 
exclude the center of Azazga from a long-period prediction 
because its evolution is characterized by rapid development, 
increased deforestation, and infrastructural expansion. The 
spatial probability of the landslide (susceptibility) occurence 
in the city is discussed comprehensively in Bourenane et al. 

Fig. 12  Examples of detailed 
landslide hazard maps for three 
scenarios (return periods) 1, 2, 
and 5 years drapped on high-
resolution satellite images

1 year 

3 years
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Landslide hazard based the frequency ratio 
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Landslide hazard based the statistical index 
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(2021b). The present paper focused only on the probabil-
ity temporal and hazard map performances. The temporal 
probability of the landslides was estimated by an indirect 
method using the Poisson probability model by analyzing 
the relationship between the daily and cumulative or ante-
cedent rainfall related to inventory landslide events.

The established landslide hazard maps show the spatial 
classification of areas into identical degrees of landslide 
hazard, from very high to very low-hazard. The detailed 
interpretation of the hazard map (example in Fig. 11) indi-
cated areas with a high probability of landslides along the 
Aboud, Iazoughen, and Boulina river zones passing through 
the north and south of the city. They have been among the 
most susceptible zones in the study area to landslides in 
recent years. A very high-to-high probability of landslides 
is observed in other areas of the city of Azazga, such as 
Tala Oukouchah, Zen, and Ighil Bouzel, Agouni Guizem, 
and Aït Bouhouni, as shown in Fig. 11. A large historical 
landslide occurred in these areas (1952, 1955, 1973, 2004, 
2012, 2014, 2018, and 2019), causing substantial damage 
to several constructions, national roads numbers 12 and 72, 
rural roads, and sensible infrastructures.

In relation to the vulnerable area, the resulted landslide 
hazard maps show that several high-risk zones are located 
within populated areas with extensive road networks and 
infrastructures (Figs.  10 and 11). This constitutes the 
main problem for landuse management and development 
in these areas. As shown on the map (Fig. 11), a high 
probability of landslide hazards has resulted in the loss 

of properties and infrastructure because of recent land-
slides. Consequently, developing mitigation measures to 
reduce the impact of landslides should be prioritized in 
these areas.

In the city of Azazga, it is impossible to use traditional 
methods for direct analysis, that is, the frequency of land-
slides, to obtain landslide hazard maps because a full detail 
or complete temporal landslide is not available on a detailed 
landslide inventory map. Besides that, details on soil thick-
ness and geotechnical properties are not available. For that 
reason, deterministic models for assessing the relative sta-
bility of slopes on a local scale are inapplicable in the stud-
ied area. As a result, the temporal probability of landslide 
occurrences was estimated using the indirect method based 
on the mean rate of occurrence of the rainfall threshold. 
This method is based on data on daily rainfall and the dates 
of landslide episodes over a 67-year period (1952–2019).

The comparison of the landslide hazard map and the 
landslide susceptibility maps reveals that some areas are 
relatively low susceptible to landslides (such as the Tizi 
Bouchen area in the city’s west), but they become a little 
higher in landslide hazards (Fig. 13) at a given time in 1 
year, and vice versa. This is due to the number of times 
rainfall has exceeded the period’s average, resulting in a 
high temporal probability for those regions. Therefore, the 
probability of a landslide occurring in a particular area is a 
conditional function of the landslide susceptibility condition 
and the probability of a landslide-triggering rainfall event 
(Jaiswal et al. 2010).

Fig. 13  Landslide hazard map 
for the return period of 5 years 
based on the frequency ratio 
model
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The spatial landslide hazard prediction models for Azazga 
urban area were built using the hypothesis that future land-
slides will occur under the same geo-environmental condi-
tions as those that produced them in the past (Guzzetti et al. 
2005). It is worth noting that the rainfall-triggering factor 
was not considered in the landslide susceptibility models. 
Given that the hazard models are predicted to be valid for 
5 years, one might wonder if these factors will change dur-
ing that time. It is reasonable to assume that in the research 
region, local characteristics such as lithology and faults will 
not change meaningfully over the time period under consid-
eration. However, due to human activities, characteristics 
such as land use and distance to road will change during 
the next 5 years. This is due to the ongoing changes in the 
vegetation layer caused by clear-cut logging and deforesta-
tion in the catchment areas of the Boulina river, Iazoughen 
river, and Aboud river in the region. Additionally, the road 
network system has been expanded in recent years and will 
continue to be expanded in the future. As a result, several 
of the landslide conditioning variables included in the land-
slide susceptibility models may be modified. As a result, an 
evaluation of the change in land use and the road system dur-
ing the considered time should be carried out. If the change 
is considerable on a local scale, the susceptibility models’ 
conditioning factors of land use and distance to roadways 
should be revised. In Azazga, the temporal records of many 
landslides were not available. This absence in the landslide 
inventory leads to imprecision in hazard maps with respect 
to two points: (i) the relationship between landslide events 
and rainfall, and (ii) the rainfall that exceeded the threshold 
but did not result in a landslide event. These two factors 
tend to overestimate the probability of a long-time predic-
tion (Jaiswal and van Westen 2009), such as over a period 
of 5 years.

The study area received the highest rainfall during the 
winter season; the eastern part, with its contrasted topogra-
phy and rock formation, and the central and western parts, 
with their gentle terrain and soil formation, revealed vari-
ations in prediction probability despite receiving almost 
similar amounts of rainfall. This result comprehensively 
demonstrates that the occurrence of landslides is associated 
with the presence of contrasting terrain and geological for-
mations (Guzzetti et al. 2008; Jaiswal et al. 2010; Malamud 
et al. 2004).

Because rainfall is the most common trigger factor for 
landslides, and there have been no reports of landslides 
induced by earthquakes in this region. The statistical corre-
lation between historical rainfall and landslide incident data 
was used to estimate the temporal probability of landslides. 
The rainfall threshold was calculated by utilizing all land-
slide episodes without taking into account the specific size 
of the landslides or the number of landslides in the episodes. 
The effect of antecedent rainfall on triggering a landslide 

was demonstrated. The results reveal that the cumulative 
rainfall for the antecedent period preceding the landslide 
triggering event should be considered for 15–30 days.

A comparison of the days of antecedent rainfall with 
those cited in the literature reveals that very diverse dura-
tions are taken into consideration in various empirical 
modeling methodologies, ranging from a few days to many 
months (Polemio and Sdao 1999). The determination of 
the number of days of antecedent rainfall is still difficult 
and dependent on local climate conditions, geology, slope, 
and physical–mechanical properties and permeability of 
soils (Aleotti 2004). In this study, a landslide inventory was 
only reported and recorded if it had a major impact on the 
infrastructure system. Furthermore, small landslides are not 
included in the landslide inventory map in tomporel terms. 
As a result, if the rainfall threshold is built for small land-
slides of different sizes independently, the temporal prob-
ability model may be improved.

This work presents an exhaustive understanding of the 
landslide hazard, causes, and effect relationships among 
various potential hazard factors in highly hazardous areas 
as useful information for developing a strategy for reducing 
the risk of a landslide in urban areas. The obtained landslide 
hazard maps constitute a valuable tool for making appro-
priate measures and decisions for landslide mitigation and 
prevention. The established landslide hazard maps in this 
work will give quantitative information on sites prone to 
landslides hzard in the future, assisting local authorities, 
planners, administrators, and decision-makers in infrastruc-
ture planning and development. As perspectives for future 
researches, the obtained results may serve to evaluate land-
slide vulnerability and risk.

Based on the obtained landslide hazard maps, the follow-
ing mitigation measures may be suggested in order to reduce 
the impact of landslide hazard: (i) restricting development 
planning in the landslide-prone zones with the help of the 
obtained landslide hazard maps; (ii) requiring by means of 
codes the excavation, grading, landscaping, construction, 
vegetation clearance, and drainage control; (iii) protect-
ing existing developments and the population by physical 
mitigation measures (drainage, counterfort, and protective 
barriers); (iv) developing and implementing monitoring and 
warning systems.

Conclusion

Azazga, in the mountainous province of Kabylia, is among 
the cities most heavily affected by the frequent landslide 
hazard caused by heavy rainfall. During the last decade, 
the intensity and impact of landslides have been signifi-
cantly exacerbated by the rapid and uncontrolled expan-
sion of urbanization in landslide-prone areas, the heavy 
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and prolonged rainfall trend, and the absence of hazard and 
risk mitigation strategies. Moreover, assessing and mapping 
landslide hazard is even more difficult in developed coun-
tries and is considered a high-priority scientific challenge.

This study evaluates the landslide hazard for the urban 
area of Azazga in northern Algeria based on a combination 
of the temporal probability analysis and the spatial probabil-
ity at a large scale. The temporal probability was assessed 
by modeling the relationship between historical landslide 
records and the corresponding daily rainfall based on rain-
fall thresholds. The spatial probability analysis corresponds 
to the landslide susceptibility mapping, which is performed 
by using statistical modeling under GIS. Afterward, land-
slide hazard maps were generated by multiplying the spatial 
probability by the temporal probability. For this purpose, 
the methodology was carried out using field data acquired 
from historical landslide records, involving dates of land-
slide occurrence and daily precipitation records from rain 
gauge stations.

The historical landslide inventory map for a period from 
1952 to 2019 was produced from Google Earth satellite 
images, historical records, and geological field investiga-
tions. The data concerning daily and antecedent rainfall 
related to landslide events were obtained from rain stations 
situated in and around the city of Azazga. The correlation 
between the daily and antecedent rainfall values was exam-
ined in order to develop the rainfall threshold model for the 
landslide occurrence. The results suggest that the most accu-
rate predictor of existing landslide events is 30-day anteced-
ent rainfall. The obtained results were used to evaluate the 
temporal probability of a landslide occurrence using a Pois-
son probability model. The results of the temporal probabil-
ity were validated with a landslide event dataset from 2012 
to understand the applicability of the model. For the spatial 
prediction of landslide occurence, four landslide susceptibil-
ity maps were prepared using four statistical models, namely 
the frequency ratio, statistical index, weights of evidence, 
and logistic regression. The performance of the model was 
assessed using the area under the ROC, with a good accu-
racy achieved. Finally, landslide hazard maps were produced 
by combining the temporal probability and susceptibility of 
landslides for the return periods of 1, 3, and 5 years.

The predicted landslide hazard maps give helpful guide-
lines for reducing landslide risks and could serve as specifi-
cations for land use planning and development in the city of 
Azazga. The results could be seen as a first step in lowering 
risk and creating an early warning system.
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