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Abstract: A particular challenge for undertaking urbanization mapping of Beirut is
the absence of a unified understanding of the city. Migration, informal settlements, a lack
of urban planning, political corruption, as well as internal conflict have made this task even
harder. The population in Lebanon is unevenly distributed among regions, where one third
of the population resides in the Greater Beirut Area (GBA), whereas it occupies only
233 km® (2% of Lebanon’s total area). The Greater Beirut Area is subject to pressures
arising from population growth and economic expansion. This study aims to follow the
evolution of urbanization from 1963 till 2005 by processing and interpreting topographical
maps and satellite images acquired by different space platforms. Satellite imagery change
analysis shows that average annual urban growth surpassed 1.8 km®yr'. Actually,
a variety of factors triggers urban growth in the GBA (i.e., transportation, public policies,
economic activities and environmental variables). The logistic regression method has been
applied to model future urban growth in the region of Greater Beirut. Consequently,
an urban growth scenario map has been generated. To validate our results, we compared
an urban map derived from RapidEye satellite acquired in 2010 to our model’s outcome of
the same year. The output shows a satisfactory rate of success (~61%). This research aims
to provide policy makers and urban planners in Lebanon an essential decision tool to
support upcoming urban planning in this study area or in others major cities in Lebanon.
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1. Introduction

Urban growth and population dynamics are among the most critical information needed for land use
planning, natural resources allocation and environmental management [1]. Accelerated urban growth is
usually associated with the population concentration in an area. Land use and land cover changes may
have negative impacts on the ecology of the area, especially hydro-geomorphology and vegetation [2].

In Lebanon, statistical and spatial data are deficient. Remote sensing is cost effective and
technologically sound; therefore, it is increasingly used for the analysis of the urban change and
population size [1].

Beirut gained importance as a Levantine city in the mid-19th century. The growth of Beirut has
been affected by the interplay of local and global forces and events. A period of strong growth took
place between the independence of Lebanon in 1943 until to the civil war that began in 1975, from
about 400,000 to 1.1 million inhabitants [3]. The Metropolitan Area of Greater Beirut continues to
spread along the coast and the surrounding mountains, critically reducing the green space, the available
open space and the rural character of these regions.

Several approaches have been addressed for urban change detection by using remotely sensed
imagery [1,2,4-6]. Some studies try to understand this urban growth [7]. Others create simple
mathematical models [8,9]. Meanwhile, using and developing logistic regression has grown in recent
years [10—12]. Anyhow, methods based on image comparison are generally accurate. However, they suffer
from the inability to provide detailed information on how urban land use/cover categories change [1].

Beirut has undergone several studies of urban growth, including studies conducted by
the Observatory Research on Beirut that debate the urbanization in the Metropolitan Area of Greater
Beirut [13—15]. These studies have mainly used the maps produced by IAURIF (Institute of Planning
and Urbanism of the Ile-de-France) in their various studies conducted over Lebanon in 1984, 1986 and
1995 and with a scale of 1/50,000.

This study proposes the use of maps and satellite images of a high spatial resolution and on
different dates to define the spatial boundary of the current urban area of Beirut and the extent of this
urbanization. The intersection of urban dynamics with GIS layers will assist in identifying the physical
conditions of this growth. The integration of this set of multi-date geographic data allows us to analyze
the effect of urbanization in our study area. Accordingly, the project aims to achieve the following
objectives: (1) provide a synoptic view of the study area; (2) identify urban morphologies at various
times and detect the transformation of spatial urban configuration during four decades; (3) study
the applicability of the logistic regression model to predict potential future trends of change.

2. Study Area

The capital of Lebanon since 1920 [16], Beirut and its suburbs (Figure 1) were inhabited
with the population of 1.5 million people in 2001 with an average density of approximately
6200 inhabitants per km® [3]. Beirut has long been considered, due to its strategic location, as
a crossroads between the three continents (i.e., Asia, Africa and Europe). The destruction of the city
center by the civil war has led to an intense urbanization of the north and south coast. Greatly affected
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by the war since 1975, Beirut is now trying to regain its important financial center role in the Middle

East and in the Mediterranean.

Figure 1. Location of the Greater Beirut Area.
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The study area is located in the central coastal area of Lebanon. It covers an area of 233.2 km?,
which corresponds to 2.2% of the Lebanese territory. It extends from the coastline to an altitude of 750 m.
This area, which includes the administrative area of the city of Beirut and many part of the cazas of
Metn, Baabda, Chouf and Aley (95 land districts and 50 municipalities), is constantly subjected to
pressures arising from population growth and economic growth—42% of companies are located in the
Greater Beirut Area [3]. However, this city does not follow any development program. Urban planning
has always been established by considering short-term resolutions only. Consequently, this area has
grown into an overwhelming urbanization, added to by the fact that future policies to predict, control

and monitor this urban development are absent.
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3. Methods
3.1. Spatial Database

Data were acquired from different sources: a topographic map (1/20,000) was prepared by
the Directorate of Geographic Affairs (DAG) in 1963; Russian COSMOS KVR1000 images were
acquired in 1994 by an analog sensor on a negative film and then scanned at high resolution for
a spatial resolution of 2 m; Landsat satellite images were acquired in October 1998 by
the multispectral TM (Thematic Mapper) with a spatial resolution of 30 m. These images were fused
with panchromatic Indian Remote Sensing satellite (IRS-1C) in order to improve the spatial resolution
(the final pixel size is 5 m); SPOT 5 satellite imagery have three scenes acquired in December, 2003,
with a spatial resolution of 5 m; IKONOS satellite images were acquired in December, 2005, covering
the whole territory by a multispectral sensor with a spatial resolution of 1 m; and RapidEye satellite
images were acquired in September 2010, with a 5-m spatial resolution (Table 1).

Table 1. Products of the satellite imagery used.

Satellite Images Year  Resolution (m)
COSMOS KVR1000 1994 2
Landsat 5 1998 30
IRS-1C 1998 5
SPOT 5 2003 5
IKONOS 2005 1
RapidEye 2010 5

Figure 2. Methodology flowchart.
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All satellite images were orthorectified using a digital elevation model (DEM) with an accuracy
of 10 m added to several control ground points (CGP) that were collected by GPS. Then, these
images were interpreted (i.e., image registration, geometric correction, atmospheric normalization) and
processed. The output was a time series of GIS layers reflecting urban transformation in the Greater
Beirut Area. A methodology flowchart is represented in Figure 2.

3.2. Variables Identification

To quantify the relationship between urban growth and its causal factors, we related the map of
1963-2005 land use change to a set of predictor variables that was selected a priori based on our
current knowledge of the urbanization process in the GBA. By analyzing times series satellite images
and by referring to others studies [2, 17-25], we identified various factors that may influence the urban
growth in the GBA. These factors can be divided into natural factors—i.e., altitude and slope—and
human factors—i.e., the distance variable, indicating distances to certain elements, such as roadway
infrastructure, demographic variables, indicating the influence of urban agglomeration, the total
exploitation coefficient, as well as the impact of the population density in general.

The choice of the distance from urban agglomeration plays a significant role in the determination of
the built environment in the GBA. The threshold value can vary from 50 to 200 m, but commonly,
a threshold of 200 m between buildings is preferred [26]. Thus, we selected this same value in our study.

3.3. Statistical Analysis

As for the statistical model, a multivariate logistic regression model was chosen to represent
the non-linear nature of urban growth problems [27]. More specifically, this model was developed by
McFadden [28] and conceptually based on the theory of random utility. It examines the relationships
between urban land uses and independent variables. When the dependent variable is dichotomous,
logistic regression can be applied to predict the presence or absence of a characteristic based on
a matrix of independent variables [29]. When the dependent variable was qualitative, it holds no
natural numeric value. We introduced, however, a quantitative coding to represent the different
attributes; for example, a code of “1” if the attribute is “urban” and “0” otherwise. Linear regression
analysis was prepared using R for Windows, release 3.1.

4. Results and Discussion
4.1. Dynamics of Urban Change

Topographic maps (1963) and satellite images from 1987, 1994, 1998, 2003 and 2005 from
different satellites were merged. As a result, Table 2 and Figure 3 show the evolution of urbanization
in the Greater Beirut Area between 1963 and 2005. In 1963, the urbanized area formed a region of
~68 km?. After twenty four years, in 1987, this area had reached ~80 kmz, then, expanding to 143 km?
in 2005, which is doubled the value in comparison to 1963. The growth rate achieved a maximum in
1998 with nearly 10.8 km?yr '. The year 2005 follows, with 2.2 km?yr .
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Table 2. Urbanization growth rate in the Greater Beirut Area, 1963-2005.

Year

Urbanized Area (km®)  Growth Rate (kmz-yr_l)

1963
1987
1994
1998
2003
2005

67.8 -

80.2 0.52
91.9 1.67
135.4 10.86
138.7 0.66
143.2 2.25

Figure 3. Urbanization evolution in the Greater Beirut Area (GBA), 1963-2005.
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By merging the digital elevation model (DEM) with an accuracy of 50 m with the urbanization map

(Figure 3), Table 3, which identifies the distribution of urbanization in relation to altitude, was created.

Over 70% of the local population lives in an area below 200 m. However, there is no standard

correlation between altitude and urbanization, with the second highest percentage (nearly 15%) being

between 600 and 750 m. Later, a normalized altitude factor was retrieved with a pixel size of 50 m

(Figure 4).
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Table 3. Urbanization distribution based on altitude, 2005.

Altitude Percentage (%)
0-200 70
200-300 9.87
300450 10.12
450-600 6.96
600-750 14.77

Figure 4. Normalized altitude for the GBA.
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Slope

Slopes are classified into five categories (i.e., very gentle (0%—5%); gentle (5%—10%); average
(10%—-20%); steep (20%—30%); and very steep (>30%)).

Table 4 was produced when combining the slope recognized from a digital elevation model (DEM)
with an accuracy of 50 m with the urbanization map from different years. On gentle slopes (<10%)
close to the coast line, a high level of urbanization (68.66%) is found. On moderate slopes (10%—-20%),
urban growth is at a lower rate (26.51%). However, steep slopes and very steep slopes (>20%) show a
low rate of urban growth (4.82%), which accounts for a small urbanized area of nearly 15 km®.
Practically, there is no built area on slopes greater than 40%. Then, a normalized slope factor was
retrieved with a pixel size of 50 m. The zone with a very steep slope was masked (Figure 5).

Moreover, the analysis of this table shows that until 1994, the urbanization was concentrated in
areas that have low or very low slopes (approximately 80%); the rest of the urbanization is distributed
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on average slopes. Ever since 1998, the average slopes had attracted more urbanization, which seems

logical, since the lands with a slope lower than 10% were already urbanized.

Table 4. Urbanization distribution based on slopes, 1963—-2005.

Years Very Gentle Slopes Gentle Slopes  Average Slopes Steep Slopes  Very Steep Slopes
1963 69.65 13.28 15.5 1,5 0.07
1987 69.11 13.85 15.66 1.34 0.04
1994 65.55 11.96 19.21 2.88 0.4
1998 43.14 17.53 31.64 6.59 1.1
2003 29.46 20.88 40.98 7.6 1.08
2005 40.03 17.51 36.11 5.69 0.66
Average 52.82 15.84 26.51 4.27 0.55

Figure 5. Normalized slope for the GBA.
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4.2.2. Human Factors
Distance Variable

The road network plays a key role in urbanism planning: it is essential to economic development,
both national and local, and it has a major unifying influence of the territory by linking cities to each
other. It is always a temptation for urbanization.
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Figure 6 shows the distance variable normalized. It is generated by applying an importance rules as
follows: (international road) x 3 + (primary road) x 2 + (secondary road)/6. This factor was normalized
between one and two.

Figure 6. Normalized distance variable for the GBA.

-~340000,000000 -332500,000000 -326000,000000

Dbalye

+ + -

Mediterranean Sea

:22500,000000
:22500,000000

Beyrouth Zalga

-30000,000000
+
+
+
-30000,000000

ouzaie

Choueifat
+

-37600,000000
4=
+
-37600,000000

Naame Distance Variable

Normalized

Damour Max : 2

-45000,000000
I
+
+
45000,000000

Min : 1

| I
Projection:Pseudo-stereographic
Ellipsoide: Clarck 1880 0 5000 10000

-340030'; 000000 -332500" 000000 G2EWI<OIDUOU

Demographic Variables

Demographic variables are as follow: population density, urban agglomeration and total
exploitation coefficient. In fact, an area that has a high population density tends to be much more
urbanized than an area that is sparsely populated. It is clear that the city of Beirut and all of the suburbs
close to the center and to the south have the highest density. This is caused by Palestinian refugee
camps, as well the presence of informal settlements. Besides, the areas existing inside urban
agglomeration, which is the second variable, are the most probable to be urbanized. The total
exploitation coefficient, which is the third variable, integrates the horizontal and the vertical dimension
of urbanization. In other words, two plots of the same size and the same land use coefficient do not
have the same speed of urbanization. Then, an area with the highest total exploitation coefficient will
have a greater tendency to be urbanized. These factors were normalized (between values of one and two)
and displayed as maps (Figure 7).
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Figure 7. (A) Normalized population density, (B)

exploitation coefficient for the GBA.
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4.3. Urban Growth Scenario
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The probability of a pixel to be urbanized was classified into five categories: very low (<10%), low
(10%—40%), medium (40%-60%), high (60%-90%) and very high (>90%). This probability was
generated based on all the factors already mentioned. By applying the logistic regression method,

a table file (Table 5) was produced, which indicates the initial state that has the same values of

the dependent variable, the final state, the probability of being non-urbanized (IP_0) and

the probability of being urbanized (IP_1) of each pixel.

Table 5. The probability of each pixel to be urbanized.

Pixel Initial State Into Ip 0 Ip_1
204 1 1 0.318989 0.681011
205 0 0 0.995244 0.004756
206 0 1 0.321177 0.678823
207 0 0 0.993884 0.006116
208 1 0 0.549182 0.450818
209 0 0 0.994489 0.005511
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Figure 8. Potential of urban development, 2005.

Figure 9. Urban growth scenario in the Greater Beirut Area, a forecast until 2045.

-37600,000000 ~30000,000000 -226500,000000

-45000,000000

-340000,000000 -332500,000000 -325000,000000

+ +

Mediterranean Sea

Beyrouth

ouzaie
Choueifat
+ +
Potential of urban development
Naame
[ veryLow
[ tow
+ |:| Medium +
Damour I:l High

0 _?i ;-r' - Very High
i R o 4 0 - Masked area

37500,000000 30000,000000 ~22600,000000

_45000,000000

Projectio n:Pseudo.stereographic L Im
Ellipsoide: Clarck 1880 0 5000 10 000
e T g
-340000,000000 -332500,000000 -325000,000000

-340000,000000 -332500,000000 -325000,000000

-37500,000000 -30000,000000 -22500,000000

-45000,000000

+
Mediterranean Sea

Beyrouth

ouzaie

Choueifat |

Urban growth scenario

I 2005 - 2010 =5 2025 - 2030
2010- 2015[T] 2030 - 2035
2015-2020[ | 2035 - 2040

? [T 2020- 2025[ | 2040- 2045

- Masked Areas

PrajectionPeeudn stemsagraphic m
Ellipsoide: Clarck 1880 0 5000 10 000

| 30000 ,IOUIIJUU -22500,000000

-37500,000000

~45000,000000

~340000,000000 ~332500,000000 -325000,000000

952



Land 2014, 3 953

Note that the final state (the probability to be urbanized) of each pixel was coded “1” or “0”, which
reflect if the pixel has the probability “to be urbanized” or “not”, respectively (R software assumes that
the pixel is urbanized if this probability is greater than 0.5). For example, the initial state of the pixel 205
was non-urbanized “0” and has a very low probability of being urbanized (0.004 < 0.5); consequently,
the final state remains non-urbanized “0”. In ArcGIS 10.2, from these results, the potential of urban
development is achieved based on the likelihood of each pixel being urbanized (IP_1) (Figure 8).

Based on the potential of urbanization (Figure 8), it is possible to propose a scenario for future
urbanization growth over time. The average annual growth rate in the study area is 1.8 km>yr ' (based
on Table 1), which is 9 km® over five years, also equivalent to 900 pixels in this map. Figure 9 shows
the scenario of urban growth expected in the study area every five years, projected until 2045.

For validation, we compared an image taken from the RapidEye satellite in 2010 (Figure 10) with
our projected map for the year 2010. The output reflects a high correlation between these two maps:
it has an accuracy rate of 61%. For future validation studies, reducing the high number of possible
variables and including some others, like environmental variables, are advised. Adjusting
the projection map with new and updated data over the years would also be recommended.

Figure 10. Urban area based on RapidEye imagery for the GBA, 2010.

~340000,000000 -332500,000000 -325000,000000

Dbaiye

+ +

Mediterranean Sea

22500,000000
-22500,000000

Beyrouth

v
oA

~30000,000000
+
~30000,000000

ouzaie

R
Choueifat |
+E

37500,000000
4=
37500,000000

Actual Urban Area

Urban Area

45000,000000
45000,000000

Projection:Pseudo-stereographic

m
Ellipsoide: Clarck 1880 0 5000 10 000
-340000,000000 -332500,000000 -325000,000000

5. Conclusions

In this research, it has been shown that multi-date satellite images can estimate urban growth with
reasonable accuracy. With the absence of an updated planning tool and monitoring of the spatial
growth in a city, this method proves to be a fast, inexpensive and reliable approach.
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The study area (Greater Beirut Area), which corresponds to 2.2% of the Lebanese territory, is
constantly subject to pressures arising from population growth (with an average density of
approximately 6200 inhabitants-km %) [3]. With an average urban growth rate of 1.8 km’yr ',
this urban area continues to increase along the coastal zone and the nearby mountain, greatly reducing
the green space and the rural character of these areas (1.7 km®yr ' of green surfaces missing). In
the future, the risk is that urbanization will spread to new natural areas, making Lebanon lose one of its
major strengths and causing a decline in the quality of life in this country.

Initially, we were able to map the dynamics of urbanization on different dates and to estimate
the average annual growth rate of urbanization. First, urban growth in multiple region and roads were
identified; the civil war has contributed to the expansion of the urban area. It has forced more than
a quarter of the population of this country to displace. In 1963, urbanization was concentrated around
the historic city center of Beirut and along the main roads. Between 1963 and 1987, the rate of growth
was very limited due to the civil war that began in 1975. Urbanization was mainly concentrated all
along the main roads with partial outer expansion to the immediate suburbs of the city. Between 1987
and 1994, while the civil war was ended in 1990, the process of urbanization had accelerated along
the transport network and through the flat suburban area of the GBA. Between 1994 and 1998,
the growth rate was very high, higher than the average, which is due to the large reconstruction effort
encouraged by the Lebanese government after the end of the war and supported by foreign investment
and aid [20]. The period 1998-2003 is characterized by slow economic growth and, thus, a reduction
in construction. Lastly, between 2003 and 2005, the growth rate rises again, due to the new
government economic policies that promoted foreign investment [30]. Then, the density of the road
network was investigated with an increasing density when approaching the city of Beirut. Next, the
population density in the GBA was examined; as we reach the city center, a smaller population density
is found. As for slopes and altitude, a gentle slope (<10%) and an altitude between 0 and 200 m above
the sea level have a huge attraction for population growth. Then, a logistic regression model was
applied. In the results, the potential of the urban development map was created. This last assisted in
generating an urban growth scenario that focus on a projection till 2045 every five years. This model
has a success rate of 61%. Optimistically, this map will provide policy makers and urban planners in
Lebanon an essential decision tool to support upcoming urban planning in this study area or in others
major cities in Lebanon. However, further procedures should be implemented in a future report by
integrating the variety of demographic, economic and environmental parameters.
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