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Abstract: This paper aimed to measure and analyze the impact of temporal population density
changes on transportation in Jeddah, a fast-growing city in Saudi Arabia. Local cooperative interpre-
tation is first used to quantify the temporal population density and transportation changes for three
sample districts in Jeddah from 2007 to 2014. Three temporal indicators were developed to measure
the impact of increasing population density on transportation: (1) District Road Density Index (DRDI);
(2) District Parking Index (DPI); and (3) District Trip Index (DTI). Then, a statistical analysis was
conducted to examine the temporal relationship between population density and transportation for
the years 2007 and 2014, by performing a Pearson correlation analysis, a paired t-test and a bootstrap
for paired samples test. The results of temporal indicators revealed a significant change in population
density in Jeddah from 2007 to 2014, which seems to indicate intensified demand for transportation
infrastructure. The Pearson correlation analysis indicated a strong positive relationship between
population density variables and temporal impact indicators. Both a paired t-test and a bootstrap
for paired samples test results indicated the effect of population density changes on transportation
changes in Jeddah as a result of population density regulation changes in Jeddah from 2007 to 2014.
This study presents sophisticated tools to study the impact of temporal population density change
on transportation in a fast-growing city, which will facilitate the measurement and evaluation of
urban sustainability.

Keywords: population density; temporal impact indicators; transportation; statistical analysis; urban
sustainability; Jeddah

1. Introduction

Cities have been recognized as growth engines for a long time [1]. Rapid urban
population growth and the expansion of cities affect other urban systems. Changes in land
use policies and, in particular, the increased population density in these cities, undeniably
affect other systems such as transportation, as transportation is strongly related to land
use [2]. In fact, transportation is among the most significant infrastructures [3] in large
cities, and insufficient infrastructure, along with growing population density, might cause
serious consequences including the deterioration of existing transportation infrastructure,
prolonged traffic, problems with parking, and higher rates of carbon emissions. All of these
factors cumulatively result in compromised human and environmental health on the one
hand, and economic and social shortfalls on the other. However, the transportation system
is also one of the main driving factors behind rapid spatial expansion and urban sprawl,
which influence the patterns of urban land use and level of activities’ accessibility [2].

To contain rapid urban expansion in fast-growing cities, changes in the densification
of urban areas is one of the main strategies. Undeniably, these strategies will impact on
other urban systems, including transportation. Population density has a strong relationship
with transportation [4–6]. Therefore, the impact of such strategies on transportation must
be quantified and analyzed [7]. In fact, there is a lack of research on the temporal effects of
population density changes on transportation, particularly in the context of fast-developing
and car-dependent cities.
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Saudi Arabia is one of the world’s most highly urbanized countries, with more than
80% of people residing in cities [8]. Cities in Saudi Arabia have demonstrated a rapid rate
of urbanization due to the high urban population growth. The city of Jeddah has been at
the forefront of urban growth. It is a fast-growing polycentric city [2], but its development
area has been constrained by several factors including topography, demography, culture,
and climate. Perhaps the limitations to urban expansion and compulsion to accommodate
more people have compelled urban administrators to change policies in favor of high-rise
developments. These limitations on urban expansion in Jeddah have attracted solutions in
the form of redevelopment or the renewal of the low-rise. A recent study has assessed the
role of large urban development projects as a driving force in land development in Jeddah,
in which high-rise, mixed-use development is anticipated [9]. However, considerable
changes to urban land development policies are appropriate for accommodating more
people in the city fabric, though if the increased density is not matched by increased
infrastructure and amenities, this may cause problems.

This paper attempted to measure and analyze the impact of temporal population
density change on transportation in Jeddah, a fast-growing and car-dependent city in Saudi
Arabia. It strived to examine the impact of vertical growth—because of the decision to
change the building code, resulting in increased building heights—on the transportation
set-up in Jeddah. This paper is arranged in four subsections that deal with land use and
transportation interactions, the challenges of transportation in Saudi Arabian cities, and the
scenario in Jeddah pertaining to urban density and transportation. In Section 2, a review of
the relevant literature is presented. In Section 3, the data and methods used in this study
are described. Section 4 contains the results, and Section 5 discusses the main findings
from this research.

2. Literature Review
2.1. Land Use Transport Interactions and Urban Sustainability

Land use and transportation are reciprocally interactive. Many previous studies have
proved that land use and transport systems are strongly linked [2,10–12]. Land use changes
induce significant changes in travel demands and patterns while transportation systems
influence patterns of urban land use and the level activities’ accessibility. This reciprocal link
is complicated, hence diverse interactions occur on temporal scales and involve variety of
factors [13]. It is also a dynamic process that includes spatial and temporal changes between
the land use and transportation systems [14]. Urban sustainability is central in land use
and transportation interaction. It ensures that cities’ land use and transportation systems
are planned in consideration of their environmental, economic and social impacts [15,16].
Thus, it is important to understand the interactions between the land use and transport
systems and the environmental, economic and social systems [15]. This is particularly
important in cities with high share of the private car mode, which causes high transport
usage [17]. In fact, the transport sector is a major driving force of carbon emissions and
cannot be isolated from urban development [18].

The comfort level of city residents in terms of residential amenities, including mobility,
is an indicator of livability, as has been concluded by studies conducted in many cities
around the globe [19,20]. Mobility in a city can be measured by the ease of daily trips
related to work or nonwork activities. An upsurge in the demand for housing might
also be translated into rising mobility demand in a city. In countries where high-density
residential development has been supported by mass transit amenities, urban planning
and development will be more sustainable [21]. High-rise buildings are anticipated to
be an alternative to urban sprawl; thus, sprawl might be effectively controlled through a
space-transport integrated strategy [22].

An integrated land use and transport system is in urgent need to guarantee a higher
level of livability and sustainability [23,24]; this plan should also be consistent with the
regional economic development plan [25]. Moreover, by calculating land use and trans-
portation interactions, the impact of land use and transport planning on travel patterns
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might be predicted [26,27]. The outcomes of land use and transport modeling encourage
proactive sustainable planning [28]. Each change in the land use pattern affects the trans-
portation system, and vice versa. Therefore, attention should be paid to patterns of mutual
confluence [29], aiming to develop a comprehensive approach to attaining the targets of a
sustainable transportation agenda [30].

2.2. Transportation Issues in Saudi Cities

Saudi Arabia has witnessed dramatic economic and urban growth because of the
oil boom; the revenue from oil has notably increased and has significantly improved the
income and lifestyle of Saudi families [31]. The economic growth consequently caused
a massive expansion of urban communities and urban centers. Urban expansion was
further translated into increased reliance on private cars for commuting in urban areas
to accomplish daily work and nonwork activities. Thus, the share of private cars in daily
travel is large in Saudi cities.

In essence, a few decades ago, there was no problem with space for parking cars in
Saudi cities; however, it has since become a grave challenge for officials working in the
transport department as a result of the continuous rapid population growth and private
car dependency. Currently, car parking has become a major part of urban transportation
planning challenges in Saudi Arabian cities. The lack of car parking integration with the
zoning regulations and land use planning has stimulated transportation problems in Saudi
cities [32]. The absence of an effective public transport system is also a major issue in Saudi
cities [33]. Except for Riyadh, which has an underdeveloped public transport system, major
cities, such as Jeddah and Dammam, have totally undeveloped public transport systems
in terms of coverage, comfort, and acceptability [34]. Undeniably, this must be addressed
when considering high-density urban expansion.

2.3. The Urban Density and Transportation in Jeddah

Saudi cities face traffic congestion and emission challenges [35] because of the failure of
policy to address increased population density when planning transportation infrastructure.
Jeddah, which is the second-largest city in the kingdom, is no exception.

The urban planning of Jeddah can be classified into three phases, as follows:

• The traditional walled city existed until 1947.
• Unplanned urban development (1947-1960).
• Planned urban development (1960 until the present).

It is believed that during the first phase, the city was more pedestrian friendly, while
the activities of residents were limited to the walled territory; thus, challenges of trans-
portation were limited. The second phase of urban development was a result of the oil
boom, which boosted the city’s development but resulted in urban sprawl. The dramatic
change in per capita income made Jeddah a center of employment, attracting significant
internal and external migration. It has also increased residents’ dependence on cars for
mobility; however, in this phase, public transportation was adequately available [31,36].

The real issues started in the third phase of urban development, when most of the road
infrastructure was built, some districts started to encounter vertical growth, and public
transport amenities deteriorated. As noted earlier, the fast development of the city was a
result of the rapid population growth, which also accelerated the growth of the economy.
Though the constraints of the development area negatively affected the supply of land for
residential needs, increased density tends to affect the quality of mobility across the city.

Therefore, during the past four or more decades, urban planners and policymakers in
Jeddah have ineffectively coped with mobility challenges such as the mismatch between
urban growth, transportation amenities and growing traffic [37]. Unfortunately, the ab-
sence of a rapid mass public transport system in Jeddah is the most persistent problem
hampering sustainable development in the city [38]. In fact, Jeddah transport and mo-
bility are characterized by a high level of car dependency, in which 93% of daily trips
are commuted by car, while only 7% commuted by public transport, walking, and cy-
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cling trips—accumulatively [2]. According to Smith [39], there are some other factors that
stimulate the increased density of urban areas, including the age of the city, its historical
evolution, the physical setting, and the culture, economy, and transport technology. The
extreme climatic conditions in Jeddah prevent high-density development; consequently,
brownfield development was not an integrated part of urban growth policies until 2000.
However, a local plan in 2007 paved the way to increase the height of existing buildings.

At present, the residential density in Jeddah has been increasing because of the
conversion of low-rise buildings into high-rise buildings; in particular, apartments are
the center of attention. Experience from fast-growing global cities suggests that any such
development aimed at increasing density (vertical growth by increasing the height of
residential buildings) should be supported by an efficient and reliable transportation
infrastructure, including an appropriate volume of roads, parking lots, road quality, and a
mass rapid public transport system [40]. Accordingly, this paper attempted to analyze the
temporal population density change’s impact on transportation in Jeddah.

3. Materials and Methods
3.1. Study Area

Known as the “Bride of the Red Sea” [39], Jeddah is the second largest and most
cosmopolitan city of the Kingdom of Saudi Arabia; the city is in Makkah province, located
on the coast of the Red Sea (see Figure 1). The city of Jeddah serves as the gateway
to the holy city of Makkah, where millions of Muslim pilgrims from the whole world
come every year to perform Hajj and Umrah. The city has 3.4 million inhabitants (as of
2014), spread over a geographical area of 748 km2 [41]. The city is well known for its
strategic importance and diverse culture, and as a hub for educational, commercial, and
health services. Additionally, Jeddah is well connected to most of the world through King
Abdul-Aziz International Airport (the headquarters of Saudi Arabian Airlines) and Jeddah
Islamic Port.

Sustainability 2021, 13, x FOR PEER REVIEW 5 of 18 
 

 
Figure 1. Geographical context: (a) Jeddah in Saudi Arabia; and (b) Jeddah city . 

3.2. Temporal Data Quantification  
3.2.1. Data Acquisition and Collection 

Many previous urban studies have considered population density as crucial in an-
alyzing spatial and temporal urban growth and transportation interaction [6,42,43]. This 
reflects the pattern and characteristics of this interaction and calculated as the total pop-
ulation to the total area. This study incorporated several types of spatial and temporal 
data for quantifying the temporal population density and transportation changes. Two 
spot satellite images for Jeddah in 2007 and 2014 were used in conjunction with the 
time-lapse feature in Google Earth Pro. In addition, secondary data were collected to fa-
cilitate the analysis of temporal population density and transportation changes in Jeddah 
from 2007 to 2014. These data include master plans, census data, zoning, policies, and 
local guideline documents.   

3.2.2. Local Cooperative Visual Interpretation 
To identify temporal density changes, three sample districts where low-rise build-

ings were expanded into high-rise buildings over the past seven years were initially se-
lected (Figure 2). These sample districts were selected based on variation in density and 
locations to ensure reasonable representation. District 1 is Al-Nuzhah district, located in 
north Jeddah with medium to high population density. It is characterized by rectangular 
blocks with a straight street pattern (Figure 3). District 2 is Al-Faysalyah district, located 
in the middle of Jeddah, with a moderate population density and which is characterized 
by a square-shaped grid street pattern with a high number of intersections, as depicted in 
Figure 3. On the contrary, District 3 is Al-Fahya’a district, which comprises quite a low 
population density and is characterized by organic lengthy building blocks with a curved 
street pattern, and a low number of intersections (Figure 3). 

Figure 1. Geographical context: (a) Jeddah in Saudi Arabia; and (b) Jeddah city.



Sustainability 2021, 13, 1455 5 of 17

3.2. Temporal Data Quantification
3.2.1. Data Acquisition and Collection

Many previous urban studies have considered population density as crucial in ana-
lyzing spatial and temporal urban growth and transportation interaction [6,42,43]. This
reflects the pattern and characteristics of this interaction and calculated as the total pop-
ulation to the total area. This study incorporated several types of spatial and temporal
data for quantifying the temporal population density and transportation changes. Two
spot satellite images for Jeddah in 2007 and 2014 were used in conjunction with the time-
lapse feature in Google Earth Pro. In addition, secondary data were collected to facilitate
the analysis of temporal population density and transportation changes in Jeddah from
2007 to 2014. These data include master plans, census data, zoning, policies, and local
guideline documents.

3.2.2. Local Cooperative Visual Interpretation

To identify temporal density changes, three sample districts where low-rise buildings
were expanded into high-rise buildings over the past seven years were initially selected
(Figure 2). These sample districts were selected based on variation in density and locations
to ensure reasonable representation. District 1 is Al-Nuzhah district, located in north
Jeddah with medium to high population density. It is characterized by rectangular blocks
with a straight street pattern (Figure 3). District 2 is Al-Faysalyah district, located in the
middle of Jeddah, with a moderate population density and which is characterized by
a square-shaped grid street pattern with a high number of intersections, as depicted in
Figure 3. On the contrary, District 3 is Al-Fahya’a district, which comprises quite a low
population density and is characterized by organic lengthy building blocks with a curved
street pattern, and a low number of intersections (Figure 3).
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Figure 3. Spatial pattern of the three selected districts.

Then, local cooperative visual interpretation (Figure 4) was utilized to quantify the
temporal population density and transportation changes in these districts from 2007 to
2014. Cooperative interpretation is a method whereby experts work with computers to
interpret remote sensing imagery data [44]. This method combines the computer’s auto-
matic interpretation, secondary data, and human experience [45]. It has been widely used
in urban applications with high accuracy [44,45]. Remote sensing data can be interpreted
either visually by human experts or automatically by digital image processing and pat-
tern recognition methods [46]. However, combining human knowledge and computer
processing will be more conducive to the extraction of information from remote sensing
data [45].
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The local cooperative visual interpretation started with the extraction of subset images
of each district from the two spot satellite images for Jeddah in 2007 and 2014. Then,
built-up and non-built-up areas were defined in conjunction with Google Earth. After that,
secondary data on population density and transportation were integrated with the built-up
and non-built-up area findings, using the overlay function in ArcGIS. This coincided with
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a field survey and verification. Consequently, a final local interpretation was conducted,
incorporating all the aforementioned processes in ArcGIS v10.3 using on-screen digitizing,
overlay tools, and area of interest (AOI) functionality. Accordingly, population density and
transportation infrastructure maps and data for the three districts were obtained for 2007
and 2014 as follows: residential buildings for 2007 and 2014, population for 2007 and 2014,
population density for 2007 and 2014, transportation infrastructure for 2007 and 2014, and
average residential buildings heights for 2007 and 2014.

3.3. Temporal Indicators

Indicators are effective tools to measure and analyze the impact of population growth
and density increase on transportation. Accordingly, three indicators were developed in
this study to measure the impact of increasing population density on transportation.

3.3.1. District Road Density Index

The road density index is needed to study the deficiencies in road infrastructure
compared with the population [2]. This index has been adopted to measure the length of
roads per number of inhabitants over each district and is defined as follows:

DRDIa =
ΣRLa

UPa
, (1)

where DRDIa (m/person) is the district road density index for district a; ΣRLa. is the total
road length in m for district a; and UPa is the total population of district a.

3.3.2. District Parking Index

The district parking index was developed to measure the effects of increased building
heights on parking. It calculates the total residential floor area per district in relation to the
required number of parking spaces per district and is defined as follows:

DPIa =
ΣFAa

K
(2)

ΣFAa = ×Ha∗ ×Aa, (3)

where DPIa (parking) is the district parking index for district a; ΣFAa is the total residential
floor area (in m2) for district a; K is the municipality standard for parking in district
residential houses; ×Ha is the average height (number of floors) of residential houses for
district a; and ×Aa is the average floor area of residential houses for district a.

The average height (number of floors) of residential houses in the three districts was
observed during the field survey and calculated based on the observed built-up ratio of
several residential houses samples per district multiplied by the total residential parcels
per district, which was collected through secondary data from a geographic information
system (GIS). Finally, the municipality standard for parking by district residential houses
was considered to be one parking space per 150 square m on the basis of the Jeddah city
local plan [47].

3.3.3. District Trip Index

The district trip index was developed to measure the effects of increased population
density on travel demand. It calculates the total residential floor area per district and
number of generated trips per district, defined as follows:

DTIa = ΣFAa ∗
T

100
, (4)

where DTIa (trips) is the district trip index for district a; ΣFAa is the total residential
floor area (in square m) for district a; and T is the trip production rate of district residen-
tial houses.
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The total residential floors areas (in square m) are the same as those that have been
calculated in DPI. The trip production rate for residential houses was adopted from the Trip
Generation Manual for Riyadh [48]. The rate is 0.73 trips per 100 square meters of residential
houses for morning peak hours and 0.77 trips per 100 square m of residential houses for
evening peak hours, as indicated by the manual [48].

3.4. Statistical Analysis

To examine the temporal relationship between population density and transportation
for two years—2007 and 2014—statistical analysis was conducted in SPSS. Population
density is defined using four variables: population growth, population density, total
residential floor area (m2), and average building height. Conversely, transportation is
defined by the temporal impact indicators. First, a Pearson correlation analysis was
performed to determine the relationship between population density and transportation.
Population density variables and temporal indicators for the three districts were combined
for two years (2007 and 2014) to determine the relationship between population density
indicators and transportation indicators.

Second, a paired t-test was performed on the combined population density variables
and temporal impact indicators for two years (2007 and 2014) to examine the temporal
effects of the change in Jeddah’s population density regulation on the district’s transporta-
tion. Prior to that, paired sampled correlations were investigated to ensure the significance
of the paired samples. This test was considered to understand whether changes in pop-
ulation density variables and temporal indicator differences from 2007 and 2014 were
statically significant.

Finally, a bootstrap for a paired samples test based on 1000 bootstrap samples was per-
formed on the combined population density variables and temporal impact indicators for
two years (2007 and 2014) to further examine the temporal impact of Jeddah’s population
density regulation changes on the district’s transportation. This test is a computer-based
resampling method which has higher statistical capabilities [49,50]. It is easy to understand
and free of the restrictive assumption regarding the normality of sample data [51]. It has
been applied to many previous studies of spatial and temporal analysis [52] and in urban
and transport [50].

4. Results
4.1. Temporal Changes

The results indicate that during the period 2007-2014, the population density in the
three districts witnessed significant change. Table 1 reveals that, in all three sampled
districts, the number of floors increased from 3 to 6-7. An upsurge in building height has
changed the skyline of these districts and increased the population density in all three sam-
pled districts. The results also indicate that the population density has changed drastically
in all the sampled districts. Districts 1 and 2 have witnessed an approximately 28% increase
in population density, whereas District 3 witnessed an increase of approximately 24%. The
results indicate a significant change in population density in the three districts over a short
period of time. This has been triggered by the change in the Jeddah city local plan in 2007
in which it paved the way to increase the height of existing buildings.

Table 1. Temporal changes, 2007–2014.

District Area
(Ha)

Average
Height in 2007

and before

Average
Height in

2014

Population
in 2007

Population
in 2014

Density in
2007 (P/Ha)

Density
in 2014

Change
(%)

District 1 587.28 3 floors 6 floors 80,145 102,308 136.47 174.21 27.65
District 2 888.49 3 floors 7 floors 95,185 118,380 107.13 133.24 24.37
District 3 949.15 3 floors 6 floors 34,181 43,634 36.01 45.97 27.66
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4.2. Temporal Indicators
4.2.1. District Road Density Index (DRDI)

Table 2 and Figure 5 depict the results of the district road density index. In general, the
district road density index reveals a decrease in the three districts as a result of population
growth because of the density increase. It is noticed that the District 1 road density index
declined from 0.99 m/person in 2007 to 0.78 m/person in 2014, a −21.7% change. The
District 3 road density index declined from 0.76 m/person in 2007 to 0.59 m/person in
2014, a similar change to District 1, whereas the District 2 road density index declined from
1.41 m/person in 2007 to 1.14 m/person in 2014, a −19.6% change.

Table 2. District road density index (DRDI).

District Total Road
Length (m)

Population in
2007

Population in
2014

DRDI in
2007

DRDI in
2014

Change
(%)

District 1 79,672 80,145 102,308 0.99 0.78 –21.7
District 2 134,632 95,185 118,380 1.41 1.14 –19.6
District 3 25,880 34,181 43,634 0.76 0.59 –21.7
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Interestingly, there seems to be a general trend of road density decline with a similar
percentage of change. This seems to be catalyzed by the increase in population in these
districts as a result of the change in building heights regulation as approved in the Jeddah
city local plan in 2007. As a result, the designed road infrastructure capacity for these
districts for 2007 and before witnessed a significant change which certainly will affect its
performance. This is notable given the dominance of the share of private vehicle in daily
trips in Jeddah city and the absence of efficient public transportation in Jeddah.

4.2.2. District Parking Index (DPI)

Table 3 and Figure 6 show the results of the district parking index. Generally, the
district parking index indicates a high increase for the three districts as a result of population
growth and increased density. It is noted that the District 2 parking index dramatically
increased from 25,921 parking spaces in 2007 to 60,482 parking spaces in 2019, a 133%
change. This district represents the highest change in this index. Table 3 and Figure 6
reveal that the District 1 parking index also notably increased, from 16,638 parking spaces
in 2007 to 33,276 parking spaces in 2019, a 100% change. The District 3 parking index also
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significantly increased, from 5713 parking spaces in 2007 to 11,426 parking spaces in 2019,
a similar change (100%) to District 1.

Table 3. District parking index (DPI).

District
Total Residential

Floor Area in
2007 (m2)

Total Residential
Floor Area in

2014 (m2)

Parking Standard
(Parking

Spaces/m2)

DPI in
2007

DPI in
2014 Change (%)

District 1 2,495,688 4,991,376 150 16,638 33,276 100
District 2 3,888,118 9,072,275 150 25,921 60,482 133
District 3 856,983 1,713,967 150 5713 11,426 100
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Figure 6. Comparison of the district parking index (DPI) for the three districts.

This index highlights the high impact of population growth and density increase on
transportation. Parking has a central role in transportation system. Demand for parking
in the three districts seems to be notably increased from 2007 to 2014. This coincided
with the lack of notable parking interventions in the three districts. Hence, parking
management and integration with the zoning regulations in Jeddah city local plan in
2007 are lacking. Undeniably, the lack of the efficient management of parking demand
considerably contributes to urban congestion [53].

4.2.3. District Trip Index (DTI)

Table 4 and Figure 7 illustrate the results of the district trip index. This index indicates
a high increase in the estimated trip productions for the three districts as a result of popula-
tion growth and density increase. Notably, District 2 represents the highest change in this
index as the estimated trip productions of morning peak trips increased from 28,383 trips in
2007 to 66,228 trips in 2019, a 133% change, and the estimated trip productions of evening
peaks trips increased from 29,939 in 2007 to 69,857 in 2019, the same percentage of change.
The District 1 and District 3 trip indexes also significantly increased, with a 100% increase
in the estimated morning and evening peak trip productions alike, as depicted in Table 4
and Figure 7.
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Table 4. District trip index (DTI).

District

Total
Residential
Floor Area

in 2007
(m2)

Total
Residential
Floor Area

in 2014
(m2)

Morning
Peak Trip

Production
Rate (Trips/

100 m2)

Evening Peak
Trip

Production
Rate (Trips/

100 m2)

DTI 2007
Morning

Peak

DTI
2007

Evening
Peak

DTI 2014
Morning

Peak

Change
(%)

DTI
2014

Evening
Peak

Change
(%)

District 1 2,495,688 4,991,376 0.0073 0.0077 18,219 19,217 36,437 100 38,434 100
District 2 3,888,118 9,072,275 0.0073 0.0077 28,383 29,939 66,228 133 69,857 133
District 3 856,983 1,713,967 0.0073 0.0077 6256 6599 12,512 100 13,198 100Sustainability 2021, 13, x FOR PEER REVIEW 12 of 18 
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Figure 7. Comparison of the district trip index (DTI) for the three districts.

Interestingly, this index points to the high impact of population growth and density
increase on transportation. The large increase in both morning peak and evening peak
estimated trip productions indicates the increased travel demand, which seemed to cause a
large increase in traffic pressure on the transportation infrastructure in the three districts.
This also coincided with a high dependency on private cars as the main mode of transport
in the three districts.

4.3. Statistical Analysis
4.3.1. Pearson Correlation Analysis

The results indicate a strong correlation between population density variables and
temporal impact indicators (see Table 5). In general, a significantly positive relationship
was found. The population and total residential floor area variables seem to have a strong
correlation with temporal indicators, where DRDI, DPI, DTIa, and DTIb had a 0.646,
0.888, 0.894, and 0.888 correlation coefficient with the population variable, respectively.
Also, DPI, DTIa, and DTIb had 1.00, 0.99, and 1.00 correlation coefficients with the total
residential floor area variable. Conversely, the population density and average building
height variables seem to have a moderate relationship with DPI, DTIa, and DTIb and a
lower relationship with DRDI.
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Table 5. Correlations.

Population Total Residential
Floor Area (m2)

Population
Density (Per-
sons/Hectare)

Average
Building
Height

DRDI DPI DTI a DTI b

Population

Pearson
Correlation 1 0.888 * 0.874 * 0.390 0.646 0.888 * 0.894 * 0.888 *

Sig. (2-tailed) 0.018 0.023 0.445 0.166 0.018 0.016 0.018
N 6 6 6 6 6 6 6 6

Total
Residential
Floor area

(m2)

Pearson
Correlation 0.888 * 1 0.640 0.654 0.475 1.000 ** 0.999 ** 1.000 **

Sig. (2-tailed) 0.018 0.171 0.159 0.341 0.000 0.000 0.000
N 6 6 6 6 6 6 6 6

Population
Density (per-
sons/hectare)

Pearson
Correlation 0.874 * 0.640 1 0.273 0.372 0.640 0.658 0.640

Sig. (2-tailed) 0.023 0.171 0.601 0.467 0.171 0.155 0.171
N 6 6 6 6 6 6 6 6

Average
Building
Height

Pearson
Correlation 0.390 0.654 0.273 1 -0.281 0.654 0.662 0.654

Sig. (2-tailed) 0.445 0.159 0.601 0.589 0.159 0.152 0.159
N 6 6 6 6 6 6 6 6

DRDI

Pearson
Correlation 0.646 0.475 0.372 -0.281 1 0.475 0.461 0.475

Sig. (2-tailed) 0.166 0.341 0.467 0.589 0.341 0.357 0.341
N 6 6 6 6 6 6 6 6

DPI

Pearson
Correlation 0.888 * 1.000 ** 0.640 0.654 0.475 1 0.999 ** 1.000 **

Sig. (2-tailed) 0.018 0.000 0.171 0.159 0.341 0.000 0.000
N 6 6 6 6 6 6 6 6

DTI a

Pearson
Correlation 0.894 * 0.999 ** 0.658 0.662 0.461 0.999 ** 1 0.999 **

Sig. (2-tailed) 0.016 0.000 0.155 0.152 0.357 0.000 0.000
N 6 6 6 6 6 6 6 6

DTI b

Pearson
Correlation 0.888 * 1.000 ** 0.640 0.654 0.475 1.000 ** 0.999 ** 1

Sig. (2-tailed) 0.018 0.000 0.171 0.159 0.341 0.000 0.000
N 6 6 6 6 6 6 6 6

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

4.3.2. Paired t-Test

A paired t-test was conducted to the compare the population densities variables and
temporal indicators in 2007 before the implementation of the Jeddah city 2007 local plan
and in 2014, after the implementation of the plan. Results indicated significant changes
for Pair 4 and Pair 5 of (p = 0.010) and (p = 0.018), respectively, as indicated in Table 6.
This indicates that the population density regulation changes in Jeddah from 2007 to 2014
seemed to match the change in building height. This also seems to indicate that the change
in population density regulations notably affected the transportation infrastructure in the
three districts, as indicated by the significant change in DRDI (p = 0.018) from 2007 to 2014.

4.3.3. Bootstrap for Paired Samples Test

The bootstrap for a paired samples test based on 1000 bootstrap samples indicated
significant changes for Pair 3, Pair 4, Pair 5, and Pair 7, as indicated in Table 7. A notable
change in DRDI and DTIa (p = 0.001) from 2007 to 2014 was found after the implementation
of the Jeddah city 2007 local plan. This coincided with a notable change in population
density and average building height (p = 0.001 and p = 0.002, respectively) from 2007 to
2014. Interestingly, the increased sampling seemed to confirm the significant impact of
population density regulation changes in Jeddah from 2007 to 2014 on temporal indicators
and thus seemed to reveal the effect of population density changes on transportation
changes in Jeddah.
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Table 6. Paired samples tests.

Paired Differences

t df
Sig.

(2-tailed)Mean Std.
Deviation

Std. Error
Mean

95% Confidence Interval of
the Difference

Lower Upper

Pair 1
Population in

2007–opulation
in 2014

-18,270.33333 7653.44898 4418.72083 -37,282.55458 741.88791 -4.135 2 0.054

Pair 2

Total residential
floor area in 2007

(m2)– otal
residential floor
area in 2014 (m2)

-
2,845,609.66667 2,184,706.03 1,261,340.61 -8,272,720.29639 2,581,500.96 -2.256 2 0.153

Pair 3

Population
density (per-

sons/hectare) in
2007–opulation

density (per-
sons/hectare)

in 2014

-24.60333 13.95115 8.0547 -59.25992 10.05325 -3.055 2 0.093

Pair 4

Average building
height in

2007–verage
building height

in 2014

-3.33333 0.57735 0.33333 -4.76755 -1.89912 -10.000 2 0.01

Pair 5 DRDI-2007–RDI-
2014 0.21667 0.05033 0.02906 0.09163 0.3417 7.456 2 0.018

Pair 6 DPI-2007–PI-
2014 -18,970.66667 14,564.78 8408.97886 -55,151.58251 17,210.25 -2.256 2 0.153

Pair 7 DTI a-2007–TI
a-2014 -21,438.66667 15,830.01 9139.46115 -60,762.59413 17,885.26 -2.346 2 0.144

Pair 8 DTI b-2007–TI
b-2014 -21,911.33333 16,822.11 9712.25196 -63,699.78074 19,877.11 -2.256 2 0.153

Note: The bold is to show significancy.

Table 7. Bootstrap for the paired samples test.

Mean
Bootstrap a

Bias Std. Error
Sig.

(2-Tailed)
95% Confidence Interval

Lower Upper

Pair 1
Population in

2007-Population
in 2014

-18,270.33333 13.92568 b 3117.93061 b 0.247 b -22,851.00000 b -13,689.66667 b

Pair 2

Total residential floor
area in 2007 (m2) – otal
residential floor area in

2014 (m2)

-2,845,609.66667 836.20233 b 901,652.07649 b 0.130 b -4,288,000.66667 b -1,403,218.66667 b

Pair 3

Population density
(persons/hectare) in

2007–opulation density
(persons/hectare)

in 2014

-24.60333 0.03565 b 5.68424 b 0.001 b -33.86333 b -15.34333 b

Pair 4
Average building

height in 2007–verage
building height in 2014

-3.33333 -0.11702 c 0.15922 c 0.002 c -3.66667 c -3.33333 c

Pair 5 DRDI-2007–RDI-2014 0.21667 -0.00002 b 0.02076 b 0.001 b 0.18333 b 0.25000 b

Pair 6 DPI-2007–DPI-2014 -18,970.66667 5.57508 b 6011.04202 b 0.130 b -28,586.66667 b -9354.66667 b

Pair 7 DTI a-2007–DTI a-2014 -21,438.66667 9.10173 b 6521.03174 b 0.001 b -31,968.33333 b -10,909.00000 b

Pair 8 DTI b-2007–DTI b-2014 -21,911.33333 6.43881 b 6942.67000 b 0.130 b -33,017.66667 b -10,805.00000 b

a. Unless otherwise noted, bootstrap results are based on a—1000 bootstrap samples; b—based on 888 samples. c—based on 658 samples;
The bold is to show significancy.
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5. Discussion

Temporal indicators result indicated a significant change in population density in
Jeddah from 2007 to 2014. This change seems to amplify demands for transportation
infrastructure as DRDI indicates a significant decline in the three districts, whereas DTI
indicates a large increase. The district parking index also seems to indicate a large increase
in parking demand as a result of population density changes.

Statistical analysis results also indicate an interaction between population density
changes and transportation. A strong positive relationship between population density
variables and temporal indicators is indicated by the Pearson correlation analysis (Table 5).
Paired t-test results (Table 6) also reveal that the change in population density regulations
after the implementation of the Jeddah city 2007 local plan has notably affected transporta-
tion infrastructure in the three districts, as indicated by the significant change in DRDI from
2007 to 2014. The bootstrap for the paired samples test based on 1000 bootstrap samples
(Table 7) also revealed an interaction between population density and transportation in
the three districts. A notable change in DRDI and DTIa from 2007 to 2014 was found and
coincided with the notable changes in population density and average building height from
2007 to 2014. It is observed that increased sampling seems to emphasize the significant
impact of population density regulation changes in Jeddah from 2007 to 2014 on temporal
indicators. Thus, an effect of population density changes on transportation changes in
Jeddah is revealed.

The results of this study reveal that changes in population density significantly af-
fect transportation. Therefore, transportation planning should not be overlooked while
making decisions on changes in population density. In fact, the impact of population
density changes on transportation must be studied and analyzed [7,54], particularly in
fast-growing cities where effective public transportation is absent and cars are prevalent, as
in Jeddah. The negative impacts of the use of private vehicles are well known worldwide,
but in Jeddah, car ownership has continued to increase rapidly. Cars have become an
indispensable part of city life in Jeddah. It has been widely argued that cars’ domination
of the city is in existence due to the absence of a rapid mass public transportation system.
Experience from the fast-growing global cities suggests that any such development aimed
at increasing density (vertical growth by increasing the heights of residential buildings)
should be supported by an efficient and reliable transportation infrastructure inclusive of
the appropriate volume of roads, parking lots, road quality, and a mass rapid public trans-
port system [40] that will create haphazard issues neither for city livability or sustainability.
Previous studies pointed out that cities with a high population density will have a lower
congestion if the public transport infrastructure per person ration is high [55]. Accordingly,
it is crucial to establish an efficient, affordable and comfortable mass rapid public transport
system in Jeddah city by espousing the integrated approach to planning, in which land use
and transportation both are well synchronized. This will eliminate the negative impact of
the implementation of the Jeddah city 2007 local plan and ensure sustainable and livable
urban environment.

This study shows that local cooperative interpretation, temporal impact indicators,
and statistical analysis are sophisticated tools to study the temporal population density
change’s impact on transportation in the case of a fast-growing and car-dependent city.
These tools were able to identify and analyze the temporal impact of population density
change on transportation. Undeniably, this enriches our insight and extends the knowledge
of the temporal effects of population density changes on transportation, particularly in
the context of fast-developing and car-dependent cities. In fact, in the process of urban
sustainability assessment, there is a need for measurable indicators [56]. The developed
temporal indicators in this study facilitate the measurement of population densities change
impact on transportation. It can inform the urban and transportation planner with issues
and concerns regarding the consequences of new local plans and policies. However, a
temporal analysis of the factors driving urban growth, such as population density, and
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their potential effects on transportation, is crucial to predict future changes and mitigate
future consequences [2,57].

This study provides urban and transportation planners with a new practical approach
to analyze the complex temporal population density change policy in rapidly growing
cities and to evaluate urban sustainability. In essence, urban planners and policy makers
require a simple measure to understand land use-transport policy implications [2]. The
ability of this approach to measure the impact of the implementation of local plans that
encourage population density change facilitates the understanding and evaluation of the
complex land use transportation interactions and urban sustainability. This approach can
be utilized in early planning stages which can eliminate the gap between land use and
transportation plans and policies and facilities by integrating policies and plans which in
turn provide a sustainable and livable urban environment [58,59].

6. Conclusions

Jeddah city has witnessed a dramatic change in population densities as a result of
the implementation of the Jeddah city 2007 local plan. This has resulted in a significant
temporal change of population densities in the three sampled districts from 2007 to 2014
and seems to have caused a significant change in transportation after 2007. Statistical
analysis results depict an interaction between population densities changes and transporta-
tion. A strong positive relationship between population densities variables and temporal
indicators was revealed. It was found that change in population density regulations after
the implementation of the Jeddah city 2007 local plan has notably affected transportation
infrastructure in the three sampled districts.

This study indicates the unsustainable land use and transportation planning practice
in Jeddah, wherein the Jeddah city 2007 local plan was implemented in isolation from any
transportation intervention. In conjunction with this, Jeddah is a highly car-dependent
city which lacks an effective public transport system. Accordingly, urban sustainability
is disrupted in Jeddah. To address these issues, urban and transportation planners in
Jeddah require a practical and simple measurement of urban sustainability that can be
used to evaluate the consequences of new local plans and policies in early planning stages.
This study introduced sophisticated tools to study the impact of the temporal change in
population densities impact on transportation and a new practical approach to evaluate
urban sustainability.

Although the study approach provided significant information about the temporal
impact of population density change on transportation, further studies are highly recom-
mended to validate this approach in other districts in Jeddah city and to include recent data
with more temporal lag. It is also recommended to investigate this approach in other fast-
growing cities with an efficient public transportation system. Furthermore, the analysis of
further relevant population densities variables and impact indicators must be considered.
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