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Abstract: Uncontrolled urban expansion with rapid population growth causes great pressure on
the urban environment. The index of impervious surface area (ISA) has recently been used for the
dynamic monitoring of urban expansion. This paper takes Dar es Salaam, the largest city in Tanzania,
as an example, combined with multi-source data to obtain urban impervious surface component data
on an annual scale, based on which the spatial-temporal characteristics of the city’s expansion are
concluded: first, urban expansion showed an evidently phased pattern, with a steady annual growth
rate of 2.9% during 2000-2005, and a low rate of 1.4% during 2006-2010, then a relatively high rate
of 3.3% in the period of 2011-2019. Secondly, urban expansion hotspots emerged in areas along the
main roads extending from the center to the south and north, but coastal expansion and infilling
development became evident after 2015, with the impervious surface significantly increasing in areas
with poor traffic. Third, urban land expansion, which lags significantly behind population growth,
has eased, as the ratio of population growth rate to land expansion is declining, from 2.9 in the period
2002-2012 to 2.0 in the period 2012-2019. Finally, the influence of population, economy, traffic and
nature on the evolution of impervious surfaces are analyzed. This paper puts forward corresponding
strategic suggestions for land-use policies and analyzes the trend of urban growth spatiotemporal
patterns in the future.

Keywords: urban growth; impervious surface; spatiotemporal analysis; Dar es Salaam

1. Introduction

Sustainable urban development is one of the 2030 Sustainable Development Goals of
the United Nations, among others. African cities with large and fast-growing numbers are
critical to achieving this goal globally. African cities are undergoing rapid urbanization,
which, along with significant social-economic development, is accompanied by uncon-
trolled urban expansion, inadequate and deteriorating infrastructure, traffic congestion,
environmental degradation and an acute housing shortage [1-4]. To address these chal-
lenges and effectively manage the growth of African cities, it is urgent to deepen our
understanding of the nature and pattern of these cities’ growths.

Since the 1960s, Sub-Saharan Africa (SSA) has experienced the fastest urban population
growth at the lowest level of urbanization in the world, with an annual growth rate of
4.9% during the 1960s-1980s, which fell to 4.1% after the 1990s [5-8]. A large number of
studies in the literature revealed the spatial extension of African cities with population
growth in the region through remote sensing and Geographic Information System (GIS)
technologies. Some of them were conducted on a global scale. For example, the Atlas of
Urban Expansion by the Lincoln Institute of Land Policy contains maps of 200 cities around
the world for three time periods, 1990, 2000 and 2014, including more than 30 African
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cities. Based on the dataset, both the population and built-up areas of these African
cities were reported to have increase rapidly, by about 4% and more than 5% per year,
respectively [9,10]. Moreover, the changing pattern of urban land densities from the urban
center to the periphery was revealed to be different between large, medium and small-
sized cities. Patterns in small cities were relatively dispersed compared with the large
ones, while African cities on average presented a much less compact pattern than those
in Asia, Europe and North America by international comparisons [10]. However, some
studies have questioned the comparability of different continents and national urban area
expansion data. After interpreting the built-up areas of six different cities in West Africa
using remote sensing data from four periods from 1970 to 2010, Adhikari compared the
difference between the calculated results with Gong’s data on a global scale [11,12] and
inferred that an unclear definition of urban areas, limitations of classification algorithm
and errors in training samples accounted for the discrepancies in urban area estimations.

A few studies investigated African cities” expansions at the city scale to address
strategic interventions when planning for sustainable development. Karolien used remote
sensing images to analyze the changes in urban built-up areas in Kampala, Uganda in
1989, 1995, 2003 and 2010, and pointed out that cities mainly expand along roads, with
an average annual increase of 5.6%, while environmental factors, such as slope, influence
expansion distribution [13]. Acheampong found that the annual growth rate of construction
land in Kumasi, Ghana was 5.6% in the period between 1986 and 2014 [14]. Similar
growth rates were reported in Bamako (5.4%) and Nairobi (5.9%), but in Cairo (2.8%) the
growth rate was low [15]. Moreover, mono-centric structures and ribbon development
along highways were recognized as discernible spatial structures and forms of African
cities [16-18]. Urban expansion was pushed forward by an increasing population and
economic activities. Because of the concept of growth pole that was adopted in African
countries [19], the cities were planned as growth poles to stimulate economic growth in the
rural hinterland, which has led to large migration from rural areas to urban areas, and the
extreme imbalance in development.

Dar es Salaam is the biggest city in Tanzania, with a population of 5.27 million in 2019
and a built-up area of 561 km? in 2014 [20]. Dar es Salaam is composed of five districts: Ilala,
Ubungo, Temmeke, Kigamboni and Kinondoni, with two railways and four main roads
(Figure 1). The Atlas of Urban Expansion collects and analyzes data on the quantity and
quality of urban expansion in a stratified global sample of 200 cities, which are important
data for exploring urban expansion [21]. However, Dar es Salaam is not included in the
database, indicating that its urban development has not received sufficient attention. Its
urban expansion has been investigated by a few studies in the literature using a variety of
data of different scales and from different sources. The data used date back to 1945, and
the latest in 2016, with a short interval of 1 year and a long span of more than 20 years.
The results of existing studies show that the city expanded along the main roads in the
early stages, formed the linear expansion model in 1992 and then was replaced to a great
extent by infill [16,22]. Remote sensing data is widely used in the study of urban growth.
Congedo and Macchi conducted a systematic analysis of both the population and land cover
changes in 2002, 2004, 2007, 2009 and 2011, and pointed out that the urban sprawl mostly
occurred at the urban fringes, with a rapid sprawling process beginning between 2004
and 2007 [23]. Gombe used multi-temporal Landsat satellite images and Random Forest
classification to map urban land-use in Dar es Salaam. The results show that the built-up
area’s average annual growth rate was almost 8%, which made Dar es Salaam among the
fastest growing cities in Africa [24]. On the other hand, the urban expansion mechanism of
Dar es Salaam was probed into with empirical data combined with theoretical models by
some scholars. Kombe regarded that traffic lines and water supply lines were still priority
areas or hotspots in the sub-urban expansion on the basis of tremendous interviews [25].
Mkalawa performed a quantitative analysis of the urban change and spatial development
pattern of the land use/cover in the city of Dar es Salaam using three types of data (slope,
land cover and proximity map), and also believed that the changes were mainly driven by
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transportation infrastructure and population growth, with an average annual growth rate
of 6% in urban land cover from 1991 to 2009 [26]. Moreover, disorderly development of
informal settlements was addressed in a lot of reports [27], which was usually linked with
unplanned densely developed urban land, and discontinuously built-up areas. With an
increasing number of informal settlements occurring spontaneously throughout the city,
conventional data intervals on land cover change can no longer meet the requirements of
identifying the hotspots and growth patterns of urban expansion, especially in a typical city
such as Dar es Salaam, which has long lacked planning [22]. More real-time and accurate
dynamic monitoring of urban expansion becomes important for proper decision-making in
urban planning or policy. However, little work has been done in this regard.
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Figure 1. Location of Dar es Salaam in Tanzania.

In the previous Dar es Salaam studies, data used by scholars to identify urban land-use
were all from Landsat satellite images, but there were some differences in the types of
satellites, the years of data collection and the methods of processing. For many years,
there have been problems caused by a lower number of types of remote sensing data, a
low selection of years and a long interval, resulting in significant differences in urban
land-use growth. The urban coverage is different from the previous built-up areas and
is expressed by the ISA, which refers to buildings, roads and other areas paved with
asphalt, concrete and other substances. The ISA method has been widely used to quickly
estimate urban expansion in other continents [28-33], but there are fewer case studies of
African cities. Based on two kinds of remote sensing data, Moderate-resolution Imaging
Spectroradiometer (MODIS) and night light data, this paper adopts multi-source data
processing and a verification method to ensure the scientific results. Moreover, due to the
convenience of data acquisition, it is more conducive to carry out case studies in African
regions where data is scarce, and the results have a certain practical significance. By
dynamically monitoring the changes in urban form year by year, the pattern of urban
evolution can be thoroughly researched and documented.
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2. Materials and Methods
2.1. Framework

In this study, the ISA index is obtained by fusion processing Defense Meteorological
Satellite Program/Operational Linescan System (DMSP/OLS) night light data with Landsat,
MODIS and other remote sensing data, which is a new method for quickly estimating
residential areas [34]. Compared with the traditional threshold method, it can reduce the
saturation problem of night light data and also increase the change in urban value. Through
regression correction of the ISA and an accuracy test, the 20-year urban impervious surface
distribution of Dar es Salaam can be obtained.

The methodological framework is applied to comparatively analyze the growth pattern
of the impervious surface in Dar es Salaam, and it includes three steps: data acquisition,
data processing and data analysis (Figure 2).
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Figure 2. Methodological Framework.

2.2. Data Sources

Night light data, multi-temporal Moderate-resolution Imaging Spectroradiometer
Normalized Difference Vegetation Index (MODIS NDVI (MOD13A1)), Dar es Salaam’s
Land Use and Land Cover (LULC) data and other auxiliary data were used in this research
(Table 1). The night light data included DMSP/OLS (2000-2013) and Visible Infrared Imag-
ing Radiometer (VIIRS) (2014-2019), and both were downloaded from the National Centers
for Environmental Information (NCEI). The multi-temporal MODIS NDVI data (2000-2019)
were downloaded from the United State Geological Survey (USGS). Dar es Salaam’s LULC
data from 2012 with a vector format generated from digitizing Landsat Thematic Mapper
(TM) images were provided by the Dar es Salaam Coastal Zone Climate Change Project [35].
Aerial photographs from 2019 for Dar es Salaam were used as validation data. Other
auxiliary data were downloaded from the Tanzania National Bureau of Statistics.



Sustainability 2023, 15, 10575 50f 18
Table 1. Data list.
Category Name Description Date Source Time-Line
. https:/ /ladsweb.modaps.eosdis.nasa.gov g
MODIS NDVI 500 m grid (accessed on 14 May 2020) 2000-2019
. . . . http:/ /ngdc.noaa.gov g
Main data Night light data 1000 m grid (accessed on 25 June 2020) 2000-2019
. http:/ /www.gscloud.cn
DEM 30 m grid (accessed on 5 July 2020) 2018
Administrative Tanzania National
boundaries Vector data Bureau of Statistics 2019
Auxiliary data Roads, railways Vector data Tanzania Natl.o n.al 2019
Bureau of Statistics
Rivers Vector data Made by author 2019
. LULC 30 m grid [32] 2012
Colll‘(rject'lon;nd Aerial photograph 30 m orid http:/ /google-earth.en.softonic.com 2019
validation data P stap & (accessed on 30 May 2020)
2.3. Methods

2.3.1. Data Pre-Processing

MODIS NDVI and night light data were adjusted to the same resolution through
projecting raster and resampling in ArcGIS 10.4.1. Afterwards, the data in each pixel were
mathematically calculated to obtain the ISA value [36]. Data pre-processing is illustrated in
Figure 2. More specifically, night light data was projected to an Albers Conical Equal Area
projection, which allowed the layout to be as close to the actual shape as possible without
changing the area. Then, the resolution of the night light data was adjusted to 500 m by
500 m to facilitate subsequent calculations [37]. The maximum value of MODIS NDVI for
the whole year was obtained by combining the maximum values of each pixel in a year,
and they were also projected to the Albers Conical Equal Area projection with a pixel size
of 500 m by 500 m. Based on the method proposed by Lu [34], ISA,;; can be expressed

as follows:
(1 = NDVIpax) + OLSpor

(1 — OLSpor) + NDVImax + NDVIpax X OLShor

ISA L = 1)
where ISApy is the preliminary ISA index; NDVIpax is the maximum value of a year in
each pixel; and OLSy is the normalized night light data (0-1).

2.3.2. Data Correction

Details of the data and classification methods used in the literature are shown in
Table 2. Landsat satellite images were widely used in the study of African cities, and the
regression methods for data processing mainly relied on supervised maximum likelihood
classification algorithms. However, when the overall distribution does not conform to
the normal distribution, its regression reliability will decline, which eventually leads to
differences in results.

Ridd proposed the V-I-S (vegetation impervious surface soil) model, which suggests
that the urban surface cover is composed of vegetation, impervious surface and bare soil in
addition to water [38]. Ward integrated data models for establishing the range of urban land
cover types and their biophysical composition (vegetation, soil and impervious surfaces).
He improved the V-I-S model and provided a hierarchical approach to classifying land
cover within urban environments [39].

Due to the complexity of urban landscapes, the mixed pixels obtained by using coarse
spatial resolution images such as MODIS and DMSP-OLS for settlement mapping are
considered to be a major problem affecting the effective use of remotely sensed data in
urban land-use/cover classification. Given this V-I-S principle, the ISA index calculated
above was converted to the ISA percentage on the grid by a calibration model. From
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the 2012 Dar es Salaam LULC map, we randomly selected 300 sample plots for data
calibration. Among the six LULC categories (high vegetation cover, low vegetation cover,
continuous built areas, discontinuous built areas, bare land and water bodies) covered
by the map, continuous and discontinuous built areas were regarded as ISA components.
Then, we converted the 2012 ISA distribution map to a 500 m by 500 m raster image,
and the projection was set to be the same as the MODIS NDVI and night light data.
The percentage of ISA components extracted from the 300 sample plots was used as a
dependent variable. The preliminary ISA index value was used as an independent variable
in linear regression analysis. The coefficient of determination (R?) was used to evaluate the
regression model performance (Figure 3). The p-value was used to determine whether the
regression coefficient was significant. Finally, the calibration model was as follows:

ISAga1 = 0.326 X In(ISApyi) 4 0.611 )

where ISA,;; is the preliminary ISA index and ISA, is the final ISA based on the percentage
of ISA within the pixel size of 500 m by 500 m.

Table 2. Data sources, classification methods and growth rates of urban expansion in Africa.

Annual Growth

Cities Time-Line Data Sources Regression Methods
Rates
Kumasi, Daloa, Abuja, Kano, 1970s, 1980s, 1990s, . . . ranging between
Kindia and Ouagadougou [11] 20008, 2010 Landsat 2-7 Jeffries-Matusita Transformed Divergence 2.6% and 7.7%
Kampala [13] 1989, 1995, 2003, 2010 Landsat 4,7 Spatially explicit Logistic Regression model 5.6%
Kumasi [14] 1986, 2001, 2014 Landsat 4, 7 Supervised Maximum Likelihood 5.6%
Classification Algorithm
Nairobi [18] 1976, 1988, 1995,2000  Landsat?2, 4,7 Clarke Cellular Automata urban 6.6%
growth model
2002, 2004, 2007, Supervised Maximum Likelihood o
Dar es Salaam [23] 2009, 2011 Landsat 5,7 Classification Algorithm 8.8%
Dar es Salaam [24] 2007-2016 Landsat 5,7, 8 Random Forest 8%
| SAcal
1
0.8}
0.6
0.4
0.2 : _'" ' © [SAp:i=0.326Ln(ISAgri)+0.611
R?=0.753 O  Factual value
6 P <0.001 Logarithm
0 1 1 1
0 0.5 1 1.5 2
ISA,,

Figure 3. Regression diagram between ISA,;; and ISA ;.

2.3.3. Accuracy Evaluation

Accuracy evaluation was conducted based on a random sampling method. In order
to reduce the impact of image registration errors, the verified sample information was
obtained by manual interpretation of the corrected 2019 Aerial photographs of Dar es
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Salaam (Figure 4a), and the proportion of ISA components in 200 random samples was
visually interpreted to represent the true validation value. Manual interpretation is a
process in which professionals acquire specific target information on remote sensing images
by direct observation or with the aid of interpretive instruments. Through this method,
the effect of remote sensing image processing or the accuracy of computer interpretation
can be checked. Finally, the mean relative error (MRE) method was used to evaluate the
accuracy of corrected ISA information in 2019. According to the results (Figure 4b), the
MRE of the corrected ISA was 0.181, indicating that the accuracy of the data is very high.

Y (|xi — il /vi)

MRE =
N

®)

where MRE is the mean relative error, x; is the ISA information after correction, y; is the
ISA information interpreted by aerial photographs and N is the number of samples.

(b)

' ISA information after correction
Impervious camponent infarmation (%)
[ 10 ® 60 ]'

o 20 = 70
s 30 e 30
0 89

50 e 100 0.8

9 Miles

0.6

04r

0 1 1 1 1
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ISA information interpreted by acrial photographs

Figure 4. Sample spots distribution (a) and accuracy verification results (b).

2.3.4. Dynamic Analysis of ISA

To better analyze the dynamics of ISA expansion and reveal its magnitude and rate,
we selected four indexes in this study, including overall impervious surface expansion
area (OIEA), annul impervious surface expansion area (AIEA), annual impervious surface
expansion percent (AIEP) and overall percentage increase in ISA (OPII). OIEA and AIEA
aim at measuring changes in ISA and are effective for comparison of ISA over different
periods. AIEP is effective for comparison of ISA expansion for five districts in one period.
OPIl is used to describe the percentage change of ISAs in one period. They can be expressed
as follows:

OIEA = ISA; — ISA; 4)

AIEA = (ISA; —ISA)) /d (5)
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AIEP =

1
ISA; \ ¢

— 1| x100% (6)
(ISA]-) ]

OPII = PISA; — PISA; )

where ISA; and ISA; refer to the impervious surface area at the start of year j and end of
year i, respectively, d is the time span from year j to year and PISA; and PISA; refer to the
percentage of ISA at the start year j and the end year i.

3. Results and Analyses
3.1. Impervious Surface Growth Pattern with Time

The ISA percentage was calculated for the 500 m by 500 m grids in Dar es Salaam city
between 2000 and 2019. Among them, the maps of nine years were selected as shown in
Figure 5. In 2000, the ISA percentage was relatively low in most areas of the city (Figure 5a).
In 2010 it became obviously higher in the city center than in the peripheral area (Figure 5Se),
and this feature persisted in later periods. In 2012, a large number of high ISA (above 50%)
grids emerged in the west and southwest of the city (Figure 5f). After that, the city average
percentage of ISA increased further, reaching 50.5% in 2019 (Figure 5h).

The overall ISA and its annual increase for Dar es Salaam is demonstrated in Figure 5i.
The total ISA increased from 516.3 km? in 2000 to 851.7 km? in 2019, with an AIEP of 2.8%.
The changes in ISA over 20 years have obviously appeared in three stages: steady growth
from 2000 to 2005, gentle growth from 2006 to 2010 and rapid growth from 2011 to 2019.
The AIEP of the three stages are 2.9%, 1.4% and 3.3%, respectively. In these three stages,
OIEA in stage 3 was 214.0 km?, accounting for 63.8% of the total increase. OIEA in 2011
was one of the peaks during this period, and then the increment slowed down over the
next three years, until it reached another peak in 2015. Finally, the increment in 2019 was
the highest during the whole period. In stage 1, the OIEAs for every year were almost
above 14 km?, except in 2002. As for the OIEA in stage 2, 2007 (6.2 km?) and 2010 (7.0 km?)
were the years with the two lowest increments, and they were also the lowest for the whole
period. The AIEA of stage 2 was 8.5 km?, which was much lower than 15.8 km? in stage 1
and 23.8 km? in stage 3.

In a view of the ISA expansion in the five districts of Dar es Salaam, Kigamboni was
the highest, followed by Ilala and then the other three districts within the 20 years, while
the overall growth trend of each district was roughly the same, with OIEA, AIEA and AIEP
appearing high, low and very high in stages 1, 2 and 3, respectively (Table 3). During
2000-2005, the annual growth percent of ISA in Temmeke was 4.9%, dramatically faster
than others. Ubungo was more prominent in stage 2 and experienced rapid ISA expansion.
Its three indexes were the highest among the five districts, with values of 9.8 km?, 2.5 km?
and 2.4%, respectively. Due to rapid growth in stage 3, ISA expansion in each district
was dramatically higher than the other two stages. As for AIEP, Ilala was 3.8% in stage 3,
showing the highest growth rate.

In general, the expansion areas in Kigamboni were 119.5 km?, accounting for 35.6%
of the total area of OIEA during 2000-2019. Meanwhile, AIEA in Kigamboni was 6.3 km?,
much higher than the other four districts. Temmeke and Ilala experienced more rapid
expansion, with annual growth percentages of 3.2% and 2.9%, respectively, both of which
were higher than those three districts.
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Figure 5. Spatial information (2000 (a), 2003 (b), 2005 (c), 2007 (d), 2010 (e), 2012 (f), 2015 (g) and 2019
(h)), annual growth and total change of impervious surface area (i) in Dar es Salaam.

Table 3. Changes of ISA in five districts of Dar es Salaam during different periods.

Ilala Kigamboni  Kinondoni Temmeke Ubungo

2000 ISA (km?) 113.6 196.0 95.2 41.4 69.8

OIEA (km?) 17.5 24.2 17.6 11.1 9.0

2000-2005 ATEA (km?) 35 4.8 3.5 2.2 1.8
AIEP (%) 29 24 35 49 2.5

OIEA (km?) 8.5 8.5 9.6 6.0 9.8

2006-2010 AIEA (km?) 2.1 2.1 24 15 25
AIEP (%) 1.3 0.8 1.7 22 24

OIEA (km?) 55.4 86.7 29.9 17.0 25.3

2011-2019 AIEA (km?) 6.9 10.8 3.7 21 3.2
AIEP (%) 3.8 3.6 2.5 29 2.8

OIEA (km?) 81.3 119.5 57.1 34.0 44.0

2000-2019 ATEA (km?) 43 6.3 3.0 1.8 2.3
AIEP (%) 29 2.6 25 3.2 2.6

2019 ISA (km?) 194.9 315.5 152.2 754 113.9
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3.2. Circle-Layer and Directional Growth Characteristics

Considering the distribution characteristics of high ISA diffusion outward from the
center to the periphery, we chose the Dar es Salaam port as the center to make six concentric
circles every 5 km. In a view of ISA distribution within the radius of 20 km, the land grids
with more than 50% of the impervious surface accounted for 11.3% in 2000, 40.5% in 2010
and 75.5% in 2019.

Then, we selected 2005, 2010 and 2015 as the time points, the OPII (overall percentage
increase in ISA) during the four periods was mapped as shown in Figure 6, and the
proportion of OPII in different concentric circles was analyzed with the results shown
in Table 4. The OPII from 0% and 10%, named weak increase, usually occurs, indicating
discontinuous, low-density development; the OPII from 10% and 20%, named robust
increase, emerges in a major area and the OPII above 20%, named hotspots, of urban
development, occurs occasionally, indicating continuous development in the city.

/07, (2)2000-2005

(b) 2006-2010

OPII (a-b)
0-5

*5-10
10-15
15-20

* Above 20

OPII (e)
0-10
10-20

« 20-30
3040
40-50

« Above 50

Q Concentric buffer in every Skm
———+ Railway

~———— Main road
Secondary road

Jﬁ o 25 5 10 Mies
e

Figure 6. Spatial-temporal variations of the OPII in different periods (2000-2005 (a), 2006-2010 (b),
2011-2015 (c), 2016-2019 (d) and 2000-2019 (e)).
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Table 4. Proportion of OPII in different concentric circles during four periods.

OPII 0-5km 5-10 km 10-15 km 15-20 km 20-25 km 25-30 km
(%) (%) (%) (%) (%) (%) (%)
0-10 59.2 69.9 72.8 74.3 78.6 77.6
2000-2005 10-20 38.3 28.9 24.1 224 20.0 20.7
Above 20 24 1.2 3.1 3.3 1.5 1.7
0-10 76.7 76.5 752 78.7 79.0 76.0
2006-2010 10-20 204 21.4 22.1 18.3 18.2 20.8
Above 20 29 21 2.8 3.0 1.9 42
0-10 88.8 89.0 88.8 86.6 89.9 91.8
2011-2015 10-20 10.2 10.8 11.0 12.5 9.6 7.9
Above 20 1.0 0.2 0.2 0.9 0.5 0.3
0-10 81.6 78.8 73.5 77.7 80.8 82.6
2016-2019 10-20 16.5 19.5 24.5 19.8 17.4 16.1
Above 20 1.9 1.7 2.0 25 1.8 1.3

Combined with the results in Figure 6 and Table 4, we analyzed the changes in growth
hotspots for different periods in the city, as well as the characteristics of spatial and temporal
growth. From 2000 to 2005, the growth hotspots with OPII above 20% mainly emerged in
the south and southwest of the port within 10-20 km, along with the Tanzania—Zambia
Railway and Kilwa Road (Figure 6a). The largest proportion of robust increase (OPII from
10% to 20%) was within 5 km from the port, accounting for 38.3% of these areas. In this
period, the farther the area was from the port, the greater the proportion of weak increase
(OPII from 0% to 10%).

In the following five years, growth hot areas gathered in southwest urban boundary
areas, 15-30 km away from the port (Figure 6b). They spread along the Pugu Road Airport
highway (10 km-15 km) and southeastern secondary highway in Kigamboni (25-30 km),
accounting for 2.8% and 4.2% in their total areas, respectively. In this period, the robust
increase was almost around 20%, and 22.1% was the highest, which was 10-15 km away
from the center.

During 2011-2015, growth hot areas were relatively scattered so there were no concen-
trated areas (Figure 6¢). Almost all the city experienced very slow growth, so that the areas
of weak increase in each circle accounted for about 90%, and the areas 25-30 km away from
the port even reached 91.8%.

After 2015, growth hot areas were mainly located in the northwest areas, coastal areas
and Kigamboni district (Figure 6d). They were dense within 15 to 20 km from the port,
a 2.5% share of the area. For the areas 10-15 km away from the center, the proportion of
robust increase reached 24.5. Moreover, the proportion of weak increase was significantly
lower than that of five years ago, indicating that the OPII increased over 10 (Table 4). It
is worth mentioning that the spatial growth after 2015 is different from that of the years
before. The growth hot areas were mainly distributed in the areas within 10-25 km from
the west, northwest and southwest of the port. The areas between Bagamoyo road and
Morogoro road became hotspots despite the poor traffic. At the same time, the development
of Kigamboni district was rapid after 2015, and the impervious surface along the secondary
roads in the district also began to increase during this period. The fastest growing areas
were mainly between the two secondary roads 10-15 km away from the port.

In a view of the overall changes during the period from 2000 to 2019 (Figure 6e), the
main directions of expansion were along the traffic lines in the north, southwest and south
of the city. Within a radius of 20 km, the farther away from the center, the expansion
intensity was bigger, with the average OPII value increasing from 20.6 in the radius of
5 km, 21.5 in the radius of 5-10 km, 22.7 in the radius of 10-15 km to 23.7 in the radius of
15-20 km. Beyond the radius of 20 km, the average OPII value was 18.4 in the radius of
20-25 km, 20.5 in the radius of 25-30 km and 18.7 in the radius beyond 30 km.
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Above all, the growth hot areas appeared frequently in the areas 10-20 km away from
the center. Areas more than 20 km away from the center increased slowly, which were the
main areas of weak increase, accounting for 80% to 90% for a long time. The maximum
difference of the average OPII value between the layers was about 5, the difference of the
expansion intensity between the center and the periphery was not very significant and the
city showed obvious characteristics of low-density spreading growth.

3.3. Influencing Factors of Impervious Surface Growth
3.3.1. Population and Economic Factors

Urbanization in less developed countries is usually driven by the concentration of
economic activities in cities. More employment opportunities and good educational and
medical conditions in cities attract populations to urban agglomeration. Rapid growth of the
population inevitably results in housing demand growth, thus promoting the expansion of
urban land. The urban population of Dar es Salaam was 2.487 million in 2002 and increased
to 4.365 million in 2012, with an average annual growth rate of 5.6%. In 2006, 80% of urban
residents chose informal settlements as their place of residence, 10% higher than five years
ago [40]. Due to the spontaneous development of informal settlements in African cities such
as Dar es Salaam, the process of urban expansion was not completely synchronized with the
process of population and economic growth. Using limited population data in 2002, 2012
and 2019, and the changes in simultaneous Gross Domestic Product (GDP) and ISA, we
drew Figure 7 to analyze the relationships between the three. The GDP growth rate is much
higher than the population and impervious surface growth, indicating that the city has a
sustained expansion power. Because of the lack of infrastructure investment over a long
period of time, the rate of urban land expansion lags behind the rate of population growth.
The ratio of population growth rate to ISA growth is declining, from 2.9 in 2002-2012 to 2.0
in 2012-2019, indicating that urban overcrowding is easing.

300.0%

250.0%

Growth rate

200.0%

150.0%

100.0%

50.0%

=7 e

Population GDP ISA Sprawl index

0.0%
2002-2012 2012-2019

Figure 7. Growth rates of population, GDP, ISA in Dar es Salaam during two periods
(Sprawl index = Growth rate of population/Growth rate of ISA; The data of GDP and popula-
tion are from National accounts statistics of Tanzania mainland tables 2019, and population in 2019 is
calculated based on the data from World Urbanization Prospects 2018).

The rapid development of the economy is an important factor for the increase in
impervious surfaces. Dar es Salaam’s total GDP reached 1671.02 million dollars in 2001.
After development over almost twenty years, the GDP in 2019 climbed to 10328.07 million
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dollars, with an average annual growth rate of 10.6%. By using SPSS to analyze the
correlation between GDP growth and impervious growth rate, the results were significantly
correlated (R =0.123, p < 0.05).

3.3.2. Traffic Factors

Considering the pattern of urban expansion along traffic lines and water supply lines
as reported in the literature, we selected main roads, secondary roads, railways and rivers
to extract impervious surface growth data within their 1 km buffer zone in this study,
as shown in Figure 8. In terms of total amount, impervious surfaces along rivers and
secondary roads increased significantly from 2000 to 2019, increasing by 101.5 km? and
99.4 km?, respectively. They were higher than increments along the main roads (39.2 km?)
and railways (23.9 km?). Among them, increments in 1 km buffer zone along the Pugu
Highway, Tanzania-Zambia Railway and Kzinga River were the highest value for each
category. In terms of average growth rate, rivers (3.9%) and railways (3.3%) had the fastest
growth rates when compared to the remaining two categories. Most open spaces on both
sides of the railway or rivers were not suitable for development and had either traffic
safety risks or flood risks. The rapid expansion of the ISA in this area may aggravate the
vulnerability of cities [25].

km? Main roads % km? Secondary roads %
300 6 300 - - .
@ otal impervious surface in buffer zone @ Total impervious surface in buffer zone
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Figure 8. Variation of impervious surface growth in 1 km buffer zone along traffic lines and rivers.

Along the traffic lines and rivers, there were various kinds of urban land gathering
areas in Dar es Salaam, such as industrial, commercial and informal settlements, which
are important for urban economic development. With the development of urban traffic
networks, a large number of artificial surfaces spread along the lines of traffic network and
rivers. In 2012, Dar es Salaam established a Bus Rapid Transit (BRT) system known as Dar
Rapid Transit [41]. Since then, the growth rate of impervious surfaces in main highway
buffer zones has increased year by year, except in 2017, and the new Dar Rapid Transit
(DART Phase II was projected to begin in December 2018) will bring more pressure to the
surrounding areas [22].
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3.3.3. Natural Factors

Slope as an important geographic element was selected to analyze its relationship with
impervious surface growth in this study. Slope data were extracted from DEM data and
re-projected to an Albers Conical Equal Area projection with a pixel size of 500 m by 500 m.
Then, all the grids covering the whole city were grouped by seven slope intervals, including
0-5°, 5-10°, 10-15°, 15-20°, 20-25°, 25-30° and 30-35°. The number of grid samples and
correlation test results between slopes and percentage increase in ISA are shown in Table 5.
According to the results, the correlation between slope and ISA growth rate was significant
for areas with a slope value of 0-5° (R = 0.32, p < 0.05) and 5-10° (R = 0.233, p < 0.05),
while it was not for the others with insufficient samples. This meant the flat terrains were
conducive to the construction of buildings and infrastructures. In contrast, the areas with
slope values higher than 10° were not appropriate for construction in the study area.

Table 5. Pearson correlation analysis of slope and impervious surface growth rate.

Slope R Value Correlation Samples
30-35° 0.114 uncorrelated 7
25-30° 0.365 uncorrelated 11
20-25° 0.019 uncorrelated 37
15-20° 0.058 uncorrelated 128
10-15° 0.109 uncorrelated 403
5-10° 0.233 p < 0.05, positive correlation 1375
0-5° 0.32 p < 0.05, positive correlation 5938

3.3.4. Policy Factors

Urban development policy was another important factor affecting the spatial-temporal
evolution of ISA. Since the 1990s, the government has implemented a number of market-
oriented economic adjustment policies aimed at promoting the liberalization of the urban
economy. Liberalization and deregulation have blurred the lines between formal and
informal development and between public and private stakeholders, thus increasing the
opportunities for government agencies and private power brokers to invest in real estate in
urban fringe areas. However, some policies with high short-term benefits but lack of long-
term strategic objectives promote the growth of urban informal settlements and aggravate
urban sprawl. For example, the 1999 Land Act’s strong compensation rights made it
politically and physically difficult to alter the local level haphazard urban form resulting
from informal development [42]. With the promulgation of such a lack of enforcement
policies, illegal expansion of informal settlements aggravated the disorderly expansion of
land along major infrastructure lines and border areas. The southern boundary of Ilala
and Temmeke districts were adjacent to other cities, far away from the city’s main roads,
with a lack of public services. Meanwhile, these areas were more chaotic in land control
during the first decade of the 21st century and became hot areas of illegal expansion. Dar es
Salaam grew outward aimlessly, making it difficult to effectively establish the convenience
of services and network effects of infrastructure.

In the mid-2000s the government initiated a neoliberal land formalization program [38].
Many construction projects were developed to integrate the surrounding chaotic plots,
including mega housing projects, satellite-housing schemes, resettlements programs, mil-
lennium business parks and economic development zone (EDZ) projects. For example,
in 2003, the Ministry of Land used the funds collected from the Ministry of Finance to
implement a collection project covering more than 40,000 plots of land in order to develop
satellite towns and control land speculation [43]. Coastal areas with excellent living en-
vironments have become important areas for the development of the real estate industry.
The rapidly increasing residential areas were mainly composed of communities and villas,
which met the new middle class’s demand for big houses in the suburbs. Although the vast
majority of suburban development projects are achieved through the people’s efforts to
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build houses, it often took a family nearly a decade. The large number of houses being built
off the coast of Dar es Salaam increase the vulnerability of the city to climate change [44].

Vague land property rights also increased the difficulty of urban planning and man-
agement. Land in Tanzania belongs to the state and it is divided into three categories:
general land, rural land and reserved land. Land in urban areas belongs to general land,
and both granted rights of occupancy and customary land rights land tenure systems are
observed. Although the two rights have the same effect in law, it is difficult for customary
land rights to obtain the benefits of the granted rights of occupancy. Because such land
generally depends on ancestral inheritance and long-term occupation, its land rights are
unclear. To this end, the government increased efforts to promote a land property rights
approval registration system. In 2008 and 2013, the Dar es Salaam government investi-
gated the construction land plots of the whole city. Taking Ilala District as an example,
the demand for land parcels in 2008 and 2013 were 5343 and 6143, respectively. Finally,
only 2600 and 2945 were approved, which were the largest in each district. These two
years also became the years in which the impervious surface of the Ilala district surged
significantly. At present, the efficiency of the government in handling affairs is still slow.
The acquisition of the land supply of granted rights of occupancy is difficult, while the
procedure for obtaining land through illegal means is relatively simple. Moreover, the
increasing population means a large demand for land. Local governments are unable to
effectively control land speculation and scalping and housing expansion, which further
leads to the expansion of informal settlements and exacerbates urban sprawl.

In February 2018, JICA (Japan International Cooperation Agency) unveiled the draft
of a new master plan for Dar es Salaam that focused on the improvement of human
settlements and infrastructure for the city’s growing population. According to the draft
master plan, the city was in need of better infrastructure and housing to cope with the
increasing number of inhabitants [22]. Due to the proposal of a number of policies and
plans, on the one hand, it accelerated the redevelopment of urban transportation, such as
the new airport, overpasses and Dar es Salaam Rapid Transit (DART-I). On the other hand,
it paid attention to the provision of public services and the construction of community
facilities, which made the speed of urban construction faster in recent years. However,
neither the proposed 2012-2032 master plan for Dar es Salaam nor the new 2018-2040
master plan by JICA have been approved by the Ministry of Land, Housing, and Human
Settlement Development. Previous master plans continued to be top-down and have also
not been effectively implemented by the municipal, ward and village level. Although policy
factors can guide the direction of urban growth, they still cannot solve problems such as
the disorderly spread of informal settlements and the effective allocation of infrastructure.

4. Conclusions

As one of the fastest urbanizing countries in Africa, Tanzania is undergoing a transfor-
mation and remodeling of urban spatial patterns and land structure. After investigating the
annual spatial distribution of impervious surface in Dar es Salaam from 2000 to 2019, the
evolution patterns and influencing factors are concluded. Firstly, the city has experienced
steady growth from 2000 to 2005, slow growth from 2006 to 2010 and rapid growth after
2011, with annual growth rates of 2.9%, 1.4% and 3.3%, respectively. Secondly, the growth
hotspots are mainly located along the major roads, but the areas with poor traffic have
attracted more development after 2015, particularly between Bagamoyo road and Morogoro
road, on the northern coast, and along secondary roads in Kigamboni district. However,
the difference of the expansion intensity between the center and the periphery was not very
significant, and the city showed obvious characteristics of low-density spreading growth.
Thirdly, the changes of impervious surface are obviously affected by population, economy,
traffic, nature and policy factors.

Rapid population and economic growth are the biggest driving force for the urban
expansion of Dar es Salaam. From 2002 to 2012, the average annual growth rates of urban
GDP and population were 15.7% and 5.6%, respectively, thus attracting more migrants to
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the cities to find their livelihoods. However, due to the insufficient acceptance capacity of
the city, the accommodation demands of new residents cannot be solved, resulting in the
rapid spread of urban expansion in the form of informal settlements. With the increasingly
frequent economic and social activities in the informal settlements, the growth of urban
population has been further promoted, thus making the disorderly spread of the city fall
into a vicious circle.

The improvement of traffic conditions provides convenience for urban expansion and
plays a certain guiding role in the space. The latest master plan of Dar es Salaam (1979)
clearly stated that the urban built-up area should be expanded along the four main roads.
The high accessibility of the main roads and the planning arrangements make the urban
construction before 2000 mainly developed along the main roads. As the Tanzanian state-
owned transportation sector was privatized, several secondary roads have been added
between the four main roads in the city. The total length of the urban road network has
increased from 1950 km in 2003 to 3118 km in 2013, with more than half of the roads open
to traffic all year round. Traffic conditions in the areas slightly farther from the main roads
have been greatly improved, and the accessibility between the main roads and urban fringe
areas has been improved. The rapid and low-density infilled sprawl pattern between main
roads has replaced the previous axis sprawl pattern, which has a larger spreading scope
and a faster urban expansion speed. The areas with higher ISA between main roads begin
to gather and gradually form a scale.

In the German colonial period, Dar es Salaam formed a spatial development structure,
which was radiating outward from the port. The area within 10 km of the port has the
highest development degree, and the impervious rate of most of the areas was higher
than 80% in 2000, with less potential for development. During the research period in this
papet, the area within 10 to 20 km southwest of the port had the fastest growth rate, which
is located between the three main roads of Kilwa, Pugu and Morogoro Road. A small
number of high growth areas are sporadically distributed and lack agglomeration effects,
and the quality of growth in urban border areas is low. In two decades, the OIEA of most
plots has increased by more than 40%, and the development level is close to saturation.
Since many city problems have not been improved, infilled sprawl pattern is still the main
spatial expansion pattern for Dar es Salaam in the future. As the construction potential
of the southwest area of the city is decreasing, two areas 10 km away from the port will
become the new expansion directions of the city, namely the area between the two sides
of Bagamoyo Road in the northwest and the secondary road in the southeast. Coastal
areas will also become potential areas for urban sprawl in the future, which requires the
government to strengthen the control of the coastal area in advance, provide public services
to improve the living environment and traffic conditions and protect the fragile ecological
environment. In addition, the government must simplify the land approval process and
strengthen the circulation of land market. The government should increase the number
of approval cases for legal land and optimize and regulate the layout of approved land in
space, so as to guide the expansion of informal settlements and solve a series of problems
caused by the disorderly development of cities.

Although this paper enriches the latest and continuous years of urban expansion
research in Dar es Salaam, there are still some limitations. In the process of reclassifying the
1 km resolution night light data to 500 m, some errors will be caused. Meanwhile, the 500 m
resolution MODIS data has limitations in studies at the city scale despite its high time
resolution convenient for continuous year monitoring, which may lead to overestimation
of the results of impervious surface in this paper. In addition, the impervious surface
area calculated in this paper should be larger than the conventional built-up area, since it
involves all the settlements including those scattered in the peri-urban areas. This difference
might be considered in a comparison study. Thus, in future studies, vegetation data with
high accuracy and more annual intervals should be selected as basic data, and the method
of data calibration should be improved by using authoritative land data as a calibration data
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source. At the research spatial scale, the study area will extend to a larger scale area such as
the African Mainland to better reflect the temporal resolution advantage of the method.
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