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Abstract

This paper assessed the percent impervious surface as indicators of surface urban heat island effects in a
tropical rapidly urbanizing environment by investigating the change that occurred over 29 years period starting from
1986-2015. Landsat Thematic Mapper (TM) and Operational Land Imager (OLI) data were used to estimate the land
surface temperature (LST) for two different periods in the study area. A map of percent impervious surface was also
generated for the same period using linear spectral mixture analysis. The results showed that the change in
impervious surface value ranged from -9% to 51% between 1984 and 2006, while, the minimum values of LST
increased by 2.6°C whereas the maximum LST values exhibited a decrease by 8.5°C; the mean LST values
increased by 4.6°C within the same period. The results indicate that increase in imperviousness results in higher
temperature. Over the years, the gradual transition of land use from suburban to urban land in peri-urban districts
around the highly urbanized hotspots resulted in an increase of 51% in the imperviousness and 29% in temperature.
This result suggests that uncontrolled rapid population increase resulting in expansion of impervious surfaces can
lead to significant increase in urban heat island formation in urban and peri-urban districts.
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heat island

J

Introduction

The world is increasingly becoming urbanized and the rate at which
city populations grow and countries urbanized is indicative of the pace
of social and economic change [1]. Before now, majority of the world
population has lived primarily in rural areas, by 2030; roughly 60% of
the world population is expected to reside in urban centers [2]. In
comparison, the world’s rural population is expected to decline thus
nearly the entire future population growth is expected to be in towns
and cities [2].

Impervious surfaces represent those materials that do not absorb
water or moisture, and most urban infrastructures, such as rooftops,
streets, highways, parking lots, and sidewalks, are impervious. These
materials effectively seal surfaces, repel water and prevent precipitation
and melt water from infiltrating soils. According to Barnes et al.
impervious surfaces are nearly 100 percent hydrologically active, and
high percentages of such surfaces occur within urbanized areas
containing commercial, industrial, transportation, and medium to
high density residential land uses.

The impervious (built-up) area is generally considered as a
parameter for quantifying the urban sprawl as reported by Torrens-
Albert, Barnes etal. and Epstein etal. [3]. Urban sprawl has been
quantified by considering the impervious area as the key feature of
urban sprawl, which can be obtained either from physical survey or
through remotely acquired data [4,5].

Because of their built environment, cities create their own micro-
climate, which generally enhances the effects of global climate change
[6]. There is growing appreciation that the populations, infrastructure
and ecology of cities are at risk from the impacts of climate change.

The impacts of different land use for example in urban areas, can also
lead to an increase in temperature at the city center compared to the
surrounding country side, known as the UHI effect [7,8]. Thus, the
average temperatures of cities and towns become 2 - 6 degrees Celsius
more than that of the surrounding countryside [9]. Different factors
contribute to the UHI such as roofs covering material, urban structure,
existence of vegetation, street width, directions, etc. The UHI
significantly affect the human health, living conditions, increase energy
consumption and atmospheric pollution [10]. Numerous studies have
focused on the impact of the urban heat island on urban environment
[11-13]. Most of the known studies of the urban climatology of tropical
cities focus mainly on the diurnal analysis based on data collected over
a short period of time. Related examples abound in the investigation
carried out by Nakamura in Nairobi, Kenya, where the urban
minimum temperature was observed to be greater than that at the
International Airport by 1.3 K. Oguntoyinbo also observed that the
heat island in Ibadan was between 5.0 K and 7.5 K, in the month of
March. Adebayo reported that the mean heat island, reflected by the
night-time minimum temperature, is about 1.0 K during the dry
season and 0.5 K during the rainy season.

Remote sensing data supply a practicable approach for the
investigation of both phenomenon of land use change and LST [14,15]
on wide spatial and temporal scales. Remote sensing techniques have
been used for monitoring the spatio-temporal and dynamic changes in
land use/land cover at regular intervals, using optical and near infrared
bands of multi-temporal remote sensing satellite data such as Landsat
TM images. The thermal band in Landsat satellite series i.e., (MSS, TM
and ETM+) have also been proven to have a crucial role in estimating
surface temperature. Different algorithms developed by different
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authors have been used to extract land use/land cover change [16] and
land surface temperature (LST) from remote sensing data for several
decades. Geographic Information System provides the platform on
which data on such images are stored, processed and analyzed for
decision making [17]. Thermal infrared remotely sensed data in the
bandwidth of 10.4-12.5 um, acquired over urban areas during the day
and at night available from Landsat-7 Thematic Mapper and Enhanced
Thematic Mapper (TM and ETM+), which has 60 m resolution in
thermal region have been used to monitor the heat island effect
associated with urban areas. It was in view of the remarkable rate of
urbanization in Osogbo and surrounding districts within the last few
decades and the need to carry out more studies on the urban climate of
tropical cities that this study was conceived. The effect of urbanization
using impervious surface area as indicator on the urban heat island is
therefore being examined in the study area.

Methodology

Study area

The study area was Osogbo and the ten local districts that surround
it, which is located in Osun State, in the South-western region of
Nigeria, located within latitude 7°46"N and 7°48"N and between
longitude 4°31"E and 4°35"E. The area of study includes Osogbo, Ede
North, Olorunda, Obokun, Egbedore, Ede South, Orolu, Ifelodun,
Boripe, Atakumosa West and Ilesa West (Figure 1). The rapid pace of
urbanization of Osogbo which can be dated back to 1991 when it
became the capital city of the newly created Osun State [18]. Not long
after the state was created neighbouring towns such as Ede North,
Olorunda and Ifelodun began to experience increase administrative
and economic activities leading to rural-urban migration for people in
search of greener pasture. At the same time the numbers of
commercial and residential buildings continue to increase while the
construction of roads, buildings, factories, and manufacturing plants
became more rampant. The phenomenal growth in the population
overtime is related to the introduction of modern technology and
administration as Osogbo became a growth center that pulled
population from its neighbouring settlements through centripetal
forces triggered by industrial growth. Road transport allowed dispersal
of development in all direction from the traditional core. Osogbo has
over the years become a capital with several core areas [19].

The climate of Osogbo is dominated by the influence of three major
wind currents, namely; the maritime tropical (mT) air mass, the
continental tropical (cT) air mass and the equatorial easterlies [20].
The mT air mass originates from the southern high-pressure belt
located off the coast of Namibia, and in its trajectory, pick up moisture
from over the Atlantic Ocean, crosses the Equator and enters
Southwest Nigeria [21]. The ¢T air mass originates from the high-
pressure belt north of the Tropic of Cancer. It picks up little moisture
along its path and is thus dry. This influences the dry harmattan
season. The harmattan season occurs in the middle of the dry season
around December and extends till February and March where it clears
off as rainy season approaches. The season is thus characterized by low
insolation as a result of dusty wind from Sahara desert which brings
about haze in the atmosphere.

Data acquisition

Two scenes of Landsat-5 Thematic mapper (TM) and Landsat-8
Operational Land Imager (OLI) of (190/55) acquired on 15 January

1986 and 2015 respectively were used in this research. The datasets
were provided by the United State Geological Survey (USGS) websites.

Image preprocessing

Data processing: The imageries were firstly pre-processed for
geometric rectification. The image bands used for this study were
geometrically rectified to Geographic Coordinate  System;
WGS_84 UTM Zone 3IN. Atmospheric corrections, contrast
stretching, histogram equalization and spatial filtering were as well
carried out in order to improve the spectral information of the bands
combination, for land cover change assessment.
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Figure 1: The study area, Nigeria (a), Osun State (b) Osogbo

Linear Spectral Mixing Analysis (LSMA)

The linear spectral mixture analysis (LSMA) approach is based on
the assumption that the spectrum was a linear combination of the
spectral of all components in a pixel; the spectral proportions of the
components represented the percentage of the surface features [22].
These included vegetation, High albedo (New concretes, iron roofs of
the factory) and Low Albedo (old concrete roofs, asphalt rods). Each
type of endmembers was normalized by the average value of that type.
The constrained MSA was finally used to process the pixel values of the
masked image with endmembers’ spectra. It was also assumed that
there was no interaction between the photons reflected by each
component.

The linear spectral mixture analysis (LSMA) was adopted in this
study for un-mixing pixels. The mathematical model of LSMA could
be expressed as:

_n
Ri= e 1(rifi) e, @)
Where,

R,, =The reflectance for the ith pixel.

=

j The spectral reflectance of the jth surface component.

fij =The fraction of the jth surface component in the ith pixel.

Endmember fractions

The pixel values of the masked Landsat images were separated into
fractions for the three endmembers by resolving the linear mixture
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spectral model of equation (2) as shown above, as an urban feature
with a wide range of spectral properties, impervious surfaces can
possess both high and low albedo values. Therefore, a linear mixture of
low and high albedo was regarded as a good representation of
imperviousness as in equation (2) below, and the fraction of
impervious surface for each pixel could be seen as the sum of fractions
of high albedo and low albedo [23].

Rinp, b = FrowRiow, b+ FrighRnigh,p b -~ (2)

Where:

Rimpp =Reflectance of impervious surfaces for band b

Rjowb =Reflectance of low albedo impervious surfaces for band b
Ryighb =Reflectance of high albedo impervious surfaces for band b
Fiow =Fraction of low albedo

Fpigh =Fraction of high albedo

E, =error for band b

Impervious surface estimation

A constrained least-squares solution was applied to un-mix the
MNP result into five fraction images. The vegetation was the sum of
forest fraction and farm land fraction. Equation (1) was used to
calculate the impervious surface coverage using high albedo and low
albedo fraction images (2)

Image classification

The thermal bands with temperature values in Celsius were further
classified using the ISODATA unsupervised classification. The
obtained classes were sieved, clumped, combined and vectorized. The
vectors were later exported to shapefiles for further processing in
ArcGIS 10.3 environment. The spatial distribution of %ISA was
classified as high albedo, vegetation and low albedo based on their
fraction at the pixel level since they were determined from a linear
unmixing model.

Calculation of land surface temperature

Regardless of atmospheric attenuation, LST can be derived from
spectral radiance by the following two formulas. The resulting
temperatures in Kelvin were further converted to Celsius values.

K2

KL 41]
A

T = —272.3

Where; T=at-satellite brightness temperature [Celsius degree],
Kl=calibration constant 1 [W/(m2sr um)], K2=calibration constant 2
[Kelvin], In=natural logarithm, Lﬂ=spectral radiance at the sensor's

aperture [W/(m2sr pm)]

Estimation of Land Surface Emissivity (LSE)

In estimating LSE, Normalized Differential Vegetative Index
(NDVT) was utilized for emissivity correction,

0.004Pv + 0.986

min
NDVIm X~ NDVIm.

( NDVI — NDVI )2
a n

NDVI = (NIR —RED)

NIR + RED

Where, Pv=Proportion of vegetation, NIR=Near InfraRed Band,
Red=Red  Band, NDVI_;,=Minimum  value of NDVI,
NDVI,,,,,.=Maximum value of NDVI

Estimating LST
_ BT _ BT
LST = T+w XTXIn(e)

Where, BT=At-sensor brightness temperature, w =wavelength of

emitted radiance, p =h X 5(1.438 X 10_2mK), h=Plank’s constant

J/K), ¢
=velocity of light(2.998 x 108m /), e =Land Surface Emissivity

(6.626 X 10_34]5), s=Boltzmann constant(1.38 x 10723

Impervious surface area extraction

The impervious surface areas of two years were extracted from the
classified images, from which we later derived dynamic changes of
urban sprawl in the study area. For the Landsat TM images, the built-
up areas were extracted after image pre-processing and image
classification and then built-up areas were regarded as one of the
indicators to measure urban sprawl.

GIS operations and generation of zonal statistics

ArcGIS 10.3 was basically used for all GIS operations. The zonal
statistics was generated from the classified images using the percentage
impervious surface image and land surface temperature image. This
function summarized the values of the raster within the zones of
another data and the report of the results was presented as a Table 1.

Satellite Path/Row | Date/Time of | Sun Elevation | Cloud | Image
(Sensor) Acquisition Cover | Quality
Landsat 190/55 15-01-1986 | 44.38036505 0.00 9

™ (1986) 09:24:08

Landsat 190/55 15-01-2015 50.41217703 0.01 9
OLITIRS Ea.

(2015) 09:56:47

Table 1: Details of satellite imageries used.
Results and Discussion

Percentage impervious surface area distribution

The percentage impervious surface area distribution over the Linear
Spectral Unmixing (LSU) images composed of three classes of high
albedo, vegetation and low albedo.

The result in Figure 2 revealed that rural areas of Orolu, Egbedore,
Ede South, Atakumosa West, Obokun, Ilesa West, Ifelodun and Boripe
have low percentage impervious surface area lower than 15%. The
areas were mainly located in the farmlands and forest and were all
classified in the study as vegetation considering their collective high
reflectance in the near infrared (NIR) bands. The peri-urban district,
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which lies in the middle (Olorunda) has 24%. It is located in the
nearby cities surrounding the core urban areas and around the fringes.
In addition, it was noticed that the middle percentage was closely
connected with human activities in developing new residential areas
around the main urban city. The high percentage ISA (>45%) was
however observed within the most urbanized areas of Osogbo and Ede
North (Table 2).
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Figure 2: Comparison of 1986 and 2015 Change in Percentage
Impervious Surface Area

LGA Mean 1986 Mean 2015 Difference % Change in
Impervious

Orolu 124.95 142.75 17.80 14

Egbedore 111.82 120.48 8.66 8

Osogbo 84.78 124.07 39.29 46

Ede North 107.88 162.76 54.88 51

Olorunda 158.87 196.86 37.99 24

Ede South 168.47 186.84 18.36 1

Atakumosa 214.83 216.00 1.16 1

West

Obokun 193.84 175.59 -18.24 -9

llesa West 144.91 134.27 -10.63 -7

Ifelodun 136.99 153.48 16.49 12

Boripe 176.33 175.85 -0.48 0

Table 2: Percentage change in impervious surface area.

The high percentage impervious surface area of 46% recorded for
Osogbo and 51% recorded for Ede North could be attributed indirectly
to human activities resulting from urbanization through the
conversion of vegetated areas into commercial and residential
buildings in the high density urban areas. Others include construction
of roads, buildings, factories, and manufacturing plants. Hence, human
activity (notably by population increase) is the most important factor
driving the increase of the impervious surface areas.

Conversely, the decrease in imperviousness of -9%, -7% and 0% in
rural districts like Obokun, Ilesa West and Boripe respectively could be
attributed to rural-urban migration and loss of interest in farming
activities in the rural areas and the peri-urban communities (Figure 3).

Many development policies have failed to encourage young rural
farmers because they have supported either willingly or unwillingly the
development of those who already have land, power, influence and
political clout. This further alienates the rural poor and this may
further put the pressure back on rural-urban migration. This finding
agrees with Oloukoi et al. who argues that urban settlement attracts
people as they offer better economic opportunities and provide access
to basic social needs like water and sanitation, better health care and
well-being. Oyinloye and Adesina analyzing the situation in Ibadan
city observed that one human phenomenon that has been impacting
severely on the environment is urbanization.
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Figure 3: Percentage impervious surface area distribution in the
study area

Land surface temperature patterns and statistics

The digital remote sensing method provides not only a measure of
the magnitude of surface temperatures of the entire district, but also
the spatial extent of the surface heat island effects (Table 3). The 2015
LST map had a range of 20.51°C -37.72°C with the highest surface
temperatures located in the central business district areas of Osogbo
and Ede North and the peri-urban of Olorunda. The 1986 LST showed
low SUHI effects with urban and rural surface temperature contrasts.
General patterns of SUHI with a mean temperature of 21.23°C in 1896
and 25.85°C in 2015 for the entire study area with the percentage
changes in LST are shown in Table 3.

Year Trin (°C) Trax (°C) Trean (°C) S.D
1986 17.99 4617 21.23 1.44
2015 20.51 37.72 25.85 2.05

Table 3: Temporal distribution of land surface temperature in Osogbo
and its environment.

Three apparent hot spots; Osogbo, Ede North and Olorunda can be
identified. It was also clear that temperature difference increases
towards the center of the highly urbanised area and decreases in the
direction of the peripheries (Table 4).

The general extent of the heat island was covered essentially by the
State Capital boundary, which delineates the outer reaches of the
regional utility services and urban development. The 1986 LST values
displayed a range of figures which can be comparable to that of the
2015 LST map, but their thermal patterns were different, especially in
rural areas where vegetated surfaces had cooler temperatures than
peri-urbans. As urbanization therefore spreads east and west of the
highly urbanized districts, neighbouring districts including Ilesa West,
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Ede North and Ifelodun gradually became warmer (Figure 4) and this
may explain why most of the increase in mean temperature has
occurred in these districts [24]. On this map, (Figure 4) the urban
center and peri-urbans were much warmer than the rural areas
covered by vegetation. The coolest temperatures were in the western
rural part of the study area where urbanization is minimal. The
difference in mean surface temperature resulting in the more distinct
urban heat island can be attributed to the gradual transition of landuse
from suburban to urban land [13].

LGA Mean 1986 | Mean 2015 | Difference % Change in
LST

Orolu 21.34 25.13 3.78 18
Egbedore 22.24 27.23 4.99 22
Oshogbo 22.35 28.72 6.37 29
Ede North 21.45 28.11 6.66 31
Olorunda 20.76 26.08 5.32 26
Ede South 21.21 25.25 4.04 19
Atakumosa 20.51 24.79 4.28 21
West

Obokun 20.96 25.21 4.24 20
llesa West 21.89 26.88 4.99 23
Ifelodun 22.06 27.35 5.28 24
Boripe 21.57 26.17 4.59 21

Table 4: Percentage change in land surface temperature of the local
government areas.

The highly urbanized Osogbo and Olorunda districts in this study,
shows a more compacted urban form which gradually evolved during
the study frame and led to UHI increase (Table 4). However, most of
the increase in temperature happened mostly in regions that border
the highly urbanized districts which include Ede North, Ilesa West,
and Ifelodun than in other district.
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Figure 4: Comparison of 1986 and 2015 land surface temperature

Relationship between land surface temperature and
impervious surface area

The highest percentage change of both land surface temperature and
impervious surface areas in the study was recorded in Osogbo and Ede
North local government areas (Figure 5). It was recorded that Osogbo
had 29% increase in LST and 46% increase in ISA and Ede North had
31% and 51% increment both in LST and ISA respectively. The
percentage impervious surfaces in areas like Obokun decreased by 9%
and Ilesa West by 7%. In most of the more urbanized area where bare
surface had reduced, impervious surfaces are limited. Some areas close
to the highly urbanized centres like Olorunda, Ifelodun, Ede South,
and Orolu local government areas have moderate temperature and
impervious surface areas (Figure 5). There is significant (p=0.01) and
positive (0.81) correlation between the land surface temperature and
impervious surface area (Figure 6).
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Figure 5: Percentage change in land surface
impervious surface in the study area.
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Figure 6: Correlation between the change in land surface
temperature and impervious surface area.

The expansion of urban lands also generated larger impervious
surface area in the cities and the impervious surfaces which were
almost totally built by humans contribute a very large share to the
urban heat island problem in the study area. The contributions of
impervious surfaces to the urban heat island effect have been linked to
reducing human comfort especially during the dry season. The
increment in both temperature and imperviousness especially in those
towns could also result in incessant flood occurrence, harsh
temperature and human health diseases (skin reactions and respiratory
diseases) among other consequences. Increase in temperature has also
been indicated to influence physiologic discomfort, as a result of
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increased heat stress. Studies by Meehi et al. suggested that a change in
climate occur from increasing greenhouse gases and could lead to an
increase in heat. Harlan et al. also stated that in addition to elevated
mortality, heat stroke, serious illness such as exhaustion, dehydration,
cardiovascular diseases, displaying increased blood viscosity and other
physiological changes are experienced by people that are exposed to
heat and this therefore will increase health risks.

Conclusion

The LST results showed a variation from the rural/vegetated area
(with lowest temperatures) to the middle built up areas (with medium
temperatures) and then to the central urbanized areas (with the highest
temperatures). This helped in concluding that LST was a good
indicator of surface urban heat island effect within Osogbo and the ten
local government areas that surround it. This study result suggests that
the rapid population increase resulted in an obvious expansion of
impervious surfaces and urban heat island especially in the urban
districts of Osogbo and Ede North. The strong relationship between
LST and %ISA revealed in this study suggested that it was %ISA that
contributes a very large share to the urban heat island problem in
Osogbo.
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