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Abstract: To manage urban ecological ecosystems adequately, understanding the urban areas’ bio-
physical characteristics is required. This study developed a settlement surface ecological index
(SSEI) using tree, soil, impervious surface and grass covers, land surface temperature (LST), and
soil moisture derived from Satellite Pour L'Observation de la Terre (SPOT) 7 and Landsat 8 satellite
images. The assessment of the SSEI was conducted over twelve sites of 300 m by 300 m. The selected
sites contained formal and informal settlements of varying building densities. The SSEI values ranged
from —0.3 to 0.54. Seven assessed areas are in the worst ecological condition with an SSEI below zero.
Only three settlement types had an SSEI index value of 0.2 and above, and two of these areas were
informal settlements. The formal low-density settlement with higher tree coverage displayed the
highest index value of 0.54, slightly higher than the medium-density informal settlement. Overall,
there is no significant difference in the SSEI values between the surface ecological condition of formal
and informal settlements. The results achieved in this study can be used to understand urban ecology
better and develop urban greening strategies at a city or settlement level.

Keywords: informal settlements; land surface temperature; urban ecology

1. Introduction

The urban ecosystem provides services that directly impact human health and security,
including runoff mitigation, urban cooling, and air purification [1]. The availability of
vegetation in urban areas can help improve air quality and reduce flood severity [2]. In
addition, improving green infrastructure in informal settlements can help enhance social
and cultural interaction [3,4]. In addition, an increase in the impervious surface and low
vegetation cover negatively affects the local microclimate and increases the formation
of surface urban heat island (SUHI) [5]. Exposure to excessive heat in certain areas can
cause physiological and socio-economic stress, amplify existing health issues, and increase
premature death or disability [6]. Populations in informal settlements are likely to be
affected the most by increased heat exposure as the dwelling structures in these areas lack
cooling services [7]. Urbanization can also result in soil erosion or contamination, which
may threaten human health [8].

Satellite images have been widely used to assess and detect land use features such as
human settlement developments [9-12], informal settlements [13-15], and urban growth
rates [16,17]. Vegetation cover and density of impervious surface are the two land cover
classes that have been thoroughly investigated in an attempt to automatically detect infor-
mal settlements from satellite imagery [18-20]. Other studies have used satellite images to
map and measure urban morphology [21,22].

Urban surfaces and their characteristics play an important role in achieving sustainable
and resilient cities as they can influence the people’s quality of life and the settlements’
environmental conditions [23]. Several studies have assessed the environmental conditions
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of cities using a vegetation-impervious surface-soil (VIS) model [24] and medium spatial
resolution images [25,26]. In addition to the VIS model, assessing other biophysical charac-
teristics such as surface temperature, wetness, and air quality provides more variables to
assess the surface ecological status of cities. The remote sensing ecological index (RSEI) is
the first model that utilizes remotely sensed data to assess the status of the urban ecology
of cities [27]. RSEI uses vegetation index, humidity, land surface temperature, and built-up
and bareness index [27]. Researchers have explored the RSEI to evaluate the status of urban
ecology across cities [28-30].

The methodologies commonly used for mapping the land cover biophysical character-
istics include the thresholding radiometric values and the maximum-likelihood algorithm
(MLA]. Due to the heterogeneity of land use features in urban areas, these methods suffer
from spectral mixing issues. A hierarchical algorithm that uses textural features has proven
to perform better than MLA [31]. Using object-based image analysis (OBIA) in mapping ur-
ban land cover using high-resolution imagery improves the results significantly compared
to pixel-based classification and MLA [32].

The previous studies conducted on the assessment of ecological studies are limited to
a city level, providing data required to develop a city-level intervention. Since informal
settlements are illegal and may lack essential services such as sanitation, water, and waste
removal [33], they pose several social and environmental challenges. Environmental
challenges such as land degradation and pollution of natural resources have been associated
with informal settlements [34]. This may be attributed to unmanaged land use activities
and lack of access to basic services [33]. In addition, the effect of climate change and global
change may be more severe in informal settlements than in formal settlements as they
are located in undesirable locations such as flood-prone or high-slope areas [35]. With
future urbanization expected to take place mostly in developing countries that are already
struggling with informal settlement developments, understanding the vulnerability of
informal settlements can help develop interventions to improve the wellbeing of people
living in informal settlements.

The studies that used RSEI to assess the ecological conditions of the cities assess the
broad land-use classes. Since human settlements are not the same, a detailed analysis of
urban ecological conditions is required to improve understanding of urban environments
and develop necessary solutions to build green infrastructure across a city. This study
builds on RSEI and develops a settlement surface ecological index (SSEI) that uses the tree,
grassland, impervious surface, soil, land surface temperature, and vegetation moisture to
assess the ecological status of informal and formal settlements using biophysical parameters
derived from high and medium spatial resolution imagery.

2. Study Area

The study area covers residential, commercial, and industrial areas in the eastern part
of the City of Tshwane, Gauteng, South Africa, and lies between —25°41" and —25°46/
latitude and 28°17’ and 28°26' longitude. The study area contains low- and high-density
residential areas on the eastern side of the metropolitan municipality and formal high-
density and informal settlements in Mamelodi township, located about 30 km from the
city’s central business district; see Figure 1: Location of the study area and different human
settlement types assessed in the study.

The main economic activities in the municipality are finance and manufacturing.
About 16% of municipal households were informal settlements in 2016 [36]. Mamelodi is
one of the townships experiencing increased development of informal settlements [37]. The
municipality plans to upgrade informal settlements by providing essential services or top
structures [38]. In addition, several initiatives are aimed at greening the cities to improve
air quality and sociocultural interaction, especially in townships. The zoom-in pictures of
selected areas are shown in Appendix A.
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Figure 1. Location of the study area and different human settlement types assessed in the study.

The selection of the different human settlement types was performed through visual
interpretation using the Google Earth platform. The maps of the selected settlement were
generated using Esri base maps. The description of the selected settlements was guided
by Census 2011 metadata [39] and the South African National Land Cover Classification
standard, 19144-2:2014.

3. Data

We used Satellite Pour Observation de la Terre (SPOT) 7 images acquired on
8 November 2017 to classify urban land cover classes. The SPOT 7 sensor acquires im-
ages both in multispectral and panchromatic modes. The scene IDs of the images used are
IMG_SPOT7_MS_201711070754099_ORT_SPOT7_20180925_0743431nq51eejut843_1_R3C2
and img_spot7_ms_201711070754099_ort_spot7_20180925_0743431ng51eejut843_1_r3c2.
The spectral bands, wavelength, and spatial resolution of SPOT 7 are presented in Table 1.

Table 1. List of the spectral band, bandwidth, and spatial resolutions of SPOT 7 and Landsat
8 satellite images.

Spectral Band Wavelength (um) Spatial Resolution (m)
SPOT 7
Panchromatic 0.45-0.75 1.5
Blue 0.45-0.52 6
Green 0.53-0.06 6
Red 0.62-0.69 6
Near-Infrared 0.76-0.89 6
Landsat 8

Panchromatic 0.50-0.68 15
Coastal Blue 0.43-0.45 30

Blue 0.45-0.67 30
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Table 1. Cont.

Spectral Band Wavelength (um) Spatial Resolution (m)
Green 0.53-0.59 30
Red 0.64-0.67 30
Near-Infrared 0.85-0.88 30
Short-wave Infrared1 1.57-1.65 30
Short-wave Infrared 2 2.11-2.29 30
Cirrus 1.36-1.38 30
Thermal Infrared 1 10.6-11.19 100
Thermal Infrared 2 11.50-12.51 100

A Landsat 8 image acquired on 08 November 2017, scene ID LC81700782017312LGNO0,
was used to derive land surface temperature and vegetation moisture information.

4. Methodology
4.1. Classification of Urban Land-Use Classes

The classification of impervious surface tree, grass, and soil cover and features from
the SPOT 7 satellite image was performed using the object-based image analysis (OBIA)
technique in Trimble eCognition Software. The OBIA technique has been widely used
to detect urban land cover and land use classes from high spatial resolution satellite
imagery [18,40]. This technique has generated more accurate results than pixel-based urban
land use classification [32]. The first fundamental step of OBIA is image segmentation.
This process partitions an image into image objects that represent desired land use or
land cover features with similar spectral and spatial properties [41]. The quality of results
achieved using OBIA techniques depends on the image objects created during image
segmentation [41].

The multiresolution segmentation method was used to partition the image into im-
age objects. This bottom-up, region-merging technique partitions an image into objects
based on the user-defined homogeneity criteria, i.e., scale, compactness, and shape [42].
Two segmentation levels were created using 400 and 25 scale parameters using the multi-
spectral bands. Segmentation parameters were selected using the trial-and-error method by
visually inspecting segmentation results. The scale parameter 400 generated Level 1 image
objects representing non-built-up and built-up land cover and land use classes. In contrast,
the scale parameter 25 generated Level 2 image objects representing urban land use objects.
The compactness and shape parameters of 0.5 and 0.1 were selected for both segmentation
levels. The scale, compactness, and shape parameters were selected using trial and error by
visually inspecting the results and adjusting the segmentation parameters [43,44].

The OBIA rule-based classification technique was used to classify level 1 image objects
into built-up and non-built-up classes. A ruleset that uses radiometric values, vegetation
indices and textural features was developed to classify built-up and non-built-up classes.
Classifying built-up and non-built-up areas using the gray-level co-occurrence matrix
(GLCM) dissimilarity texture [45]. The GLCM dissimilarity texture measures the distance
between pairs of pixels within an image object [45]. Due to the heterogeneity of land use
features in urban areas, the dissimilarity values are expected to be higher dissimilarity
texture values than in non-built-up areas [12]. Most image objects in urban areas are
also expected to have higher brightness values than non-built-up areas [46]. A rule set
that uses GLCM dissimilarity and brightness values is expected to separate built-up and
non-built-up areas.

Level 2 image objects were classified into trees, grass, impervious surface, and soil
using the soil-adjusted vegetation index (SAVI) [47], GLCM dissimilarity texture [45],
Pantex [48], and iron oxide index [49].
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The SAVIis a vegetation index that minimizes the impact of soil properties in vegetated
areas [47]. The SAVI has been widely used to map vegetation from other land cover classes,
such as impervious surfaces, soil, and water [50,51]. The impervious surfaces, including
roads and building structures, are expected to have lower SAVI values than soil and
vegetation classes [52,53]. SAVI was used to classify trees from grass features.

Pantex is a texture-derived built-up presence that uses GLCM for different directions
and displacements and has proven to improve the classification of human settlement land
use types compared to other built-up indices [48]. Building structures are expected to have
higher Pantex values than other land-use classes [48].

The GLCM dissimilarity texture was used to distinguish open areas from building
structures. The iron oxide or iron index measures the amount of iron on the surface using
the red and blue bands [49]. This index was used to distinguish grass from soil classes.
SAVI was used to classify trees from grass features.

4.2. Mapping of Land Surface Temperature

LST was derived using band 10 of the Landsat 8 satellite. The LST was calculated
using the following formula:

BT

LST = ————7—~-—
S 1+ (ABT/p)Ilne

)

where BT is brightness temperature, A is the length of emitted wavelength, p is a constant
obtained using the formula I * 5, where h is Plank’s constant, c is the velocity of light, ¢ is

the Boltzmann constant, and € is land surface emissivity.

4.3. Mapping of Vegetation Moisture

The assessment of vegetation moisture in the study area was performed by analyzing
the normalized difference moisture index (NDMI), which measures vegetation water
content. The NDMI was derived using the following formula:

(NIR — SWIR1)
(NIR + SWIRT)

NDMI = ()
4.4. The Assessment of Settlement Surface Ecological Index

The SSEl is a function of the urban land cover classes, LST, and vegetation moisture,
and it was calculated using the following formula:

SSEI = (Tree cover + Grass cover + vegetation moistures) — (Impervious surface + LST) 3)

The assessment of SSEI index was performed over 300 m x 300 m of the selected
urban land-use classes. The assessed biophysical characteristics were standardized to the
0-1 range. The index is defined as the difference between characteristics that improve
urban ecology and those that negatively alter the urban ecosystem. The values of SSEI
range from 0 to 1. Values closer to one represent a better settlement ecological condition,
and values closer to zero represent the worst.

4.5. Quality Assurance

Quality assurance of mapped VIS classes was performed by assessing the classification
results with the manually selected image objects representing the mapped classes. A
total of 588 impervious surfaces, 71 trees, 42 grasses, and 99 soil samples were created
through visual image interpretation using a random sampling method. The accuracy
assessment used Trimble eCognition 9.0 software (41). We assessed overall, producer and
user accuracies. These producer and user accuracy measurements assess the errors of
omission and commission of selected samples on the classified image.
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5. Results
5.1. Image Segmentation

Multiresolution image segmentation process with scale parameter, compactness and
shape values of 400, 0.1, and 0.5, respectively, was able to generate built-up and non-built-
up image objects; see Figure 2. The segmentation results show that non-built-up areas
adjacent to built-up areas were accurately separated from built-up areas. The segmentation
parameters also created image objects that represent different human settlement types.
Some of the open spaces within settlements were separated from the residential area. There
were, however, a few cases where open spaces objects were merged within residential areas
image objects. The image objects in industrial and primarily commercial areas contained
individual building structures since the building structures have clear contrast from the
surrounding areas.

Figure 2. Level 1 multiresolution segmentation results over SPOT 7 images (a) and Level 2 multireso-
lution segmentation results over SPOT 7 images (b).

The Level 2 multiresolution segmentation separated impervious surface, soil, and
vegetation image objects. However, impervious surfaces, such as roads and building
structures in industrial areas and in low-density settlements, experienced oversegmentation.
Oversegmentation in low-density formal settlements may be attributed to the different
orientations of the building structures.

Undersegmentation was observed in informal settlements where more than one build-
ing structure was merged into one image object.

5.2. Image Classification

The OBIA ruleset-based classification method that uses GLCM dissimilarity texture
successfully classified built-up areas from non-built-up land cover classes, Figure 3 see
Table 2. The major roads were successfully classified as built-up areas. Some areas with
bare soil without building structures were classified as built-up areas. Image objects formed
in such areas had apparent contrast differences from the surrounding non-built-up areas.
Some open-space image objects with small human settlement segments were classified
as non-built-up areas. Non-built-up areas are primarily found in the bottom left of the
study area.
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Figure 3. Classification results and the location of assessed settlements.

Table 2. Producer and user accuracies achieved during the classification of impervious surface, soil,
grass, and tree cover.

Class User Accuracy % Producer Accuracy %
Impervious surface 97.9 94.4
Soil 87.2 82.8
Trees 89.7 98.6
Grass 66.6 63.6

The use of Pantex and dissimilarity texture was able to distinguish building structures
from vegetation and soil because building structures in the study areas contain a clear
contrast from the surrounding land use classes. The use of SAVI was able to separate
trees from the grass class. The separation of bare soil and vegetated areas was successfully
achieved using the iron index. The results show that the built-up areas on the bottom left of
the study area contained higher tree coverage than the other built-up areas. In contrast, the
rest of the built-up areas in the middle and top of the study area contain a higher percentage
of impervious surface; see Figure 3. The soil class can be seen mainly from the center to the
left and top right corner of the study area.

An overall accuracy of 91.1% was achieved in classifying trees, grass, impervious
surface, and soil cover; see Table 2. The soil class achieved producer and user accuracies
of less than 90% compared to the other classes. The error of omission in this class was
found in the formal and informal settlements where gravel road segments were merged
and classified as an impervious surface class or vegetation class.

The grass class achieved poor accuracy compared to other classes. Some of the
grass objects were misclassified as trees. Some of the grass image objects were classified
as trees. Some of the grass segments were misclassified as open spaces. Some of the
building structures in informal settlements were not classified as impervious surfaces but
misclassified as soil. That may be attributed to the fact that some of the dwelling structures
in informal settlements are small structures and were merged with the soil image objects.

5.3. Assessment of Biophysical Characteristics

The spatial distribution of the assessed human settlement types over LST and vegeta-
tion moisture is shown in Figures 4 and 5.
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Figure 4. Spatial distribution of the different settlement types over the LST layer.
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Figure 5. Spatial distribution of assessed settlement types over vegetation moisture layer.

The medium-density informal settlement experienced the highest LST of over 40 °C,

and the old medium-density informal settlement experienced the lowest LST of 34 °C
compared to other formal and informal settlement types; see Table 3. The lower LST in such
an area may be attributed to the settlement located next to the mountain (53). The formal
settlements experienced LST of 36-39 °C on the assessment day. The low-density formal
settlement with high tree cover experienced the lowest LST, while the formal low-density
new development experienced the highest LST. The LST in industrial areas was 1 °C higher

than in commercial areas.
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Table 3. Proportions and values of biophysical characteristics assessed during the study.
Settlement Type LST _Mean Soil % Veg(?tation Impervioou s Tree % Grass %
Moisture Surface %
Commercial 36.90 0 0.00 77 19
Industrial 38.67 0 —0.02 90 4 6
Formal high density with shacks 38.31 1 -0.07 91
Formal medium density 37.88 16 —0.05 66 6 11
Formal shacks 38.70 48 —0.09 43 1 7
Old informal medium density 34.41 0 —0.02 31 63 6
Informal ézs‘jligénn'l‘iﬁrt‘s“y new 42,67 3 —0.14 47 8 42
Formal low density 36.05 1 0.07 24 69 5
Formal low-density new development 39.16 3 —0.03 53 8 37
Formal ‘é‘:f;ﬁgﬁ::ﬁity new 37.76 46 ~0.08 49 0 4
Formal high density (clusters) 37.81 3 0.00 65 23 8
Informal new development 39.77 3 —0.06 17 47 33

The vegetation moisture was very low in all the settlement types, with values lower
than 0.1; see Figure 5, Table 3. The settlements with the highest tree cover experienced the
highest vegetation moisture of 0.07 compared to other settlement types.

The results show that the informal settlement class comprised less than 50% of the
impervious surface, with new medium-density informal settlements containing the highest
impervious surface cover of 49%. In comparison, the new informal settlements develop-
ment contained the least impervious cover of 17%. The tree cover in informal settlements
varied from 8% to 63%, with old informal settlements having the highest tree cover while
the new medium-density informal settlement contained only 8% of tree cover. The soil
cover in the informal settlements was extremely low, with a maximum cover of only 3%.
The grass cover varied from 6% to 42%, with medium-density informal settlements having
the highest grass cover compared to other informal settlement types.

Table 4 shows the normalized values of the assessed parameters. The normalized
values were used to calculate the SSEI.

The low-density formal settlements had the highest composition of tree cover, 69%,
compared to other settlement types. In contrast, medium formal density with backyard
shacks and formal settlements with shacks had the lowest composition of trees. The soil
cover was low in formal areas except in new formal density and formal settlements, with
shacks with 46% and 48% cover. The impervious surface cover in formal settlements
ranged between 24 and 91%. The low-density formal with a high cover of trees had the
least impervious surface cover. The formal medium density with shacks had the highest
impervious surface cover. Industrial areas had the second highest impervious surface cover
of 90%, while the commercial area had the most impervious surface cover of 77%. Industrial
and commercial areas had zero soil cover, with 10% and 22% vegetation, respectively.

5.4. Assessment of Settlement Surface Ecological Index (SSEI)

The status of urban surface ecology is good in low-density formal settlements com-
pared to other settlement types; see Figure 6. The assessment of SSEI in informal settlements
in the study areas varies according to the composition of the biophysical characteristics. The
old medium-density informal settlement with a high cover of trees is in a better condition
than the new medium-density informal settlement with a very low coverage of trees.
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Table 4. Normalized values of the classification results.

Vegetation . Impervious
Settlement Type LST Moisture Soil Surface Tree Grass
Commercial 0.30 0.00 0.66 0.81 0.28 0.28
Industrial 0.52 0.00 0.59 0.99 0.06 0.06
Formal high density with shacks 047 0.00 0.30 1.00 0.03 0.03
Formal medium density 0.42 0.33 0.42 0.66 0.09 0.09
Formal shacks 0.52 1.00 0.20 0.35 0.01 0.01
Old informal medium density 0.00 0.00 0.59 0.19 091 091
Informal medium-density new 1.00 0.06 0.00 0.41 0.12 0.12
development
Formal low density 0.20 0.02 1.00 0.09 1.00 1.00
Formal low-density new development 0.58 0.06 0.54 0.49 0.00 0.12
Formal medium-density new 0.41 0.96 0.25 0.43 0.00 0.00
development
Formal high density (clusters) 0.41 0.06 0.67 0.65 0.33 0.33
Informal new development 0.65 0.06 0.37 0.00 0.68 0.68
0.6
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Figure 6. SSEI values of different settlement types.

Commercial area and formal medium-density clusters have the lowest positive SSEI
values. All other settlement types have negative SSEI values, with the formal settlement
with backyard shacks and new informal settlements having the worst ecological condition.
Grass cover and soil cover have an insignificant negative correlation with the SSEI. Since
moisture cover is positively correlated with tree cover, the results show that increasing the
coverage of trees can improve the ecological conditions of the settlements, reduce surface
temperature, reduce soil erosion, and reduce the impact of flooding.

The results show a need to improve the ecological conditions of medium-density
informal and formal settlements. The SSEI can also be used during the planning of the
interventions, i.e., tree planting strategies in areas with high cover of impervious surfaces
may be different from those with low impervious surface cover.
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6. Discussions

The condition of surface ecology is influenced by the physical, chemical, and biological
characteristics of the area of interest and is affected by natural processes and land use
activities. Several studies have assessed the ecological conditions of cities using VIS and
RSEI extracted from medium spatial resolution images. The studies show that impervious
surface cover affects the quality of the condition of surface ecology, with higher cover
resulting in unhealthy surface ecological conditions [28,30]. These studies generated
information that can support initiatives to manage and improve urban ecosystems at
the city level. This study demonstrated that using biophysical parameters derived from
high and medium spatial resolution images provides detailed information on the surface
ecological conditions of different settlement types. The study shows that the surface
ecological condition varies from one informal settlement to another. The results show
that informal settlements with lower impervious surface and high tree cover have better
ecological conditions than those with lower vegetation cover. The same trend was seen in
formal settlements. This is well aligned with the previous studies that assessed ecological
conditions using RSEI using medium spatial resolution conditions [29,30]. The results show
that some of the formal settlements have unhealthy environmental conditions than some of
the informal settlements. Such areas have higher impervious surface cover and lower tree
cover. The assessment of the results shows that settlements with higher tree cover have
better ecological conditions than those with higher grass cover. Informal settlements with
higher grass cover and higher impervious surface were at an unhealthy surface ecological
state compared to other assessed informal settlements. Further investigation on the impact
of classifying grass from trees on SSEI needs to be conducted. The assessment of the index
at different informal settlement types has the potential to provide valuable information
that can be incorporated during the planning of upgrade projects. High spatial resolution
imagery and information on the location of informal settlements are not always available
and may be a limitation in assessing this index in certain countries or cities.

7. Conclusions

The study assessed the surface ecological conditions of informal settlements. The
analysis of impervious surface, tree and grass cover, LST, and vegetation moisture provides
valuable information on the environmental vulnerability of informal settlements and other
settlement types. The results achieved in this study can be used to develop green strategies
suitable for the different informal settlements to improve wellbeing. The results can also
be used to develop disaster management strategies to reduce the impact of disasters on
informal settlements. In addition, the information provided in this study can be used
as input during the planning of informal settlement upgrade projects to ensure that the
planning of services takes into account the need to reduce the environmental vulnerability of
the settlements. As urbanization and the effects of climate change continue to be challenges
for many city authorities, addressing the environmental challenges of informal and formal
settlements is key to achieving sustainable development. The developed index contributes
to ongoing research to build resilient settlements and offers practical measurements that
can be used as the foundation for further work to understand the resilience of the cities.
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Appendix A

Settlement Type Description Picture

Old, informal medium density Medium-density informal settlements with trees

Less than five-year-old informal settlement with

Informal medium density, new medium building density
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Settlement Type Description Picture
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Informal settlement density, New, informal settlement developments, less than a
new development year old

Old suburb with a low building density of single- or

Formal low density double-story houses and big yards
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Settlement Type Description Picture

Formal low-density, new development New development of formal low building density

A formal medium building density where dwellings
Formal medium density (cluster) have private grounds within a common ground of
other dwellings, located in a suburb
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Settlement Type Description Picture

Formal medium density with Formal townships with medium building density,
backyard shacks located beyond the city limits, with backyard shacks

Serviced informal settlement, located in a township.

F 1sh
ormal shacks Majority of the structures are shacks
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Settlement Type Description Picture

Formal townships with medium building density

Formal medium density located beyond the city limits

Formal medium building density, less than five

Formal medium density, new
years old

Rk LI
LE kit e
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17 of 20

Settlement Type Description Picture
A non-residential built-up surface area used to
Commercial conduct commerce, and other areas. The selected area
is located outside the central business district (CBD)
. A non-residential built-up surface area used for
Industrial

manufacturing or processing of products
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