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Abstract
Rapid and uncontrolled urbanization is one of the drivers responsible for land cover change dynamics in Ethiopia.
In most of the cities and towns of Ethiopia, the proportion of different types of urban land surface cover and
trends of change in each are unknown and thus hindering environmentally sustainable urban planning. This
study describes different land surface cover types and their dynamics of change, and subsequent in�uence on
the Land Surface Temperature of Hawassa city between 2011 and 2021. The i-Tree canopy and Landsat 5 (TM)
and Landsat 8 (OLI) images were used for 2011 and 2021 to analyze the land surface cover and surface
temperature change, respectively. The results show that bare soil is the dominant land surface cover type (23.4%),
followed by tree canopy cover (21.4%), while impervious roads occupied the smallest land surface area cover
(3.4%) along with water bodies (1%). In 10 years most of the land surface cover types increased positively,
including tree covers by + 9.8%. The only exceptions were bare soil and herbaceous cover, which decreased
drastically by -34.6% and − 2.8%, respectively. As a result of tree cover increment, the average and maximum Land
Surface Temperature showed a declining trend between the two periods. This study shows that increasing tree
cover in line with the expansion of urbanization is inversely correlated with the land surface temperature which
implies that integrating green coverage along with the built-up area can reduce heatwave in the fast growing
urban areas. Therefore, the Hawassa city administration should set tree cover targets to achieve the desired
balance between green and grey infrastructure and enhance the climate resilience level of the study area.

1. Introduction
Land surface covers and land use types in urban areas are �ne in texture and diversi�ed in type compared to the
land in the natural area. The ground surface of urban centers is the makeup of various cover classes, such as
manmade and natural covers types (Nowak & Green�eld, 2020). Land surface cover of cities and towns is
characterized by impervious layers, including buildings, roads, and parking lots, and other pervious surfaces –
such as trees, grass, bare soil (Herold & Roberts; 2014; Nowak & Green�eld, 2020). According to the Natural
Economy Northwest (2010), these cover types are categorized as grey and green elements. A ground surface with
grass and grey cover is considered to be a potential site for new planting and non-plantable sites respectively
(Jacobs et al., 2014). The grey covers are type of ground cover classes that comprises all constructed elements,
while green components are all natural elements, including trees, shrubs, grass, and herb (Natural Economy
Northwest, 2010). These land surface cover types in the urban environment are continually being changed due to
rapid urbanization. A study by Berland (2012) that focused on the temporal land cover changes within 72 years
caused by urbanization revealed that built-up areas increased dramatically from 19.15–66.58% at the expense of
the natural elements. This anthropogenic induced phenomenon is one of the determinant factors that affects the
sustainability of the cities and towns.

The human induced destruction of natural elements, such as vegetation causes energy �uxes between the land
and the atmosphere (Lejeune et al., 2015). Urban expansion is one of the drivers that contribute to increasing the
Land Surface Temperature (LST) of an area (Hereher, 2017). Consequently, urban centers are hotter than the
surrounding rural areas by 1–6°C temperature difference (Ngie et al., 2014). This higher temperature in the urban
area is due to the thermal properties of materials with higher conductive capacity and absorption of daytime
temperature than materials of the rural area (Elsayed, 2012), a higher concentration of pollutants, and scarce
vegetation cover is known as the urban heat island (UHI) effect (Rosenzweig et al., 2015). The raising of LST in
the built-up environment is caused mainly by the land use cover change in general and land surface cover
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change, in particular, is a result of the UHI (Jafari et al., 2017). The LST intensity within an urban area varies
across different land uses with different ground surface coverage types. According to Chaka & Oda (2021), the
highest mean temperature was recorded along roads, industrial zones, and waste disposal sites. Likewise, the
lowest temperature was recorded in areas with the highest vegetation coverage, such as urban parks and lakeside
greenery (Jafari et al., 2017; Chaka & Oda, 2021). However, the authors could not analyze the land/ground
surface cover dynamics and correlate the results related to cover change dynamics with the trends of LST.

Baseline information on the trends of ground surface cover change is critically important to assess and
understand sustainability trends of urban environments (Loveland et al., 2000) so that to respond to the impacts
of climate change, including UHI effects. Likewise, available data on the proportion of tree canopy cover (TCC)
and other pervious and impervious ground cover types is crucial to set a green cover target for cities to achieve
within a certain time frame. A study by Doick et al. (2020) summarized environmentally sustainable urban
centers should have TCC target goals of 20 to 40%. Using satellite images and remote sensing, several attempts
have been made to quantify land use and land cover change in different urban centers of Ethiopia (Tadesse et al.,
2001; Halefom et al., 2018; Mohamed & Worku,2019; Dessu et al., 2020), one of the cities with the fastest growing
rate in the world. A study by Chaka & Oda (2021) concluded that the land use and cover change dynamics and
vegetation conditions are some of the major factors that affect the LST variation across various land uses of
Hawassa city, Ethiopia. However, neither of these studies has attempted to demonstrate the LST temporal
changes caused by land surface cover change dynamics and TCC, pervious and impervious coverage proportion.

The use of coarse/low resolution images to estimate the ground covers of urban areas with �ne coverage types
could lead to misinterpretation of coverage types (Nowak & Green�eld, 2020). Thus, these authors rather suggest
using a high resolution photointerpretation to quantify the existing coverage and detect the ground cover change
in urban centers over time. The i-Tree canopy is a tool in which visual interpretation of land cover on aerial
imagery can be conducted to analysis land surface cover type based on sample random points (Rogers &
Jaluzot, 2015). Some i-Tree based researches, such as research by Mills et al., (2015) estimated ground surface
cover and reported that areas dominated by structures, including commercial areas had the lowest TCC and
higher grey cover, whereas Doick et al. (2017) highlighted that the temporal TCC change in different urban centers
of Great Britain was both positive and negative.

Similar information for the urban centers of Ethiopia is lacking, so the current, historical and future TCC is
unidenti�ed. According to Ethiopia's Ministry of Urban Development and Housing [MUDH] (2015), 30% of the total
land of every urban center in the country should be allocated for greenery purpose. However, a ground surface
that can support the growth of vegetation and greenery development has not been identi�ed and documented
properly. This hinders urban planners, urban greenery managers, landscapers, and policymakers to build climate-
resilient cities by achieving the proper green-grey balance of cities and towns in Ethiopia.

Therefore, this study aims at examining the environmental sustainability trends of Hawassa city in Ethiopia in the
face of urbanization by evaluating the land surface cover change and its consequence on LST changes between
2011 and 2021. This research speci�cally focused on 1) determining the balance between grey and green
coverage, 2) detecting the temporal dynamic of ground cover changes, and 3) demonstrating the effects of land
surface cover change dynamics on LST between 2011 and 2021 in Hawassa city.

2. Methods And Materials
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2.1. Study area
Hawassa city is seat of the recently established Sidama Regional State and South Nation Nationalities
Governments and is located 275 km south of the capital, Addis Ababa city. Hawassa city administration
comprises both plan and administration boundaries with a total of 157.2 km2 area coverage. The plan boundary
(excluding part of the city administration in the rural area) where the current study was conducted covers a total
land surface of 51.98 km2. Geographically, it is located in the central Rift valley of Ethiopia, extending from
6°55'00" to 7°06'00" latitude and 38°25'00" to 38°34'46" longitude (Fig. 1). Hawassa city has different
topographic features with an elevation range between 1930 and 1680 meters above sea level (Hawassa City
Administration, 2008).

The area has a mean annual precipitation of 973mm with mean annual 78.9 mm, and the highest intensity per
unit time is in July and August with 29.3 and 34.8mm /day, respectively. The mean annual temperature ranges
within 27.45 0C, 13.04 0C, and 20.25 0C during seasons with maximum, minimum, and mean temperatures,
respectively. The monthly average maximum temperature of the area varies from 24.57 0C to 29.99 0C; the
monthly average minimum temperature ranges from 10.36 0C to 14.58 0C, and the monthly average mean
temperature varies from 19.32 0C to 21.57 0C (Hawassa City Administration, 2008).

Hawassa city is one of the urban centers in Ethiopia physically and economically growing at a rapid rate.
According to the projection made in 2016 based on the census conducted in 2007, the current total population of
city administration within the plan boundary is estimated as 319,023. The rapid horizontal expansion of the city
that was noticed within the last 20 years has contributed to the conversion of signi�cant area of natural land into
a built-up area. For instance, the agricultural area at the periphery has been converted into a settlement,
transportation infrastructure, and other facilities. This expansion of the city beyond its boundary is due to
population growth, emerging economic activities, and national and local urban land policies (World Bank, 2016).

Institutional forests, amenity green spaces and private gardens, neighborhood green spaces, street trees, public
parks, green spaces around industrial and commercial areas, green belts, and lakeside green spaces are some of
the common green infrastructure (GI) types in the study area. Most of these GI types are found in the inner city
under the intensive management of the city administration except the green belt. The green belt is dominated by
natural vegetation and native species at the ridge called Alamura. This GI type belongs to the city administration
but is not part of the inner city greenery practices (Fig. 1). In this study, analysis was performed considering the
land surface cover of the green belt as part of the inner city greenery practices and excluding it from the analysis
to explicitly understand the contribution of manmade greenery to increase TCC.

2.2. Method

2.2.1. Sampling Design and Sample size
The TCC and other ground surface cover classes of the study area were simulated using i-Tree canopy software.
The i-Tree canopy is one of the components of the i-Tree tool developed by the United Sstates Forest Service in
2006. It is a free access web-based tool (Doick et al., 2017), that can produce quanti�ed and statistically provides
valid values for various land surface cover types (Givens, 2019).
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The sampling procedure followed four major steps: 1) de�nition of the study area boundary by importing
boundary shape�le of the built-up part of Hawassa city into the i-Tree canopy, 2) prede�nition of the land surface
cover types to be surveyed (Table 1), and 3) classi�cation of each random point overlapped on the aerial image
that shows the land surface cover types categorized as ‘Tree/shrub’ or ‘Non-Tree’. The de�ned area for this study
includes the urbanized part of the city (hereafter called plan boundary administration, Fig. 1).

The land surface cover types prede�ned in this study are presented in Table 1. Pervious surface classes (bare
soil/ground, pervious roads, herbs, grass, and other permeable surface types) along with impervious surfaces
(tar/asphalted roads, buildings, cement, and ceramic cover surfaces) were grouped into the 'Non-Tree' category.
Furthermore, the tree and shrubs were classi�ed under the 'Tree' category

Table 1
Prede�ned ground surface cover classes, number of sample points randomly laid over different cover types, and

the estimated area occupied by each ground surface cover class
Cover Class Description Category Points

(n)
Area
(ha)

Grass/herbaceous Maintained and unmaintained grass and herbaceous
ground cover including crops

Non-Tree 68 733

Buildings Buildings with steeled roofs and other structures Non-Tree 98 1057

Other impervious Large solid rock outcrops, cement, ceramic, man-hole
covers, utility boxes, headstones

Non-Tree 34 367

Impervious road Road constructed from asphalt/tar, cement, ceramic and
impervious materials

Non-Tree 17 183

Other pervious Organic/inorganic mulch, gravel, brick, �agstone,
compacted soil, etc.

Non-Tree 22 237

Pervious roads Roads and other walkways constructed from permeable
and semi-permeable materials, such as cobblestones,
gravel, compacted soil, and the likes

Non-Tree 32 345

Soil/bare ground Exposed soil including naturally occurring sand. Non-Tree 117 1262

Tree/Shrub Any woody trees and shrubs Tree 107 1154

Water Wetland, arti�cial ponds, and lakes Non-Tree 5 54

The land surface cover of the study area was quanti�ed using a random point sampling procedure. Sample
points (displayed as yellow crosses in Fig. 2) were randomly distributed by the i-Tree software onto the most
recent Google Map image (2021), and the materials that covered the ground were classi�ed by interpreting the
coverage types (Givens, 2019) within the geographically de�ned boundary.

A total of 500 random sample points were repeatedly added and classi�ed as Tree or Non-Tree (Table 1). The
upper limit for the sample points for each of the prede�ned cover class types was determined based on the
Standard Errors (SE = ± 2) of cover classes that display amidst the i-Tree canopy survey (Doick et al., 2020),
calculated as.

SE =
√p(1 − p)

N (1)
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Where p is estimated as n/N, n number of points that hit a particular ground surface class and N is the total
number of random points generated for all cover class types distributed across the study area.

Sampling data can be affected by the skills and knowledge of the land cover interpreter, image resolution, shaded
ground by building, and other di�culties to identify the correct cover types at some points (Parmehr et al., 2016).
About 2.2% (11 points) of the random points overlapped on the 2021 Google Map image i-Tree canopy could not
be identi�ed due to those challenges. Thus, a ground truth survey was conducted to overcome it by exporting the
coordinates of those unidenti�ed points from the image and located them using geographical positioning system
(GPS). However, the ground surface cover reclassi�ed in the 2011 Google Earth image was not complicated as
the area was more open and easily identi�ed from the image.

2.2.2. Historical land surface cover coverage analysis (2011)
To assess the coverage trends of the study area in the last 10 years, the 2021 Google Earth image was switched
back to the historical image of October 2011. The same sample random points generated in the 2021 image were
transferred to the 2011 image (Fig. 3). Then, sample points were reclassi�ed using the same ground surface
classes (Givens, 2019).

2.2.3. Land Surface Temperature Estimation
Landsat 5 thermal band 6 and Landsat 8 thermal band 10 with 30 m spatial resolutions for 2011 and 2021
respectively were used to quantify the Land Surface Temperature (LST) of the study area. The Landsat 5 thermal
band 6 was used to estimate both variables in 2011, while Landsat 8 thermal band 10 for 2021. These Landsat
Images of both periods were downloaded from the United State Geological Survey (USGS) and pre-processed.

The thermal band 10 (thermal infrared band) of Landsat 8 was used to retrieve the LST by converting the Digital
number (DNs) to radiances. A set of equations was applied and the two variables were calculated using a raster
image in ArcGIS. The equations (2–7 for Landsat 8 thermal band 10) employed in this study are described below
based on the algorithm developed by Avdan & Jovanovska (2016). Converting the digital number into radiance is
the �rst step that was computed as:

TOA = ML ∗ Qcal + AL−Oi
(2)

Where TOA (Watts/(m2× srad × µm)) is the top atmospheric radiance, ML represents the band-speci�c
multiplicative rescaling factor, Qcal is the Band 10 image, AL is the band-speci�c additive rescaling factor, and Oi
is the correction for Band 10.

Further, the Brightness Temperature (BT) in degree Celsius (°C) was calculated as:

BT =
K2

ln[(K1/ TOA) +1]
− 273.15(3)

Where 𝐾1 and 𝐾2 stand for the band-speci�c thermal conversion constants from the metadata �le

The NDVI values were calculated using the Landsat visible and near-infrared Bands (see Eq. 10) to determine the
vegetation proportion (Pv) since it is an important factor that affects the land surface emissivity (𝜀) (Avdan &
Jovanovska, 2016).
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Pv =
NDVI − NDVIMIN

NDVIMAX − NDVIMIN
(4)

Thereafter, the surface emissivity is calculated using the vegetation proportion as:

ϵ = 0.004 ∗ Pv + 0.986(5)

Where Pv is the proportion of vegetation computed from the NDVI. Finally, the LST of the study area during 2021
was estimated as:

LST =
BT

{1 +
λBT

ρ lnϵλ }
(6)

Where 𝑇𝑠 is the LST in Celsius (∘C), 𝜆 is the wavelength of emitted radiance.

The Landsat 5 thermal band 6 image, launched in 1984 and was operational until 2013, was used to estimate the
LST and NDVI values of the study area in 2011 (Yang et al., 2015). Similarly, the raw image in the form of Digital
Numbers (DNs) was converted into radiance as:

Lλ =
LMAXλ − LMINλ

QCALMAX − QCALMIN x(QCAL − QCALMIN) + LMINλ(7)

Where Lλ is Spectral Radiance; LMINλis the spectral radiance that is scaled to QCALMIN (DNs = 0); LMAXλ is
the spectral radiance that is scaled to QCALMAX (DNs = 255); QCALMIN is the minimum quantized calibrated
pixel value (corresponding toLMINλ) in DN; QCALMAX = the maximum quantized calibrated pixel value

(corresponding toLMAXλ) in DN, and QCAL = the quantized calibrated pixel value in DNs.

The spectral radiance is converted to brightness temperature (BT) taking into account the emissivity is constant
(Yang et al., 2015).

T =
K2

ln( K1/ Lλ+1) ( 8)

Where T is effective at satellite temperature in Kelvin

K1 and K2 are calibrated constant 1 and 2 (W/m2*sr*µm), respectively

Lλ is spectral radiance in (W/m2*sr*µm)

The NDVI value was quanti�ed for both periods to comprehend the trends of vegetation condition and its effect
on the heat island of the study area. Thus, the NDVI values for 2011 and 2021 are estimated from Landsat 5
thermal band 6 and Landsat 8 thermal band 10 respectively computed according to the following equation.

NDVIlandsat5 =
NIR(Band4) − R(Band3)
NIR(Ban4) + R(Band3) (9)

[ ( ) ]

( )
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NDVIlandsat8 =
NIR(Band5) − R(Band4)
NIR(Ban5) + R(Band4) (10)

Where NIR represents the near-infrared band (Band 5) and 𝑅 represents the red band (Band 4 and Band 3). NDVI
value ranges from − 1 to 1. When the NDVI value closes to − 1 or 0, it indicates bare land or water body, whereas
when the value approaches 1, vegetation vigor/dense vegetation.

2.2.5. Statistical analysis
The nature of the data derived from the i-Tree software makes it impossible to correlate with the raster image
derived LST. Thus, the TCC was substituted by the NDVI that was quanti�ed from a satellite image to statistically
test the effect of vegetation cover change on LST. A Pearson regression analysis was performed to test the
correlation between the NDVI derived from raster images and LST results. The raster dataset of Landsat 8 and
Landsat 5 for LST was estimated according to equations 6 and 8, and equations 9 and 10 for NDVI were overlaid
in the ArcGIS and converted into tabular form. Spatial random points within the boundary of the study area with
NDVI and LST values were generated from the two raster images. Thereafter, a Pearson regression analysis was
carried out using SPSS software.

3. Results

3.1. Current Ground surface Cover (2021)
According to the land surface cover analysis of this study for 2021, the highest cover proportions were observed
on ground surface cover types identi�ed as bare land, TCC category (‘Tree/shrub’), and impervious building with
1262 ha 23.4 ± 1.89%, 1154 ha (21.4 ± 1.83%), and 1057 ha (19.60 ± 1.78%) respectively (Fig. 4). The relative
coverage of impervious roads accounted for 183 ha (3.4 ± 0.81%), which was the least coverage proportion next
to the water body with a total of 54 ha (1 ± 0.45%). Moreover, herbaceous plant vegetation cover had a coverage
share of 733 ha (13.60 ± 1.53%) and land surface cover types under the category of impervious other contributed
to 367 ha 6.80 ± 1.13% (Table 2).

A road constructed from cobblestone, compacted soil, gravel, and the like that were considered as pervious road
in this study was estimated at 345 ha (6.40 ± 1.09%), while all pervious ground covers (pervious other) that cover
the land surface in different land uses other than roads shared coverage of 237 ha (4.40 ± 0.92%).

Land surface cover analysis was performed by excluding and including a green belt (GB) at the periphery to
understand the manmade green space contribution to raising the overall greenery of the city. The average tree
coverage of Hawassa city by excluding the GB from the analysis decreased from 21.4–19.5%, while all
impervious surfaces (building, impervious roads, and other impervious) merged raised from 28.80–34.3% when
the GB was excluded from the analysis. The permeable surface coverage decreased in the second scenario,
whereas building coverage alone increased (Table 2).
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Table 2
Summary of ground cover classes considering GB as part of the inner-city green spaces and excluding

from the inner city
Coverage category Cover classes Including GB Excluding GB

Grey Cover (ha) Cover (%) Cover (ha) Cover (%)

Buildings/roof 1057 ± 96 19.60 ± 1.78 1148 ± 109 21.75 ± 2.06

Other impervious 367 ± 61 6.80 ± 1.13 488 ± 76 9.25 ± 1.45

Impervious road 183 ± 44 3.40 ± 0.81 172 ± 47 3.25 ± 0.89

Green Tree/Shrub 1154 ± 99 21.40 ± 1.83 1029 ± 105 19.50 ± 1.98

Grass/herbaceous 733 ± 83 13.60 ± 1.53 647 ± 87 12.25 ± 1.64

Bare land Other pervious 582 ± 108 10.80 ± 1.01 343 ± 65 6.50 ± 1.23

Soil/Bare ground 1262 ± 102 23.40 ± 1.89 1385 ± 116 26.25 ± 2.20

Waterbody Water 54 ± 24 1.00 ± 0.45 66 ± 30 1.25 ± 0.56

By merging these ground surface classes, grey cover which encompasses buildings, impervious roads, pervious
roads, and other impervious and pervious surfaces together accounted for 40.6% of the study, whereas barren
land accounted for 23.4%. The green elements (trees, shrubs, grass, and herbs) collectively in the green spaces
under the intensive maintenance of the city administration and the naturally existing green belt contributed to
36% of the total land.

3.2. Temporal dynamics of ground surface cover
According to the results presented in Fig. 5, signi�cant hectares of land surface cover of the urbanized part of the
city were changed within the ten-year time interval. A positive cover change between 2011 and 2021 was noted in
most cover types except herbaceous and bare land (soil) classes that were decreased from 16.4–13.6% (-2.8%)
and from 58–23.4% (-34.6%), respectively. Notably, the highest positive increment was observed in TCC increased
from 11.6–21.4%, next to impervious buildings that raised from 19.6–21.75%.

The impervious road which was 0.8 in 2011 increased to 3.4% in 2021, while pervious roads increased from 4.4 to
6.4%. Likewise, the coverage type categorized as 'impervious other' increased from 2.8–6.8%, while no signi�cant
change was noted in the water body coverage (Table 3).
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Table 3
Temporal and spatial land surface cover change of Hawassa city between 2011 and 2021

Cover Class Year 2011 Year 2021  

Cover
(ha)

±
SE
(ha)

Cover
(%)

±
SE
(%)

Points Cover
(ha)

±
SE
(ha)

Cover
(%)

±
SE
(%)

Points Change
(%)

Herbaceous 884 89 16.4 1.66 82 733 83 13.6 1.53 68 -2.8

Buildings 194 45 3.6 0.83 18 1057 96 19.6 1.78 98 16

Imperv.
other

151 40 2.8 0.74 14 367 61 6.8 1.13 34 4

Imperv.
road

43 22 0.8 0.4 4 183 44 3.4 0.81 17 2.6

Pervious
other

86 30 1.6 0.57 8 237 49 4.4 0.92 22 2.8

Pervious
roads

237 49 4.4 0.92 22 345 59 6.4 1.09 32 2

Bare land 3127 119 58 2.21 290 1262 102 23.4 1.89 117 -34.6

Tree 625 77 11.6 1.43 58 1154 99 21.4 1.83 107 9.8

Water 43 22 0.8 0.4 4 54 24 1 0.45 5 0.2

The grey surface cover that includes buildings, impervious and pervious roads, and a ground cover categorized as
‘other impervious’ together positively changed from 13.2–40.6% (+ 27.4%), whereas all green elements together
increased from 28.8–36% (+ 7.2%). However, the permeability of the urban area decreased as a result of the
falling of all pervious surfaces (previous road, bar land/exposed soil, and ‘other pervious’) from 61.7–36% (-34.6)
(Fig. 6).

3.3. Land Surface Temperature Changes Trends of the study
area
The LST of the study area ranged from 18.38–35.65°C in 2011 and 18.97–33.48°C in 2021 (Fig. 7). Results
revealed that the minimum, average, and maximum LST of the study area in 2011 were 18.38, 27.71, and
35.65°C, respectively. The maximum and average LST decreased to 33.48 and 26.04°C, while the minimum
temperature slightly increased by 0.6°C during 2021.

Likewise, LST spatial variation was also observed in the study area in both periods. The highest LST with values
27–30°C was recorded at the city center (the oldest part of the city) in both years, while LST beyond 30°C was
noted in industrial zones, residential areas, and central business district areas of the city (Fig. 7). The areas in the
eastern part of the city being developed towards the fringe, the green belt with natural forest, and the Lakeside in
the Western part had less LST (below 23°C).

3.4. Relationship between LST and NDVI



Page 11/23

The vegetation coverage pattern of Hawassa city based on the estimated NDVI values in 2011 and 2021 is
presented in Fig. 8. The NDVI values recorded in the study area were between − 0.29 to 0.61 in 2011 and − 0.06 to
0.51 in 2021. A relatively highest average NDVI value of 0.23 was recorded in 2021, whereas 0.17 in 2011. The
minimum NDVI values in 2011 and 2021 were − 0.29 and − 0.06 respectively. However, the maximum NDVI value
(0.61) in 2011 was slightly greater than the values in 2021 (0.51) regardless of the area coverage.

According to the NDVI value reclassi�ed as very low density (< 0.1), low (0.1 to 0.2), medium (0.2 to 0.3), and high
(0.3 to 0.6), a spatial variation was observed in value distributions across the study area. The total area with a
high NDVI value area cover decreased from 11% in 2011 to 7% in 2021, while the very low NDVI density increased
by 2% in 2021. Low and medium values also increased from 38% in 2011 to 39% and from 29–30% in 2021,
respectively. This implies that areas with low NDVI values (Fig. 8) had the highest LST recorded during both
periods.

The correlation between vegetation cover and temperature in both years was statistically signi�cant (p-value = 
0.00) with the correlation measure (R2) values of 0.472 and 0.592 for 2011 and for 2021 respectively (Fig. 9).
Subsequently, it was assured that the maximum annual temperatures of the study area were recorded in the
areas with the lowest NDVI values.

4. Discussion
As far as urban centers are economic hubs, urbanization is an inevitable phenomenon throughout the world.
Thus, the environmental damages due to urbanization in Ethiopia could be alleviated by letting the urban
development has to be based on the master plan and structural plan. The central arguments explicitly explored in
this paper are the positive contributions of urbanization on the urban tree cover and built structures over the
expenses of the low ground cover (grass, bare soil, and other herbs). Subsequently, expanding cities based on
such proper urban planning would help to lower the heat island of the human-dominated landscapes.

Studies on the urban land surface cover and temporal changes based on sample points using i-Tree software
have been commonly conducted in many US cities (e.g., Nowak & Green�eld, 2012; Nowak & Green�eld, 2020),
some European urban centers (e.g., Mills et al., 2015; Doick et al., 2017; Doick et al., 2020), and few Asian cities
(e.g., Atasoy, 2020). To our knowledge, no study has been conducted so far following similar approaches to
explore the trends of urban land surface cover changes in cities and towns in Africa. Thus, this study has reported
pioneer �ndings on the land surface cover dynamics and environmental implications of the cities and towns in
Ethiopia. As far as urban centers are similarly characterized in terms of ground cover type dynamics, the results
of this study were compared to the �ndings of similar studies conducted in Europe, the US, Asia, and other
regions of the world.

Attempts were made to analyze the current and change of the urban fabrics from which the urban land is
covered. This helps to understand the impacts of urbanization on land surface cover compositions and change
dynamics. Subsequently, it can assist to rethink the proper balancing of the grey, green, and blue cover classes of
the built environment. Thus, understanding the current green-grey cover proportion of the built environment can
enhance the sustainability of cities and towns (Banzhaf et al., 2018; Corbane et al., 2020).

Materials that cover every land parcel of the study area were estimated based on the 500 random sample points
of the i-Tree software that were distributed across the study area. Indeed, studies on urban land use and cover
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change analysis have been increasingly using spatial scale satellite images that could affect the quality data
presentation to study the ground cover types of urban areas with �ne scale. A study by Parmehr et al. (2016)
compared land cover quanti�ed using i-Tree software based on 1000 random points and remotely sensed data
shows that the variation between the two results was 1%. Thus, approaching this research using a different
procedure would provide a similar output.

4.1. Current ground surface cover (2021)
The results of this study showed that a considerable proportion of the land surface of the city is bare soil (about
1262 ha or 23.4%). This implies that the city has potential areas for tree planting to raise the current TCC (21.4%)
to the desired coverage level that urban centers around the world are set to achieve. The trees, shrubs, grass/herb,
and other green elements, which collectively contributed to covering a total land surface of 36%, can help to curb
the expansion of grey components that currently shared 40.5% coverage. A result of previous research by Mills et
al. (2015) reported a range of green coverage from 30.4 to 30.74%, including the natural forest coverage of the
green belt. The current TCC (tree/shrub canopy cover = 21.4%) of the study area ful�lled the minimum TCC
standard that sustainable cities and towns need to have. According to Doick et al., (2017), healthy and livable
cities should set a target to achieve at least 20% tree canopy cover. However, if excluding the natural forest
coverage of the green belt surrounding the inner part of the built part of the city, the TCC of the study area is
slightly below this standard (19.5%). Thus, the green belt tree cover has contributed about 2% to raise the total
TCC of the study area. One of the previous researches by Atasoy (2020) demonstrated the remarkable roles of
natural vegetation cover surrounding a city that increases the overall canopy cover and cover per capita. Many
cities have such natural and semi-natural types of green belts mainly protected and maintained to reduce the grey
dominance over the green regardless of their inaccessibility to provide other services.

4.2. Land surface cover and Temperature changes
Human dominated landscapes, such as the expansion of settlements and other infrastructures due to
urbanization can also contribute towards the increment of TCC. A positive temporal TCC change was observed in
this study. The annual increment of impervious and tree coverage types shown in this study is in line with the
study by Nowak (1993) in Oakland that urban tree cover increased as the intensity of urbanization increased. On
the contrary, a study by Berland (2012) in Minnesota reported that urbanization was the cause for the annual TCC
losses estimated at 9.6%. Likewise, a study by Nowak & Green�eld (2020) that attempts to explore the land
surface coverage dynamics of urban centers around the globe reported that the tree coverage of urban centers in
Africa declined between 2012 and 2017. The same authors reported that the average tree canopy coverage of
cities and towns in Africa was about 20%, which is similar to the current TCC (19.4%) excluding the green belt of
Hawassa city. A study by Gashu & Gebre-egziabher (2018) analyzed the land use and land cover change of
Hawassa city using satellite images and showed that vegetation cover decreased by 14%. However, the authors
reported that the grey coverage of the city increased by 24% from 1973 to 2015, which is almost equivalent to the
pervious coverage of the current study (24.6%). Nevertheless, this research was focused on the temporal changes
of the general land cover changes in terms of use regardless of the ground surface cover on which the current
study focused. In general, the role of urbanization on the losses and increasing rate of land surface cover depend
on the land use history of an area.

Although urban tree coverage can be increased in line with urbanization, the expansion of built-up areas
exuberates the destruction of natural elements, including vegetation cover and soil. The results of this study
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show that a large area of pervious land coverage of the study area, such as herbaceous/grass and bare land/soil
declined, which could be due to the expansion of the grey coverage (e.g., building, road, and other impervious
types). The gaining of grey surface cover (+ 24%) is over the expenses of the coverage loss of grass (-2.8%) and
bare soil (-34.6%) covers. This implies that plantable spaces of the city have been converted into grey cover to
expand other infrastructures. This result is in line with the study by Nowak & Green (2018), who reported the
impervious surface cover was gained from the loss of trees, grass, and herbaceous coverage. Thus, total canopy
cover from large trees and shrubs could temporally be increased in cities and towns, whereas the losses of lower
layer ground covers (herbs, soil) decreased as the rate of urbanization intensi�ed.

Understanding the land use history of areas around cities and towns is critically important to comprehend the
positive or negative impacts of urbanization on land surface cover. The expansion of built areas over the
previously forested area can play a great role in declining the green coverage of an urban area (Nowak & Green,
2018). In this study, however, tree canopy coverage increased as the rate of urbanization increased. Likewise, the
percentage of areas with high and low/very low NDVI values increased and decreased respectively within the
stated timeframe. This could be because an important part of Hawassa city has been expanded into the
previously undeveloped agricultural area (barren land) which had no tree cover until 2011.

There are driving factors that affect the decline or gaining of green coverage in the urban center around the world.
For instance, tree coverage could be raised due to the increment in tree planting initiatives and activities around
the human-dominated landscapes, such as institutional areas, commercial and residential areas (Nowak &
Green�eld, 2020). Moreover, town planning, changes in vegetation preference of community, and management
activities (Doick et al., 2020) can contribute to the gaining of TCC in the face of rapid urbanization. The �rst
structural plan of Hawassa city was prepared in 1951 with a total land of 120 ha of which most of the land was
allocated for housing purposes (Federal Urban Planning Institute, 2006). The updated �ve-year structural plans
(2007–2021) revealed that neighborhood green spaces, closed natural parks, and public recreational green
infrastructures are important elements of the land use types of the city. Thus, the increment in the green area
coverage per capita from 0.52m² in 1998 to 2.0m² by the year 2011 is one of the indicators that the structural
plan is an important tool to raise the green coverage of the city. Subsequently, vacant spaces with few patches of
vegetation and dominated by bare land in 2011 have been turned into closed parks and other recreational areas.
For instance, the presently closed public park with enacted natural forest called Millennium Park was a vacant
space with scatter native tree species in 2011; and signi�cant green spaces established along the lakeside as a
buffer of the Hawassa Lake could signi�cantly contribute to increasing the TCC. It was clearly stated in the
structural plan that the strategies employed to attain the required green coverage were encouraging
environmental advocators, private sectors, and mobilizing the community to participate in tree planting and green
area developments.

These positive roles of urbanization towards TCC could contribute to lowering the land surface temperature of
the study area. This study shows that the LST of the study area decreased by -1.84°C between 2011 and 2021,
while the green coverage in general and tree canopy cover in particular raised by + 7.2% and + 9.8%, respectively.
The increment of tree canopy cover following the settlement expansion towards the natural area has contributed
to lowering the LST. Gill et al., (2007) also reported that raising the urban green spaces by 10% in the most built
part of a city contributes to decreasing the maximum surface temperature by 2.2°C. The authors also pointed out
that this amount of green spaces addition in a high and low emission scenario decreases LST by 2.4°C and
2.5°C, respectively. The same authors also reported that the removal of 10% green space coverage in high and
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low emission scenarios could raise the LST by 7°C and 8.2°C, respectively. Similarly, the current study con�rmed
that increasing trees, shrubs, grass, and herb, collectively green coverage by 9.8% or raising the TCC alone by
7.2% contributes to decreasing the maximum and average LST by -2.17°C and − 1.67°C, respectively.

It was not possible to carry out a correlation analysis between the LST derived from raster images and TCC
estimated using the i-Tree canopy software due to the nature of the data from this software. Thus, the TCC was
replaced by the NDVI to test the effects of vegetation cover on LST. The NDVI values are usually between − 1 and
+ 1; however, areas with different types of ground cover type could have various levels of NDVI values. In the case
of the current study, the average NDVI value in 2021 was higher (0.23) than in 2011 with 0.17. About 17% (880
ha) of the total area of the city in 2021 had the maximum NDVI value of 0.5, while small land size (490 ha) of the
city had the highest vegetation coverage with the same NDVI value in 2011. The urban area is dynamic and the
ground cover type is subjected to frequent temporal and spatial changes. Thus, the NDVI values vary across the
study area. According to Ya’Acob et al. (2014), water bodies, rocky/barren land, greenery, and dense forest have
less than zero (negative), -0.1 to 0.1 (value close to zero), 0.1–0.4 zero (low positive), and up to + 1 NDVI values,
respectively. According to the NDVI values of the current study, more than 20% of the city in 2011 had sites with
no vegetation coverage (NDVI = < 0.1), whereas this proportion decreased to 18% in 2021. There are green spaces
and some patches of the urban forest before 2011 and still exist in Hawassa city where the highest NDVI values
in both periods could be recorded. According to Warkaye et al. (2018), the highest NDVI with 0.5–0.7 values were
reported in the green belt, urban green spaces, and river banks, while the lowest values with 0.31–0.5 in the
closed urban park of Addis Ababa city. However, this study was focused on selected parks only, while the current
study was conducted on the entire city of Hawassa. Areas with 0.2 to 0.4 NDVI were classi�ed as medium
vegetation and more than 0.4 value was considered as areas with high vegetation cover (Nandargi & Kamble,
2017). Regarding the NDVI spatial pattern shown in Fig. 8, the highest land surface area of the city with 0.3–0.5
NDVI values in 2021, whereas the major part of the city (66.7%) in 2011was with less than or equal to 0.20 NDVI
value due to the less coverage of green spaces.

According to the result of the statistical analysis with R2 = 0.472 for 2011 and 0.592 for 2011, about 47% and
59% of the LST in 2011 and 2021 respectively decreased due to the vegetation coverage in the study. In addition
to the vegetation components, the water bodies could also play important roles to reduce the LST. Adulkongkaew
et al. (2020) suggested the conversion of the built area into a landscape with 20% tree canopy, 30% of blue
components (water bodies), and 40% of shrubs and other green elements is effective to reduce the LST of urban
areas. Thus, it is critically important to take into consideration the proportion of land cover composition at the
urban planning and implementation stages to reduce the impacts of heat island effects.

The Normalized Difference Vegetation Index and tree canopy cover can be used as indicators of LST trends. The
highest temperature at the center of the city and other built areas where the lowest NDVI values records indicates
that the heat island effect is due to the low vegetation cover and thermal properties of the ground cover materials.
This study con�rmed that LST decreased as both TCC and NDVI increased within the 10 year time. Thus, the two
variables can be used interchangeably to examine the effects of vegetation cover on LST trends. The statistical
analysis result of the study revealed that vegetation cover and the heat island effect have a reverse correlation.
This study is in line with the research by Warkaye et al. (2018) conducted in Addis Ababa city who concludes that
the NDVI value of different urban parks increased as the LST of the study area decreased from 1985 to 2015.
Thus, increasing annual urban tree coverage in urban centers is the effective strategy of urban heat island
effective adaptation strategy.
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5. Conclusion
The �ndings of the study from the combination of the i-Tree canopy and Landsat images with the proper thermal
band on the land surface cover change dynamics and the in�uences of urban tree cover on the LST would help to
understand the heat island effect trends of the study area. The result of the study from the i-Tree canopy analysis
showed that the major cover types, such as green and grey, increased from 2011 to 2021 at the expense of the
pervious surface layers. This �nding indicated that the positive increment of these cover types could be gained
from the dramatically declined bare land and herbaceous cover types. The agricultural area with no trees, but a
considerable area of open/bare land at the periphery of Hawassa city during 2011 has been turned into
settlement and other infrastructure so that green spaces have been established following development activities.
Thus, this study ensured urbanization can play a great role to add not only grey elements but also man-made
green spaces at the expense of the natural environment, such as grass and soil.

The result from the Landsat 5 and Landsat 8 thermal band 6 and 10 analyses respectively revealed that the Land
Surface Temperature of the study area declined between 2011 and 2021. It is most often expected that the LST
has to intensify in the face of urban expansion due to its adverse impacts on the natural elements and thermal
property of ground cover types in the built-up area. However, this study revealed that increasing tree cover was in
line with urbanization as radiance surface temperature was decreased. Thus, green infrastructure elements in
general and urban trees, in particular, are effective strategies to develop climate resilient cities. Thus, the raster
image derived NDVI result was in line with the i-Tree canopy derived TCC increment in Hawassa city. Moreover, as
both TCC and NDVI temporally and spatially increased, the LST decreased within the last 10 years. This study
shows that both TCC and NDVI can be used as indicators of the general trends of heat island effect, but further
study is required to measure the TCC and NDVI level of effect on the heat island effect of cities.

Understanding the dynamicity and trends of urban land use cover change in general and land surface cover in
particular helps to comprehend the composition of land surface coverage of cities and towns and sustainability
trends. The �ndings of this research will provide new insights into the sustainable environmental management
roles of green infrastructure, increasing the understanding of planners and policymakers on the effectiveness of
increasing TCC to lower LST, and community appreciation regarding the roles of urban trees in alleviating urban
heatwave. As a result, the proper integration of green infrastructure as one of the major elements of urban
planning to improve the sustainability of the cities and towns would come into being. The stakeholders at
different levels can rethink the strategies of balancing and proper green, grey cover, and other pervious covers
ratio in the urban centers. Thus, looking for pathways in the process of urban planning that contribute to
enhancing the TCC to reach the minimum recommended green coverage would be easily achieved once the
current and cover change are comprehended.

The livability and climate resilience of the study area would be improved well than what is at present through
proper urban green infrastructure planning. TCC and other green elements can be increased by turning
unnecessary structures in different parts of the city being overwhelmed by grey elements into green and blue
cover types. Likewise, converting sites with excessive grass, herb, and bare land covers into tree planting can
increase the TCC in the built-up area and improve the potential of the city to respond to the effect of the heat
island. The other important thing that planners and policymakers should give due attention to is the proper
incorporation of adequate tree cover at each planning stage so that to have the proper green, grey and other cover
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type proportions. This study can be used as base map information about the current and historical coverage can
be used to inform the urban planning actors regarding the present and future sustainability trends of the city.
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Figures

Figure 1

Geographical Location of the study area, Hawassa city administration
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Figure 2

Sample points distributed on the aerial image 2021 of the i-Tree canopy tool exported (left) and random points
transferred from i-Tree project and overlaid on the image Google Erath 2011 (right).
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Figure 3

Land/ground surface cover types (where a = impervious building; b = impervious asphalted road; c = barren soil; d
= tree/shrub) of the study area classi�ed in the i-Tree software based on the yellow crosshairs overlaid in the
aerial Google Map image 2021 (Source: screenshot from the image in the i-Tree canopy software) 

Figure 4

Percentage of ground surface covers classes in Hawassa city for 2021

Figure 5
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Ground surface cover change between 2011 and 2021 in the study area

Figure 6

Change trends of grey, green and bare land/soil coverage over the last ten years

Figure 7

Spatial Land Surface Temperature variation across the study area between 2011 and 2021
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Figure 8

Normalized Difference Vegetation Index of the study area in 2011 and 2021

Figure 9

Relationship between LST and NDVI of the study area between 2011 and 2021


