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ARTICLE INFO ABSTRACT
Keywords: In this study, the dynamics of green spaces and land surface temperature patterns in four cities in
Cities Ethiopia were investigated using Landsat imagery. The typical characteristics of LST over the past

Land surface temperature
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three decades (1990-2020) in relation to green space dynamics were first investigated; subse-
quently, the spatial distribution of LST was characterized based on hybrid geospatial techniques
and mono-window algorithm analysis, in which the contributions of green spaces to LST were
studied. In addition, the multiple linear regression method and spatial regression models (SRMs)
were employed to investigate and predict the spatial dependence of LST and urbanization-
induced green space dynamics. Results show that cities horizontally expanded unceasingly
from 1990 to 2020, with a substantial discrepancy in expansion rates and the spatial patterns of
UHI intensities among the cities (p < 0.05). Moreover, the area proportion of the UHI is signif-
icantly larger than that of the UGS, and the differences in the UGS cooling contribution were
found in different land uses and zones of the cities. In the study periods, the spatial pattern of LST
was significantly controlled by NDBI, and its coefficient in the OLS followed the pattern NDVI >
MNDWI > latitudes > longitudes > population density > DEM. Due to the large proportions of
buildings While green land and water bodies show significant capability to mitigate UHI effects,
cooling effects are not apparent when their sizes are small. Besides, the SRMs show that UHI
intensities were significantly influenced by MNDWI in Bahir Dar and Hawassa (p < 0.01).Cities’
LAMBDA coefficients have a positive relationship with UHII (p < 0.01). Our study could help city
planners and the government understand the current cooling potential of existing UGS to mitigate
the dynamics of UHI and sustain the sustainability of green space management in cities.

1. Introduction

Extreme heat is a growing threat to the health of urban ecosystems, particularly in densely populated and industrialized cities [1].
Urbanization can greatly influence the urban thermal environment by increasing land surface temperature [9,22,61], the composition,
structure, and function of the urban ecosystem services [8], the energy flow between the land surface and the atmosphere [34], and
overall urban ecosystem sustainability [8]. The most common phenomenon that increases the surface temperature of a city relative to
its fringe is called the “urban heat island (UHI)" [34]; Oke, 1995). The main contributor to LST is anthropogenic heat sources, which
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include the heat emitted from industrial activity, human metabolism, and vehicle exhausts, as well as the reduction of offset potential
in urban forests [20].

Conversely, urban green spaces (UGSs) are significant, nature-based solutions to climate change and have immense potential to
reduce vulnerability to heat waves (the UHI effect) while enhancing the resilience of climate change [9]. However, the decline of green
spaces is often induced by a human-related factor, such as accelerated urban expansion [58] which creates pressure on the existing
resources and leads to the fragmentation of green spaces [8,58]. This tendency is more frequent in developing countries and especially
prevalent in Africa. Thus, characterizing the dynamics of UHI and UGS associations is critical for mitigating the ongoing negative
effects of the climate crisis [11,56].

Consquensly, UHI suffering the survival of all living organisms in the urban ecosystem [12,34]. For example, UHI influence the
interspecific phenotypic plasticity and larval survival of butterflies [32], slow the development of widow spider [30], and disturbs the
health of urban residents [44,69] and persuade nonfatal effects such as dehydration, heat strokes, and heat fatigue [46]. Thus, un-
derstanding characteristics of the spatial distribution of LST and influencing factors of LST pattern and evolution are important for
sustainable urban policies development [11,61] and reduce the unabated negative influences of climate crisis [8,56,62]. Even though
some studies have been conducted, the results focused on the linear relationship between LST and single influencing factors, such as
biophysical factors [67]. Specifically in Ethiopia, there are a few studies that are spatially limited and focused on single-factor analysis
[9,11,20,63] and failed to disclose the comprehensive characterization of the LST-green space nexus [9,10]. In addition, a couple of
issues of great importance serve to justify our research: 1) The analyzed cities do not have enough UGS-LST interlinks studies for
responses with spatial and temporal variability. 2) The study period (1990-2020) covered by this research is a positive element,
allowing a view of how the indices and factors investigated vary over an extended time interval. Hence, LST dynamics and responses in
green space are the result of a combination of several spatially neighboring and fundamental factors [56].

For this study, we selected the fast-growing cities in Ethiopia (Addis Ababa, Hawassa, Adama, and Bahar Dar) as study sites to
filling this gap by analyzing the spatial distribution of green space, LST characteristics, spatial patterns, dynamics nexus responses to
multiple influencing factors to support future climate mitigation actions and human adaptive strategies in the cities. Cities have
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Fig. 1. Location of the study areas.
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experienced massive urban construction and more rapid changes in green space. Therefore, this would be an ideal site to examine
green space conversion and associated thermal effects. We conducted this study to: (1) investigate the dominant combinations of urban
ecosystem dynamics in cities from 1990 to 2020; (2) quantify the spatial pattern and change of LST based on green space losses and
expansion in cities; (3) model the relationships between influencing factors and LST; and (4) identify the contribution rate of each
factor to UHL

2. Materials and methods
2.1. Study areas

The study areas fall within one capital city (Addis Ababa) and three regional capital cities (Hawassa, Adama, and Bahir Dar) of
Ethiopia (Fig. 1 and Table 1). The cities were identified and chosen based on the following criteria: (i) being a capital or regional city;
(ii) city size and population density; (iii) being an active zone of economic and industrialization; and (iv) fulfilling the concept of the
urban-rural dichotomy [8]. Additionally, the cities’ elevation, location, population density, and climateic information were presented
in Table 1 accordingly.

2.2. Data sources

This study uses a hybrid method to scrutinize the UHI responses to LULC dynamics by analyzing LST. This method combines the
geospatial technique, Mono-window algorithm, and normalized difference vegetation index, normalized difference built-up index,and
normalized modified difference water index, and is then applied to the cities of Ethiopia. For geospatial technique, we used Landsat 5
TM, Landsat 7 ETM+, and Landsat 8 OLI thermal infrared images for the retrieval of LST and production of LST maps representing four
time periods of 1990, 2000, 2010, and 2020, respectively (Table 2). Furthermore, the beginning of the years LULC change and LST map
generation were linked to political and policy changes in Ethiopia, which were thought to have an impact on various aspects of the
country’s urban development [8]. The spatial resolution of the visible and near-infrared bands of Landsat is 30 m, while the spatial
resolutions of the thermal infrared bands are 120, 60, and 100 m for TM, ETM+, Landsat 8 Thermal Infrared Sensor (TIRS), respec-
tively (http://earthexplorer.usgs.gov) and the fusion temporal enhancement method were used to reconstruct the original LST
products at normalized scales in this study [11,45]. Besides, for three decades (1990-2020), LULC dynamics datasets in this study were
obtained from Ref. [8].

According to Ref. [8]; after preprocessed the data, landscape classification was performed; First, an unsupervised classification
technique was applied to obtain the major land use and land cover (LULC) types of each city, which was then used for supervised
classification. Spectral signatures and ground verification using high spatial resolution imagery made available by Google Earth® in
1990, 2000, 2010, and 2020 reference data were collected, respectively for the classification of imagery in the years 1990, 2000,2010,
and 2020 (Fig. 2). The reference data for each of the images was randomly split into 70% (for classification) and 30% (for accuracy
assessment). Later, the landscape type class was done using the maximum likelihood classifier. In this study, the accuracy was assessed
using a validation dataset obtained from historical high-resolution imagery made available by Google to assess the accuracy of
classification of the current imagery (2020), Geographical Positioning System (GPS) was used to collect ground-truthing data [8].
Finally, the land use and land cover map with five illustrious classes for 1990, 2000, 2010, and 2020 and temporal deviations per city
was produced and interpreted [8,10]. The five land use and land cover nomenclature (Table 3) were done according to CORINE Land
Cover level 1 nomenclature [19]. Furthermore, the LULC change was culculated using Eq. 1

(Am — An-)

Change (%) = )
m—1

% 100 Eq1

2.3. Land surface temperature (LST) derived and processing

LST retrieved was from the thermal infrared band 6 and 10 of the Landsat 5-7 and 8 respective, using the single-channel algorithm

Table 1
The description of four cities (location, elevation, population, size, temperature).
Cities Location * Elevation Projected population, size Temperature (minimum &  Rain fall per year
range* from 2007 ** maximum)* (Average) *
Addis 8°50'00"N-9°06'00"N and 2050 m —3304 4,794,000 9.01 °C and 38.75 °C 1255 mm
Ababa 38°39'00"E—38°55'00"E m
Hawassa 7°00'30” N-7°06’00”N and 38°28'34.86" 1682 m —2632 315,267 7.06 °C and 38.47 °C 993.4 mm
E—38°32'00"E m
Adama 8°30'00”N-8°35'00"N and 1341 m - 2452 324,000 8.55 °C and 39.27 °C 804 mm
39°13'00"E—39°18'00"E m
Bahir Dar 11°3’00”N-11°37'00"N and 1717m-2010 m 180,094 11.59 °C and 37.39 °C 1839 mm

37°20'00"E—37°26'00"E

Source: * [47]; ** [6].
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Table 2
List of satellite data and acquisition date of the study areas.
Cities Path/ Image Acquisition Date Bands number used for Bands number used for LST & other
R LULC iabl
ow 1990 2000 2010 2020 vanables
Addis 168/054  04/02/ 05/02/ 31/01/ 29/01/ 1,2,3,4,5 and 7 b6 &°10
Ababa 1990° 2000° 2010° 2020°
Adama 168/054  04/02/ 05/02/ 31/01/ 29/01/ 1,2,3,4,5 and 7 b6 &°10
1990° 2000° 2010° 2020°
Bahir Dar 170/052  02/02/ 11/02/ 14/02/ 18/02/ 1,2,3,4,5 and 7 b6 &°10
1990° 2000° 2010° 2020°
Hawassa 168/055  19/01/ 12/01/ 31/01/ 19/01/ 1,2,3,4,5 and 7 b6 &°10
1990° 2000° 2010° 2020°

2 Landsat TM: "Landsat ETM+:‘Landsat OLS.

. NDBI, MNDWI and
P—— R.emote sensing Set threshold Extract data of RSI NDVI map for 1990,
andsa ata ——¥ indexes (RSI) —> e and urban 2000, 2010, and 2020
— expansion features
Image Pre-processin Single-channel Extract mean LST .
} ] l P ot g L e —_ > Characterize the
. . i 1 \* .
mage Classification standard deviation spatial pattern of
Accuracy assessment classification method LST
and calculated UHI
Divide LST ‘
Generated LST map zones
for 1990, 2000, 2010, ‘
Generated LULC and 2020 |
change data for 1990, |
2000, 2010, and 2020 ¥ : 4
2 2 Pearson and Analysis of B Identify t.he dominate
Governing global Moran I influencing factor on govefmng facto'rs
factors i spatial correlation LST contsibutesfohieh
. temperature of the
analysis T
OLS, Spatial lag model,
spatial error model and
GWR analysis
Fig. 2. Flow chart of methodological approach.
Table 3
Types of LULC and its description.
LULC type Description®
Urban forest and greenery Areas occupied by plantation forest and urban green parks with 65% canopy cover or higher, evergreen and mixed urban forests and
(UFG) greenery and other vegetation that is relatively tall and dense, as well as areas covered with both indigenous and exotic trees.
Urban agriculture (UA) The purpose is used for urban crop production and livestock husbandry grazing land by peri-urban field farmers, although

cultivated land use is relatively different in terms of size, soil fertility, use of input, and other important variables from rural
agriculture. Includes, grazing areas, cultivated lands, community open lands, and areas along the lakeshore that are used for
agricultural purposes when the lake level retreats following the long dry-season.

Water bodies (W) Permanent natural water bodies such as lakes, rivers, pond reservoirs, and man-made water bodies, the water table in irrigated
land.

Built-up (BU) The built-up area with congested buildings includes all types of artificial surfaces, residential and scattered settlements in urban
fringe zones, commercial, industrial land uses as well as transportation infrastructure.

Bare land (BL) The land consists of roads, rocky outcrops, and degraded lands, where the area is dominated by the regular movement of trucks,

quarry for road construction, and abandoned lands as a result of gully formation, etc.

# Adopted from the standard CORINE Land Cover level 1 nomenclature [19].
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[2,37]. First, the digital numbers were converted into absolute radiance using Eq (2) [53]. Accordingly, the TOA radiance of the
thermal band was transformed into at-sensor brightness temperature using Eq (3) [9,11,39].

(Lmux - Lmin)

_ Eq 2
255 + DN + Lo, q

7)

where L, is the spectral radiance, Ly and Lyax (mW/ (cm?.sr. pm)) are spectral radiances for each band at digital numbers 0 and 255,
respectively. For TM 5, Lmin and Lmax were the values 0.124 and 1.530 in (mW/(cmZ.sr.pm)), respectively.

K,
BT )
In (L—;+1>

Where Tp is the at-sensor brightness temperature in Kelvin; L, equals TOA radiance and K; = 607.76 W/ (m3sr pm) and Ky = 1260.56
W/(m?2.sr. pm) are pre-launch calibration constants.

The generated brightness temperature values (Eq (2)) were then converted to emissivity-corrected LST in Kelvin using Eq (3).
Furthermore, study areas are heterogeneous areas; thus, to avoid the emissivity effect (¢) in estimating LST, the NDVI threshold method
was applied using Equations (4-7) [9,13].

Ty

S iy T Eq4

T Eq 3

Where A is the wavelength of emitted radiance equals 11.5 pm; o = he/b (1.438 x 10°-2 mk); b refers to Boltzman constant as 1.38 x
10"-23 J/K; h is the Planck’s constant 6.626 x 10°-34 JS; C refers to the velocity of light 2.998 x 10"8 m/s, and ¢ is the surface
emissivity.

t‘fmix:*’5vpv"'_(1_pv)"'_ci Eq5
~ / NDVI-NDVL, \* Eq 6

Pv= NDVI,o — N DVL, !

Ci=(1—&)(1-P,)F r7

Where ¢, = 0.985 and ¢, = 0.92 (urban surface) [50]; NDVI max and NDVI min are the values of full vegetation and non-vegetation
respectively; Pv is the scaled NDVI/fractional vegetation cover; and F = 0.55, which refers to the shape factor for geometric distri-
bution. To this end, the calculated temperature in Kelvin is then converted into centigrade for ease of interpretation using Eq (8).

where K1 = 607.76 W/(m2 *sr*um), and K2 = 1260.56 K in Landsat TM; K1 = 666.09 W/(m2 *sr*um), and K2 = 1282.71 K in Landsat
ETM+; and K1 = 774.89 W/(m2 *sr*pm), and K2 = 1321.08 K in Landsat 8 TIRS [24,29].

LST data was normalized (Eq (9)), which could remove deviations of the extracted temperature outcomes caused by different
imaging times and excavate sympathetic of development patterns of land surface temperature evolution [51,66]. Furthermore, the
normalized LST was grouped into low-temperature region (T < Mean-STD), middle-temperature region (Mean-STD < T < Mean —
0.5STD), and high-temperature region (T > Mean + STD) according to mean - standard deviation (STD) classification methods [2,9].

LST= —273.15 Eq 8

LST; — LSTpin

Ni I T S —
LSTmax - LSTmin

Eq 9

2.4. Extraction and compute remote sensing indexes in cities

To analyze, the influence of remote sensing indexes on LST dynamics; normalized difference vegetation index (NDVI), normalized
difference built-up index (NDBI), and modified normalized difference water index (MNDWI) were computed from surface reflectance
to represent urban ecosystem dynamics [25,65]. NDVI has been widely used to represents the proportion of the vegetative (green)
surface cover and calculated from the near-infrared and red bands using Eq (10). The MNDWI is computed to extract open water
features using Eq (11). Hence, it is more accurately extracts open water features than the MNDWTI in the urban ecosystem [56,61]. On
the other hand, the NDBI is calculated to identifying built-up landscapes from medium resolution satellite imagery. It is derived using
the surface refectance of SWIR1 and NIR band (pSWIR1 and pNIR) of Landsat 5 TM (bands 5 and 4) and Landsat 8 OLI/TIRS satellite
sensor (bands 6 and 5) [56,61] using Eq (12).

(pNIR — pRED)

NDVI=+t__— F -~/
(PNIR + pRED)

Eq 10
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Green — pMIR
4 P

MNDWI = Eq 11
(pGreen — pMIR) 4
NDBI = (SWIR, — NIR) Eq 12
(SWIR, — NIR)

Where: NIR is the near-infrared band, Red is a red band, Green is a green band, SWIR1 is the short-wave infrared band. MNDWI ranges
from —1 to 1, and positive values represent water bodies.

2.5. Urban heat island calculation

The urban heat island (UHI) is the key area for urban planning and management aims. Human influences and population pressure
have increased land dynamics and thermal variation [11,23,26]. Urban Heat Islands (UHIs) characterize as dense urban areas within
cities where the temperature is recorded to be higher than the neighboring areas or those located in suburbia [9,11,48]. Surface urban
heat island (SUHI) and canopy urban heat island (CUHI) are mostly research concerns which aim to identify the thermal variation and
ecological disturbances of the earth’s surface [9,27]. For the appraisal of urban thermal balance, it is essential to estimate the intensity
of UHIs [21,26]. For UHI calculations, LST data from satellite image calculations was used. The UHI in the cities is estimated to use Eq.
(13).

LST?[xe[ - LSTmean
UHI = | — 22— Eq 13
(F=5=) :
where LSTpixe indicates the values of the pixel, LSTpean indicates the mean LST of the area in study, and SD indicates the standard
deviation of the calculated LST map.

2.6. Correlation and spatial regression analysis

Land surface temperature (LST) can be influenced by many factors, such as urbanization, environment, and economy [61]. In this
study, seven influencing factors were considered from three perspectives of geographic location (X1: Latitude, X2: Longitude, X3: Altitude)>
remote sensing index (NDVI, NDBI, NMDWI), and population density factors. The correlation coefficient between different factors and
LST was calculated through Eq. (14). In this study, the global Moran’s I index was also used to describe the global cluster characteristics
of the value of LST using Eq (15). Besides, the spatial regression analysis was applied to study the spatial dependence of LST on
influencing factors using the ordinary least squares (OLS) model, spatial lag model (SLM), spatial error model (SEM), and
geographically weighted regression (GWR) using Eq. (16) and (17) [4,42,70]. The Moran’s I analysis, OLS, and SRMs, were investi-
gated using GeoDa 095i. While the GWR model was analyzed using GWR 4.0 software [4].

M=

(X — %) (X — ;)
il = Eq 14

2 m
X —x) Y (X — )
k=1

=~
Il

M=

1

k

where rp (i, j) is the correlation coefficient; Xik and Xjk are numerical values of different factors and LST; Xi and Xj are means of
different factors and LST, respectively; and m is the number of pixels.

ooy X)X —x)
Moran's [ =—= Eq 15

n

; S Wi (6 —x)

Where x; and x; are the variable values of unitsiand j, x is the mean of variable x; and Wj; is the spatial weight matrix. The values of
Moran’s I range from —1 to 1.

Y =pWY + X + ¢ Eq 16

Y=Xp+AWu +e¢ Eq 17

Where, Y is the N-by-1 vector of dependent variables: X is the N-by-M matrix of independent variables (NDVI, NDBI, and MNDWI
values and constants) and f is the corresponding regression coefficient matrix. p and € are spatially autoregressive error terms and
random error terms, respectively. p and A are spatial lag terms and spatial error terms, respectively. W is a spatial weight matrix.
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3. Results
3.1. Landscape features dynamics and variation of LST in cities

Fig. 3 shows the growth of the built areas of each city in 1990, 2000, 2010, and 2020. In all the cities, the built area has expanded
unceasingly from 1990 to 2020. The built area in Addis Ababa was 12606.9ha, 14564.5ha, 18653.5ha, and 29947.9ha in 1990, 2000,
2010, and 2020, sequentially. Adama was followed in terms of expanded area ratio (Fig. 3b). The built area in Adama was 1723.77ha,
2125.44ha, 2279.16 ha, and 3875.04ha in the years 1990, 2000, 2010, and 2020, respectively. It was augmented by 2151.27ha
(19.64%) from the initial study period. The built area in Hawassa was 1072.62ha in 1990. The city’s fringe zone was increased to
3672.27ha by 2020 and overall prolonged by 2599.65ha (15.71%) within the last three decades (Fig. 3c). Besides, the built area
coverage of Bahir Dar was 2087.91ha, 2609.73ha, 2966.67ha, and 4803.12ha in the years 1990, 2000, 2010, and 2020, respectively
(Fig. 3d). In general, the urbanization of Bahir Dar was augmented by 2715.21ha (12.72%) from 1990 to 2020 (Fig. 4).

Overall, the LST patterns and trends of each city from 1990 to 2020 have an analogous flow to urbanization dynamics (Fig. 3a—d).
The mean LST for 2020 was the highest in Hawassa (36.6 °C), while it was the lowest in Addis Abeba (26.14 °C) in 1990. Moreover,
Fig. 6 shows the UHI values of each city for different time periods. The lowest and highest UHI values in Adam are 2.24 (2000) and 2.89
(2020); in Addis Abeba, 2.98 (2020) and 3.74 (1990); in Bahir Dar, 2.24 (2020) and 2.98 (1990); and in Hawassa, 2.64 (1990) and 3.58
(2020), respectively. This result indicates the effect of UHI in each city, where urban expansion and low green space are the main
reasons for this variation.

3.2. Spatiotemporal characteristics of LST and remote sensing indexes

The spatiotemporal features of the LST in each city are revealed in Fig. 5. While the LST values were not strictly analogous across
cities, since each city varies in terms of spatial extent and development endeavors, Thus, the general characteristics of LST would show
the synoptical patterns of the cities. Bahir Dar had a three-decade mean LST range of 28.28-34.52 °C, Addis Ababa had a range of
26.07-29.01 °C, Hawassa had a range of 25.02-28.84 °C, and Adama had a range of 28.24-32.88 °C (Fig. 6).The frequency distri-
butions of LST were slightly left-skewed in each of the four cities. The frequency distributions of NDVI, MNDWI, and NDBI values were
right- and left-skewed, respectively, for all four cities (Fig. 7). However, NDVI and NDBI values were significantly different among the
cities. The mean value range of NDVI in Bahir Dar (—0.19-0.20), Addis Ababa (—0.18-0.14), Hawassa (0.04-0.27), and Adama (—0.20-
0.16). While the mean NDBI varied within the range in Bahir Dar (—0.076), Addis Ababa (0.01-0.23), Hawassa (—0.06-0.23), and
Adama (0.06-0.27). In addition, the mean MNDWI result shows a negative value in all years for each city (Fig. 7).
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40000
30000
S 20000
= 10000 I II I
g I . WL, e

10000 UA BL BU UFG W

-20000
LULC change

m1990 m2000 =m2010 =2020 m1990-2020

Hawassa (3¢)
15000

10000

5000 I |‘ I
II allia_ llII

-5000

Area(ha)

LULC change

®1990 ®m2000 =2010 =2020 ®=1990-2020

Adama (3b)
8000
6000
‘= 4000 “
=
= 2000 I I
o
E 0 II I II I II [ T
2000 BU UFG W
-4000

LULC change

®]1990 m2000 =2010 =2020 m=1990-2020

Bahir Dar (3d)
15000
10000
£ 5000 I I
s o WL bk Ik .
<
so00 VAl BL BU UFG W
Bahir Dar
-10000

LULC change

E1990 ®m2000 =2010 m=2020 ®=1990-2020

Fig. 3. Urbanization changes in 1990, 2000, 2010, and 2020 for (a) Addis Ababa, (b) Adama, (c) Hawassa, and (d) Bahir Dar.
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Fig. 4. Spatial distribution of LULC change in (a) Addis Ababa, (b) Bahir Dar, (c) Adama, and (d) Hawassa cities respectively.

The spatial pattern of LST of the four cities of 1990, 2000, 2010, and 2020 is shown in Fig. 8. The finding shows that in 1990, high-
temperature zones were relatively concentrated in residual areas, markets, government, industry areas, and non-government in-
frastructures, with low urban forest and greenery cover landscapes (Fig. 4). The high-temperature zones of Addis Ababa were found in
the southwest part and covered 6169.8ha, for Adama intensified in the northeast and accounted for 1145.25ha, Bahir Dar dominated
the center of the city and sparked in all directions and enfolded 1606.06ha, and Hawassa covered 3234.33ha and was found in the
center and northwest parts of the city. Middle-temperature zones in each city covered a range of 3-7 folds that of high-temperature
zones, and the distribution was relatively uniform in all directions, whereas low-temperature regions are primarily concentrated at
city boundaries and mountains (Fig. 8).
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Fig. 7. Boxplots of LST and remote sensing indexes in four cities. AA, AD, BD, and HW represent Addis Ababa, Adama, Bahir Dar, and Hawassa,
respectively.

At the end of study period (2020), the spatial distribution of LST will have significantly changed in all cities. The proportion of high-
temperature regions in Addis Abeba has decreased by 2773ha since 2010, with the spatial concentration concentrated in the city’s
northeast and southeast.Similarly, the area of low-temperature regions decreased. By contrast, middle-temperature regions had
increased (Fig. 8c and d). The distribution of high-temperature regions in Bahir Dar was concentrated on the western part of the Abay
River (Blue Nile) and spatial coverage was increased by 2168.31ha from 2010. Furthermore, the spatial pattern of low-temperature
areas was altered, with water bodies, urban forests, and greenery dominating.Furthermore, Adama (Fig. 8a) demonstrated the
expansion of high-temperature regions in all directions of the outskirts of the city and increased the evolution by 606.33ha from 2010
at the cost of the middle-temperature area. While the high-temperature regions of Hawassa were relatively stable in the past two
decades and were spatially concentrated in the northern part of the city, In general, the spatial and temporal evolution rates of LST in
the selected cities varied from city to city during the 1990s-2020, and the rate and coverage were higher in Addis Ababa and Adama
(Fig. 8a—d).

3.3. Influencing feature factors on LST dynamics

The Pearson correlation analysis between LST and inducing factors (p < 0.05) is presented in Table 4. The finding shows that LST
had a positive correlation with NDBI and substantially contributed to the heating effect. Furthermore, Hawassa revealed the highest
correlation coefficient of 0.85 in 1990, followed by Addis Ababa and Adama, showing a strong correlation coefficient of 0.73 in 2010
and 2000, respectively. While Addis Ababa, Adama, and Bahir Dar found moderate correlation coefficients of LST with NDBI of 0.55,
0.48, and 0.67 in 2020, respectively. In contrast, all cities exhibited a low to moderate negative correlation between LST and MNDWI
(0.16-0.60) in the past three decades. The MNDWI and LST had a moderate negative correlation in Hawassa (0.50-0.55) and Bahir Dar
(0.43-0.54), but the weakest correlation was found in Addis Abeba, ranging from 0.13 to 0.33 during the study period. Furthermore,
negative moderated correlations were detected between LST and NDVI with a range of 0.29 to 0.64 in all cities. Conversely, the
relationship between LST and geographical location and population density factors varied among cities through the time change. In
1990, LST was positively correlated with longitude factors in Adama and Hawassa but negatively correlated with longitude in Bahir
Dar and Addis Abeba (p < 0.05). Hence, cities are found in different climate regions. Besides, Addis Ababa showed moderated negative
correlations between LST and altitude, with correlation coefficients being 0.58 and 0.46 in 1990 and 2020, respectively. While LST in
Bahir Dar shows the lowest negative significant correlation (0.21) with altitude in 1990, Adama and Addis Ababa were positively
correlated to population density in 1990, 2010, and 2020, respectively (Table 4).
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Fig. 8. Spatial distribution of LST in 1990, 2000, 2010, and 2020 for (a) Adama, (b) Bahir Dar, (c) Hawassa, and (d) Addis Ababa.

Table 4

Correlation coefficient between LST and influencing factors per years.
City/year X1 X2 X3 X4 X5 X6 X7
Hawassa
1990 0.31 0.13 -0.30 0.00 0.85 —0.55 —0.59
2000 0.22 0.33 0.21 0.00 0.80 —0.52 —0.50
2010 0.32 0.11 0.21 —0.21 0.84 —0.50 —0.54
2020 0.20 0.12 0.10 -0.11 0.56 —0.50 —0.42
Addis Ababa
1990 —-0.12 —0.55 —0.58 —0.21 0.61 —0.16 —0.59
2000 -0.11 0.21 0.31 0.00 0.65 —-0.13 —0.63
2010 —0.21 0.00 —-0.23 0.00 0.73 —0.30 —0.64
2020 0.20 0.00 —0.46 0.41 0.55 -0.33 —0.44
Bahir Dar
1990 -0.13 —0.18 —0.21 0.13 0.62 —0.44 —0.26
2000 —0.06 —0.25 0.00 0.02 0.67 —0.46 —0.34
2010 —0.06 -0.17 0.11 0.02 0.62 —0.43 —0.48
2020 -0.17 -0.32 0.00 0.01 0.66 —0.54 —0.41
Adama
1990 -0.19 0.48 —0.22 0.11 0.62 —0.40 —0.54
2000 -0.15 0.34 0.17 0.21 0.73 —0.41 —0.63
2010 -0.10 0.26 0.00 0.32 0.65 —0.30 —0.46
2020 —0.04 -0.17 0.12 0.00 0.48 —0.20 -0.19

The significance of bold is that the correlation coefficients between LST and factors are higher than 0.50 X1. racitude, X2: Longitude, X3: Altitude, X4: Population

density> X5 NDBI, X6: MNDWI, X7: NDVI, X8: LST-
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3.4. Spatial correlation and dependence of LST on remote sensing indexes

3.4.1. Global bivariate Moran’s I and spatial regression models

Table 4 illustrates the global bivariate Moran’s I result are positively spatial correlations between LST and NDBI, while negatively
correlated with MNDWI and NDVI (p-values <0.001). Moreover, the rate of urban agglomeration causes an upsurge in LST and UHI
intensities. Thus, the magnitude of correlation ranged between —0.07 and 0.76, and varied with remote sensing indexes and among
cities (Table 5). A positive moderate spatial correlation was found between LST and NDBI (Moran’s I: 0.76 and 0.43 for Addis Ababa
and Adama respectively. The weakest positive correlation was observed between LST and NDBI (Moran’s I: 0.07 and 0.12) for Bahir
Dar and Hawassa respectively, in 2020. In contrast, a negative moderate spatial correlation was reported between LST and MNDWI
(Moran’s I: 0.24) for Adama, followed by that between LST and NDVI (Moran’s I: 0.38 and 0.24) for Adama and Addis Ababa,
respectively (Table 5). The weakest negative correlation was found between LST and NDVI and MNDWI (Moran’s I range with
0.10-0.16) of the selected cities.

3.4.2. Multivariate analysis of governing factors on LST dynamics

The OLS (SLM or SEM) results indicate that spatial dependence occurs in all regressions (p < 0.01), the variance inflation factor
(VIF) was <5 and there were no multicollinearity problems in the explanatory variables (Table 5). Therefore, the SEM was used for
Adama, Bahir Dar, and Hawassa cities, whereas the SLM was selected for Addis Ababa (Table 5). Moreover, OLS regression reveals that
the effect of controlling factors on LST is generally small, hence influencing variables mostly affect LST concurrently. Furthermore, in
Adama and Addis Ababa, NDBI has significantly controlled the spatial pattern of LST, and its coefficient in the OLS was 3.1 and 2.06 in
2020 respectively, followed by NDVI > MNDWI > latitudes > longitude > population density > DEM. While in Hawassa and Bahir Dar,
MNDWI was substantially controlled by LST change, and its coefficient in 2020 was 2.56 and 2.0 and followed the NDVI/NDBI >
NDBI/NDVI > latitudes > longitude > population density > DEM pattern, respectively (Table 5).

Table 6 shows that the OLS regression disparities of LST in the same city but in different years. The results revealed that the ranges
of negative coefficient values of MNDWI were the leading factors for Bahir Dar and Hawassa from 1990 to 2020 with 1.92-3.07 and
1.56-2.56, respectively. This shows that although the coefficient of MNDWI changed in different years, its influence on LST remained
significant (p < 0.01). In Bahir Dar, the coefficient of NDVI was highest in 2000; it was the lowest in 2020. Besides, in Hawassa, the
coefficient value of the NDVI was the dominant factor in 2020, while it was the lowest in 2010. The determinant factor NDBI was the
most important variable in 2020 and 2010 for Bahir Dar and Hawassa, respectively. In Addis Ababa, the principal influencing factor
was NDVI, with the ranges between 0.99 and 1.98 of regression coefficients from 1990 to 2020. Besides, NDBI was the highest
determining factor, with a value of 3.1 in 2020. In contrast, in all city development stages, the coefficient that determines the value of
NDBI was dominant in Adama, with regression coefficients ranging from 0.12 to 2.06 (Tables 4 and 5). This infers that “high or low” of
the coefficient of an inducing factor is only associated with the comparative importance of the influencing factor in the OLS regression
analysis in a specific year. Nevertheless, MNDWI, NDBI, and NDVI ranked high in all developmental stages of the years of each city in
terms of the regression coefficients, showing that the change in water content, urban pattern, surface albedo intensity, evapotrans-
piration, and heath of greenery were principally affecting the spatial-temporal distribution and magnitude of UHI (Tables 5 and 6).

The magnitude and direction of the regression coefficients of the influencing factors changed significantly during urban expansion.
However, the dominant controlling factor on LST did not change significantly. For example, NDBI was the dominant controlling factor
on LST for Addis Ababa in 1990, 2010, and 2020, and the coefficient sign was positive, demonstrating the positive effect of NDBI on
LST, i.e., LST increased with the expansion of urbanization, while in 2000 the coefficient sign was negative, demonstrating the cooling
effect of NDVI and MNDWI on LST (Table 6 and Figs. 4-5). On the other hand, MNDWI and NDVI were the dominant controlling factors
on LST for all cities from 1990 to 2020, and the sign was negative for all years except Adama in 2020 (MNDWTI), which does not
significantly affect LST dynamics (Table 6 and Figs. 4-5). Besides, the sign of the coefficients of other factors on LST changed with time
but was not significantly correlated (P < 0.05) to LST, indicating their minimal influence on LST (Table 7).

3.4.3. LST sensitivity to urban remote sensing indexes
Table 6 also shows the sensitivities of LST to remote sensing indexes resulting from OLS regressions from 1990 to 2020. These
sensitivities manifested as an increase (+) or decrease (—) in the magnitude of LST with every 0.1 upsurge in given factors, which

Table 5
Global Bivariate Moran’s I between LST and remote sensing indexes.
Variables HW AD
Moran’s I p-value z-Value Moran’s I p-value z-Value
NDBI 0.12 <0.001 3.66 0.43 <0.001 9.59
MNDWI -0.15 <0.001 —4.30 —-0.24 <0.001 1.85
NDVI —0.12 <0.001 -1.57 —0.38 <0.001 3.35
BD AA
NDBI 0.07 <0.001 5.93 0.76 <0.001 15.04
MNDWI -0.16 <0.001 -5.15 -0.10 <0.001 -9.58
NDVI —0.14 ,<0.001 -3.89 —0.24 <0.001 -13.75
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Table 6

OLS regression of LST and governing factors of cities in 2020.
City Fitting equation of OLS regression Model W_Y_LST/Lambda R?
Addis Ababa LST = —0.01%*X3-0.03*X5-0. 07*X3-0.04*X4, 3.1*X3-1.01*X3-1.24*X5 +19.35 SLM 0.34 0.49
Adama LST = 0.03*X;-0.24*X5+0.04*X3+0.03*X4+2.06*X8-0.23*X3+1.16*X5 +30.79 SEM 0.14 0.40
Hawassa LST = 0.03*X;+0.01*X5-0.04*X3-0.03*X5-0.84*X2-2.56*X3-2.40*X5+28.84 SEM 0.14 0.64
Bahir Dar LST = —0.6*X;-0.076*X5+0.6*X3+0.3*X4, 1.23*X8-2*X3-1.37*X5+32.67 SME 0.04 0.61

W_Y_LST: spatial lag termof LST equation, LAMBDA: spatial error termof LST equation, a; Statistically significant at 1% level.
Xl: Latitude, XZ: Longitude, X3: Altitude, X4: Population densitys X5: NDBI» X6: MNDWI» X7: NDVI» XS: LST-

Table 7
OLS model of LST-independent variables in different years of selected cities.
City Year Fitting equation of OLS regression SLM (W_Y_LST) R? SEM (LAMBDA) R?
BD 1990 LST = 0.18X;-0.42X5+0.07X3+0.3X4-0.17X5-1.92X5-1.58X, +28.3 0.00 0.52 0.01 0.53
2000 LST = 0.3X}-0.53X5+0. 02X3+0.03X4-0.37X5-2.88X¢-2.4X5 +31.26 0.02 0.61 0.03 0.62
2010 LST = 0.4X;-0.39X,+0.02X3+0.3X4-1.15X3-3.07Xg-2.29X5+-34.5 0.01 0.56 0.03 0.57
2020 LST = —0.6X1-0.76X5+0.6X3+0.3X4 1.23X8-2.1X8-1.37X5+32.67 0.03 0.60 0.04 0.61
HW 1990 LST = 0.06X;+0.8X5+0. 05X5-0. 05X3+0.19X3-2.05X3-2.2X5 +25.03 0.08 0.75 0.18 0.76
2000 LST = 0.03X;+0.2X5-0.03X3-0.3X4+0.9X8-1.57X§-1.45X5 -26.7 0.04 0.67 0.10 0.68
2010 LST = 0.02X;-0.01X2-0.01X3-0.04X3+1.59X3-1.56X35-1.24X5 +29.54 0.05 0.74 0.10 0.74
2020 LST = 0.03X;+0.01X2-0.04X3-0.03X%4-0.84X2-2.56X5-2.40X5+28.84 0.07 0.61 0.14 0.64
AA 1990 LST = 0.47X;-0.62%X»-0.5X3-0.4X,4,+0.17X5-0.86X5-0.99X5+26.07 —0.01 0.58 —0.01 0.59
2000 LST = —0.002X;-0.03X5+0.02X3-0.07X4-0.09X8-1.2X3-1.98X5 +29.90 0.17 0.53 0.19 0.54
2010 LST = —0.4X3+0.57X2-0.08X3+0.04X3+0.44X3-1.03Xg-1.76X5+27.65 0.21 0.61 0.22 0.60
2020 LST = —0.01X}-0.03X,-0. 07X3-0.04X3, 3.1X3-1.01X5-1.24X5 +19.35 0.34 0.49 0.33 0.48
AD 1990 LST = —0.07X;+0.63X3-+0.18X3+0.03X4+0.12X3-0.61X5-0.69X5-28.25 0.06 0.53 0.17 0.55
2000 LST = 0.01X;+0.49X3+0. 6X3+0.03X4+1.8X3-0.99X5-1.22X5-32.9 0.05 0.60 0.09 0.61
2010 LST = —0.01X;+0.45X,-0.08X3+0.03X4+0.40X3-1.56Xg-1.06X5 -29.05 0.07 0.54 0.12 0.55
2020 LST = 0.03X;-0.24X5+0.04X3+0.03X3+2.06X5-0.23X3-1.16X5 +30.79 0.13 0.39 0.14 0.40

BD: Bahir Dar, HW: Hawassa, AA: Addis Ababa, and AD: Adama.
X1: Latitude, X2: Longitude, X3: Altitude, X4: Population density> X5+ NDBI, X6: MNDWI> X7: NDVI, X8: LST-

varied with city and year. For example, in Bahir Dar, LST sensitivities to NDVI was nigativly increased from 1.37 °C to 2.40 °C; in
Hawassa, from 1.56 °C to 2.56 °C; in Addis Abeba, from 0.99 °C to 1.98 °C; and in Adama, from 0.19 °C (not significant) to 0.1.22 °C.
LST sensitivities to MNDWI ranged from —1.92 °C to-3.07 °C in Bahir Dar, —1.24 °C to-2.40 °C in Hawassa, —0.99 °C t0-1.98 °C in
Addis Abeba, and —0.19 °C to-1.22 °C in Adama between 1990 and 2020. It indicated that the small presence of water bodies had an
insignificant cooling effect in Addis Ababa and Adama cities, whereas their large presence had a strong cooling effect that could acutely
decrease LST, in addition to the offsetting effect of urban forest and greenery found in Bahir Dar and Hawassa (Table 7). In contrast, the
LST sensitivities to NDBI were the strongest in Addis Ababa (3.1 °C) in 2020, followed by Adama (2.06 °C) in 2020, Hawassa (2.16 °C)
in 2010, and Bahir Dar (1.23 °C) in 2020, while they varied with the year in each city (Table 7).

3.5. Comparison of OLS model and GWR model

The evaluation of the fitting consequence between the GWR model and the OLS model is shown in Table 8. The GWR analysis
confirmed the local impact of NDBI, MNDWI, and NDVI on the dynamics of the LST of each city. Since the analysis of GWR shows the
largest R? and the smallest AIC in the four cities, the goodness of fit of the GWR model was boosted to 0.51, 0.47, 0.66, and 0.63 for
Addis Ababa, Adama, Hawassa, and Bahir Dar cities, respectively, from the goodness of fit test fit of the OLS 0.49, 0.40, 0.64, and 0.61
in the earlier order. This means that the GWR was explained by 52% of the LST dynamics on average. While the OLS model explains

Table 8
Comparison of the fitting effect between the GWR model and OLS model (2020).
Model Fitting factors Bahir Dar Adama Addis Ababa Hawassa
GWR R-Squared 0.63 0.47 0.51 0.66
R? Adjusted 0.63 0.44 0.50 0.64
Akaike info criterion 22342.98 21291.91 22205.14 22755.16
Schwarz orientation 22024.40 21012.50 22129.20 22294.5
—2 log-likelihood: 22332.98 20954.21 22126.96 22497.57
OLS R-Squared 0.61 0.40 0.49 0.64
R? Adjusted 0.60 0.40 0.48 0.63
Akaike info criterion 22998.30 21986.50 22203.10 22768.50
Schwarz orientation 23024.40 22012.50 22229.20 22794.50
—2 log-likelihood: —11495.10 —10989.10 —11097.20 —11380.20
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48% of LST changes on average. This indicated that the GWR model could better explain LST change at the local level, as the fitting
effect for the GWR model was 4% higher than that for the OLS model. Thus, compared with the OLS model, it is reasonable and feasible
to use the GWR for analysis of remote sensing indexes and the LST change nexus.

4. Discussion
4.1. Effects of landscape changes on urban heat island intensities (UHIs)

Results showed that all the selected four major cities expanded unceasingly from 1990 to 2020. Although, the economic devel-
opment and population density rate varied substantially among them. For example, Addis Ababa is the only metropolitan in Ethiopia
and about a quarter of the urban population in Ethiopia lives in it [8,10,60]. [59] scrutinized the spatial patterns of major cities in
Ethiopia and found a similar conclusion, that is, urbanization in the major cities of Ethiopia was very rapid. Furthermore, urban
agglomerations were meaningfully interrelated with the population growth and rural to urban migration, economic growth, and
structural transformation of the major cities of Ethiopia [8,15]. According to Ref. [8]; the built-up landscape of major cities of Ethiopia
was augmented by 17,341.0 ha (32.2%), 2151.3 ha (19.6%), 2715.2 ha (12.2%), and 2599.7 ha (15.7%) for Addis Ababa, Adama,
Bahir Dar, and Hawassa, respectively over the past three periods (Figs. 3-4). Besides, the sensitivity of LST to urbanization-induced
landscape change is one of the interesting phenomena in the research era [5,14,35]. Our results also confirmed that the presence
of relationships between LST and urbanization-induced influencing factors (Table 6). For instance, in all cities the observed sensitivity
of LST to urban forest and greenery, water body change is negative [31,61,63,67], but the degree of offsetting of UHI intensity was
varied with time change across the cities. On the other hand, the manifested sensitivity of LST to urbanization-induced influencing
factors is positive and amplified with the time change across the cities. The principal source of the inconsistency of sensitivity of LST,
cities is not a simple aggregation of the independent system while it is of a combination of many complex systems and the hub of the
manifold interactions, like biogeochemical cycle and urban metabolic processes [9,11,22]. Thus, the output was revealed sensitivities
that are substantially varied from natural landscape sensitivities. In this study, for example, Hawassa and Bahir Dar have large water
bodies, while relatively low industrialization and anthropogenic actively as compared to Addis Ababa and Adama do not have large
water bodies. Conversely, analysis of the spatial relation between the LST and non-remote sensing variables may provide a tangible
indicator for the need for urban landscape resilience [3,8,10,61].

Furthermore, high-temperature zones in the cities augmented analogies with this urbanization pattern. The overall expansion of
temperature zones also was followed the cities agglomeration from an initially urbanized center to multi-direction outskirt spatial
patterns. For example, in 2020, the spatial distribution of High-temperature zones of Addis Ababa, Hawassa, Adama, and Bahir Dar
was increased by 3109ha (50%),723ha (23%), 98%ha (86%), and 2456ha (66%) from 1990 respectively and resulting in the rapid
evolution of the spatial pattern of UHIs (Fig. 5). On the other hand, the coverage and cooling intensity of urban forests and the greenery
of the thermal environment declined with the time change. In the present study, 30% of Addis Ababa, 16% of Bahir Dar, 11.38% of
Adama, and 5.55% of Hawassa urban forest and greenery were converted to built-up landscapes in the past three decades. This
scenario was also reported by other scholars [36,40,49,61,64]. In addition, unsustainable urbanization would lead to changes in the
overall urban landscape types [8,71], the disturbed balance of earth surface radiation and energy [38], influenced ecosystem services
demand and supply [1], as well composition of near-surface atmospheric water budget [28,43] and ultimately affected the spatial
pattern of urban as well as the regional thermal environment [21,22]. In this study, the increasing rate of urbanization significantly
influenced the temporal and spatial evolutions of LST.

4.2. The influences of remote sensing indexes on LST evolution

The single variable Pearson correlation coefficient of LST with the selected seven explanatory variables shows substantial varia-
tions of correlations in cities with the time changes (Table 5). NBDI, MNWDI, and NDVI are consistently affect LST (P < 0.05) [7,18,20,
57,61]. [20] showed a positive strong correlation of LST with NDBI, while NDVI indicates a negative relationship (P < 0.05) in Addis
Ababa. These finding also shows that built up landscapes in Addis Ababa substantially contributed for evolution UHI effect, whereas
urban forest and greenery could regulate the intensity of UHI effect [52]. also reported the existence of a strong correlation of NDBI
(0.89) with LST and could increase the UHI effect in cities. Thus, rapid urban agglomeration and urban landscapes change (high NDBI)
is might be upsurged sensible heat change on the ground [11,54], and anthropogenic heat emission [1,17,68] and the electric con-
sumption of the cities also influenced by LST and NDBI nexus [33] and the strength of UHI evolution [54,55].

In this study, the offsetting effect of urban forest and greenery (i.e., NDVI-LST correlation) was varied with time, for example, in
Addis Ababa (64% in 2010), followed by Adama (63% in 2000), Hawassa (59% in 1990), and Bahir Dar (48% in 2010), and the
weakest effect was observed in Adama (19% in 2020). In addition, trends of urbanization rate with the time show stronger UHI effect
on an artificial surface, the relatively the weakest the mitigating contribution from the existed urban forestry and greenery, because the
NDBI-NDVI nexus significantly (negative) influenced and reduced the heat-trapping potential of water vaouper which released form
plants via evapotranspiration. For example [56], reported the cooling intensity of vegetation in cities of chines varied with a range of
40%-60% to correlate with UHI effects of landscape dynamics. Similarly [16], reported that the substantial development of the
impervious area and UHI intensity in the peri-urban parts of Delhi was highly correlated (negatively) with the vegetation landscapes
change [14]. also reported the rapid urbanization of Lagos was significantly declined the size of the green area by converted to build up
and resulting in increased UHI through the time change. In general, this phenomenon is found due to the complexity of the urban
landscape and urbanization interaction [41,73]. Thus, LST-NDBI, and LST-NDVTI had stronger correlations in large built-up areas and
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natural landscapes respectively.

Further, this study specified that water bodies (MNDWI) could mitigate UHI intensity by 50% on average (Table 5). A moderately
significant negative correlation was found in Hawassa and Bahir Dar, even if it varied with time changes. The main reason associated
with this is the presence of Lake Hawassa and Lake Tana, which play a vital role in the decrease of LST through evapotranspiration in
Hawassa and Bahir Dar, respectively. However, the relative humidity of both cities is slightly higher than in Addis Ababa, which might
lead to an increase in moisture content in the atmosphere and warm up the air because water vapor is an efficient atmospheric
greenhouse gas (Li et al., 2017; Sheng et al., 2017; [56]. While Addis Abeba and Adama had the lowest (negative) correlation between
MNDWI and LST (Table 5), it could have a significant impact on the quality and quantity of water bodies, as well as positively
contribute to changing the thermal environment [61]. On the other hand, the correlation of LST with other influencing factors is not
always significant, and the effect also varies among cities. For example, the relationship between LST and geographical location
(latitude and longitude) shows a moderate correlation in Bahir Dar and Hawassa, both positively and negatively. While population
density and altitude variation do not contribute significantly to UHI evolution in almost all cities (Table 5), Wang et al. (2021c)
discovered that anthropogenic factors contribute slightly more to UHI than natural drivers in 16 major Chinese cities.

4.3. Spatial dependence on LST-remote sensing nexus

The interface between spatial dependence on LST varies with urbanization time, according to multivariate regression analysis on
influencing factors on LST in this study. Overall, the coefficient of OLS (spatial lag model and spatial error model) analysis might
change with time; nonetheless, the sign is constant (i.e., positive or negative effect on LST with time). In contrast, remote sensing
indexes (NDBI, MNDWI, and NDVI) became the most dominant influencing factors and significantly determined the spatial distri-
bution of UHI for each city at certain periods (Tables 5 and 6). In addition, the error coefficients (LAMBDA) in SEM for Addis Ababa,
Adama, Bahir Dar, and Hawassa cities were significantly positive at p < 0.01 in the past three decades, which means that the LST of the
cities was positively influenced by neighboring values. Although the regression coefficients of MNDWI and NDVI were negative. This
demonstrates the strong positive relationships that exist between LST and NDBI. This means that increasing urbanization has had a
significant impact on the evolution of urban heat island intensities as well as the declining offset of urban forest and greenery and water
bodies [8,9,56,61,72].

In this study, we also analyzed geographic location and elevation factors as governing features for LST changes in each city.
However, the finding is not significant in most cities (Takkanon & Chantarangul 2019), urbanization and urban agglomeration rate.
Furthermore, studies show that climate influences on UHI intensities are correlated with variations in moisture (Tran et al., 2006; Li
et al., 2021) and water body size. In the present study, the rift valley cities (i.e., Adama and Hawassa) found higher air moisture content
compared with the highland city (i.e., Addis Ababa) and showed relatively larger urban-rural differences in air moisture, resulting in
higher LST differences between urban and surrounding areas. While Addis Ababa is large in size and urbanization rate, the climate
effects are also related to urban canyon effects (Takkanon & Chantarangul 2019) and the evolution of UHI differences are higher in the
outskirts of the city. In addition, geographical location is indirectly affected by UHI intensities by regulating vegetation conditions and
surface albedo (Takkanon & Chantarangul 2019; Alexander 2021).

In this study, we also analyzed the association between LST and seven factors by using the GWR and OLS models for all cities. The
OLS model is commonly used to compute the association between LST and influencing factors [61]; Zhu et al., 2020). However, the
precision of the model will be reduced when we introduce no significant explanatory independent variables into the model [56]. Thus,
we used SLM and SEM models to optimize the fit of the regression equation. The LST was positively spatially correlated with the remote
sensing index NDBI and negatively correlated with MNDWI and NDVI as shown by bivariate Global Moran’s I. Additionally, on account
of spatial autocorrelations, SRMs (SLM and SEM) were found to be more appropriate than OLS regression for assessing the spatial
dependence of LST on NDBI, MNDWI, and NDVI. The lag coefficient (W_ESV) in SLM for Addis Ababa in 1990 was negatively sig-
nificant (p < 0.01). The error coefficients (LAMBDA) were significantly negative at p < 0.01 in SMEs for Adama, Hawassa, Bahir Dar,
and Addis Ababa in the past three decades. The spatial regression results showed that LST dependence on the remote sensing indexes is
changing slightly. Besides, in this study, we recognized a spillover (hidden) influence on the LST and remote sensing index nexus. Thus,
the LST of cities is also affected by other factors in addition to remote sensing indexes. On the other hand, the results and diagnostics of
the GWR model show that it has better predictive power than OLS and SRMs for all selected cities. In addition, the Akaike’s Information
Criterion (AIC) value, Schwarz orientation, and —2 log-likelihood, which are used to compare the efficiency of models, substantially
declined (Table 7). Overall, the GWR model generated more reliable results compared to the OLS model across all cities. This finding
indicates that local-based models provide more rationale and a realistic relationship between LST and its remote sensing indexes. Such
a finding was also supported also in earlier studies [8]; Kashki et al., 2021). Besides, GWR is used to detect higher temperature zone
where UHI mitigating strategies may need to focus on these factors.

4.4. Implications for green city resilience and future research

Our study can potentially support green city resilience in several aspects. First, the manifested sensitivities of LST to influencing
factors should guide the selection of possible offsetting mechanisms that prevent urban LST from going up spirally. Second, this study
has offered novel empirical evidence and applied pieces of analysis that enable comparison among cities to identify UHI changes in the
most rapidly accelerating cities. Third, using compared OLS and SRMs, this study investigates the effect of multiple factors on HUL
magnitude and spatial dependence. As a result, if the findings of this study are used elsewhere, they will fill some gaps in current
scientific studies. Despite these implications, this research has some limitations: Firstly, the remaining spillover influencing factors
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need also to be studied deeply (i.e., urban size and traffic flow). Second, we used medium-resolution imagery for LULC classes, but
high-resolution imagery should be used for a more detailed classification of LULC and a better understanding of the drivers’ factors-
UHI nexus.

5. Conclusions

Urbanization and climate change phenomena point to a dire need to know which factors alter land surface temperature, thus, we
might establish mitigation measures to sustain environmental comfort and ultimately improve the quality of life in cities. The present
study describes the dynamics of urban green space and LST over 30 years (from 1990 to 2020) in the major cities of Ethiopia. Our goal
was to assess how these dynamic nexuses, along with MNDWI, NDVI, NDBI, and major urbanization factors, influenced LST intensity
and UGS cooling intensity deterioration. The study area, during the period specified, underwent increases in the mean values of the
NDBI and UHI intensity, while also showing reductions in the mean values of NDVI and MNDWI. The urban ecosystem dynamics reflect
substantial increases in built-up coverage, accompanied by decreases in water bodies, urban green space, forest, and urban agriculture
coverage. Besides, the spatial distribution of UHI intensity is wide-ranging among cities and In 1990, the high-temperature zone was
the epicenter of urban core areas. In contrast, by 2020, high-temperature regions on the outskirts of each city would have been
aggravated. The dominant governing factors in each city change over time and affect LST intensity significantly. According to the
spatial regression model equation of LST, the coefficient values of the principal governing factors were changed. Additionally, on
account of spatial autocorrelation, SRMs were found to be more appropriate than OLS regression for assessing the spatial dependence
of LST on remote sensing indexes. Thus, the findings can have practical (political) implications for cities’ urban green space and forest
management. The mapping, identification, and geostatistical analysis of UGS and LST vulnerable to urban heat effects can be useful for
improving the assessment of the cities’ UGS states (the quality of their ecosystem services), indicating where adapting greening
practices and planting tree species can promote urban green space and forest resilience to the effects of LST.
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