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Introduction: Rapid urbanization alters Land Use Land Cover (LULC) patterns,
affecting Land Surface Temperature (LST) and intensifying the Urban Heat Island
(UHI) effect. However, few studies have examined the long-term thermal impacts
of urban expansion, particularly pre- and post-capital designation effects in
rapidly growing cities like Bahir Dar, Ethiopia.

Methods: This study analyzes LULC changes and LST dynamics from 1984 to
2024 using remote sensing and geospatial techniques. Supervised classification
with themaximum likelihood algorithmwas applied to Landsat imagery to classify
LULC into five categories. LST was retrieved from thermal infrared bands and
analyzed with the normalized difference vegetation index (NDVI), built-up index
(NDBI), andmodified normalized difference water index (MNDWI) to assess urban
heat variations.

Results: The findings reveal a 366% expansion of built-up areas, along with a
26.8% decline in agricultural land and a 34.2% decrease in wetlands. Before 1994,
vegetation andwetlandsmoderated LST, with an LST-NDVI correlation of −0.069
(1984), which weakened to −0.0549 (2024). The LST-MNDWI correlation
dropped from −0.1409 to −0.0588, while LST-NDBI shifted from 0.0831
to 0.0235.

Discussion: These results highlight the need for climate-sensitive urban planning.
Expanding green infrastructure, restoring wetlands, and adopting climate-
adaptive policies are crucial for managing UHI effects in rapidly urbanizing
cities. This study offers insights for policymakers and urban planners to
enhance climate resilience in Bahir Dar and similar cities.
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1 Introduction

In the time of rapid urban development, the world has witnessed a record trend of
urbanization. Globally over half the population is urban and projected nearly 70% by
2050 largely driven by developing countries (Dodman et al., 2022; UNECA, 2022). Africa
exemplifies this as its population is projected to double by 2050 adding 950 million urban
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inhabitants (Brenner, 2013; UNECA, 2018). Ethiopia has rapid
urbanization rates between 4.1% (CSA, 2018) and 5.4% (World
Bank, 2015). Urban population increased from 9.1% to 22.7% over
the last 5 decades (World Data Atlas, 2022), with projections
reaching 42% by 2050 (Tessema, 2017). These rapid urban
growth trends and the resulting land cover changes in developing
nations transform rural landscapes into urban areas (Eshetie, 2024;
Kindu et al., 2020).

The 2030 projected doubling of global urban land underscores
the importance of understanding LULC changes for effective urban
planning (Seto et al., 2012). Land use reflects human modifications
to the land, while land cover refers to its physical features (Foley
et al., 2005). Remote sensing techniques have proven invaluable for
tracking LULC transformations in developing cities (Din and Mak,
2021; Saleem et al., 2024), particularly in the absence of consistent
in-situ monitoring. These approaches facilitate the assessment of
urban sprawl, vegetation loss, and surface temperature variations, all
of which impact urban resilience and sustainability.

Urbanization drives LULC changes, replacing vegetation with
artificial surfaces, which increases LSTs and intensifies the UHI
effect (Balew and Korme, 2020; Fan and Wang, 2020). This UHI
effect, characterized by higher urban temperatures compared to
rural areas, negatively impacts residents’wellbeing (Mekonnen et al.,
2023; Simwanda et al., 2019). For instance, Saleem et al. (2024)
found a strong inverse correlation between NDVI and LST,
reinforcing the critical role of green spaces in mitigating urban
heat islands. Similarly, Din andMak (2021) demonstrated that built-
up expansion in Hyderabad significantly contributed to land
degradation and temperature anomalies.

LST, a critical indicator of surface energy balance, varies with
land characteristics and significantly affects climate, air quality, and
public health (Meng et al., 2022; Shreevastava et al., 2019). Analyzing
LULC and LST changes is thus essential for understanding urban
climate impacts, informing sustainable planning, and enhancing
urban liveability. Since becoming the regional capital in 1994, Bahir
Dar’s population has increased from 54,766 in 1984 to nearly
500,000 by 2020 and is projected to reach 4 million by 2063
(Bahir Dar City Structural Plan Preparation Project Office, 2020;
CSA, 1995). This has led to rapid expansion which is transforming
Bahir Dar’s LULC, increasing LST and intensifying the UHI (Wubie
et al., 2020), thus highlighting the need for adaptive urban planning.

Unlike studies in other Ethiopian cities such as Addis Ababa
(Balew and Semaw, 2022), Nekemte and Jimma (Dibaba, 2023), or
Jimma alone (Moisa et al., 2022), this study addresses Bahir Dar’s
unique environmental context near Lake Tana and the Abay River.
Prior LST studies in the city often observed limited indices such as
Debebe and Miteku (2023) used the NDVI but overlooked NDBI.
Similarly, Balew and Korme (2020) and Getu and Bhat (2024)
included NDVI and NDBI but overlooked water/wetland-related
indices like the NDWI critical for assessing thermal effects of water/
wetlands (Mohiuddin and Mund, 2024).

This study adopts a holistic approach by linking LST to indices
measuring vegetation (NDVI), built-up areas (NDBI), and water/
wetland characteristics. Higher NDVI values reflect denser
vegetation, while elevated NDBI values signal urban growth
(Arulbalaji and Gurugnanam, 2014). Instead of the standard
NDWI, the modified NDWI (MNDWI) as proposed by Xu
(2008) is used for better accuracy in assessing impacts of LULC

on water/wetland and LST. This comprehensive focus fills critical
gaps in prior LST studies of Bahir Dar’s unique urban environment.
Additionally, studies such as Ibrahim et al. (2020) have emphasized
the role of land use dynamics in shaping economic and social
transformations in emerging cities. Their findings align with the
patterns observed in Bahir Dar, where the interplay of rapid
urbanization, policy changes, and infrastructural development
continues to reshape the city’s landscape. Integrating these
perspectives strengthens the relevance of this study within the
broader discourse on LULC transformations in rapidly
developing cities.

Uniquely, this study investigates the impact of Bahir Dar’s
capital designation on LULC and LST changes by comparing
before and after capital status. It explores how the city’s regional
capital status affects LULC and LST. This has relevance for
policymakers since there are growing demands for new
regional administrations in Ethiopia. Sidama Region,
Southwestern Ethiopia Peoples Region and Central Ethiopia
Region with capital were new regions created after 2018
(Ethiopia Peace Observatory, 2024). The study does not
position itself on the formation of new regions but recognizes
the need to remain sensitive to the following environmental
implications. Additionally, it includes the often omitted
2002–2008 period by applying destripping techniques to poor
Landsat 7 ETM + data. Using remote sensing data, the study
covers Bahir Dar’s transformation from 1984 to 2024, filling a
key gap in the literature and offering insights for sustainable
urban planning, resilience, and climate change mitigation.

2 Materials and methods

2.1 Study area description

Bahir Dar has its history dating back to the 14th century with the
establishment of St Kidane Miheret Church (Appelhans, 2017). It
was thus named due to its location close to Lake Tana and Blue Nile.
Urbanization started during Italian occupation (1936–1941) and
accelerated during the post-liberation (1941–1974) (Seyoum, 2014).
The city was declared ANRS capital in 1994 (Haregeweyn et al.,
2012). The city is famous for tourist destinations such as Blue Nile
Falls and Lake Tana Monasteries, and it has been a UNESCO site of
biodiversity since 2015 (Stave et al., 2017). The city’s area is around
230 km2, latitudes 11° 25′11″to 11° 58′11″N and longitudes 37°

2′2″to 37° 42′4″E (Figure 1). It is 567 km away from Addis Ababa. It
lies between 1,708 and 2,007 m above sea level. It is flat but has very
steep slopes by the River Abay.

The climate of Bahir Dar features remarkable variability, with
daytime temperatures varying from very cold months in January
(18.48°C) and February (20.44°C) to very hot months in March
(21.83°C) and April (22.06°C) while peaking at 28.55°C. Rainfall is
more seasonal and peaks from around June to August with more
than 400 mm of rainfall per month, while the rest of the year is
frequently dry and proves detrimental to agriculture. The economic
activities of horticulture, agro-industrial processing, and tourism,
under the aegis of attractions like Lake Tana and the Blue Nile,
promote the development of the city (Seyoum, 2014;
UNESCO, 2015).
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2.2 Data sources and collection tools

For the span of 40 years between 1984 and 2024, Landsat images
obtained from the USGS Earth Explorer database were used to track the
changes in land use/land cover (LULC) and the consequent Land
Surface Temperature (LST) effects. Landsat images were chosen in
consideration of their wide spatial coverage, a resolution of 30 m, and
ease of accessibility (Khun et al., 2021; Nayak, 2021). Landsat 5 TM,
Landsat 7 ETM+, and Landsat 8 OLI/TIRS images of 1984, 1994, 2004,
2014, and 2024 were selected for their quality and consistency (Table 1),
with 10-year intervals based on established LULC analysis practices
(Debebe and Miteku, 2023; Gazi et al., 2021; Moisa et al., 2022).

Preprocessing steps included layer stacking, subsetting,
geometric/radiometric correction, and projection onto UTM

Zone 37 N (WGS84) were done and images (path 170, row
052) were acquired during the dry season to minimize
seasonal variations (Alemayehu et al., 2023; Nega and Balew,
2022). Key indices of NDVI, NDBI, and MNDWI quantified
urban expansion and LULC impacts on LST. Demographic data
were obtained from CSA, Bahir Dar Revenue Office, and
Structural Plan Preparation Project Office, providing context
on urbanization pressures. Topographic maps, aerial photos,
and GPS-enhanced high-resolution images supported LULC
classifications and spatial accuracy. This integrated dataset
captures Bahir Dar’s transformation from 1984 to 2024,
addressing research gaps through advanced indices and
offering insights for sustainable urban planning and climate
adaptation.

FIGURE 1
Study area map.

TABLE 1 Satellite data and bands for LULC and LST analysis.

Year Satellite and sensor Date Bands for Wavelength (micrometres) LULC/LST

LULC LST

1984 Landsat 5 TM December 31 1–5 6 0.45–2.35/10.40–12.50 (TM)

1994 Landsat 5 TM January 25 1–5 6 0.45–2.35/10.40–12.50 (TM)

2004 Landsat 7 ETM+ February 14 1–5, 7 6 0.45–2.35/10.40–12.50 (ETM+)

2014 Landsat 8 OLI/TIRS February 1 2–7 10 0.45–2.35/10.6–11.2 (OLI)

2024 Landsat 8 OLI/TIRS January 12 2–7 10 0.45–2.35/10.6–11.2 (OLI)

Frontiers in Environmental Science frontiersin.org03

Melese et al. 10.3389/fenvs.2025.1569636

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1569636


2.3 Methods of data analysis

2.3.1 LULC change analysis
This study employed a supervised image classification approach

using the maximum likelihood classifier (MLC) to accurately identify
andmap land cover classes over time. TheMLCmethodwas chosen due
to its statistical robustness in minimizing classification errors by
considering class covariance matrices and mean vectors (Teshome
et al., 2022; Yesuph and Dagnew, 2019). Five major LULC categories
were identified: water bodies, wetlands, vegetation, agricultural land, and
built-up areas (Table 2).

To ensure high classification accuracy, training samples for each land
cover class were selected based on prior knowledge, visual interpretation

of satellite images, and reference data where available. The classification
process was further refined through post-classification corrections,
including manual editing and the use of ancillary data such as Google
Earth imagery. The accuracy of the classification results was assessed using
confusion matrices, overall accuracy, producer’s accuracy, and user’s
accuracy, along with kappa statistics to evaluate classification reliability.

To detect and quantify LULC changes, change detection analysis
was performed by comparing classified images fromdifferent years. This
enabled the identification of spatial and temporal trends in land cover
transformation. The impact of urban expansion on LST was examined
using correlation analysis with the NDVI, NDBI, andMNDWI to assess
relationships between LULC changes and surface temperature
variations (Figure 2).

TABLE 2 LULC change categories and their descriptions.

LU classes Descriptions

Waterbody Refers to river and stream courses, lakes, ponds and open water in the wetland

Wetland Areas consisted of papyrus and phragmites, Swampy areas, meadows, either seasonal or permanent waterlogged

Vegetation Forest, Grassland, shrubland, woodland, Reperian vegetation, and plantation

Agricultural land Cropland, fallow land, Pastureland, and bare land

Built-Up Areas with all types of artificial surfaces including Built-up, asphalt and concrete roads, parking lots and industrial zones

Source: (Alemayehu et al., 2023; Assefa et al., 2022; Balew and Korme, 2020; Fitawok et al., 2020).

FIGURE 2
Methodological flow chart of the study.
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The spatial and image analyses, including classification and
change detection, were conducted using ArcGIS 10.8 and ERDAS
Imagine 2015, while statistical analysis and data visualization were
performed using SPSS 20 andMicrosoft Excel. These tools facilitated
the interpretation of land cover transitions and their effects on the
thermal landscape of Bahir Dar City.

2.3.2 LST retrieval
LST data were extracted from Landsat thermal bands by

converting digital numbers into temperature values. Thermal
band 10 (Landsat 8) and band 6 (Landsat five and 7) were used
(Table 1). LST calculation followed methods by Dibaba (2023),
Hassan et al. (2021), Alemayehu et al. (2023), and Debebe and
Miteku (2023).

Step I: Conversion of Digital Numbers into Radiance
The first step in LST determination converts digital

numbers into at-sensor radiance to calculate brightness
temperature for Landsat five and seven images via Equation
1. The digital numbers for TM and ETM + images typically
range from 0–255.

Lλ � LMAXλ − LMINλ

QCALMAX − QCALMIN
× QCAL − QCALMIN( )

+ LMINλ (1)
where:

Lλ = Spectral radiance received by the sensor (W/(m2 × sr × μm))
QCAL = the quantized calibrated pixel value in the DN
LMINλ = the spectral radiance that is scaled to QCALMIN (W/
(m2 × sr × μm)).
LMAXλ = the spectral radiance that is scaled to QCALMAX
(W/(m2 × sr × μm)).
QCALMIN = the minimum quantized calibrated pixel value
(corresponding to LMINλ in DN), which is 1
QCALMAX = the maximum quantized calibrated pixel value
(corresponding to LMAXλ) at DN = 255.

For Landsat 8, to calculate the ratio of the digital number to
radiance, the TIRS of band 10 was converted to spectral radiance via
Equation 2.

Lλ � ML × QCaL( ) + AL (2)
where.

Lλ = the top of atmosphere (TOA) spectral radiance (Wm -
2 sr −1 μm -1)
ML = the band-specific multiplicative rescaling factor from the
metadata (radiance multiband x, where x is the band number)
AL = the band-specific additive rescaling factor from the
metadata (radiance–addband x, where x is the band
number); and
QCaL = quantized and calibrated standard product
pixel values (DN).

Step II: Convert to brightness temperature
The mono-window algorithm calculated LST using land surface

emissivity, atmospheric transmissivity, brightness temperature, and

average atmospheric temperature (Qin et al., 2001). Band 6 TM and
ETM + values were adjusted from spectral radiance to temperature
using the Planck function (Chander et al., 2009), Equation 3.

T � K2

ln k1
Lλ + 1( ) (3)

where.

T is the effective satellite temperature in Kelvin,
K2 is the calibration constant 2,
K1 is the calibration constant 1,
Lλ is the spectral radiance in watts/(meter squared × ster × μm).
ln: the natural logarithm

It uses the brightness temperatures of band 10 of Landsat eight
to compute the mean land surface emissivity and then estimates the
LST. The mean value of the land surface emissivity (LSE) of the
thermal infrared (TIR) bands is given by Equation 4.

BT � K2

ln k1
Lλ + 1( ) (4)

where.
BT is the effective at-sensor brightness temperature (K),
K2 is the calibration constant 2 (K),
K1 is the calibration constant 1 (W/(m2 × sr × μm)).
Lλ is the spectral radiance at the sensor aperture (W/(m2 ×
sr × μm)), and
ln: the natural logarithm.

Step III: land surface emissivity estimation
The emissivity is calculated via Equation 5.

ε � 0.004 × Pv + 0.986 (5)
where Pv is the vegetation proportion acquired according to
Equation 6.

Pv � NDVI − NDVImin
NDVImax + NDVImin
[ ]

2

(6)

The computed LST is corrected for emissivity via Equation 7.

LST � TB

1 + Lλ TB
P( )Inε (7)

where.
LST = the land surface temperature (in Kelvin),
TB = the radiant surface temperature (in Kelvin), and.
λ = the wavelength of the emitted radiance (10.8 μm).

P � h p
c

σ 1.438 × 10−2 mK( )

h = Planck’s constant (6.26 × 10−34 J s),
c = the velocity of light (2.998 × 108 m/s),
σ = Stefan Boltzmann’s constant (1.38 × 10−23 J K−1), and
ε = the land surface emissivity.

Finally, 273.15 was subtracted from the Landsat TM, ETM+, and
OLI/TIRS LST measurements for conversion to degrees Celsius
Equation 8.
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°C � K − 273.15 (8)
where °C is the LST in degrees Celsius and K is the LST in Kelvin.

2.3.3 Estimation of the NDVI, NDBI and MNDWI
The NDVI was calculated using red and near-infrared bands

from Landsat 5, 7, and 8 (Levin, 2000). Specifically, bands three
and four for Landsat five and 7, and bands four and five for
Landsat 8. Low red reflectance indicates stressed vegetation,
while high NIR reflectance shows healthy vegetation (Nega
and Balew, 2022; Pandey et al., 2024a). NDVI reduces LST
and mitigates UHIs (Mekonnen et al., 2023), calculated using
via Equation 9.

NDVI � NIR − Red
NIR + Red

(9)

Gazi et al. (2021) suggested that Landsat five and seven
multispectral bands be computed from bands four and five
and that Landsat eight multispectral bands from bands 5 and
6 be computed to calculate the NDBI. Isioye et al. (2020)
described this method as achieving 92% accuracy in mapping
densely populated areas. The NDBI is calculated via
Equation 10.

NDBI � MIR − NIR
MIR + NIR

(10)

where NDBI is the normalized difference built-up index, MIR is the
middle infrared, and NIR is the near-infrared.

In addition, the MNDWI is calculated to more accurately
identify and monitor water bodies and wetlands, which are key
in moderating local temperatures and influencing LST (Xu, 2008).
The MNDWI uses the green and shortwave infrared (SWIR) bands
of Landsat imagery, specifically bands two and five for Landsat five
and seven and bands three and six for Landsat 8. The MNDWI is
calculated via Equation 11.

MNDWI � Green − SWIR( )
Green + SWIR( ) (11)

where MNDWI is the modified normalized difference water index,
Green represents the green band, and SWIR is the shortwave
infrared band. These indices (NDVI, NDBI and MNDWI)
provide a more refined analysis of vegetation, urban and
wetland/water body features, which are essential for accurately
assessing LST variations.

2.3.4 Correlation analysis
Correlation analysis quantified the relationships between LST

and NDVI, NDBI, and MNDWI using Equation 12.

LST � β0 + β1 NDVI( ) + β2 NDBI( ) + β3 MNDWI( ) +  (12)

Here, LST represents land surface temperature (dependent
variable), while NDVI, NDBI, and MNDWI (independent
variables) denote vegetation cover, built-up areas, and water
bodies/wetlands, respectively. β0 is the intercept, β1, β2, and β3
are the coefficients, and ϵ is the error term. This model
highlights how NDVI, NDBI, and MNDWI variations influence
LST, offering insights into the environmental effects of urban
expansion and changes in vegetation and water bodies.

2.3.5 Accuracy assessment
An accuracy assessment was conducted to evaluate the

precision of the classified land cover maps and LST retrievals.
This assessment involved comparing the classified images with
ground truth data or higher-resolution imagery to determine
classification accuracy and error rates. The ground truth data
were obtained through Google Earth, field visits, and historical
records. High-resolution Google Earth images, Bahir Dar city
master plans, and aerial photos served as reference data for
land-use classification during the accuracy assessment of the
supervised classification. To quantify classification accuracy,
statistical metrics including user accuracy, producer accuracy,
overall accuracy, and kappa statistics were employed. These
metrics provide a comprehensive evaluation of classification
reliability and agreement with reference data.

3 Results and discussion

3.1 Land use land cover (LULC) changes and
urban expansion

LULC maps for Bahir Dar city were created for 1984, 1994, 2004,
2014, and 2024. Map accuracy was assessed using user accuracy,
producer accuracy, overall accuracy, and kappa statistics, reflecting
classification reliability. Overall accuracies were 88.32%, 89.67%,
91.15%, 92.58%, and 93.76%, with kappa values of 0.87, 0.89, 0.91,
0.92, and 0.94, indicating strong reliability (Foody, 2020). The 40-year
analysis revealed substantial LULC changes, especially after Bahir Dar
became the ANRS capital in 1994 (Figure 3). Urbanization, economic
growth, and population increases replaced natural and agricultural
areas with built-up surfaces, consistent with global urbanization
trends in developing regions (Nato et al., 2023).

The area of water bodies in Bahir Dar showed a declining trend
over the study period. In 1984, water bodies covered 2.71%, decreasing
to 2.70% in 1994, 2.66% in 2004, 2.63% in 2014, and 2.29% in 2024
(Table 3). These changes reflect urban encroachment, sedimentation,
and partial drying due to land use changes and urban pressures linked
to Bahir Dar’s growth as the regional capital. Similar trends are
observed in cities like Addis Ababa and Kampala, where informal
settlements and urban sprawl have reduced water body coverage
(Birhanu et al., 2023; Richmond et al., 2018).

Wetland areas expanded from 5.60% in 1984 to 6.20% in 1994,
likely due to improved management or natural hydrological changes.
However, they declined to 6.07% in 2004, 4.19% in 2014, and 3.68% in
2024, reflecting urban development pressures, especially after 1994, as
wetlands were converted into residential, agricultural, or industrial
zones. This degradation, consistent with findings in Nairobi (Guto,
2021), compromises critical ecosystem services like flood regulation,
biodiversity, and water filtration, raising concerns about urban
resilience. Wetlands, often termed “nature’s kidneys,” play a vital
role in maintaining ecological balance.

Vegetation declined from 13.39% in 1984 to 11.51% in 2024,
with a decrease to 10.78% by 2004, slight recovery to 10.79% in 2014,
and modest growth by 2024, possibly due to localized conservation
efforts. The long-term decline reflects urban expansion pressures,
similar to patterns in Lagos and Kigali, where urban growth led to
deforestation and shrinking green spaces (Adegun, 2017; Xueqin
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et al., 2022). Alves and Lopes (2017) noted that vegetation loss
exacerbates the UHI effect by reducing shade and
evapotranspiration, intensifying urban temperature increases.

Agricultural land, the dominant land use, declined from 71.87%
in 1984 to 52.60% in 2024, reflecting urban sprawl and shifting land
use priorities. The conversion of farmland into residential and
commercial areas impacts food security, rural livelihoods, and

hydrological cycles, similar to trends observed in Lagos, Nigeria,
and Harar, Ethiopia (Dekolo et al., 2015; Worseme, 2004). Built-up
areas expanded significantly from 6.43% in 1984 to 29.92% in 2024, a
366% increase, driven by Bahir Dar’s urban growth and regional
capital status post-1994. Similar trends are seen in cities like
Hawassa, where administrative importance accelerates
urbanization (Molla et al., 2024). This growth impacts the

FIGURE 3
LULC maps for the years 1984, 1994, 2004, 2014, and 2024 of Bahir Dar city.

TABLE 3 LULC distributions and corresponding areas.

LULC types
Year

1984 1994 2004 2014 2024

Area (km2) % Area (km2) % Area (km2) % Area (km2) % Area (km2) %

Waterbody 6.16 2.71 6.14 2.70 6.05 2.66 5.98 2.63 5.21 2.29

Wetlands 12.73 5.60 14.08 6.20 13.80 6.07 9.52 4.19 8.36 3.68

Vegetations 30.44 13.39 28.86 12.70 24.50 10.78 24.51 10.79 26.16 11.51

Agricultural Land 163.31 71.87 157.19 69.17 141.33 62.19 133.01 58.53 119.52 52.60

Built_Up 14.60 6.43 20.97 9.23 41.57 18.29 54.23 23.86 67.99 29.92

Total 227.24 100 227.24 100 227.24 100 227.24 100 227.24 100
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environment, increasing runoff, reducing groundwater recharge,
and intensifying UHI effects.

3.1.1 Comparisons of pre- and postcapital status
(1984–1994 vs. 1994–2024)

During the precapital period (1984–1994), LULC patterns were
relatively stable due to slower urbanization and modest population
growth, with population increasing from 54,766 in 1984 to 96,140 in
1994 (CSA, 1984; 1995). Wetlands increased from 5.60% to 6.20%,
built-up areas grew from 6.43% to 9.23%, and agricultural land
slightly decreased from 71.87% to 69.17%. Water bodies and
vegetation showed minimal declines, from 2.71% to 2.70% and
13.39%–12.70%, respectively, reflecting limited land conversion.
In the postcapital period (1994–2024), rapid urbanization and
population growth, i.e., from 96,140 in 1994 to ~500,000 by 2020
(Bahir Dar City Structural Plan Preparation Project Office, 2020)
drove significant LULC changes. Built-up areas surged from 9.23%
to 29.92% (+224%), while agricultural land declined from 69.17% to
52.60%. Wetlands shrank from 6.20% to 3.68%, water bodies from
2.70% to 2.29%, and vegetation from 12.70% to 11.51%, reflecting
the loss of natural landscapes to urban expansion (Figure 3).

The rapid urbanization during the postcapital period mirrors
trends in other administrative capitals, like Dodoma, Tanzania, where
urban growth reshaped land use (Miringay et al., 2024). This
underscores the need for sustainable urban planning in Bahir Dar.
Strategies like wetland protection, green space restoration, and
climate-sensitive urban design are vital to mitigate UHI effects and
preserve ecological functions. Cities like Curitiba, Brazil, demonstrate
how integrated planning can balance development with conservation
(Corbella et al., 2011; Rabinovitch, 1992). Proactive policies
prioritizing resilience, inclusiveness, and sustainability are essential
for Bahir Dar’s ecological and urban future.

3.2 Land surface temperature (LST) trends in
Bahir Dar city (1984–2024)

Over 4 decades, Bahir Dar’s LST showed a significant rise in mean
and maximum temperatures, driven by urbanization and land use
changes. In 1984, the mean LST was 28.22°C, with a maximum of
35.25°C (Table 4), reflecting moderate thermal conditions due to
dominant vegetated and agricultural land. By 1994, the mean LST
rose to 28.81°C, with a maximum of 36.44°C, coinciding with Bahir
Dar’s designation as the regional capital. This marked the start of
infrastructure development, including roads, government offices, and
housing (Figure 4). Similar trends are seen globally, such as in Kali,
Rwanda, where early urbanization phases led to a 2°C rise in surface
temperatures due to infrastructure expansion (Safari et al., 2024).

Between 1994 and 2004, the mean LST rose sharply to 31.08°C,
with a maximum of 39.56°C, marking a 2.27°C increase. Similar
trends occurred in Accra, Ghana, where rapid urbanization replaced
vegetation with impervious surfaces, driving temperature rises
(Addae and Oppelt, 2019). These patterns highlight
urbanization’s universal impact on surface temperatures,
especially in Sub-Saharan Africa, where urban planning often
lags behind development. Sustainable planning and green space
integration are crucial to mitigate temperature increases from land-
use changes.T
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By 2014, the mean LST increased slightly to 31.87°C, with the
maximum temperature decreasing marginally to 38.62°C, likely due
to small-scale greening efforts. However, these were insufficient to
counteract urban heat effects, as seen in Addis Ababa (Terfa et al.,
2020). By 2024, the mean LST decreased to 29.22°C, suggesting
urban planning or green space improvements, but the maximum
temperature reached 40.28°C, highlighting persistent extreme heat.
This mirrors trends in cities like Lagos, where greening alleviated
some heat but could not reduce peak temperatures due to
impervious surfaces (Adelekan, 2020). These findings suggest that
while greening can mitigate average temperatures, the broader
challenge of managing extreme urban heat remains.

3.2.1 Contrasting pre- and postcapital
status periods

The thermal environment of Bahir Dar city changed
significantly over 40 years, influenced by urbanization and LST
dynamics. During the precapital period (1984–1994), the mean LST
rose modestly from 28.22°C to 28.81°C (+0.59°C), reflecting the
cooling effects of dominant natural landscapes like agriculture,
vegetation, and wetlands. The minimum temperature slightly
decreased from 17.93°C to 17.02°C, while the maximum LST
increased moderately from 35.25°C to 36.44°C, indicating

localized heat intensification. The LST standard deviation grew
from 2.55°C to 2.86°C, suggesting increasing thermal variability
as urban expansion began affecting land cover.

During the postcapital period (1994–2024), the mean LST rose
significantly from 28.81°C to 31.87°C in 2014, before dropping
slightly to 29.22°C in 2024, averaging a 0.41°C rise per decade.
This increase aligns with built-up areas expanding from 20.97 km2

(9.23%) in 1994 to 67.99 km2 (29.92%) in 2024. The maximum LST
surged to 40.28°C in 2024, driven by impervious surfaces, while the
minimum LST fluctuated, peaking at 19.88°C in 2014 and declining
to 19.07°C in 2024. Thermal variability (SD) peaked at 3.56°C in
2004 due to rapid land use changes but declined to 3.28°C by 2024,
reflecting reduced variability as urbanization homogenized the
thermal landscape. The postcapital LST surge aligns with studies
in rapidly urbanizing cities like Mekelle, Ethiopia, and Hyderabad,
India, where urban growth has driven surface temperature increases
due to impervious surfaces and vegetation loss (Suthar et al., 2024;
Tesfamariam et al., 2023). This highlights urbanization’s role in
amplifying the UHI effect, affecting liveability, energy demand, and
ecosystems.

The findings highlight the urgent need for climate-sensitive urban
planning in Bahir Dar. Strategies such as green infrastructure, wetland
restoration, increased vegetation, and energy-efficient building

FIGURE 4
LST maps for the years 1984, 1994, 2004, 2014 and 2024 of Bahir Dar city.
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designs can mitigate the UHI effect. As Zhao et al. (2014) suggested,
prioritizing green corridors and adaptive measures enhances urban
resilience. The slight mean LST decrease from 2014 to 2024 suggests
potential for effective mitigation strategies. These results contribute to
understanding urban climate dynamics in Sub-Saharan Africa, where
rapid, unplanned urbanization is common (Saghir and Santoro,
2018). Lessons from Bahir Dar stress the importance of balancing
urban growth with environmental sustainability, offering insights for
other emerging cities.

3.2.2 Analysis of LST by land use class (1984–2024)
The LST analysis for Bahir Dar (1984–2024) reveals

significant warming, driven by urbanization and land
conversion. The UHI effect has intensified as built-up areas
expand, degrading natural covers like vegetation, wetlands,
and water bodies. Water bodies, typically cooling features, saw
LST rise from 19.5°C in 1984°C to 22.0°C in 2024 (Table 4). This
modest but concerning increase reflects urbanization’s impact on
their microclimate-regulating role. Wetlands in Bahir Dar
experienced a 3.5°C LST rise, highlighting their vulnerability
to urban pressures. Similar trends globally and in Ethiopian
cities like Addis Ababa, Adama, and Hawassa show wetland
loss exacerbates the UHI effect, diminishing ecosystem
services such as carbon sequestration, water filtration, and
biodiversity support (Guto, 2021; Terfa et al., 2019). The
warming of wetlands and water bodies underscores the need
for urban planning to prioritize their conservation and
restoration to mitigate temperature increases.

The mean LST in vegetated areas rose by 3.2°C from 1984 to
2024, with the sharpest increase after 1994 (Figure 5) due to
accelerated urbanization and vegetation loss, which reduced
cooling from evapotranspiration and shading. Temporary

stabilization between 2004 and 2014 likely resulted from
localized greening efforts, though insufficient to offset urban
sprawl. Agricultural lands also saw a 3.5°C LST rise, driven by
peri-urban farmland conversion to built-up areas, intensifying
the UHI effect and threatening food security by reducing arable
land (Belete, 2022). Built-up areas showed the highest LST values,
with a 6°C increase from 1984 to 2024, reaching a maximum of
40.3°C by 2024, highlighting the UHI effect in Bahir Dar
(Figure 5). Similar global studies link urbanization to rising
temperatures due to impervious surfaces like roads and
buildings (Chapman et al., 2017; Kowe et al., 2022). The rapid
LST rise underscores the need for sustainable urban planning,
including green infrastructure, to mitigate the UHI effect and
enhance urban livability.

The findings from Bahir Dar align with studies in Shanghai,
Beijing, and Addis Ababa, where urbanization has significantly
increased LST and exacerbated the UHI effect (Terfa et al., 2019;
Wang and Xu, 2021). These trends highlight the need for effective
urban governance, with Xueqin et al. (2022) recommending
strategies such as integrating green spaces, protecting water
bodies, and restoring wetlands to mitigate the UHI effect and
enhance climate resilience.

3.3 LST changes associated with Bahir Dar’s
capital status

LST in Bahir Dar city rose significantly between 1984 and
2024, driven by urban expansion following its 1994 designation
as a regional capital. From 1994 to 2024, built-up areas saw a
4.0°C increase in mean LST, exceeding the 2.0°C rise from 1984 to
1994 (Table 5). This warming, linked to impervious surfaces like

FIGURE 5
LST across land use classes in Bahir Dar city (1984–2024).
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asphalt and concrete, intensified the UHI effect. Similar trends in
cities like New Delhi and Nairobi (Scott et al., 2017; Srivastava
and Satyaprakash, 2020) highlight urbanization’s role in rising
temperatures, emphasizing the impact of urban growth and
infrastructure on LST.

Water bodies saw a modest LST rise of +2.5°C (1984–2024), with a
notable +1.0°C increase in the last decade (2014–2024) due to
encroachment and reduced vegetative buffers (Table5). Similar
urbanization impacts were observed in the Yangtze River Delta (Sun
et al., 2024). Wetlands experienced a +3.5°C rise, increasing steadily by
+1.0°C per decade after 1994, driven by drainage and urban
development, reducing their cooling via evapotranspiration. This
mirrors trends in cities like Beijing, where wetland loss intensifies
the UHI effect (Tian et al., 2021). Agricultural land showed a +3.5°C
rise, with significant warming post-1994, reflecting its conversion to
heat-retaining urban areas.

Vegetation areas in Bahir Dar city saw a +3.2°C LST rise
(1984–2024), with the sharpest increase between 1994 and 2024,
driven by deforestation and urbanization following its
1994 regional capital designation. The loss of vegetation in
urban areas has significantly elevated temperatures, a trend
also observed in Addis Ababa. Rapid urban growth,
particularly at urban fringes, has intensified the UHI effect by
reducing vegetation, as noted by Deribew and Dalacho (2019).
nLST changes before and after Bahir Dar’s 1994 capital
designation reveal urbanization’s impact on its thermal
environment. Pre-1994, LST increases were modest, with
natural land covers like wetlands and vegetation dominating.
Post-1994, rapid urban expansion caused significant LST rises
across all land-use categories, especially in built-up areas
(see Figure 5).

Bahir Dar’s LST changes reveal urban expansion as a key
driver of rising temperatures, with built-up areas warming and
natural land covers degrading. Similar trends are seen globally
and in Ethiopian cities like Addis Ababa and Mekelle, where
urban growth has intensified the UHI effect (Duan et al., 2021;
Hagos, 2023; Hailu et al., 2024b). Sustainable strategies, such as
urban greenery, green roofs, permeable surfaces, and wetland
restoration, as in Singapore (Wong et al., 2021), are essential to
mitigate warming. Integrating climate adaptation into urban
planning is crucial for Bahir Dar’s environmental
sustainability and climate resilience.

3.4 Land use indices

3.4.1 Normalized difference vegetation
index (NDVI)

The NDVI analysis shows a sharp decline in Bahir Dar’s
vegetation, particularly after 1994. In 1984, the mean NDVI
was 0.16, indicating moderate vegetation (Table 6). By 1994, it
dropped to 0.14, signaling early urbanization. Between 1994 and
2004, urbanization led to a steep decline to −0.19, with
minimal recovery by 2024 (0.19) despite some greening
efforts (Figure 6). This trend mirrors other cities like
Dhaka (Rahman et al., 2022) and Addis Ababa (Moisa and
Gemeda, 2021), where urbanization has caused significant
vegetation loss, intensifying the UHI effect and
threatening climate stability and biodiversity. Pandey et al.
(2024b) also indicated LST and its influential factors are
dynamically changing within Imphal which sterengthens the
current results.

TABLE 5 Mean land surface temperature changes before and after 1994 (°C).

Land use classes Change in mean LST (◦C)

1984–1994 1994–2004 2004–2014 2014–2024 1994–2024 1984–2024

Water Body +0.5 +0.5 +0.5 +1.0 +2.0 +2.5

Wetland +0.5 +1.0 +1.0 +1.0 +3.0 +3.5

Vegetation +0.7 +1.0 +0.5 +1.0 +2.5 +3.2

Agricultural Land +0.5 +1.0 +1.0 +1.0 +3.0 +3.5

Built-Up +2.0 +1.5 +1.0 +1.5 +4.0 +6.0

TABLE 6 Summary of land use indices in Bahir Dar city for the years 1984, 1994, 2004, 2014 and 2024.

Year NDVI NDBI MNDWI

Min Max Mean SD Min Max Mean SD Min Max Mean SD

1984 −0.5 0.61 0.16 0.1 −0.41 0.27 −0.1 0.07 −0.64 0.63 −0.40 0.12

1994 −0.49 0.62 0.14 0.1 −0.45 0.46 −0.03 0.07 −0.65 0.67 −0.45 0.11

2004 −0.63 0.43 −0.19 0.1 −0.73 0.56 0.19 0.09 −0.49 0.71 −0.18 0.11

2014 −0.18 0.52 0.16 0.07 −0.63 0.60 0.26 0.08 −0.37 0.32 −0.18 0.07

2024 −0.17 0.58 0.19 0.08 −0.71 0.60 0.28 0.09 −0.59 0.31 −0.17 0.07
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The minimal increase in the NDVI values in 2014 and
2024 suggests the potential for urban greening initiatives to
mitigate some environmental damage. However, the results
highlight the need for comprehensive vegetation conservation
strategies to preserve the ecological benefits of green spaces in
continued urban growth.

3.4.2 Normalized difference built-up index (NDBI)
NDBI values show consistent growth in Bahir Dar’s built-

up areas, especially after 1994. In 1984, the mean NDBI
was −0.10, rising to −0.03 in 1994 (Table 6) as urbanization
began. By 2004, the mean reached 0.19, signaling rapid
expansion, and by 2024, it stabilized at 0.28, indicating that
built-up areas were nearing capacity (Figure 7). This pattern
mirrors global trends like in Cairo (Salem and Tsurusaki,
2024), where urbanization converted agricultural land,
increasing NDBI values. The growth of impervious surfaces
in Bahir Dar has worsened the UHI effect and reduced
groundwater recharge (Youssef et al., 2020). The 2024 NDBI
stabilization suggests a potential limit to urban development,
reflecting challenges in managing population growth and
infrastructure.

3.4.3 Modified normalized difference water
index (MNDWI)

MNDWI values reveal the shrinking visibility of water and
wetlands due to urbanization. In 1984, the mean MNDWI
was −0.40, indicating well-preserved water resources. By
1994, it declined to −0.45 as urban encroachment began
(Figure 8). A temporary rise between 2004 and 2014 may
reflect seasonal factors or improved water management. By
2024, the MNDWI slightly improved to −0.17, showing
ongoing reductions in water and wetland areas as
urbanization progressed. The decline in MNDWI mirrors
global trends, where urbanization depletes water resources.
In cities like Mumbai and Beijing, urban growth has reduced
water bodies’ size and quality (Shiva Shankar et al., 2021; Zhang
et al., 2017). Similarly, in Addis Ababa, urbanization has
degraded wetlands and water bodies (Hailu et al., 2024a). In
Bahir Dar, this decline threatens biodiversity and exacerbates
the UHI effect.

Bahir Dar’s designation as the regional capital in
1994 accelerated urbanization, causing significant declines in
vegetation, wetlands, and water resources, as shown by NDVI,
NDBI, and MNDWI trends (Figures 6–8). This pattern aligns

FIGURE 6
NDVI maps of Bahir Dar city for 1984, 1994, 2004, 2014 and 2024.
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with global examples where capital city status drives urban
growth and environmental degradation (Wayne et al., 2020).
However, cities like Curitiba, Brazil, demonstrate that robust
urban planning with green spaces and water management can
ensure sustainable growth (Zingoni de Baro, 2022). Bahir Dar
could adopt similar strategies to balance development and
environmental preservation.

3.5 Correlation between LST and land
use indices

The analysis of LST and land use indices (NDVI, NDBI,
MNDWI) reveals urbanization’s thermal impacts on Bahir Dar.
The strong negative correlation between LST and NDVI in 1984
(slope = −0.069, R2 = 0.9902) (Figure 9), highlights vegetation’s
cooling role. As urbanization intensified, this effect weakened,
with slopes of −0.0448 (2014) and −0.0549 (2024), reflecting
green space loss. Similar trends were observed in Beijing
(Wang and Xu, 2021) and Addis Ababa (Deribew and
Dalacho, 2019). These findings stress the need for urban

planning that prioritizes green infrastructure to counteract
the UHI effect.

The positive correlation between LST and NDBI highlights built-
up areas’ role in intensifying urban heat. In 1984, the correlation
(slope = 0.0831, R2 = 0.973) reflected the early impact of impervious
surfaces, which grew significantly by 2024 (slope = 0.0235, R2 = 0.9983)
due to rapid urbanization after Bahir Dar became a regional capital in
1994. Similar trends are observed in Bangalore, India (Sussman et al.,
2019). This underscores the need for climate-responsive urban
planning, including green roofs, urban parks, and reduced
impervious surfaces to mitigate the UHI effect.

The analysis revealed a negative correlation between LST and
MNDWI, highlighting the cooling effects of water bodies and
wetlands. In 1984, the strong correlation (slope = −0.1409, R2 =
0.9972) emphasized water resources’ role in temperature
regulation, but by 2024, this had weakened (slope = −0.0588,
R2 = 0.946) due to urban encroachment. Similar trends in Cairo
(Abutaleb et al., 2019), and Jimma (Berkessa et al., 2023) show
wetland loss exacerbating the UHI effect.

This study underscores how urbanization has weakened the
cooling effects of vegetation, wetlands, and water bodies while

FIGURE 7
NDBI maps of Bahir Dar city for 1984, 1994, 2004, 2014 and 2024.
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increasing LST through built-up areas. Similar global trends in
Delhi (Srivastava and Satyaprakash, 2020) and Lagos (Jiang
et al., 2021) highlight the need for green spaces, water
conservation, and sustainable infrastructure in urban
planning. For Bahir Dar, policy actions like reforestation,
wetland conservation, and climate-sensitive designs are
essential to address thermal challenges from rapid
urban growth.

4 Conclusion

This study analyzed the impacts of LULC changes on LST in
Bahir Dar over 40 years focusing on its designation as a regional
capital in 1994. Rapid urbanization and population growth have
driven significant LULC changes, resulting in environmental and
thermal impacts. Built-up areas expanded by 366%, from 14.60 km2

to 67.99 km2, at the cost of agricultural land (−43.79 km2), vegetation
(−4.28 km2), and wetlands (−4.37 km2). This land conversion
intensified the UHI effect, with built-up areas experiencing a
6.0°C increase in mean LST, while the loss of vegetation,
wetlands, and water bodies reduced their cooling capacity.

Before 1994, Bahir Dar’s stable thermal conditions were
supported by natural land cover. Post-1994, rapid
urbanization led to significant LST increases and the
expansion of high-LST zones, underscoring the thermal
consequences of urban growth. Negative correlations between
LST and NDVI/MNDWI reaffirm the cooling effects of
vegetation and water, while the positive correlation with
NDBI highlights built-up areas as key contributors to
surface warming.

The study underscores the urgent need for sustainable urban
planning. Strategies such as reforestation, wetland conservation,
urban greening (e.g., tree planting, green roofs), and the use of
permeable surfaces can mitigate urban heat while supporting
biodiversity. Policies to protect agricultural land and balance
development with ecological sustainability are also crucial.
Generally, Bahir Dar’s urbanization has drastically altered its
LULC and thermal landscape. Policymakers must prioritize
sustainable, climate-resilient planning to mitigate urban heat,
enhance liveability, and build a sustainable future. Future studies
should incorporate socioeconomic and policy variables to
provide a comprehensive understanding of urban
thermal dynamics.

FIGURE 8
MNDWI maps of Bahir Dar city for 1984, 1994, 2004, 2014 and 2024.
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5 Limitations and future goals

This study provides valuable insights into the long-term impacts of
LULC changes on LST in Bahir Dar City. However, some limitations
should be acknowledged. The study does not fully account for socio-
economic factors, such as population density and energy consumption,
which can influence urban heat dynamics. Future research
should incorporate climate modeling and socio-economic data to
provide a more comprehensive understanding of the drivers of
urban heat. Comparative studies across multiple cities can also help
generalize the findings and offer broader policy recommendations for
climate-resilient urban planning.
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