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Assessment of the responses of the urban thermal environment to climate is important,
especially because of their possible influence on low- and high-temperature extreme
events. This study assessed the combination of remotely sensed land surface temperature
(LST) and local climate zones (LCZs) with in situ air temperature-retrieved extreme
temperature indices. It aimed to assess the effect of urban growth on the three-
dimensional thermal environment in the Bulawayo metropolitan area, Zimbabwe. LST
and LCZ were derived from the Landsat data for 1990, 2005, and 2020, while extreme
temperature indices and trends were derived from daily minimum and maximum
temperature data from a local weather station. Results showed that the built LCZ
expanded at the expense of vegetation-based LCZ. Average LST for each LCZ
increased from 1990 to 2020, which was attributed to background warming, while the
expansion of high LST areas was associated with LCZ transitions. Although average
minimum temperature decreased, cool nights increased, warmest nights remained
unchanged, and the lowest minimum increased, the highest minimum temperatures
decreased, but the trends were not statistically significant (p > 0.05). Indices of
daytime warming showed significant changes, which includes an increase in average
maximum temperature (p = 0.002), increase in lowest maximum temperature (p = 0),
increase in the number of very warm days (p = 0.004), and decrease in the number of cool
days (p = 0). The significant increase in daytime extremes was attributed to an increase in
highly absorbing LCZ and daytime pollution due to industrial activities. The study also
concluded that development in water areas or siltation of water bodies has a greater
warming effect than other LCZ changes. The findings show that development needs to
consider potential effects on the thermal environment and temperature extremes.
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INTRODUCTION

Urbanization and related anthropogenic activities are causing
myriad environmental changes (Grimmond, 2007; Imhoff et al.,
2010; Gusso et al., 2014; Nyamekye et al., 2020). Among the
changes are land use and land cover (LULC) transformations that
alter the near-surface thermal characteristics (e.g., Mbithi et al.,
2010; Amiri et al., 2009; Uddin et al., 2010; Nurwanda and Honjo,
2020). Such alterations in thermal characteristics have caused
warming-related challenges that include increased heat-related
health risks and mortalities and compromised air quality, thereby
further worsening health woes (D’Ambrosio Alfano et al., 2013;
Harlan and Ruddell, 2011; McMichael et al., 2006). Furthermore,
surface warming has been linked with increased energy and water
demand for surface, body, and room cooling (Haghighat, 2002;
Pérez-Andreu et al., 2018). On the other hand, development-
induced activities, such as the growth of industries, produce
pollutants that add to the atmospheric composition of
greenhouse gases, which in turn increase warming and related
effects (Satterthwaite, 2008; Harlan and Ruddell, 2011). Hence,
urbanization has the potential to cause a rise in land surface and
air temperatures, whose combined effects significantly
compromise urban socioeconomic activities and the
environment.

Over the years, urban landscape and thermal analysis has
benefited from multispectral space-borne remotely sensed
datasets, such as the Landsat series, at various spatial and
temporal scales (Weng et al., 2007; Jawak and Luis, 2013;
Sithole and Odindi, 2015; Odindi et al., 2017). Generally, city-
scale analysis is influenced by the heterogeneous nature of urban
LULC types that influence thermal characteristics and distinguish
them among nearby locations. Fortunately, sensor developments
and improved data handling capabilities have enabled a spatially
explicit analysis of these changes, even in complex environments
(Dousset and Gourmelon, 2003; Meng et al., 2010; Zhou et al.,
2012; Vlassova et al., 2014). For instance, sensors, such as the
Landsat series, have provided data at 30 m resolution from 1972
to the present (US Geological Survey, 2019), which is capable of
revealing the interaction between the land surface and the
thermal environment at fine scales. Furthermore, thermal
analysis has also been enhanced by the development of the
local climate zones (LCZs) approach, which maps cities into
categories related to surface and air temperatures (Bechtel et al.,
2012; Stewart et al., 2014; Cai et al., 2016, 2017). The LCZs
provide a complete overview of human effects on the climate
system as they include both effects of land cover and land use
(such as industrialization) on the thermal environment (Stewart
and Oke, 2012). Understanding the responses of the thermal
environment to long-term changes is important not only for
monitoring a city’s climate but also for assessing the sustainability
of its development trajectories.

Among the known impacts of climate change is the
intensification of extreme events, such as heat waves, strong
winds, heavy precipitation, and prolonged dry spells
(Hallegatte and Corfee-Morlot, 2011; Parnell and Walawege,
2011; Goddard and Gershunov, 2020). Small changes in the
mean can cause a large change in the likelihood of extreme

climate events (Sensoy et al., 2013). For instance, rising
temperatures will influence human societies and natural
ecosystems with potentially severe effects globally, while the
increased heat load in urban areas will harm public health
(Sensoy et al., 2013; Geleti et al., 2019). To aid and
standardize the analysis, 27 extreme climate indices
(precipitation and temperature) have been developed and
improved over time (Stenseth et al., 2003; Zubler et al., 2014;
Sajjad and Ghaffar, 2019). In line with this, the RClimdex
software was developed by the National Climate Data Centre
of NOAA to compute the 27 indices of extreme climate using R
software. The program provides an easy-to-use software package
for the calculation of indices of climate extremes as well as their
long-term trends for monitoring and detecting climate change
impacts. The indices describe special characteristics of extremes,
including amplitude, frequency, and persistence (Toure et al.,
2017). They cover a large range of climates and have a large
signal-to-noise ratio. Most importantly, they involve the
calculation of the number of days in a year exceeding specific
thresholds. The indices were found to reveal details hidden in the
trends of annual average values. For instance, Kruger (2006) and
Kruger and Sekele (2012) observed insignificant trends in annual
precipitation and absolute temperatures (maximum and
minimum), while extreme precipitation and temperature
indices showed significant trends in South Africa. Similarly, a
number of studies have indicated strong trends in extreme
climate events, especially those related to temperature due to
warming (e.g., Kruger, 2006; Mónica and Santos, 2011; Vincent
et al., 2011; Athar, 2014; Sein et al., 2018). The indices are of great
value, thereby needing application to different types of
environments to understand climate trends and their impact.

Although indices have been applied in previous studies, the
focus has mainly been on large-scale analysis, such as regional
and national (e.g., Kruger, 2006; Vincent et al., 2011; Kruger and
Sekele, 2012; Zubler et al., 2014; Rahimi and Hejabi, 2017; Popov
et al., 2018; Ogunjo et al., 2021). For instance, Kruger (2006) and
Kruger and Sekele (2012) focused on South Africa and observed a
rising trend in temperature and precipitation extremes,
respectively. On a similar scale, (Vincent et al., 2011) observed
significant trends in warming-related extremes and weak trends
in precipitation extremes in western India. Recently, Ogunjo et al.
(2021) observed rising trends in heat-related extremes and falling
trends in cold extremes, such as cold days over Nigeria. While
large-scale analysis provides a broader picture, localized analyses
are important for area-specific and dynamic adaptation and
mitigation strategies and activities. This is important,
especially in urban areas of developing countries, where rapid
development activities and population growth are influencing
climate, thereby worsening the potential for harsh extreme
events, especially those related to warming. However, to the
best of our knowledge, studies that focus on extreme climate
events, especially those related to temperature in urban areas, are
scarce. Furthermore, there is a paucity of studies that relate urban
growth to trends in extreme climate events, especially in
developing countries, despite the projected growth and climate
patterns. The growth of cities, which has occurred over the years,
has changed the spatial structure of LCZs, and the responses of
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the thermal environment to these long-term changes need to be
monitored and understood. The impact of climate change-related
extreme events is greater where large populations and high-value
properties are at great risk (Brown et al., 2010), which are
characteristic of urban areas. A variety of socioeconomic and
development activities can be adversely affected by harsh climatic
extremes. For instance, high-temperature extremes can cause the
melting of tarred roads and affect the density of air, thereby
causing aircrafts to lose lift as well as causing mechanical
problems in machinery and human health issues (Abatan
et al., 2016). Evidently, the effects of long-term historical
urban growth patterns on the thermal environment help in
understanding the cumulative effects of slow and unmitigated
anthropogenic activities that are important for planning future
development trajectories.

Urban growth causes LCZ transitions that alter the spatial
distribution of the LST, which perpetually influences the air
temperature above. Therefore, the analysis of LST patterns
provides two-dimensional information on the extent to which
land surfaces are heating the surrounding air and influencing
extreme temperature events. Similarly, temporal changes in the
LCZ and the LST provide an overview of the effect of changes in
surface properties and in the amount of heat received and emitted
by constant surfaces over time. On the other hand, a third
dimension that expresses the consequence of anthropogenic
and natural influences can be offered by extreme temperature
indices. To date, studies have kept surface and air temperature
analysis separate, thereby limiting understanding of the
interaction between these interfacing components (e.g., Pielke
et al., 2011; Wu et al., 2012; Ahmed et al., 2013). For instance,
replacing a natural LCZ with an industrial area will not only
change LST due to the construction of buildings and impervious
surfaces but also change the air temperature and associated
extremes due to increased pollution and the greenhouse effect.
It is important to quantify changes in LST and extreme
temperature indices and isolate the influence of LCZ changes
from other causes of LST changes. Air and surface temperature
complement each other as the former represents all-sky
conditions while the other represents clear-sky conditions
only. Air temperature measurements can add value by
providing useful information for decision support, such as
using indices to highlight trends in extreme temperatures.
Evidently, combining LCZ and LST information with extreme
temperature indices provides insights into the interface between
development and long-term climate extremes in dynamic urban
environments. In view of observed and projected changes in
temperatures of cities and increased anthropogenic activities, it is
important to assess the corresponding changes in indicators of
extremes related to low and high temperatures. Therefore,
understanding the patterns of low and high-temperature
extremes is required for the formulation of adaptation and
mitigation strategies as well as for the implementation of
sustainable urban development strategies.

Similar to other cities in the developing world, Zimbabwean
cities are experiencing exponential growth, thereby resulting in
expansive LCZ transitions. A previous study that looked at
climate extremes in Zimbabwe focused on a large area by

including countries in western central Africa and Guinea
Canakry (Aguilar et al., 2009). The study focused on general
trends in extreme rainfall and temperature, not a localized link
between growth patterns and extreme climate events, especially in
the context of LCZ. It is necessary to monitor the long-term
changes in the urban thermal environment and understand them
in the context of both LCZ dynamics and background (global
warming). Hence, this study seeks to quantify 1) the contribution
of LCZ changes to long-term changes in LST and extreme
temperature events in Bulawayo and 2) the long-term
influence of background warming on LST in different LCZs.
The study also assesses the combined effect of LCZ changes and
background warming on extreme temperature events using
extreme temperature indices.

DATASETS AND METHODS

The Study Area
Bulawayo is located in the southeast of Zimbabwe and is the
country’s second-largest city. The city is at an elevation of
approximately 1358m above sea level. Rainfall is prevalent
between October and March, and the area is characterized as hot
andwet, with an average temperature of 25°C. The rest of themonths
has an average temperature of 15°C under cool and dry conditions
(Mutengu et al., 2007). The city is located in a semi-arid climate,
where rainfall is erratic rainfall (annual average precipitation of
600mm and rainfall ranging from 199.3 to 1258.8 mm). Proximity
to the Kalahari makes the area vulnerable to droughts (Gumbo et al.,
2003; Muchingami et al., 2012). While a network of weather stations
is ideal for depicting spatial patterns in temperature extremes, only
two weather stations, operated by the Meteorological Services
Department, are operational in the city. One at Goertz
Observatory is for public weather and climatological services and
the other at Joshua Nqabukho Airport (Bulawayo Airport
Meteorological Office - BAMO) is for aviation purposes, with its
data inaccessible. Hence, due to the limited number of weather
stations, combining space-borne LST with in situ air temperature
observations enhances spatial and temporal analysis of the city’s
thermal environment. Table 1 indicates the main sources of data in
this study.

Retrieval of Responses of LCZ to Growth of
Bulawayo
Multispectral optical data for 1990 (Landsat 5), 2005 (Landsat 7),
and 2020 (Landsat 8) were resampled to ensure the same
orientation of pixels for all periods (Table 2). The data were
also corrected for atmospheric effects using the dark subtraction
methods following solar zenith normalization. For each year,
imageries were collected in the cool dry, hot dry, and wet (post-
rain) seasons. The rainy season was not used due to difficulty in
obtaining cloud-free imageries, thereby making it difficult to have
data for the same seasons in all considered periods.

LCZs identified in the study area are described in Table 3. LCZ
maps were produced for each year using the World Urban
Database and Access Portal Tools (WUDAPT) Level 0
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procedure (Bechtel et al., 2012; Mitraka et al., 2015; Cai et al.,
2016). The technique involves digitizing training areas in Google
Earth, mapping LCZ using the Random Forest classifier, and
assessing accuracy in the SAGA GIS software. Sample locations
(coordinates) of representative points were collected for each of
the LCZ categories at evenly distributed places across the study
area between 18 and 27 October. This experience also guided the
selection of training areas for historical periods using Google
Earth in the absence of field measurements. Field observations
increased the validity of the analysis instead of exclusive reliance
on Google Earth retrievals. Data were collected in a manner to
capture not only interclass but also intraclass variabilities,
especially those due to seasonality.

Approximation of Mean Spatial Distribution
of Average Air Temperature Across LCZs
The city has only two weather stations (Goertz Observatory and
Bulawayo Airport Meteorological Office). The two could not

provide a spatial depiction of air temperature caused by LCZ
variations in the city. As such, a 21 km2 resolution bias corrected
the Worldclim maximum and minimum temperature data
(https://www.worldclim.org/data/monthlywth.html). The data
for 1990–2018 were used to depict the spatial variations of
average air temperature in the city. The 1 km2 resolution data
were not used because they did not cover periods after 2000.
Although the study period continued to 2020, analysis of
Worldclim data was only confined to up to 2018 due to the
data available on the online platform. The gridded data were
chosen due to the lack of weather stations to map the spatial
structure of air temperature in the study area. The link between
average air temperature and LST was qualitatively investigated.
The Mann–Kendall test at a 95% confidence interval was
performed to detect the effect of LCZ changes on annual
average maximum and minimum air temperatures derived
from the monthly Worldclim data.

Derivation of Extreme Temperature Indices
and Their Trends
Brown et al. (2010) provided a definition of 27 extreme climate
indices. In this study, we focused on 12 defined in Table 4
which characterizes temperature extremes. In this study, we
used indices that compute based on the percentage of days
below or above the thresholds (cool nights, warm nights, cool
days, and warm days) and the number of days below or above
the thresholds (warm spell duration indicator, cool spell
duration indicator, frost days, summer days, and tropical
nights) as well as intensity-based thresholds (highest
maximum temperature, lowest minimum temperature,
highest minimum temperature, and daily temperature
range). Due to years of improvements, the computation of

TABLE 1 | Sources of data used in this study.

Dataset Source

In situ meteorological data Meteorological Services Department of Zimbabwe
Worldclim data Worldclim website (https://www.worldclim.org/data/monthlywth.html)
Landsat data United States Geological Survey (USGS) earth explorer website (www.earthexplorer.usgs.gov)
Ground Truth Local Climate Zones Field survey and Word Urban Database and Access Portal Tool level 0 procedure (www.wudapt.org)

TABLE 2 | Multitemporal and multispectral remote sensing imagery used in
the study.

Imagery Date Season

Landsat 5 27 April 1990 Post rain
Landsat 7 12 April 2005 Post rain
Landsat 7 21 April 2020 Post rain
Landsat 5 14 June 1990 Cool
Landsat 5 7 June 2005 Cool
Landsat 7 24 June 2020 Cool
Landsat 5 20 October 1990 Hot
Landsat 7 21 October 2005 Hot
Landsat 8 15 October 2020 Hot

TABLE 3 | Description of LCZ categories identified in Bulawayo during field survey.

LCZ Type Description

Compact low rise (LCZ3) Dense mix of low-rise buildings (1–3 stories). Few or no trees. Land cover mostly paved. Stone, brick, tile, and concrete
construction materials

Open low rise (LCZ6) Open arrangement of low-rise buildings (1–3 stories). Abundance of pervious land covers (low plants, scattered trees).
Wood, brick, stone, tile, and concrete construction materials

Light weight low rise (LCZ7) Dense mix of single-story buildings. Few or no trees. Land cover mostly hard-packed. Lightweight construction materials
(e.g., wood, thatch, corrugated metal)

Dense forest (LCZ A) Heavily wooded landscape of deciduous and/or evergreen trees. Land covers mostly pervious (low plants). Zone function is
natural forest, tree cultivation, or urban park

Low plants (LCZ D) Featureless landscape of grass or herbaceous plants/crops. Few or no trees. Zone function is natural grassland, agriculture,
or urban park

Water LCZ G) Large, open water bodies such as seas and lakes, or small bodies such as rivers, reservoirs, and lagoons
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indices and their temporal trends have been incorporated into
the freely accessible RClimdex software used in this study. The
computation of extreme temperature indices makes use of
continuous records of daily minimum and maximum
temperature data for a given area. As such, daily maximum
(TX) and minimum (TN) temperature data for the period 1990
to 2020 were used. Although low-temperature extremes, such
as ground frost, are experienced in the study area, the ice days
(ID0) extreme temperature index was not investigated because
there are no records of snow in this semi-arid location. The
selection of area-relevant climate extreme indices was in line
with Almazroui et al. (2014), as they excluded analysis of
extreme precipitation indices between 1981 and 2010 in
Saudi Arabia because the area is dry, thereby recording very
few days of rainfall in any year. Sein et al. (2018) also selected 19
extreme climate indices in Myanmar based on their
applicability in the study area. Although Bulawayo is semi-
arid, it receives rainfall on a countable number of days in a year.
In this study, rainfall extremes were not included because the
focus was on responses of temperatures and related extremes to
growth and anthropogenic activities in the area. The data were
initially quality controlled and put through a homogeneity test
using the RH test, which is also provided as a component for the
retrieval of indices (Zhang et al., 2004; Almazroui et al., 2014).
Since the procedure included analysis of trends in extreme
temperatures, homogeneity test was performed to identify
nonclimatic changes, such as changes in location of stations.
Fortunately, in the period under study, there was assurance that
the instruments and location of stations did not change, given
that very recent and known 30 years were analyzed. Previous
studies (Sensoy et al., 2013; Almazroui et al., 2014; Sein et al.,
2018; Geleti et al., 2019) also used at least 30 years and 30-year
intervals to investigate trends in climate extremes. Trends in
the indices were computed in RClimdex using ordinary least
squares fit, and the Mann–Kendal test was used to test the
statistical significance (Abatan et al., 2016). RClimdex manual
(Zhang et al., 2004) provides detailed steps on the derivation of
extreme climate indices and analysis of trends.

Computation of Long-Term Changes in LST
Landsat 5, Landsat 7, and Landsat 8 thermal data were used to
compute LST for 1990, 2005, and 2020. In each season, images
were collected around the same dates [anniversary
images–(Mouat et al., 1993)], with similar meteorological
conditions (mainly on calm days with clear skies) on different
days. Mouat et al. (1993) indicated that the influences in seasonal
conditions are eliminated using anniversary images in change
detection. Feng et al. (2014) used imageries of January to show the
influences of land surface changes on LST from 1987 to 2007 in
Xiamen City in China. Amorim (2018) showed that LSTs are
influenced by rainfall activity prior to satellite overpass and data
acquisition. This was achieved by ensuring rainfall activities
10 days prior to each scene were similar for imageries of the
same season in different years. Since cloud cover also affects LST,
cloud-free imageries were used. Therefore, LST changes in this
study resemble changes for days with similar weather conditions
preceding and during the satellite overpass. This eliminates
randomness due to differences in weather conditions around
the image acquisition time. Randomness was further reduced by
computing an average LST layer for each year using retrievals
from different seasons. Initially, the data were corrected for
differences in solar zenith angles. While Landsat 8 has two
thermal infrared bands, a single-channel technique was
applied for all periods to minimize the effects of differences in
computation algorithms on LST variations between times. Digital
numbers of thermal data were converted to radiances using the
reflectance toolbox in ArcGIS version 10.2, which were then used
to determine the brightness and surface temperature using
Equation 1 (Stathopoulos et al., 2004; Chen et al., 2006;
Srivanit et al., 2012).

Tb � K2

ln(K1
Lλ
+ 1)

(1)

K1 takes a value of 607.76, 666.09, and 774.89W/(m2 srμm),
while K2 has values of 1260.56, 1282.71, and 1321.08 W/(m2

srμm) using Landsat 5, Landsat 7, and Landsat 8 data,

TABLE 4 | Extreme temperature indices used to assess climate change impact in Bulawayo.

ID Indicator Name Definitions Units

TN10p Cool nights Percentage of days when TN < 10th percentile %
TN90p Warm nights Percentage of days when TN > 90th percentile %
TNn Min Tmin Annual minimum value of daily minimum temperature oC
TNx Max Tmin Annual maximum value of daily minimum temperature oC
FD0 Frost days Annual count when TN (daily minimum) < 0°C Days
meanTmin Average minimum temperature Annual average value of minimum temperature oC
TR20 Tropical nights Annual count when TN (daily minimum) > 20°C Days
CSDI Cold spell duration indicator Annual count of days with at least 6 consecutive days when TN < 10th percentile Days
TX10p Cool days Percentage of days when TX < 10th percentile %
TX90p Warm days Percentage of days when TX > 90th percentile %
TXn Min Tmax Annual minimum value of daily maximum temperature oC
TXx Max Tmax Annual maximum value of daily maximum temperature oC
DTR Diurnal temperature range Annual mean difference between TX and TN oC
meanTmax Average maximum temperature Annual average value of maximum temperature oC
SU25 summer Days Annual count when TX (daily maximum) > 25°C Days
WSDI Warm spell duration indicator Annual count of days with at least 6 consecutive days when TX > 90th percentile Days
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respectively. A method based on spectral and blackbody radiance
of the thermal infrared band was used to obtain a pixel-based land
surface emissivity map (ε) (Yang, 2004). Emissivity correction
was applied to brightness temperature to obtain actual LST using
Equation 2 (Weng et al., 2007).

Ts � TB

1 + (λTB
ρ ) ln ε

(2)

Where λ is the central wavelength of emitted thermal radiance
(11.5 μm for Landsat 5 and Landsat 7 and 10.9 μm for band 10 of
Landsat 8) and ρ is equal to 1.438 × 10−2 mK. The procedure
above was used to retrieve LST on different dates; thus, an average
LST was developed for each year. The spatial structure of LST
intensities was used for visual and quantitative analysis of changes
that occurred between 1990 and 2015.

Linking Long-Term Changes in LCZ to LST
Dynamics
Using spatial overlays, the average LST per LCZ category was
obtained for each period. LST variations in each LCZ were
analyzed between 1990 and 2020. Furthermore, data for 1990
and 2020 were used to derive normalized temperatures as well as
to determine the effect of LCZ transitions on LST intensities. The
normalized temperature approach (Zhou and Wang, 2011)
enables the separation of intraclass LST changes from those
due to LCZ transitions between any two intervals. In this
study, intra-LCZ LST changes were attributed to other
external factors, such as background warming, which were
removed from interclass LST changes to derive the effects of
LCZ transitions. Changes in LST without transition in LCZ were
computed using Equation 3.

ΔTi � Ti2020 − Ti1990 (3)
Composite differences in LST between LCZ j and LCZ i was
computed by Equation 4.

dTij � Tj2020 − Ti1990 (4)
The normalized temperature was then used to represent the
change in LST due to the transition from LCZ i to LCZ j
using Equation 5.

dTn � dTij − ΔTi (5)
Where dTn is the change in temperature caused by the
replacement of LCZ i by LCZ j, ΔTi is the change due to
other factors than LCZ change, and dTij is the change in
temperature before normalization.

RESULTS AND DISCUSSIONS

LCZ Mapping and Transitions
The LCZs were mapped with overall accuracies of 98, 98.2, and
95% for 1990, 2005, and 2020, respectively (Figure 1). Built-up
LCZs, namely compact low rise, lightweight low rise, and open

low rise, expanded between 1990 and 2020. Densely built-up
LCZs expanded in the western direction, while open settlement
arrangements expanded in the eastern direction. Visual
inspection of Figure 1A–C suggests that the expansion of
lightweight low rise mainly intruded the low plants LCZ.
There is also evidence of change from dense vegetation to low
plants, which indicates deforestation as the city grows.
Throughout the study period, the Goertz Observatory weather
station remained in the open low-rise LCZ category, although
changes were experienced in other areas, including its
surroundings. Compact low rise, which occupied 3% in 1990,
increased coverage to 4.5% of the entire study area in 2020.
Marked quantitative expansions were observed in lightweight low
rise and open low rise, which increased from 9.1 to 17.3% and
10.4–20.4% of the study area between 1990 and 2020,
respectively. Vegetation and water-based LCZ declined during
the same period with a marked change in low plants LCZ, which
reduced from 68.2 to 51.4% of the study area.

Spatial Distribution of Air Temperature and
Link With LCZ
Average minimum and maximum temperatures decreased
westwards in the city over the different study periods
(Figure 2A–H). When comparing the built LCZs, high average
minimum and maximum temperatures generally coincide with
areas occupied by densely built LCZ, such as the compact low rise
and lightweight low rise. High average temperatures also
occurred in low plant areas, especially in the northern half of
the city. Low plants LCZ included agricultural land, bare areas,
and grasslands. The heat mitigation value of grasslands was
overshadowed by the heat absorption effect of bare and dry
vegetation of cropland areas in post-planting periods, thereby
resulting in high temperatures in the low plants LCZ. On the
contrary, low average air temperatures occurred in areas in the
west occupied by open low rise, which are characterized by well-

FIGURE 1 | Long-term changes in LCZs in Bulawayo. LCZ structure in
1990 (A), 2005 (B) and 2020 (C).
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spaced buildings within a high fraction of healthy vegetation.
Figure 2D shows that the northern half of the city experienced a
drop in minimum air temperatures, while the southern half
experienced increases. However, the rates of change in
minimum air temperature over the 30-year period were almost
insignificant (below 0.0001 °C/year). On the other hand,
Figure 2G shows a pronounced rate of change in maximum
air temperature in all areas of the city. Larger rates of change in
maximum air temperature were recorded mostly in the southern
half of the city, which corresponded to areas where massive
growth of built LCZ occurred between 1990 and 2018. A
comparison of temperatures in 1990, 2005, and 2018 showed
that the year 2005 was warmer than the others (Figure 2B and
Figure 2G). Since the overall trends based on continuous data
from 1990 to 2018 showed warming, larger temperatures in 2005
than the other years could be attributed to climate variability with
the broad changes. Additionally, before the intensification of the
economic crisis in 2008, Bulawayo was the industrial hub of
Zimbabwe. The marked warming from 1990 to 2005 could be due
to increased industrial pollutants, which slowed down post-2008,
thereby causing a drop in temperatures from 2005 to 2018. The
temperatures remained higher toward 2018 than around 1990
due to contributions from some of the industrial activities, which
managed to continue and other effects, such as LULC changes
due to city growth.

Responses of Air Temperature Extremes to
Urban Growth and LCZ Changes
The changes in minimum temperature extremes were mostly
characterized as insignificant trends (p > 0.05) and slope errors,
which were greater than the slope at the Goertz Observatory
station (Figure 3). As such, the average minimum temperature
showed a decreasing trend with a slope of −0.008°C/year, a slope
error of absolute value of 0.008°C/year, and an insignificant trend
(p = 0.323)—(Figure 3A–H). Similarly, insignificant trends with

slope error exceeding slope were observed on warm nights
(Figure 3D), cold spell duration indicator (Figure 3E), and
the highest minimum temperature (Figure 3F).

Maximum temperature–related extremes showed
meaningfully (slope greater than slope error) and significant
trends (p < 0.05) between 1990 and 2020 (Figure 4). From
1990 to 2020, the mean maximum temperature for Bulawayo
increased significantly (slope of 0.06°C/year, slope error of
0.017°C/year, and p-value of 0.002) as observed at Goertz
Observatory (Figure 4A). Significant trends were also observed
in the increase in warm days (Figure 4B), rising in the daily
temperature range (Figure 4C), and increase in the number of
summer days (Figure 4D), as well as in decrease in cold days
(Figure 4E). Significant rising trends were also recorded in lowest
and highest maximum temperatures (Figure 4G and Figure 4H),
all indicating shifts to tormentingly hot daytimes. Although the
trend was insignificant, events of successive warm days are also
increasing, as indicated by a rising trend in the warm spell
duration indicator (Figure 4F).

Long-Term Changes in the
Two-Dimensional LST in Response to LCZ
Changes
Figure 5 shows the expansion of high-temperature surfaces
between 1990 and 2015. In 1990, LSTs in the 37.8–43.8°C range
(Figure 5A) dominated the city, while LSTs below 43.8°C became
uncommon in 2005 (Figure 5B). Visual inspection shows that in
2020, LSTs became even higher, with most areas recording values
above 46.8°C (Figure 5C). The water areas were the most stable,
with LSTs in the 16.8 to 37.8°C range in 1990, 2005, and 2020.

Lower LSTs were observed in residential rather than
commercial built LCZs, with a marked decline as vegetation
abundance increased (Figure 6). In all LCZs, LST changes
were larger in 1990 to 2005 than in the 2005 to 2020 interval.
For instance, the average LST for compact low rise increased from

FIGURE 2 | Annual mean minimum temperatures (A–C) and their rate of change (D) as well as annual mean maximum temperatures (E–G) and their rate of change
(H) from 1990 to 2018.
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40.8 to 47.7°C between 1990 and 2005, while it increased from
47.7°C between 2005 and 2020. LST in dense forest areas was
almost similar to those in open low-rise regions and cooler than
those in other LCZs, except in water areas.

Background Warming Corrected Effects of
LCZ Transitions on LST Dynamics
The change from other LCZ types to compact low rise resulted in
warming except for such change from low plants’ LCZ, which
could lead to a 0.4°C drop in LST (Table 5). Replacing water with

any other LCZ would cause warming by at least 9.6°C. Increased
vegetation density in lightweight low-rise LCZ areas would cause
an LST decrease of approximately 1.2°C.

Discussion of Findings
Although all built LCZs expanded between 1990 and 2020, the
residential areas (open low rise and lightweight low rise)
expanded more than the central business district (CBD) and
industrial areas (compact low rise). The expansion of residential
areas provides evidence that the population of urban dwellers is
increasing with time in developing countries. People develop the

FIGURE 3 | Trends in (A) Average minimum, (B) Frost days, (C) Cool nights, (D)Warm nights, (E) Cold spell duration indicator, (F) Highest minimum, (G) Lowest
minimum, and (H) Tropical nights at the Goertz Observatory in Bulawayo.
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tendency to prefer advanced areas of the country, where
improved amenities are available and there is ease of access to
basic needs. Generally, in Zimbabwe, ownership of a home in an
urban area is a symbol of wealth, which drives citizens to work
hard to purchase land and develop it. Furthermore, as incomes
improve, people also purchase land in spacious areas, as
evidenced by the expansion of open low-rise LCZ, which
coincides with medium- to low-density residential areas, where
medium- to high-income strata reside. While the built LCZ
expanded, vegetation and water-based LCZs shrunk during the
same time interval. This is because of spacious housing
developments within vegetation LCZs (open low rise) and, in
other areas, massive replacement of vegetation with densely built

compact low rise and lightweight low rise LCZs. The slower
expansion of compact low rise than other built LCZs could be due
to the cost of land areas due to commercialization in the CBD and
industrial areas.

Analysis of Worldclim air temperature data showed low-
temperature values in vegetation than built LCZs. High
vegetation fraction areas benefit from the cooling effect of
vegetation due to latent heat of vaporization transfer (Ca
et al., 1998; Thatcher and Hurley, 2012; Tao et al., 2013; Chun
and Guldmann, 2014). Since air temperatures are measured at 1
m, trees provide a shading effect at that height, thereby resulting
in low temperatures in occupied LCZ (Toudert, 2005; Hwang
et al., 2011; Puliafito et al., 2013; Zhao et al., 2015). A

FIGURE 4 | Trends in (A) Mean maximum temperature, (B) Warm days, (C) Daily temperature range, (D) Summer days, (E) Cool days, (F) Warm spell duration
indicator, (G) Lowest maximum temperature, and (H) Highest maximum temperature at the Goertz Observatory in Bulawayo.
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generalization of air temperatures caused by the coarse spatial
resolution of the Worldclim data was inadequate for depicting
minute temperature structures caused by fragmentation and LCZ
heterogeneity in the study area. The details were not as spatially
explicit as LST counterparts mapped when using Landsat data

resampled to 30 m resolution. However, although the resolution
was coarse, the air temperature map successfully showed the
general effect of the LCZ structure on the near-surface thermal
environment of Bulawayo.

Meaningful, though statistically insignificant, trends were
recorded in frost days, lowest minimum temperature, and
tropical nights extreme climate indices, which were decreasing,
increasing, and increasing, respectively. Based on these trends, we
deduced that there is an insignificant increase in night
temperature, thereby causing slight warming, which has
reduced the occurrence of low-temperature extremes and
increased warm/tropical nights in Bulawayo. The night
warming could be insignificant, given that Bulawayo is semi-
arid with high chances of cloud-free nights, which allow radiation
to escape to outer space, thereby moderating nighttime warming
extremes. The expansion of the urban fabric could also provide
the capacity to lose heat at slow rates, thereby reducing the
chances of low-temperature extremes. However, this study did
not involve an in-depth analysis of the materials used in urban
construction beyond partitioning the city based on the LCZ
scheme.

Observed significant rise in daytime temperature concurs with
general trends of rising air temperature recorded in other studies
in Zimbabwe (Unganai, 1996; Zvigadza et al., 2010; Brazier,
2015). For instance, Zvigadza et al. (2010) observed that
temperatures in the country rose by over 1°C over 40 years up

FIGURE 5 | Spatial structure of LSTs in Bulawayo in (A) 1990, (B) 2005,
and (C) 2020.

FIGURE 6 | Changes in mean LST across LCZs from 1990 to 2020 in Bulawayo.

TABLE 5 | Responses of LST to LCZ transitions corrected for background warming.

Initial LCZ Category

Final LCZ
Category

Compact Low
Rise

Dense Forest Light Weight
Low Rise

Open low
Rise

Water Low Plants

Compact low rise 0.0 2.1 0.9 1.7 11.7 −0.4
Dense forest −2.1 0.0 −1.2 −0.4 9.6 −2.5
Light weight low rise −0.9 1.2 0.0 0.8 10.8 −1.3
Open low rise −1.7 0.4 −0.8 0.0 10.0 −2.1
Water −11.7 −9.6 −10.8 −10.0 0.0 −12.1
Low plants 0.4 2.5 1.3 2.1 12.1 0.0
The bold values showing diagonal axis.
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to 1998. However, these previous studies used low temporal
resolution analysis and focused on average temperatures rather
than extreme events. The study also showed that the lowest
maximum temperature, highest maximum temperature, and the
number of successive hot days significantly increased between 1990
and 2020. In recent years, record-breaking high temperatures and
heat waves have occurred in different parts of Zimbabwe, especially
during the hot season. Although the LCZ did not change at the
Goertz Observatory between 1990 and 2020, maximum temperature
extremes significantly changed during the period. This is similar to
the findings that the values of extreme climate indices in all LCZs in
Brno, Czech Republic, increased from the sixth decade of the 20th
century toward the first decade of the 21st century (Geleti et al.,
2019). Although this study was on amuch-localized scale, significant
trends in warming-related climate extremes are also in tandem with
observations from other parts of the world. For instance, Rahimi and
Hejabi (2017) observed significant warming trends in extreme
temperature indices between 1960 and 2014 in Iran. Similar to
this study, Popov et al. (2018) observed decreasing/increasing trends
in cold/warm extremes in Bosnia and Herzegovina. A decrease in
cool days, an increase in warm days, and an increase in mean
maximum temperature were also observed over Lagos, Nigeria
(Ogunjo et al., 2021). The warming could be attributed to an
increase in anthropogenic activities, such as changes in LCZ and
industrial activities, which add pollutants to the lower atmosphere.

The city surface was warming as the spatial structure of LCZs
changed between 1990 and 2005. According to Nayak and
Mandal (2019), urbanization causes temperature changes due
to both alterations of LULC and greenhouse gas concentrations.
Similarly, in this study, we attributed surface warming to LCZ
transitions and background caused by anthropogenic activities,
such as industrial emissions. Blake et al. (2011) also reported that
Harare was warming, despite cooling in the decade from 1900 to
2002. The heat mitigation value of vegetation was not evident in
low plants LCZ during the study period. The low plants LCZ is
composed of a mixture of bare, agricultural, and grassland areas,
thereby resulting in varied effects on the thermal environment.
For instance, dry, bare areas and dry vegetation eliminate the heat
mitigation value of healthy low plants. Furthermore, the study
was conducted during the hot, dry season when most of the trees
had shed leaves during the cool season. Most low plant areas will
be bare or covered with dry grass, while agriculture areas will
mostly also be bare or covered with dry crop residues with no heat
mitigation value due to the absence of moisture. The warming
effects of LCZ transitions concur with the assertion by Feng et al.
(2014) and Gallo et al. (1993) that urbanization-induced changes
can impact temperature trends similar to those expected under an
enhanced greenhouse warming scenario.

Vegetation moderated LSTs even in built-up LCZs, such as
lightweight low rise. Field surveys and Google Earth images show
that in Bulawayo, even in lightweight low rise areas, residents
prefer trees and other vegetation covers in available spaces.
Similar to patterns observed in Harare (Mushore et al., 2018),
open low-rise areas, which correspond to spacious settlements of
middle to high-income strata, have abundant and well-
maintained vegetation cover. According to Sithole and Odindi
(2015), green spaces act as heat sinks as they tend to be porous

and assimilate local heat, which explains low temperatures in
areas of abundant vegetation. In recent years, although not
measured in this study, lifestyle changes noticed in
Zimbabwe’s cities, such as an increased volume of private
vehicles, could explain larger increases in temperature after
than before 2005. The smallest changes in LST were observed
in the water LCZ, while similar surface warming patterns
appeared in compact low rise and low plants LCZ areas. Even
within an LCZ category, LST changes were recorded, thereby
implying that the warming was not only due to LCZ transitions
but also due to background warming. The warming effect of
greenhouse gases within a city is not only confined to industrial
areas as the pollutant spread around an open atmosphere.
However, the impact is reduced by heat and carbon
assimilation effects in areas where vegetation is abundant.

The study showed a three-dimensional warming pattern as the
city of Bulawayo was growing. The LST was warming while air
temperatures and associated extreme events rose between 1990
and 2020. The replacement of natural covers, especially
vegetation and water with built LCZs, increases heat
absorption capacity of the city, which warms the air as it
moves over these areas, thereby resulting in increased air
temperatures. The observed rates of change in LST were
consistent with those observed in other studies and were
larger than those in air temperatures. This could be due to
differences in heat absorption rates and capacities between air
and the LCZs. Additionally, air temperature measurements
include variability due to clouds and are observed at higher
temporal resolution (before averaging) than LST observations,
which were only computed for cloud-free days and anniversary
imagery. The findings concur with previous studies, which
showed that urbanization causes warming in formerly natural
environments (Weng et al., 2007; Grossman-Clarke et al., 2010;
Jalan and Sharma, 2014). As such, Jalan and Sharma (2014) and
Grossman-Clarke et al. (2010) indicated that replacing vegetation
with urban fabric can increase LST by 2–4°C. Overall, the study
showed that growth-induced LCZ transitions altered the spatial
structure of LST while influencing air temperatures and
temperature extremes.

CONCLUSION

This study investigated long-term changes in the thermal
environment of Bulawayo metropolitan city by combining
both surface and air temperature measurements. Air
temperature measurements were used to derive indices for
low- and high-temperature extremes. Both surface and air
temperature measurements indicated that the city is warming.
Although extreme low temperature–related indicators showed
rising trends, the patterns were not statistically significant. On the
other hand, warming is significantly increasing high
temperature–related extremes. This concludes that comfortable
hours are reducing during daytimes, while the nighttime relief has
been maintained over the years. Besides warming due to LCZ
transitions, the temperature rises were also observed within all
LCZs. The study concluded that the background temperature rise
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due to global warming and LCZ dynamics combined effects to
cause temperature elevation in the city. Replacing the water with
other LCZ categories has the strongest implications on the
thermal environment, thereby causing warming by at least 9°C
in the altered areas. Construction of buildings in formerly
vegetation LCZ areas and densification of buildings also have
significant temperature elevation effects. Conversely, the
densification of forests, maintenance of vegetation covers, such
as grasslands, and conservation of wetlands have strong heat
mitigation effects. LCZs and extreme climate indices combine to
adequately explain the responses of the climate system to
anthropogenic activities.
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