
 1 

The unrelenting global expansion of the urban heat island over the 1 

last century 2 

 3 

Yaxue Ren1, Raffaele Lafortezza1, *, Vincenzo Giannico1, Giovanni Sanesi1, Xinna Zhang2, 4 

Chengyang Xu2 5 

 6 
1Department of Soil, Plant and Food Sciences, University of Bari Aldo Moro, Via Amendola 7 

165/A 70126 Bari, Italy 8 
2The Key Laboratory for Silviculture and Conservation of Ministry of Education, Key 9 

Laboratory for Silviculture and Forest Ecosystem of State Forestry and Grassland 10 

Administration, Research Center for Urban Forestry, Beijing Forestry University, Beijing 11 

100083, China 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

*Corresponding author: 22 

 23 

Prof. Raffaele Lafortezza, PhD 24 

Department of Soil, Plant and Food Sciences  25 

University of Bari Aldo Moro  26 

Via Amendola 165/A 70126 Bari, ITALY  27 

E-mail: raffaele.lafortezza@uniba.it  28 

 29 

Research Center for Urban Forestry 30 

Beijing Forestry University, Beijing 100083, China 31 

 32 

mailto:raffaele.lafortezza@uniba.it


 2 

Abstract 33 

The past century has seen dramatic increases in global temperatures and mounting 34 

urbanization. As a result of these events, the urban heat island (UHI) effect has 35 

received growing attention in scientific research worldwide. A global search was 36 

initially conducted using a scientific literature database to collect all available relevant 37 

publications to understand how the UHI has been expanding worldwide and affecting 38 

more cities across different latitudes and altitudes. Subsequently, a semantic analysis 39 

was performed to extract city names. The literature search and analysis combined 40 

resulted in 6,078 publications in which UHI was investigated in 1,726 cities 41 

worldwide in the 1901 to 2022 time period. The cities were grouped into ‘first 42 

appearance’ and ‘recurrent appearance’. Results show that UHI was studied in only 43 

134 cities during the 90-year period from 1901 to 1992, with a remarkable growth 44 

over time in the number of cities where interest in UHI increased. Interestingly, the 45 

number of first appearances was always notably higher than the number of recurrent 46 

appearances. The Shannon evenness index was employed to identify the spatial 47 

locations (hotspots) across the globe where UHI-related research has been 48 

concentrated in multiple cities over the last 120 years. Finally, Europe was selected as 49 

a testbed for conducting an analysis to shed light on how economic, demographic, and 50 

environmental factors can impact UHI. Our study is unique for having demonstrated 51 

not only the rapid growth of cities affected by UHI globally but also the increasing 52 

and unrelenting expansion of UHI occurrences across different latitudes and altitudes 53 

over time. These novel findings will undoubtedly be of interest to scientists 54 
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investigating the UHI phenomenon and its trends. Stakeholders will acquire a broader 55 

perspective and deeper understanding of UHI in order to engage in more effective 56 

urban planning to offset and mitigate the phenomenon’s adverse effects in the context 57 

of increasing climate change and urbanization. 58 

 59 

Keywords: Urban heat island; Latitude; Altitude; Literature database; Climate; 60 

Vegetation  61 
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1. Introduction 62 

Dramatic global climate change and urbanization, which are regrettably advancing at 63 

a rapid pace, are among the most important global trends of the 21st century 64 

(Marcotullio et al., 2021). According to the Intergovernmental Panel on Climate 65 

Change (IPCC) assessment report, the global mean air and surface temperature have 66 

significantly increased over the last century, and by the end of the 21st century will 67 

have increased by 1°C to 3.7°C (IPCC, 2013). At the same time, the world is 68 

urbanizing rapidly, and people living in cities have outnumbered rural dwellers (Yang 69 

and Zhao 2022). More than half of the global population will be living in urban 70 

settlements by 2030 (United Nations 2018). The end result will be a higher rise of 71 

temperatures in built-up areas (Radhi, et al., 2013) compared to their suburban 72 

counterparts, which defines what is commonly known as the urban heat island (UHI) 73 

effect (EPA, 2022). Of these events, UHI has received growing attention in scientific 74 

research worldwide (Balany et al., 2020; Mohajerani et al., 2017; Peng et al., 2012; 75 

Radhi et al., 2013). 76 

 The largest number of contributions to UHI-related research come from 77 

meteorology atmospheric sciences and environmental sciences (Huang & Lu, 2018). 78 

With regard to meteorology atmospheric sciences, investigations of the urban climate 79 

date back to the early 19th century. Hundreds of studies on the “urban temperature 80 

effect” or “heat island effect” have been published in the academic literature (Stewart, 81 

2019), since Howard (1833) first suggested that the temperature difference between 82 

London and its countryside was proportional to urban density and development. The 83 
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continuous exploration and development of theories, methods, and techniques (e.g., 84 

Arnfield, 2003; Balchin & Pye, 1947; Huang & Ye, 2015; Oke, 1995; Schwarz et al., 85 

2012; Stewart, 2011; Zhou et al., 2019) by scientists and scholars in urban 86 

climatology have allowed UHI to grow in popularity from its modest beginnings into 87 

a research topic of prominent academic interest. Its negative effects (Akbari et al., 88 

2001; Donovan & Butry 2009; Hirano & Fujita 2012; Lowry, 1977), spatiotemporal 89 

patterns (Jin et al., 2015; Ren et al., 2007) and causes (Akbari et al., 2001; Doulos et 90 

al., 2004; Mohajerani et al., 2017; Rossi et al., 2014) have been extensively reported. 91 

The majority of contributions to the environmental sciences, on the other hand, 92 

demonstrate that increasing vegetation and green spaces in cities have proven to be a 93 

way to address the root causes of the UHI issue (Gill et al., n.d.; Givoni, 1991; Norton 94 

et al., 2015; Peng et al., 2012; Shi et al., 2021). Scientists from specific disciplines, 95 

such as environmental management, landscape ecology, ecological restoration and 96 

urban forestry, have investigated the impact factors (Barbierato et al., 2019; Radhi et 97 

al., 2013; Ren et al., 2013; Zhou et al., 2014) and mitigation measures of UHI 98 

(Broadbent et al., 2018; Oliveira, 2011; Tan et al., 2010). It has also been suggested 99 

that controlling population size and GDP growth per capita may help to mitigate the 100 

UHI effect (Li et al., 2020). Correspondingly, most secondary sources (review 101 

articles) have not only focused on causes (Mohajerani et al., 2017; Ward et al., 2016) 102 

and mitigation measures (Aleksandrowicz et al., 2017; Balany et al., 2020; Bowler et 103 

al., 2010; Santamouris, 2013) but also on UHI evaluation methods (Neinavaz et al. 104 

2021; Ward et al. 2016). In the early literature, the UHI was determined by measuring 105 
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urban air temperature using various methods, such as sensors mounted on bicycles 106 

(Budel & Wolf, 1933), motorcars (Fukui, 1941; Oke, 1976; Schmidt, 1927) and 107 

climate stations (Besson, 1931). Subsequently, the developments in remote sensing 108 

technology and spatial science have greatly incremented UHI research based on land 109 

surface temperature (e.g., Chen et al., 2022; Kong et al., 2014; Ren et al., 2013; Zhou 110 

et al., 2022), with an exponential growth trend beginning in 2005 (Zhou et al., 2019). 111 

 Viewed from another perspective, very few studies have dealt with the expansion 112 

of the UHI phenomenon. However, with the increased impact of climate change on 113 

cities (Gill et al., n.d.) and enhanced public awareness (Brondizio et al., 2021), 114 

various disciplines and interdisciplinary research areas focusing on climate change 115 

have been emerging (Lemos et al., 2019), thus expanding the UHI research trend. Oke 116 

(1982) had previously argued that there is a relative wealth of research on UHIs in 117 

temperate climates but a paucity of studies on heat islands in equatorial, tropical, 118 

subpolar and polar settlements. In contrast, 20 years later, Arnfield (2003) suggested 119 

that the areas studied for UHIs have included equatorial wet climates, tropical wet-dry 120 

and monsoonal climates, tropical highland climates, tropical deserts, subtropical 121 

climates and high latitude locations. Since then, another 20 years have passed and 122 

scientific research on the UHI effect continues to grow exponentially (e.g., Balany et 123 

al., 2020; Qi et al., 2019; Santamouris, 2013). However, this body of literature still 124 

does not provide evidence of UHI occurrence expanding to geographical regions 125 

worldwide. 126 

   127 
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The overarching goal of this study is to demonstrate how the UHI has been affecting 128 

an increasing amount of cities globally over a century and beyond (from here on 129 

referring to 120 years). The specific objectives of this study are to: (i) analyze the 130 

spatial distribution of cities where UHI has been investigated as well as the growth 131 

ratio of these cities over time; (ii) investigate the trend of UHI expansion in latitude 132 

and altitude; (iii) identify the spatial locations (i.e., hotspots) across the globe where 133 

UHI-related research is concentrated in multiple cities; and (iv) explore the economic, 134 

demographic and environmental drivers underlying the distribution of hotspots and 135 

non-hotspots with a focus on the European continent. 136 

This singular study will greatly benefit urban planners and urban forestry research 137 

as well as offer scientists with important insights to deepen their understanding of the 138 

UHI phenomenon and its unrelenting and increasing worldwide trend. It will open the 139 

window of opportunity to policy makers and diverse stakeholders to engage in more 140 

skillful urban planning to offset and mitigate UHI’s impacts on society and the 141 

environment at a time in history when global temperatures are dangerously increasing 142 

and the world's cities are rapidly urbanizing.  143 

 144 

2. Materials and methods 145 

To conduct our research, a large database (i.e., Scopus) of scientific literature focusing 146 

on the UHI phenomenon was accessed. For the purpose of including as many 147 

publications related to the UHI effect as possible in the study, (i) we used climate and 148 

vegetation as two main domains in the search query (see Section 2.1); (ii) followed up 149 
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the search by conducting a semantic extraction to restrict the publications to the urban 150 

area (see Section 2.2); and (iii) performed a subsequent data analysis with the 151 

extracted city information (Fig. 1) (see Section 2.3). Overall, the publications 152 

collected in this work focus on climate and vegetation in an urban context and will be 153 

referred to from here on as UHI-related research. 154 

 155 

Figure 1. Flowchart of the literature search and analytical process. 156 

 157 

2.1. Literature search  158 

To search publications in which UHI has been investigated at the global level, we 159 

performed a selection of keywords focusing on the two main research domains as 160 

follows (asterisks replace all possible characters at the end of a word):  161 

⚫ Climate: “urban heat island*” OR “UHI*” OR “land surface temperature” OR 162 

“microclimate”, and  163 

⚫ Vegetation: “urban forest*” OR “green space” OR “green infrastructure” OR 164 
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“vegetation” OR “tree*” OR “nature-based solution*” OR “canopy cover” OR 165 

“biomass".  166 

 167 

2.2. Semantic extraction 168 

An additional filtering step focusing on UHI-related research conducted in the urban 169 

area was performed by means of semantics. Firstly, BibTeX files were imported from 170 

the identified literature and downloaded from Scopus into an R statistical environment 171 

(Version 4.1.2). Secondly, the GeoNames (2009) database was downloaded, as it 172 

contains more than 25 million geographical names (cities, provinces, regions) and 173 

their respective latitude, longitude, and altitude. Thirdly, the code was written in R for 174 

the semantic analysis of publications to automatically extract city names from the title 175 

and abstract based on GeoNames. Cities with a population of less than 10,000 were 176 

filtered out to avoid incorrect matching with common names. For example, Shannon 177 

(Quebec, Canada) and William (California, USA) are names of cities with populations 178 

of 6,423 and 5,642, respectively, which more often refer to names of individuals. 179 

In addition, a further analysis was conducted on abstract records. The analysis 180 

involved identifying the frequency of terms related to air temperature, local climate 181 

zone, land surface temperature, and land use. A Venn diagram was designed to 182 

represent the presence and intersection of terms found in each abstract. The same 183 

analysis was performed for four different timeframes to gain insight into the research 184 

history of each category. The analysis provides a comprehensive view of the research 185 

on UHI and related parameters, and highlights the importance of considering multiple 186 
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parameters in urban climate studies (see Supplementary Material, Fig. S1 and Table 187 

S1).  188 

 189 

2.3. Data analysis 190 

In our study, the probability density function (shown below) was used to standardize 191 

and compare the latitude and altitude distributions of cities between different 192 

timeframes, 193 

𝐹(𝑥) = 𝑃 (𝑎 ≤ 𝑥 ≤ 𝑏) = ∫ 𝑓(𝑥)𝑑𝑥 = 1
𝑏

𝑎

(Eq. 1) 194 

where probability (P) is the integration of the density function f(x) from x = a to x = b. 195 

The integer was set at 1 to compare multiple functions across time. The Shannon 196 

evenness index (Eq. 3), which is based on Shannon diversity (Shannon 1948) (Eq. 2), 197 

was used to analyze the spatial distribution of UHI-related research on a global scale 198 

over a period of 120 years. For the scope, we divided the globe into equal grids by 199 

overlapping a fishnet polygon (size 1x 1°) and calculated the evenness index for each 200 

grid. The formula is shown as follows:  201 

𝐻′ = − ∑(𝑝𝑖 ln 𝑝𝑖)

𝑆

𝑖=1

(Eq. 2) 202 

where pi and S are, respectively, the proportion of appearances belonging to the i-th 203 

city and the total number of cities within each cell of the grid for which UHI-related 204 

research has been conducted. The Shannon evenness index is defined as: 205 

𝐸 =
𝐻′

𝐻′
max

(Eq. 3) 206 

where 𝐻′ represents the number derived from the Shannon diversity index and 𝐻′𝑚𝑎𝑥 207 
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is the maximum possible value of 𝐻′; E is constrained between 0 and 1. 208 

To illustrate the behavior of the index included in our analysis, a schematic 209 

sample is given in Figure 2. Grids belonging to different classes with cities (indicated 210 

by black dots) and their respective appearances in the grid are shown on the right. For 211 

example, the grid in panel (b) contains 4 cities which appeared 8, 7, 3 and 2 times, 212 

respectively. Therefore, S is the total number of cities in the grid (N = 20), while pi is 213 

the proportion of appearances belonging to the i-th city, which are respectively 0.4, 214 

0.35, 0.15, 0.1, and H' is 1.249. The probability of 𝐻′𝑚𝑎𝑥  in this grid, which is the 215 

equal number of appearances of the four cities, is 0.25 for all p, and 𝐻′𝑚𝑎𝑥 is 1.386; 216 

thus, the Shannon evenness index equals 0.9. 217 

 218 

Figure 2. Schematic sample of the Shannon evenness index grids of different classes: (a) 0.96-219 

1; (b) 0.83-0.96; (c) 0.59-0.83; and (d) 0-0.59 extracted from the global map of Figure 8. 220 

 221 

Finally, we explored the economic, demographic, and environmental drivers 222 

underlying the distribution of hotspots and non-hotspots with a focus on the European 223 
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continent for a specific timeframe: 2000-2021 (KC & Ruth, 2015).The selection of 224 

Europe and the above timeframe is motivated by the availability of consistent data, 225 

both spatially and temporally, for all cities in Europe. Gross Domestic Product (GDP) 226 

and population density data were retrieved from the Organisation for Economic 227 

Cooperation and Development (OECD) Regional Statistics Database (Anon, n.d.). 228 

Temperature data for summer (June, July and August) were sourced from WorldClim 229 

(www.worldclim.org).  230 

 231 

3. Results 232 

The Scopus search for scientific literature containing keywords from both domains – 233 

climate and vegetation – revealed 18,245 publications altogether from 1901 to 2022. 234 

Conference papers were excluded, which reduced the total number of publication 235 

records to 15,889 (most recent update: September 29, 2022). Subsequent to the 236 

semantic extraction strategy, 6,078 publications were finally included in our study for 237 

further analysis (Fig. 1). The statistics were visualized using Tableau (Version 2022.1) 238 

and the ggplots package (Wickham 2016) in R studio. 239 

 240 

3.1. The spatial distribution and growth ratio of cities in UHI-related research 241 

After running the code for semantics filtering, a total of 1,726 cities with 8,257 242 

appearances in 6,078 publications were extracted in the last 120 years. The 120 years 243 

of research were divided into four timeframes: 1901-1992; 1993-2002; 2003-2012; 244 

and 2013-2022 (1901-1992 constituted one timeframe due to the small amount of 245 
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literature, while the others were grouped per decade). The appearance of each city is 246 

indicated by a dot on a map, while a further division of the cities into ‘first 247 

appearance’ and ‘recurrent appearance’ is represented by blue and orange dots, 248 

respectively (Fig. 3). In other words, the same city was identified as a first occurrence 249 

in the earliest timeframe that was extracted, and then as a reoccurrence if it was 250 

extracted in other timeframes. The results of a further analysis performed on abstract 251 

records are also shown on a map (Fig. 4), with the different colored dots representing 252 

the analysis conducted in that city for air temperature (AT), land surface temperature 253 

(LST), air temperature and land surface temperature (AT+LST), or other studies 254 

which did not mention AT or LST (Other). Results show a remarkable growth over 255 

time in the number of cities in which the UHI effect was studied (Figs. 3 and 4).  256 
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 257 

Figure 3. Cities that appear in publications in which the UHI effect was studied. The blue and 258 

orange dots represent the first appearance of cities and the recurrent appearance of cities, 259 

respectively, for the timeframes (a) 1901-1992, (b) 1993-2002, (c) 2003-2012, and (d) 2013-260 

2022. 261 

 262 

Over the past century, new cities have been continuously included in research 263 

related to UHI worldwide, indicating that an increasing number of cities are affected 264 

by UHIs and, more specifically, that the UHI is becoming a growing phenomenon in 265 

the majority of cities where it has never occurred before. At the same time, the 266 

number of cities which have been repeatedly studied has also grown (see Fig. 3), 267 

although these (recurrent appearances) have been outnumbered by the new cities (first 268 

appearances). This secondary finding proves that the UHI effect has long captured the 269 

interest of scientists. Furthermore, research of the early timeframes (1901-2002) on 270 
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the UHI specifically investigating AT and LST shows that the number of appearances 271 

of both terms was more similar than in the latest timeframes (2003-2022), where 272 

scientists tended to focus on LST more frequently due to the global availability of 273 

thermal infrared satellite images. 274 

 275 

Figure 4. Cities that appear in publications in which the UHI effect was studied. The sky-blue, 276 

yellow, green and gray dots represent the cities where the research included air temperature 277 

(AT), land surface temperature (LST), air temperature and land surface temperature 278 

(AT+LST), but not AT or LST (Other), respectively, for the timeframes (a) 1901-1992, (b) 279 

1993-2002, (c) 2003-2012, and (d) 2013-2022. 280 

 281 

After examining the spatial distribution of the cities studied in the UHI, we 282 

proceeded to explore the number of these cities and the proportion of their growth 283 

over time (Fig. 5). The results of our analysis show that the number of cities that 284 

appeared for the first time in publications was consistently higher than the number of 285 



 16 

cities that appeared repeatedly (n = 187 vs. 49, 1993-2002 timeframe; n = 440 vs. 143, 286 

2003-2012 timeframe; n = 965 vs. 431, 2013-2022 timeframe). The difference in this 287 

number was consistently more than double, except for the first timeframe where no 288 

cities were considered to be recurrent (n = 134 vs. 0, 1901-1992 timeframe). In the 289 

2003-2012 and 2013-2022 timeframes, the percentage increase in recurring cities was 290 

even more striking, at 191.8% and 201.4%, respectively. At the same time, the growth 291 

ratio of first appearance cities never fell below 100%, except for the 1993-2002 292 

timeframe, indicating that scientists have never lost interest in studying the UHI 293 

effect. 294 

Meanwhile, the term LST was always used more often than the term AT, except in 295 

the first timeframe (Fig. 5), where scientists focused more on AT. Also, the growth 296 

ratio of LST appearance was constantly higher than the appearance of all other terms, 297 

except the last timeframe, which may be due to the rapid development of remote 298 

sensing technology and its application in the field of urban forestry. Although the 299 

number of studies investigating AT+LST was always the lowest, the results show that 300 

scientists have worked on combining AT and LST in conducting UHI research. 301 
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 302 

Figure 5. Number and growth ratio of cities with different times of appearance (a) and 303 

different terms (b) in the four timeframes under study (1901-2022). AT, air temperature; LST, 304 

land surface temperature; AT+LST, air temperature and land surface temperature; and Other, 305 

other studies which did not mention AT or LST. 306 

 307 
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3.2. The latitude and altitude distribution of cities in UHI-related research 308 

The latitudes of cities where scientists conducted UHI-related research during 309 

different timeframes were compared in a probability density diagram (Fig. 6). The 310 

density curve as a whole was negatively skewed, with skewness increasing over time 311 

(Table 1). This indicates that most of the cities extracted from the publications are 312 

distributed in the northern hemisphere and vary in decreasing latitude with time. The 313 

peaks of the density plot (Fig. 6) display where the values are concentrated over the 314 

intervals. The overall shape of the curve illustrates that the density distribution 315 

patterns of the latitudes of cities in the publications for all timeframes are single-316 

peaked, concentrating around the 40° latitude. The standard deviation trended upward 317 

from 1901-1992 to 2013-2022 (Table 1), indicating that the latitudes of cities are 318 

gradually separating from the mean. This outcome implies that the latitudinal range of 319 

cities where scientists have conducted UHI-related research is expanding. The two 320 

curves representing the 1901-1992 and 1993-2002 timeframes, respectively, are the 321 

steepest. Over different timeframes, the height of the remaining curves decreased 322 

while their width increased, suggesting an increment in the differences in latitude 323 

between cities. In other words, more cities of different latitudes globally are being 324 

included in studies relating to UHI. Contrarily, the curve of the 2013-2022 timeframe 325 

is the lowest, implying that in the last decade the latitude range of cities has been the 326 

widest, and further confirming the above finding that at decreasing curve height a 327 

greater number of cities at different latitudes are being included in UHI-related 328 

research. 329 
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 330 

 331 

Figure 6. Latitude distribution by timeframe of cities mentioned in UHI-related research. 332 

 333 

Table 1. Metrics of the latitude probability distribution of cities in UHI-related research. 334 

Timeframe Mean StdDev Kurtosis Skewness 

1901-1992 32.02  23.09  2.81  -1.95  

1993-2002 32.42  21.99  2.27  -1.79  

2003-2012 31.69  21.51  2.50  -1.79  

2013-2022 31.97  20.85  2.48  -1.75  

 335 

The same increasing trend over time observed for latitude can be observed for 336 

altitude ranges (Fig. 7), except for the 1901-1992 timeframe, which is likely due to 337 

the long time span and small amount of data. The density curves were positively 338 

skewed overall, with most of the data concentrated in the lower altitude range and the 339 
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skewness decreasing over time (Table 2). This indicates that the altitude of cities 340 

extracted from publications gradually extends to a higher range. The kurtosis of the 341 

altitude distribution (Table 2) was always greater than the kurtosis of the latitude 342 

(Table 1), implying a greater degree of difference between the steepness of its 343 

distribution pattern and that of the Gaussian distribution. This is explained by the fact 344 

that most of the world's cities are concentrated at low altitudes and do not follow the 345 

Gaussian distribution. Our research on the UHI effect in the two timeframes of 2003-346 

2012 and 2013-2022 involves cities in a wider altitude range (Fig. 7). In addition to 347 

the height concentration observed for the 0- to 500-m altitude range, some peaks can 348 

be noted at other altitudes. For example, peaks around 700 m depicted in red 349 

representing the 1901-1992 timeframe and in green representing the 1993-2002 350 

timeframe (Fig. 6) are due to the fact that cities in this altitude range (600-700 m), 351 

exemplified by Madrid, appear 11 and 22 times, respectively, in publications related 352 

to the UHI. Cities at the same altitude were studied 56 and 163 times in the 2003-353 

2012 and 2013-2022 timeframes, respectively, without showing significant peaks, 354 

which proves that there are more publications related to the UHI phenomenon in the 355 

last two decades. 356 
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 357 

Figure 7. Altitude distribution density by timeframe of cities mentioned in UHI-related 358 

research. 359 

 360 

Table 2. Metrics of the altitude probability distribution of cities in UHI-related research. 361 

Timeframe Mean StdDev Kurtosis Skewness 

1901-1992 326.49  552.61  13.64  3.37  

1993-2002 269.62  434.14  11.77  3.32  

2003-2012 361.28  568.68  6.29  2.51  

2013-2022 326.65  513.28  9.42  2.84  

 362 

 From 1901 to the present day, most studies in which the UHI has been 363 

investigated have focused on cities at latitudes between 30° and 50° and at altitudes 364 

below 500 m. One possible reason is that the world’s population is mainly distributed 365 

at this latitude and altitude range (Cohen & Small, 1998; Bill Rankin, 2008). In the 366 

past, many cities did not face the challenges caused by climate change, thus the earlier 367 
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studies focused on a narrower range of latitudes and altitudes. However, with the 368 

current increasing UHI trend being associated with rapid climate change and 369 

urbanization, scientists have begun to conduct relevant studies in cities where these 370 

challenges had not been previously considered. 371 

 372 

3.3. The spatial locations (hotspots) across the globe where UHI-related research 373 

is concentrated in multiple cities 374 

All city data in the 1901-2022 time period were combined and the Shannon evenness 375 

index was calculated in grid units and displayed on a map (Fig. 8). The grids were 376 

divided into four quartile classes: 1st quartile 0-0.59; 2nd quartile 0.6-0.83; 3rd quartile 377 

0.84-0.96; and 4th quartile 0.97-1.00, representing high-to-low evenness, while an 378 

additional gray grid represents ‘no city studied’. The three continents – North 379 

America, Europe and Asia – containing the greatest number of hotspots (i.e., locations 380 

with an evenness index ≥0.59) were zoomed in to visualize the details.  381 

The Shannon evenness index was used to measure the extent to which the number 382 

of cities in a region where UHI-related research was conducted was evenly distributed 383 

among those affected by UHI (cities subjected to at least one UHI study). The value 384 

of the index ranges from 0 to 1, with 0 indicating minimal diversity and 1 indicating 385 

maximal diversity. When UHI-related research in a region is concentrated in a single 386 

city, the value is 0, and when UHI-related research is conducted in all cities of our 387 

database and the number of studies is evenly distributed among them, the value is 1. 388 

Therefore, the hotspot locations are those having a higher concentration of UHI-389 
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related research focusing on multiple cities rather than a single city. In other words, 390 

hotspot areas are likely to reflect the UHI characteristics of the entire region to a 391 

larger extent and the cities of the region studied are more evenly distributed.  392 

As shown in Figure 8, most of the hotspots are concentrated in all three 393 

continents. Furthermore, the hotspots in North America are almost entirely in the 394 

United States. In Europe, most of the hotspots are concentrated in Western Europe, 395 

such as the United Kingdom, Spain and the Netherlands, while in Asia they are 396 

located in China, Japan, Indonesia and India.  397 

 398 

Figure 8. Evenness of cities worldwide where UHI-related research was conducted from 1901 399 

to 2022. 400 

3.4. Economic, demographic and environmental drivers underlying hotspot/non-401 

hotspot distribution in the European continent  402 

A dynamic analysis of economic, demographic and environmental drivers underlying 403 
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hotspot/non-hotspot distribution was conducted using GDP, population density, and 404 

minimum and maximum summer temperatures as (surrogate) proxies. The analysis 405 

was conducted with a focus on the European continent beginning in 2001 (for GDP, 406 

population density and summer temperature) and ending in 2018 (for summer 407 

temperatures only) and in 2021 (for GDP and population density). Grids with an 408 

evenness index ≤0.59 (Fig. 8) were considered as non-hotspots and are represented by 409 

green lines (Fig. 9), while hotspots are represented by red lines (Fig. 9).  410 

The results show a clear upward trend in GDP and population density for both 411 

hotspots and non-hotspots, with two exceptions. The negative growth in GDP and 412 

population in 2011 could relate to the impact of the European sovereign debt crisis, 413 

while that of 2021 might be due to the COVID-19 pandemic. However, hotspots 414 

demonstrated a consistently higher growth rate in comparison to non-hotspots. This 415 

trend may be attributed to the rapid economic expansion of hotspots, which tends to 416 

attract more population and resources, thereby exacerbating the UHI effect. 417 

The analysis of summer temperature trends between hotspots and non-hotspots 418 

showed a surprisingly consistent pattern, with only minor differences observed. This 419 

finding suggests that the impact of changes in summer temperature on the extent of 420 

concentration of UHI-related research may not be relevant. However, even in 2004, 421 

the year with the highest rate of change, the summer temperature only changed by 422 

2.1°; therefore, the temperature change over a 20-year period was not considered 423 

significant. When comparing GDP and population density with summer temperature, 424 

the latter can be regarded as an insignificant driver. 425 
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Figure 9. Changes in gross domestic product (GDP), population density, and summer 428 

temperatures (minimum and maximum) in hotspots and non-hotspots over the last two 429 

decades beginning in 2001 (for GDP, population density and summer temperature) and ending 430 

in 2018 (for summer temperature) and in 2021 (for GDP and population density).  431 

 432 

4. Discussion and conclusions 433 

Previous studies on the UHI in relation to climate change, shedding light on its global 434 

phenomenology by analyzing thermal behavior aggregated at city scale or over 435 

seasonal or annual time periods (Mentaschi et al., 2022). For example, Zhang et al. 436 

(2010) assessed SUHI globally, while Clinton and Gong (2013) investigated urban 437 

areas with latitudes between 71° and -55° to characterize urban surface heat 438 

differences and identify urban environmental variables that are globally significant for 439 

diagnosing and predicting SUHI, but limited to one year: 2010. New research based 440 

on a global long-term dataset of daytime UHI delves into the space–time variability of 441 

urban–rural temperature differences, which is unprecedented at global scale 442 

(Mentaschi et al., 2022). Further study, proceeding from a literature review using data 443 

from 16 countries worldwide, analyzed UHI’s global trend and provides insight on 444 

how it is linked with pollution (Ulpiani, 2021). The research we propose herein is 445 

rather based on an extensive and highly comprehensive global literature review and 446 

presents a unique aspect of the global UHI trend by focusing on its occurrences at 447 

different latitudes and altitudes over time. Our study results are solid and impressive. 448 

They not only confirm the rapid growth of global research related to UHI over the last 449 

century and beyond, as represented by much of the collected literature 450 
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(Aleksandrowicz et al., 2017; Deilami et al., 2018; Mohajerani et al., 2017), but also 451 

and perhaps more importantly demonstrate the unrelenting expansion of the UHI 452 

phenomenon to different geographical regions. Specifically, we have pioneered an 453 

analysis on the number of cities related to UHI research rather than concentrate on the 454 

number of publications as has been done in other review articles (Balany et al., 2020; 455 

Santamouris, 2013; Ward et al., 2016) to gain a more intuitive understanding of the 456 

worldwide expansion of UHI. Furthermore, the latitude and altitude of these cities 457 

were investigated to track the dynamic trend of UHI expansion, with most of the 458 

research at the beginning of the 20th century focusing on a latitude range from 25° to 459 

50° and then expanding to lower and higher latitudes, as mentioned in other literature 460 

(Arnfield, 2003; Stewart, 2019). In this manner, our work has demonstrated how the 461 

UHI has affected an increasing number of cities across the globe during the course of 462 

120 years. 463 

In the time period (1901-2022) selected for our study, the results showed an 464 

increasing number of cities where UHI research was conducted (Figs. 3 and 4). While 465 

earlier studies were more often conducted for air temperature data collection, the later 466 

satellite era gave rise to more SUHI studies (Fig. 4). However, some geographical 467 

areas still exist where UHI has not been investigated (Fig. 3), perhaps because they 468 

are not affected by this phenomenon or as a result of lack of funding to conduct 469 

related research. Nevertheless, in recent decades the number of cities experiencing 470 

UHI has continued to increase, suggesting that its expansion will not come to a halt, at 471 

least in the short term. 472 
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To explore the spatial locations that have attracted widespread scientific interest 473 

in UHI during the last century, we identified hotspots and non-hotspots at global scale 474 

based on a widely used diversity index – Shannon evenness. The focus on Europe 475 

served as an example to explore the economic, demographic, and environmental 476 

drivers underlying the distribution of hotspots and non-hotspots. Our analysis reveals 477 

that the growth of GDP and population density is positively associated with scientists’ 478 

interest in the UHI phenomenon. However, we also found that the increase in summer 479 

temperature (both minimum and maximum) did not correspond to the expansion of 480 

the UHI effect, which is inconsistent with the results of other studies, such as that of 481 

Zhou (2014), who argued that climate has an overwhelming control on the spatial 482 

variability of UHI. One potential reason for this divergence of trends stems from the 483 

public perception that apparent temperature is influenced by humidity, wind, and 484 

radiation in addition to land surface temperature (Steadman, 1979). Another reason 485 

could be the limited resolution of the temperature data obtained from satellite images. 486 

In particular, the monthly temperature data from Worldclim have a resolution of only 487 

21 km2, and many of the urban biophysical elements that contribute to temperature 488 

variability are smaller than 60 m (Small, 2009). We intend to further investigate this 489 

aspect of the analysis, which is currently limited by lack of available data, by 490 

introducing other variables in order to acquire an in-depth understanding thereof. This 491 

research will likely point to important health and well-being implications of the UHI 492 

effect for urban residents.  493 
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 Although the concept of UHI was first introduced in 1958 (see Manley), the 494 

increase of higher temperatures in urban centers compared to suburban areas has been 495 

documented as early as 1833 (see Howard). For this reason, all relevant literature has 496 

been included and analyzed to the greatest extent possible to afford this study the 497 

most comprehensive perspective. Moreover, it is highly improbable for any database 498 

to contain all the early research because of the limits of technology. Some literature 499 

was not included in the Scopus database we employed, or if it was, no mention was 500 

found of cities being investigated for UHI, whether in the abstracts, keywords and 501 

titles, or references made to provinces and regions; therefore, this literature was not 502 

added to our study. Evidently, this could represent a study limitation, but we believe 503 

that for our intents and purposes the final database of 6,078 publications is highly 504 

satisfactory. 505 

Our study points out that research gaps exist in some geographic regions, 506 

especially in the concentrated latitudinal and altitudinal range of UHI-related studies, 507 

and that further in-depth studies are warranted. Meanwhile, research on the UHI effect 508 

has become increasingly important and urgent due to the rapid advance in climate 509 

change and urbanization (Chapman et al., 2017; Grimmond, 2007; Ren, 2015), which 510 

necessitated an understanding of its history and trends. Hence, this work provides a 511 

broader perspective in time of UHI as a global phenomenon, which may enable 512 

scientists dedicated to urban forestry research and climate change to be more intuitive 513 

about UHI’s impacts on current society and the environment as well as its expanding 514 

trend. From their own perspective, policy makers and practitioners will be encouraged 515 
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to become more vigilant in formulating appropriate mitigation and adaptation 516 

strategies. In point of fact, this study underscores the urgency of developing targeted 517 

mitigation and adaptation strategies to address the challenges posed by UHI and 518 

highlights the need for collaborative efforts among various stakeholders to achieve 519 

this goal.  520 
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