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ABSTRACT

Environmental pollution and its impact on human health has become a topic of great con-
cern. In recent years, the scientific community has significantly increased its attention to-
wards the protection of human health and an increasing number of analytical determina-
tions are being carried out on food and environmental matrices to guarantee their quality. 
Within these determinations, the monitoring of air quality, both in indoor and outdoor en-
vironments, is of particular scientific interest. In particular, the presence of micrometric par-
ticles, atmospheric particulate matter (PM) and ultrafine particulate matter (UFP) has be-
come a marker of air quality in recent years. The study of these substances is particularly 
important since the diameter of the particles is inversely proportional to their ability to pen-
etrate the respiratory system. In places of greatest attendance and areas with high vehic-
ular traf fic, units are installed for continuously monitoring the air quality. This paper aims 
to bring a snapshot of the concentrations of these particles in Molise, a small region in Italy. 
The results obtained present rather limited PM10, PM4, PM2.5, PM1 and UFP ranges, especially 
as regards Campobasso, the regional capital.

KEYWORDS

particulate matter
ultrafine particles
pollution
traf fic
heating systems

Introduction 

The terms “fine dust” or “atmospheric particulate mat-
ter” (i.e., PM) refer to a series of particles suspended in the 
air that humans breathe daily. PM10 is characterised by a 
diameter of less than 10 µm. Its presence in the air is due 
to natural events or anthropic activities. PM10 is considered 
an indicator of air quality (Vahlsing & Smith, 2012; Cos-
ta et al., 2014) as well as of the entire ecosystem (Wright 
et al., 2018). It is well-known that atmospheric particulate 
persists in the air for a long time. Such persistence deter-
mines that PM could be transported over long distances 

(Arfin et al., 2023). Studies showed that PM had an impact 
on human health, particularly disorders of the respirato-
ry system (Johannson et al., 2015; Avino et al., 2013; Marini 
et al., 2015; Dondi et al., 2023; Madureira et al., 2020). Or-
ganic and inorganic pollutants could adhere to the sur-
face of fine dust, facilitating their penetration into the hu-
man body (Dongarrà et al., 2010; Turpin et al., 2000). PM10 
is also called the thoracic fraction. It can reach the throat 
and trachea, located in the first part of the respiratory sys-
tem. The smallest particles, characterized by a suspension 

http://www.dgt.uns.ac.rs/en/homepage/pannonica/
mailto:ivan.notardonato%40unimol.it?subject=
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with a particle size class < 4 µm (i.e. PM4), represent the res-
pirable fraction. Due to the effect of respiratory motions, 
they can reach even deeper until they reach the alveolar 
area, the non-ciliated part of the lung. PM2.5 is a numeri-
cal classification given to fine particulate matter based on 
the average size of its particles. The term PM2.5 encompass-
es all particles with dimensions equal to or smaller than 2.5 
µm, where 1 µm. These tiny particles can penetrate deep 
into the lungs and even enter the bloodstream. PM2.5 par-
ticles can reach the alveoli in the lungs, potentially caus-
ing serious health issues (Feng et al., 2016). Studies have 
shown that exposure to elevated levels of PM2.5 is associat-
ed with an increased risk of cancer (Xing et al., 2016). Ex-
posure to PM2.5 has been linked to mutations in genes Egfr 
and Kras associated with lung cancer (Han et al., 2023; Hill 
et al., 2023). PM1 consists of particles with an aerodynam-
ic diameter of less than 1 μm. PM1 is incredibly small and 
can remain suspended in the atmosphere for extended pe-
riods. PM1 particles can penetrate deep into the lungs, po-
tentially causing harm. PM1 particles can originate from 
both natural and anthropogenic sources. Organizations 
like the World Health Organization (WHO) and the Eu-
ropean Union have studied and regulated PM2.5 and PM10 
particles for air quality, but PM1 remains less explored. In 
summary, PM represents fine particulate matter with po-
tentially serious health implications, and efforts to reduce 
exposure are crucial for public health. Minimizing expo-
sure to fine particulate matter is essential for maintaining 
good respiratory health. Furthermore, the air is character-
ized also by the presence of ultrafine particles (i.e., UFP), 
with a diameter between 10 and 100 nm. Such small diam-
eters can penetrate the deeper ways of the respiratory sys-
tem (Donaldson et al., 2001). Their size is comparable to 
those of human blood cells or alveolar macrophages, which 
could be able to internalise UFP. UFPs remain suspended in 
the air for hours or days, meaning that their deposition can 
occur far from the point of emission (Avino & Manigrasso, 

2017). It is well-known that UFPs mainly arise from vehicle 
emissions, as well as fuels used for heating systems (Sta-
bile et al., 2018; Jiang et al., 2019). Furthermore, industri-
al processes (i.e., oil industry, waste incineration and plant 
treatments) contributed the most to UFPs emissions in the 
air (Fernández-Camacho et al., 2012; Buonanno et al., 2011; 
Buonanno & Morawska, 2015; Borrow et al., 2018; Wang 
et al., 2018; Soggiu et al., 2020). Furthermore, due to their 
high persistence in the air before deposition, UFPs gener-
ally tend to clot/accumulate, leading to an increase in their 
size (Famiyet et al., 2023; Manigrasso et al., 2020). Gener-
ally, deposition of particles > 1 µm occurs by sedimenta-
tion, whereas for those smaller than 100 nm, the deposition 
occurs following chaotic diffusion motions of the parti-
cles, dependent on the diffusion coefficient (Famiyeh et 
al., 2023; Manigrasso et al., 2020). It has been reported that 
PM10 and UFPs become the main causes of diseases, affect-
ing both the respiratory system (e.g., lungs) and the cardio-
vascular and nervous systems (Du et al., 2016; Heusinkveld 
et al., 2016; Li et al., 2003; Lodovici & Bigagli, 2011). Recent-
ly, traces of ultrafine metal particles were detected in the 
human brain (Maher et al., 2016). The International Agency 
for Research on Cancer (IARC) classified PM10 as carcino-
genic to humans (Word Health Organization, 2010). There-
fore, European Member States proposed establishing ap-
propriate guidelines to increase the protection level of their 
citizens (Settimo et al., 2023). 

Generally, most of the population spends most of the 
hours of the day (up to 90%) indoors (Kelly & Fussell, 2019), 
so it becomes a necessity for every person to go out into the 
open air and take short or long walks. Monitoring air qual-
ity becomes of fundamental importance for the health of 
the population (Manigrasso et al., 2017; Notardonato et al., 
2019). The present paper aims to carry out a characteriza-
tion of the distribution of thoracic and respirable fractions 
and UFP on the exposure of a person during a recreational 
walk-in in different areas of the Molise region.

Materials and Methods

Sampling Sites 
The sampling campaign was carried out in five sites in the 
Molise region, Italy, about 150 km away from Rome in a 
southeast direction (Figure 1). The territory is predomi-
nantly hilly and there are municipalities and small towns 
with a population of less than 50000. The surface area of 
4461 km2 and the density of 64.81 inhabitants per km-2 de-
scribe the predominance of a naturalistic landscape. The 
sites were chosen for their differences in terms of pollution 
levels and they can be considered representative of Italian 
cities characterized by a low population density. Particu-
lar attention was paid to the regional capital, Campobas-
so (41°33’39.6’’N 14°40’06.24’’E), a city of approximately 49700 

inhabitants, with a surface area of 56.11 km2, 701 m above 
sea level, with a density of 838.1 inhabitants km-2. Fur-
thermore, an area of environmental whiteness has been 
identified, the protected natural oasis of “Montedimez-
zo” (41°45′28.08″N 14°12′46.44″E, approximately 6.4 km2, be-
tween 920 and 1284 m above sea level). The oasis is one of 
the first natural areas, among the eight Italian ones, to be 
registered as a “Biosphere Reserve” for the conservation 
and protection of the environment. The municipality of 
Agnone (41°48’37.44’’N 14°22’42.6’’E, approximately 4600 in-
habitants, 96.85 km2, 830 m above sea level, density of 48.17 
inhabitants km-2) is the municipality closer to the environ-
mental white which has a sufficient population to con-

https://it.wikipedia.org/wiki/PM_2.5
https://it.wikipedia.org/wiki/PM_2.5
https://it.wikipedia.org/wiki/PM_2.5
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sider the significant anthropic activity. Samplings were 
also carried out in two municipalities that represent the 
access routes to the region. The municipality of Venafro 
(41°28’57’’N 14°02’51’’E, approximately 10800 inhabitants, 
surface area of 46.45 km2, 222 m above sea level, density 
232.85 inhabitants km-2), is characterized by high heavy 
traffic, both cars, buses and trucks. There are two indus-
tries, a cement plant and an incinerator. The municipality 
of Termoli (42°00’10’’N 14°59’41’’E, approximately 32000 in-
habitants, 55.64 km2, 15 m above sea level, density 576.8 in-
habitants km-2) is characterized by the presence of a small 
port size and a motorway stretch that connects the south 
with the north of Italy. There are two medium-sized in-
dustries relating to the automotive and chemical-phar-
maceutical sectors. Where possible, three different areas 
were identified for each sampling location. Specifical-
ly, city centre, residential and green areas were select-
ed. To evaluate the impact of climatic conditions, a sam-
pling campaign was conducted both during the summer 
and winter seasons. Each sampling activity was repeat-
ed twice within the same day at the site of Campobasso, 
Termoli e Venafro: in the morning between 9.30 and 11.30 
AM and in the afternoon between 3.30 and 6.30 PM. In the 
sites of Montedimezzo and Agnone, areas with zero and 
low population density respectively, sampling was carried 
out only once per season as anthropic activity was consid-
ered null or almost null. All sampling lasted between 30 
and 90 minutes.

Instrumentation
All measurements were performed with certified and ap-
propriately calibrated portable electronic instruments 
from TSI Instruments (Shoreview, MN, USA). Specifically, 
the PM was studied under different size fractions using the 
DustTrak™ II Aerosol Monitor 8532, this is a handheld bat-
tery-operated, data-logging, single-channel, light-scatter-
ing laser photometer. The DustTrak™ II provides real-time 

aerosol mass readings using a sheath air system. This 
system isolates the aerosol in the optics chamber, ensur-
ing cleaner optics for improved reliability and low main-
tenance. It’s useful for assessing workplace air quality. It 
is ideal for monitoring indoor environments. The Dust-
Trak™ II can measure aerosol concentrations correspond-
ing to PM1, PM2.5, PM4, or PM10 size fractions. It covers an 
aerosol concentration range from 0.001 to 150 mg m-3. The 
handheld unit is lightweight and portable, making it easy 
to carry. The DustTrak™ II Aerosol Monitor 8532 is a ver-
satile tool suitable for various environments, from clean 
office settings to harsh industrial workplaces and outdoor 
applications. Its real-time monitoring capabilities make it 
valuable for assessing aerosol contaminants such as dust, 
smoke, fumes, and mists. To count the number of nano-
particles (# m-3) with dimensions between 10 and 365 nm, 
a NanoScan SMPS 3910 was used, which adopts a parti-
cle sizing technology with scanning mobility. Nanoparti-
cles were counted in real-time at 60 s time resolutions in 
thirteen different size channels (11.5 nm, 15.4 nm, 20.5 
nm, 27.4 nm, 36.5 nm, 48.7 nm, 64.9 nm, 86.6 nm, 115.5 nm, 
154.0 nm, 205.4 nm, 273.8 nm and 365.2 nm), of these all the 
lower fractions smaller than 115.5 nm were examined. The 
SMPS NanoScan is ideal for applications requiring port-
ability such as on-the-road measurements, field studies 
or workplace surveys. The internal Condensation Particle 
Counter (CPC) uses isopropyl alcohol as a working f luid, 
making the NanoScan suitable for use in various sensitive 
environments. The focus fell on ultrafine particles, i.e., on 
size channels from 11.5 nm to 115.5 nm. A backpack was 
equipped with a portable DustTrack system, while the Na-
noscan was carried by hand. The NanoScan SMPS 3910 is a 
revolutionary nanoparticle sizer. It opens the door to rou-
tine nanoparticle size measurements and delivers a Scan-
ning Mobility Particle Sizer (SMPS™) spectrometer in a 
portable package and it is an excellent choice for research-
ers, students, and industrial workers alike.

Figure 1. Geographical location of the Molise region and sampling sites
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Results and discussion

The results obtained are detailed and described below. 

Natural oasis of Montedimezzo
Results of PM1, PM2.5, PM4 and PM10 are reported in Ta-
ble 1.

From Table 1 emerged that PM concentrations (µg m-3) 
in the summer period have higher values than in the win-
ter period. In the summer period, the delta between the 
minimum value and the maximum value is very narrow, 
both values approach the average value. In the winter peri-
od, however, the minimum and maximum values present 
a greater delta, which often deviates from the average val-
ue. Furthermore, the table shows the values of the eighti-
eth percentile (80%) are in almost all cases close to the av-
erage. Such a difference could be due to the increase in 
recreational anthropogenic activities.

The ultrafine particles present very low values, in the 
winter period lower than 409 # m-3 and in the summer pe-
riod lower than 750 # m-3 and prove to be in line with the 
concentrations of atmospheric particulates. 

Agnone
Results obtained during the sampling campaign in Ag-
none are summarised in Table 2.

The average concentrations of atmospheric particu-
late matter are different between the summer period and 
the winter period. Concentrations during the winter peri-
od tend to almost triple compared to the summer period. 
Considering the altitude of the municipality, this increase 
is attributable to the use of heating systems such as meth-
ane boilers or wood-burning fireplaces, present in almost 
all homes in the municipality. The combustion processes 
inf luence the winter values. The minimum and maximum 

Table 1. Average concentrations of PM1, PM2.5, PM4 and PM10 the (µg m-3) 
related to the summer and winter periods; standard deviation (SD); 
minimum (min) and maximum (max) value; 60, 80, 95 percentiles of 
Montedimezzo. (sum. = summer; win. = winter)

Concentration (µg m-3)

PM1 PM2.5 PM4 PM10

sum. win. sum. win. sum. win. sum. win.

mean 8.7 4.9 11.2 5.4 12.5 5.5 15.8 6.0

SD 0.3 7.5 0.5 7.5 0.8 7.5 2.1 7.5

min 7.9 0.9 9.9 1.3 10.9 1.4 13.2 1.5

max 9.3 28.9 12.6 29.5 14.5 29.6 22.4 30.1

60 % 8.7 2.5 11.3 3.1 12.5 3.4 15.6 4.1

80% 8.8 4.5 11.5 5.2 13.1 5.3 17.7 6.5

95% 9.0 25.4 12.2 26.0 14.1 26.2 19.5 26.3

Table 2. Average concentrations of PM1, PM2.5, PM4 and PM10 the (µg m-3 
relating to the summer and winter periods; standard deviation (SD); 
minimum (min) and maximum (max) value determined; 60, 80, 95 
percentiles. (sum. = summer; win. = winter)

Concentration (µg m-3)

PM1 PM2.5 PM4 PM10

sum. win. sum. win. sum. win. sum. win.

mean 6.5 18.6 9.3 20.1 11.8 20.6 22.4 32.0

SD 0.5 13.4 2.9 13.8 7.5 13.9 58.2 14.2

min 5.7 6.8 7.7 7.9 8.2 8.0 9.1 8.3

max 8.0 75.6 21.5 78.1 44.7 78.6 291.8 79.4

60 % 6.5 16.0 8.6 17.4 9.5 18.3 12.6 20.8

80% 6.7 21.3 9.1 22.6 10.8 23.1 18.4 25.2

95% 7.6 46.8 15.5 49.1 26.5 49.5 153.8 52.2
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values present a greater delta compared to the average val-
ue in the winter period. Also, in this determination, the 
values at the eightieth percentile are close to the averages 
in almost all determinations.

Campobasso
Campobasso city was monitored in different meteorologi-
cal situations, to have a representativeness of the pollution 
level of the area.

The entire route (Figure 2), touched different areas of 
the city, appropriately selected based on population densi-
ty, vehicular traffic and green areas. The route highlight-
ed in red shows a peripheral road, characterized by a high 
population density, and heavy vehicular traffic of cars and 
coaches which also operate routes outside the city. In the 
area, there is a bus terminal located a short distance from 
the road examined. The route highlighted in orange in-
dicates a road in the city centre, characterized mainly by 
light vehicular traffic and city buses. Finally, the route 
represented by the green line represents the pedestri-

an area closed to traffic where there is a green park used 
by the majority of the population for walking. The hous-
ing units are similar to those of the orange route but the 
park is very large, full of trees and varied vegetation. These 
three situations identify and characterize different prac-
ticable routes within the town centre. They simulate a dif-
ferent exposure to atmospheric particulates and ultrafine 
particles to which the pedestrian is subjected. 

Table 3 shows the average results of the PMs, with 
the SD, MIN, MAX, 60, 80, and 95 percentiles. The aver-
age values during the summer period are between 7.2 and 
11.1  ppm, while the winter values were between 8.8 and 
26.8 ppm. Significant differences between the maximum 
values are noted. The maximum values determined dur-
ing the afternoons of the summer period (401.0 - 521.0 
µg m-3) are far higher than the respective average values 
(8.8 - 11.1 µg m-3). However, by comparing the maximum 
values with the relative values at 95% (23 – 28 µg m-3), it 
can be noted that the maximums represent instantaneous 
values of little significance. Furthermore, especially in the 
summer sampling, the average composition of the aerosol 
is predominantly PM1 (around 66.0% in the morning and 
79.3% in the afternoon).

The correspondences between percentiles and averages 
are also different. During the summer period, considering 
the standard deviation, the average values are comparable 
to those of 95%. While in the winter period, the correspond-
ence is 80%. In the winter period, the average values of the 
various particulate fractions become comparable between 
morning and afternoon. The data show an increase in par-
ticulate values in the winter period compared to the sum-
mer period. This could be due to an anthropic action linked 
to the use of heating systems. Campobasso is characterized 
by a fairly harsh climate during the winter period. Conse-
quently, the use of combustion boilers leads to doubling the 
values of both the respirable fraction and PM10 compared to 
the values found during the summer period.

Figure 2. Route in Campobasso city: the red line indicates 
residential area with high traf fic intensity, the orange line 
indicates residential area with medium traf fic intensity, whilst 
the green line represents pedestrian area

Table 3. Average concentrations of the dif ferent sizes of atmospheric particulate matter (µg m-3) relating to the summer and winter 
periods; standard deviation (SD); minimum (min) and maximum (max) value determined; 60, 80, 95 percentiles. (mor. = morning;  
aft. = af ternoon)

Concentration mean (µg m-3)

Summer Winter

PM1 PM2.5 PM4 PM10 PM1 PM2.5 PM4 PM10

mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft.

mean 6.8 8.8 7.2 9.1 8.2 9.7 10.3 11.1 8.8 9.6 15.2 13.9 17.9 17.0 21.9 26.8

SD 1.9 13.5 2.0 13.5 2.7 13.9 5.9 17.1 8.1 4.3 9.5 6.2 10.2 8.5 11.0 17.5

min 5.0 1.0 5.0 1.0 6.0 1.0 6.0 1.0 2.4 4.6 5.3 7.4 6.6 8.6 8.4 11.1

max 17.0 401.0 19.0 403.0 25.0 410.0 46.0 521.0 48.5 22.3 57.4 37.9 60.7 52.9 62.7 99.8

60 % 7.0 7.0 7.0 7.0 8.0 8.0 10.0 9.0 8.4 10.0 16.5 13.8 19.4 16.3 23.2 23.2

80% 7.0 10.0 7.2 10.0 9.0 11.0 11.0 14.0 10.1 11.6 18.2 16.7 22.2 20.9 27.0 34.0

95% 8.1 23.0 9.1 24.0 12.0 24.0 17.0 28.0 23.9 18.1 31.6 26.0 35.9 32.2 41.4 54.7
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The comparison between the composition of UFPs be-
tween the summer and winter periods confirms a change 
in air quality (Figure 3). The number of UFPs per cubic 
meter (# m-3) of air also tends to increase in the analyzed 
routes. Specifically, in the red and orange routes, the num-
ber of UFPs tends to grow in the winter period compared 
to the summer period, with values respectively lower than 
6500 # m-3 and 4000 # m-3. Such a trend was not observed 
in the green one, where the UFPs are comparable in the 
two periods. 

Venafro
Routes carried out during the sampling campaign in Ve-
nafro are represented in Figure 4. 

A route was identified that covered almost the entire 
country. An alasting of approximately 30 minutes was 
considered: two different areas can be identified on the se-
lected stretch. The route highlighted in red develops along 
the “SS6” and the “SS85”, the two main roads that connect 
Venafro with the motorways and the industrial area, char-
acterized by a high density of heavy vehicular traffic. The 
route highlighted in orange is in the centre with medium 
traffic density, essentially local traffic. 

The concentrations of atmospheric particulate matter 
are dif ferent between the summer and winter periods, as 
shown in Table 4. In the summer period, PM concentra-
tions are on average higher than those in the afternoon. 
This dif ference could be due to the heavy vehicular traf fic 
of trucks and road transporters, which, can walk freely 
on urban and extra-urban roads during the night hours, 
and then have limitations during the daytime hours to 
reduce the risks for cars. This gap decreases during the 

Figure 3. Comparison between the average distribution of ultrafine particles (# m-3) VS the diameter of 
the particles (nm) between the summer and winter periods in the three types of routes

Figure 4. The city route of Venafro where the red line indicates 
a residential area with high traf fic intensity, and the orange line 
indicates a residential area with medium traf fic intensity

Table 4. Average concentrations of the dif ferent sizes of atmospheric particulate matter (µg m-3) relating to the summer and winter 
periods; standard deviation (SD); minimum (min) and maximum (max) value determined; 60, 80, 95 percentiles (mor. = morning;  
aft. = af ternoon)

Concentration mean (µg m-3)

Summer Winter

PM1 PM2.5 PM4 PM10 PM1 PM2.5 PM4 PM10

mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft.

mean 23.1 13.1 23.9 13.6 25.1 14.6 28.3 17.1 35.5 32.5 47.3 40.9 50.9 45.9 58.4 66.5

SD 39.9 35.1 40.5 35.3 43.2 36.4 57.3 43.9 20.0 23.9 20.5 25.3 20.9 33.4 31.5 125.1

min 0.0 5.0 8.0 6.0 8.0 7.0 8.0 7.0 13.9 16.9 23.7 24.5 26.3 26.3 30.1 29.4

max 1090.0 1080.0 1100.0 1090.0 1130.0 1130.0 1720.0 1430.0 135.5 155.0 147.0 165.0 149.7 170.3 215.9 738.6

60 % 20.0 10.0 21.0 11.0 22.0 12.0 24.0 13.0 35.3 28.9 47.7 35.6 50.7 37.3 54.9 39.8

80% 25.0 13.0 26.0 14.0 27.0 15.0 31.0 18.0 43.3 39.0 55.7 48.4 61.1 50.5 67.5 53.9

95% 43.8 26.0 45.0 27.0 46.8 28.0 53.0 33.0 59.4 46.6 72.5 64.4 76.0 106.5 95.1 110.0
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winter period. The maximum values appear to be occa-
sional when compared to respective 95% values. Dur-
ing the summer period, considering the standard devi-
ation, the average values are comparable to those of 95%. 
While in the winter period, the correspondence is 80%. 
Furthermore, in the winter period, the concentrations 
between morning and afternoon become broadly com-
parable, since in addition to the emissions due to heavy 
vehicle traf fic, there are also emissions linked to the use 
of heating systems.

The UFP concentrations, as shown in Figure 5, are com-
parable in the two periods. In both types of path, the dis-
tribution curves show similar trends and are lower than 
12000 # m-3 for the path highlighted by the red line and 
lower than 8000 # m-3 for the path highlighted by the or-
ange line. It was decided to carry out Pearson correlations 
only for this reason since the ultrafine particles present 
significantly higher values compared to the other sites ex-
amined. 

Table 5. shows the relative Pearson correlation coeffi-
cients (r) determined for all sizes: the coefficients high-
lighted in blue, i.e., those with a value greater than 0.7, 
highlight a good correlation between the two fractions 
considered. Correlations are good for sizes ranging from 
11.5 to 64.9 nm, which means that fresh aerosol is emitted 
from the same sources. 

Termoli
The last sampling was carried out in the municipality of 
Termoli, the only seaside town in the region. Four sam-
plings were also carried out in this municipality, two dur-
ing the winter period and two during the summer period.

Routes carried out during the sampling campaign in Ter-
moli are represented in Figure 6. The route is traced based 
on the type of vehicular traffic and housing structures pres-
ent. The red route represents the streets with intense ve-
hicular traffic and represents the main entrance to the city, 

while the orange route represents the city centre, character-
ized by larger spaces and a small limited traffic area.

Figure 5. Comparison between the average distribution of ultrafine particles (# m-3) VS the diameter of 
the particles (nm) between the summer and winter periods in the two types of routes

Table 5. Pearson correlation coef ficient between submicron particles in dif ferent size fractions. 
Values> 0.7 are highlighted

11.5 15.4 20.5 27.4 36.5 48.7 64.9 86.6 115.5

1 0.666 0.782 0.928 0.959 0.945 0.806 0.298 0.162 11.5

1 0.909 0.564 0.582 0.714 0.816 0.589 0.520 15.4

1 0,802 0,782 0,815 0,792 0,576 0,456 20.5

1 0,985 0,894 0,813 0,418 0,179 27.4

1 0,949 0,856 0,334 0,107 36.5

1 0,922 0,354 0,195 48.7

1 0,609 0,614 64.9

1 0,920 86.6

1 115.5

Figure 6. City route of Termoli where the red line indicates a 
residential area with high traf fic intensity whereas the orange 
line indicates a residential area with medium traf fic intensity
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Table 6 shows a variation in average concentrations be-
tween the summer period and the winter period. The con-
centrations of atmospheric particulates in the summer 
period are comparable within the day, while in the win-
ter period, an increase in the concentration of the various 
fractions of PM is observed in the afternoon compared 
to the morning. This variation could be inf luenced by the 
presence of the sea breeze, which rises in the summer pe-
riod and participates in the exchange of air. During the 
summer period, there is a greater delta between the min-
imum value and maximum value in the various fractions 
of the particulate matter. But even in this case, these val-
ues are occasional when compared to the 95% average val-
ues. In the afternoon sampling the average values of both 
PM2.5 and PM10 exceed the permitted limit, 35.5 µg m-3 and 
64 µg m-3 respectively. However, if this value is averaged 
with the average morning value, 11.8 µg m-3 for PM2.5 and 
14.1 µg m-3 for PM10, the average daily values are 23.7 µg m-3 
for PM2.5 and 39.05 µg m-3 for PM10, values that fall with-
in the permitted limits. As regards the winter period, it 
should be underlined that the municipality of Termoli is 
crossed by a highly travelled stretch of motorway, which 
connects the south with the north of Italy. It is possible to 
suppose that in the winter period, the colder climatic con-
ditions limit the exchange of air linked to convective mo-

tions and consequently, there is an increase in fine dust 
concentrations. 

Figure 7 shows the comparison between the average 
distribution of ultrafine particles between the summer 
and winter periods in the two types of routes. It could be 
observed that the concentrations of UFP are comparable 
to those of atmospheric particulates. They appear to be 
2000 # m-3 and 6000 # m-3 respectively lower in the summer 
and winter periods. Furthermore, on this site, the trend of 
UFPs in both the red path and the orange path assumes a 
comparable trend. 

This paper aimed to characterize the air quality of some 
sites in the Molise region with data collected experimen-
tally. The analysis of the data collected has underlined an 
important inf luence of air quality due to vehicular traf-
fic and the use of heating systems, highlighting signifi-
cant gaps between the summer period and the winter pe-
riod. The geographical and demographic characteristics of 
Campobasso make the city comparable in terms of quality 
of life to many small Italian towns. In Italy the PM10 eval-
uation parameter is the daily average: according to Legis-
lative Decree 155/2010 this limit is equal to 50 µg m-3, not 
to be exceeded more than 35 times per year. The same de-
cree also establishes an average annual limit of 40 µg m-3. 
In April 2008 the European Union definitively adopted a 

Table 6. Average concentrations of the dif ferent sizes of atmospheric particulate matter (µg m-3) relating to the summer and winter 
periods; standard deviation (SD); minimum (min) and maximum (max) value determined; 60, 80, 95 percentiles. (mor. = morning;  
aft. = af ternoon)

Concentration mean (µg m-3)

Summer Winter

PM1 PM2.5 PM4 PM10 PM1 PM2.5 PM4 PM10

mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft. mor. aft.

mean 15.1 11.4 15.6 11.8 16.6 12.5 18.7 14.1 8.8 18.5 18.5 35.5 24.0 44.9 39.5 64.0

SD 7.4 10.8 7.5 10.9 8.2 11.3 10.8 12.9 2.5 3.2 2.6 3.9 3.1 5.1 6.9 10.1

min 8.0 3.0 9.0 4.0 9.0 4.0 9.0 4.0 6.8 12.6 16.2 30.1 20.4 38.2 28.5 51.7

max 122.0 164.0 135.0 165.0 169.0 166.0 276.0 184.0 22.6 27.0 32.4 50.0 38.3 64.3 58.8 101.9

60 % 14.0 9.0 14.0 10.0 15.0 10.0 18.0 12.0 8.5 18.7 18.2 35.7 23.7 44.7 39.5 63.2

80% 17.0 14.0 18.0 14.0 19.0 15.0 22.0 18.0 9.6 20.9 19.7 37.5 25.6 47.8 44.0 67.9

95% 26.0 26.0 27.0 27.0 29.0 28.0 33.0 32.0 11.5 24.3 21.5 42.6 28.5 55.4 52.1 85.2

Figure 7. Comparison between the average distribution of ultrafine particles (# m-3) VS the diameter of 
the particles (nm) between the summer and winter periods in the two types of routes
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new directive (2008/50/EC) which sets air quality limits 
with concerning PM2.5, considered the most dangerous for 
our health. As regards PM2.5, only the average annual limit 
of 25 µg m-3 is established. There is currently no regulation 
on exposure limits for PM4, PM1 and ultrafine particles. 
The overall picture shows an almost ideal climatic situa-
tion, with concentrations of atmospheric particulates and 
ultrafine particles which in most cases are below the limit 
concentrations established by law. The presence of anoma-
lous peaks is resolved over time. 

The results of concentrations of PM2.5 and PM10 in 
Campobasso were compared with those of atmospher-
ic particulate matter in some Italian cities. There are ap-
proximately 15 common demographically comparable 
results, but only three present works in the literature re-
garding the monitoring of PM2.5 and PM10 in dif ferent 
atmospheric and climatic conditions. The municipality 
of Lodi (Urso et al., 2015) is approximately 580 km from 
Rome in the North-West direction (45°19′N 9°30′E), ap-
proximately 44700 inhabitants, 41.38 km2, 87 m above sea 
level, 1080.45 inhabitants km-2. The municipality of Biel-
la (Diana et al., 2022) is approximately 670 km from Rome 
in a North-West direction (45°33′59″N 8°03′12″E), approx-
imately 42800 inhabitants, 46.69 km2, 420 m above sea 
level, 917.22 inhabitants km-2. Finally, the municipali-
ty of Avellino (Capozzi et al., 2022), about 250 km from 
Rome in a south-east direction (40°54′55″N 14°47′23″E), 
approximately 52100 inhabitants, 30.55 km2, 348 m above 
sea level, 1,706.58 inhabitants km-2. Table 7 compares the 
concentrations reported in the literature with those ob-
tained experimentally with this work in the municipali-
ty of Campobasso.

In all the municipalities examined there is a variation 
in the concentration of the various dimensions of atmos-
pheric particulate matter between the summer and win-
ter periods linked to the variation in climatic conditions. 
The work carried out in the municipality of Biella presents 
concentration values relating only to PM10 and the reasons 
that explain the difference in concentrations between the 
summer and winter periods are widely discussed by the 

authors in the article [Diana et al., 2022]. It is possible to 
note how the concentrations of the two fractions of par-
ticulate matter, respectively the inhalable fraction (PM10) 
and the respirable fraction (PM2.5), present lower values 
in the municipality of Campobasso compared to the cities 
examined. Furthermore, the average concentrations ob-
tained during the entire sampling campaign are decided-
ly lower when compared with those reported in the litera-
ture [Manigrasso et al., 2017] regarding large metropolises 
such as Rome (Table 8).

Table 8. Comparison between the average values of the three 
most populated areas of the entire sampling (µg m-3) with the 
city of Rome

Concentration mean PM (µg m-3)

PM1 PM2.5 PM4 PM10

Campobasso 8 11 12 16

Termoli 14 21 25 35

Venafro 26 31 40 45

Roma 129 130 131 137

Although the average concentrations of the various 
fractions of atmospheric particulate matter in Venafro 
are greater than those in Termoli or Campobasso, they be-
come small (about a quarter) when compared to those of 
metropolises such as Rome.

Conclusions

In conclusion, this work began to demonstrate the quali-
ty of the air in the Molise region, starting from the meas-
urement of the respirable and inhalable fraction of at-
mospheric particulate matter. The data collected is only 
a starting point. The authors examined the importance of 
respirable and non-respirable fractions and ultrafine par-
ticles for air quality monitoring. Studies on this topic are 
constantly updated and are not always sufficient to de-

scribe a correct public health assessment. It remains con-
firmed by the literature, the danger of submicron parti-
cles, which manage to reach the deepest part of the human 
respiratory system and are responsible for various pulmo-
nary and cardiovascular diseases. They should represent, 
together with atmospheric particulate matter, the new as-
sessment target for air quality.

Table 7. Comparison of the average concentrations (µg m-3) of 
PM2.5 and PM10 in four comparable Italian cities. (sum. = summer, 
win. = winter)

Concentration mean PM (µg m-3)

PM2.5 PM10

sum. win. sum. win.

Lodi 19.8 38.3 28.3 65.2

Biella / / 4.0 80.0

Avellino 35.0 36.1 31.9 39.2

Campobasso 8.2 14.6 10.5 23.9
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ABSTRACT

Engineering works greatly influence the lateral channel migration (LCM) of meandering riv-
ers. We aimed to characterise the spatiotemporal characteristics of LCM during the last 174 
years of the almost freely meandering Upper Rába (Hungary) and to identify units with dis-
tinctive LCM histories. The studied Rába’s reach has been regulated just at some points. 
Due to the free meandering, its length varied between 119 and 133 km. The most intensive 
length increase (+291 m/y) took place between 2005 and 2008, and by the end of the pro-
cess, the sinuosity had reached its historical maximum (SI2018= 1.93). The mean LCM was 3.3 
m/y (1844–2018). The periods with intensive channel migration (max: 24–27 m/y) were fol-
lowed by periods with low migration rates. Based on local channel morphology and LCM 
rates, 14 units were identified. The highest LCM rate was measured in the freely migrating 
units (R5: 5.8 m/y; R3: 4.4 m/y and R6 4.0 m/y).
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lateral channel migration
human impact
QGIS
topographic maps

Introduction

Lateral channel migration (LCM) is a fundamental pro-
cess governing the channel dynamics of meandering riv-
ers (Blanka & Kiss, 2008; Bertalan et al., 2016) and contrib-
uting to the sediment budget (Nagy & Kiss, 2020; Kiss et 
al., 2022, 2024). However, bank erosion can cause severe 
damage to agricultural lands, settlements, or infrastruc-
ture, depending on its extent and intensity (Lawler et al., 
1997; Das et al., 2012; Bertalan et al., 2019; Langović et al., 
2024). The horizontal channel shift of free or partially con-
trolled meandering rivers could have a significant LCM up 
to several meters per year. Therefore, monitoring the spa-
tiotemporal extent and driving factors of channel changes 
is crucial, especially along some highlighted reaches and 
sections (Blanka & Kiss, 2008; Hooke, 2008; Mirijovsky et 
al., 2015; Bertalan et al., 2016; Bertalan et al., 2019), allow-

ing the prediction of the lateral migration process, provid-
ing a basis for sustainable channel and f loodplain man-
agement, e.g., to determine the necessary f loodplain 
width (Sipos et al., 2022).

Historical maps of the last two to three centuries and 
modern sources provide valuable sources for analysing 
past processes and could be used to determine the direc-
tion and rate of channel development (Goudie, 1990; Hud-
son & Kesel, 2000; Dragicevic et al., 2017). Geoinformatics 
completed by remote sensing methods and field geodetic 
measurements allow fast and accurate data collection and 
systematization to reveal the characteristics of horizon-
tal channel development (Clerici et al., 2015; Schwendel et 
al., 2015; Yousefi et al., 2018; Bertalan et al., 2019). The in-
creasing availability of remotely sensed and topographic 
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databases has significantly boosted spatiotemporal stud-
ies with increasingly smaller errors (Blanka & Kiss, 2008, 
2011; Michalková, 2009; Michalková et al., 2011; Bertalan & 
Szabó 2015; Pavlek, 2023; Langović et al., 2021).

Meandering is a common channel pattern of alluvial 
rivers (Rhoads & Welford, 1991; Thorne, 1997; Hooke, 2007; 
Blanka, 2010). Especially in the middle of the Carpathian 
Basin, where most rivers are embedded into alluvial de-
posits, their slope and discharge characteristics allow the 
development of a meandering channel pattern (Timár & 
Telbisz, 2005). Although most meandering rivers in Hun-
gary have been regulated, there are sections where the 
channel is still unregulated. The intensive meander de-
velopment is the main problem, often endangering set-
tlements and infrastructure (Laczay, 1972), justifying the 
need for comprehensive studies. 

The Rába River is a tributary of the Danube. Formerly, its 
lower reach (downstream of Sárvár) was studied in detail 
from a hydro-morphological point of view (Károlyi, 1962; 
Laczay, 1972). However, no mapping or morphometric study 
has been conducted on the upper Hungarian reach. The 
main problem is that the free meander migration erodes ar-

able lands and destroys roads and infrastructure. Thus, to 
carry out sustainable f loodplain and channel management, 
it is necessary to understand the characteristics of the long-
term channel evolution. Therefore, we aimed to collect spa-
tial data over a long time (1844–2018) and to identify the 
most intensively migrating sections of the Upper Rába River 
in Hungary. The following research questions were raised: 
(1) What were the main spatial and temporal characteris-
tics of the LCM during the last 174 years? (2) Could the stud-
ied reach be divided into smaller units with distinctive LCM 
histories? (3) How did the local engineering works inf luence 
the long-term evolution of the river?

Study area
The Rába River (length: 287 km) is one of the main rivers in 
Western Hungary (Bergmann et al., 1996). The Upper Rába 
(from its source in Austria to Sárvár) has been regulated 
only at a few points, mainly at settlements; thus, it mean-
ders freely on its f loodplain. The local works aimed to pro-
tect the settlements, transport infrastructure, and f lood 
defence works from f looding and lateral erosion. Besides, 
five dams were built on the Upper Rába (Bergmann et al., 

Figure 1. The catchment of the Rába River is located in Austria and Hungary (A). The upper part of the Hungarian reach was studied 
in detail (B)
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1996). On the contrary, the Lower Rába is confined by ar-
tificial levees, and its channel is regulated by cut-offs and 
revetments to a large extent (Laczay, 1972). This study 
aimed to analyse the channel development of the Hungar-
ian Upper Rába reach (Figure 1).

The catchment of the Rába River (10,113 km2) is shared 
by Austria and Hungary. The Alpine sub-catchments have 
a key inf luence on the regime of the Rába. The first f lood 
of the river in March is initiated by snowmelt and rainfall, 
then heavy rainfalls trigger rapid f loods in July. In Novem-
ber, a smaller f lood is related to Mediterranean cyclones. 
Based on the characteristic discharge values (Qmin= 2.6 m3/s 
and Qmax= 471 m3/s measured at Szentgotthárd), the Rába 
River is a medium-sized river. It contributes to the mean 
discharge of the Danube by 1.3% (Bergmann et al., 1996).

The hydrology of the Hungarian Upper Rába is de-
termined by the tributaries draining the mountainous 
sub-catchments in the Eastern Alps (Figure 1). On the oth-

er hand, the Upper Rába has no significant right-side trib-
utary (Laczay, 1972). The Lapincs Brook has the greatest 
inf luence on the water and sediment transport of the Up-
per Rába since the mean discharge of the Lapincs is three 
times greater than the mean discharge of the Rába, and its 
coarse sediments also have a major inf luence on the for-
mation of the riverbed (Károlyi, 1962).

The Hungarian Upper Rába is located in a 2–3 km wide 
valley, inf luenced by tectonic displacements. The mean 
gradient of the upstream part of the Upper Rába valley is 
1‰, then decreases to 0.85‰, and finally increases to 0.90–
0.86‰ in the downstream section (Bergmann et al., 1996).

The large amount of sediment transported by the Rába 
decreases significantly along the studied reach (Bogárdi, 
1971). Bedload transport starts at Q ≥12 m3/s, reaching its 
maximum at 30 m3/s (EDUVIZIG, 2024). Large amounts of 
the bedload and suspended sediment are deposited on the 
valley f loor during f loods (Bergmann et al., 1996). 

Materials and Methods

Data sources
Military maps, civilian maps, and orthophotos were used 
to analyse the horizontal channel shift (Table 1). They have 
different sources with different formats and projections; 
thus, they had to be integrated into the same projection 
system (EPSG:23700–HD72/EOV) using QGIS (3.28/Firen-
ze). Georeferencing was performed using control points 
(e.g., bridges, road crossings, and churches).

The error in georeferencing (Table 1) of the Second Mil-
itary Survey (1844–1855) (Timár et al., 2006) was greater 

than that of the Third Military Survey (1878–1880) (Biszak 
et al., 2007; Jankó, 2007). The military maps of the 20th cen-
tury (made in 1951, 1955–1956, and 1983–1984) were pro-
vided by the Hungarian Military History Institute and 
Museum. To create the 1951 map, the sheets of the Third 
Military Survey were re-edited based on field survey data 
or by visual interpretation of aerial photographs (Jankó, 
2007; Hegedüs, 2007). The next detailed survey of the Rába 
valley was completed in 1955–1956, so it became the next 
accurate mapping after the Third Military Survey. In or-

Table 1. Main characteristics of maps and orthophotos used in the present study 

Source Survey date Scale Resolution 
(m/px)

Horizontal error (m) of the original 
source 

Mean error 
(m) af ter 

georeferencingMean Maximum 

Second Military Survey 1844–1855 1: 28,800 70–80* 200** / 140–300* 2.2±1.3

Third Military Survey 1878–1880 1: 25,000 5–10*** 80–120*** 1.8±0.9

Military Topographical Map 1951 1: 25,000 5–10*** 0.8±0.4

Military Topographical Map 1955–1956 1: 25,000 5–10*** 0.8±0.4

Civil topographical map 1960–1961 1: 10,000 neglible

Military Topographical Map 1983–1984 1: 25,000 neglible

Civil topographical map („EOTR”) 1983, 1996–1998 1: 10,000 neglible

Orthophoto 2000 0.5 neglible

Orthophoto 2005 0.5 neglible

Orthophoto 2008 0.5 neglible

Orthophoto 2012 0.4 neglible

Orthophoto 2015 0.4 neglible

Orthophoto 2018 0.4 neglible

Source:	*	Kovács,	2010;	**Timár	&	Molnár,	2003;	***Kovács	et	al.,	2024a
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der to avoid the horizontal errors of the various maps, the 
method proposed by Timár & Molnár (2003) was followed, 
and control points (100 points/survey) were applied for 
each map sheet. Topographic maps (1960–1961, 1983, and 
1996–1998) have also been produced for civilian purposes. 
These map series were optimised for the territory of Hun-
gary, so their projection inaccuracies are neglectable. 

The projection inaccuracies of the orthophoto images 
(taken in 2000, 2005, 2008, 2012, 2015, and 2018) are neg-
ligible; they were orthorectified by the provider (Lechner 
Knowledge Centre).

The main error of the remotely sensed dataset origi-
nates in the canopy cover of deciduous trees, as the woody 
riparian vegetation could hide the bankline during digiti-
sation. To solve the problem, the image processing meth-
od Classification (plugin) within QGIS was used to classify 
the pixels of a given orthophoto. The created pixel classes 
with the same or similar properties supported the separa-
tion of the land from the water so that the bankline of the 
channel could be delineated (Pusztai-Eredics et al., 2024).

Calculation of sinuosity and lateral migration rate  
of the bankline
The banklines and the centre line were determined (mid-
points of the distance between the banks) on each map and 
orthophoto. The Sinuosity Index (SI) was calculated as the 
ratio of the length of the centre line and the length of the 
meander belt (Brierley & Fryirs, 2005).

The vectorized banklines were overlapped in QGIS us-
ing the NNjoin module. The new polygon between two 
subsequent banklines in the direction of the displacement 

indicates the area eroded from the f loodplain by the chan-
nel. In contrast, the polygon on the other side refers to the 
area of accumulation. 

Geometrical and statistical methods were used to de-
termine the extent of the LCM rate. First, a perpendicular 
line was constructed on a digitised bankline every 2 m all 
along the studied reach (Figure 2A). Along these lines, the 
lateral channel shift was measured. The annual LCM rate 
(m/y) was expressed as the ratio of the length of perpen-
dicular lines and the years between two surveys. 

To determine the maximum LCM rates, circles with a 
diameter of 500 m were placed along the centre line. The 
circles overlap by 90 m, approximately equal to the dou-
bled channel width (Figure 2B). The maximum LCM rates 
within the circles were determined by applying a moving 
average.

Delimitation of the units  
of the Upper Rába section in Hungary
Based on the LCM rate and the degree of human inf lu-
ence, 14 units with similar channel characteristics were 
identified on the Upper Rába. The unit boundaries were 
set at inf lexion points (following Bertalan et al., 2019), 
where the channel evolution rate showed a clear shift. The 
unit length, the proportion (%) of bank protection, and av-
erage and maximum LCM rates (m/y) were calculated in 
each unit. The joining tributaries were also considered, 
as they could substantially inf luence the water and sedi-
ment dynamism of a unit. The slope of each unit was de-
termined based on the longitudinal profile provided by the 
Water Directorate.

Figure 2. The method used to quantify lateral channel changes in every 2 meters (A) and 
to identify the rate and location of the greatest lateral erosion
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Results

Based on the spatial data, the LCM of the Hungarian Up-
per Rába was studied in detail over 174 years. 

Changes in river length
The length of the centre line of the Upper Rába was 127.5±4.5 
km during the studied period (Figure 3). The reach length 
has changed dramatically in some periods due to natural or 
artificial cut-offs. The most extensive shortening was ob-
served between 1844 and 1879, as the river was shortened by 
7.7 km or 6% (–266 m/y) by artificial cut-offs. Therefore, its 
originally high sinuosity (SI1844=1.84) decreased (SI1878=1.73). 
By the 1960s, the original length of the channel had almost 
recovered, as well as its sinuosity (SI1960=1.84). However, 
several meanders were artificially cut off between 1968 and 
1977, and some natural meander cut-offs also happened. 
Thus, by the early 1980s, the 24 cut-offs had shortened the 
Hungarian Upper Rába by about 2.7 km, or 2% (–117 m/y). 
Since the late 1990s, the reach length increased again (by 
2.6%, +235 m/y) as intensive meander development start-
ed, as ref lected by the increasing sinuosity (SI1996=1.85). The 
most intensive length increase (+291 m/y) took place be-
tween 2005 and 2008, thus in 2018 the sinuosity had reached 
its historical maximum (SI2018= 1.93).

Temporal changes  
in lateral channel migration (LCM) rate 
The regulation works were very limited along the studied 
reach of the Upper Rába; therefore, the channel could al-
most freely develop by bank erosion and point-bar accu-

mulation. As a result, the mean LCM rate over the entire 
studied period (1844–2018) was 3.3 m/y.

However, the LCM showed considerable spatiotempo-
ral variability (Figure 4). During the 1950s (1951–1959) and 
late 1990s (1996–1999), the LCM was high and changeable 
compared to other periods (Figure 5), as ref lected by the 
box plots with many outliers and a wide range between ex-
treme values. In these periods, the mean LCM was 4.1–4.9 
m/y; however, it was as high as 15–20 m/y at some bends. 
The lateral channel shift was especially intensive in the late 
1990s, as some meanders were displaced by 24–27 m/y, 
reaching the maximum values of the entire studied peri-
od. The direction of the LCM is also interesting, as in the 
1950s, the channel mostly migrated towards its left bank 
(west), but later, in the late 1990s, the channel shifted to-
wards the right bank.

The periods of intensive LCM were always followed by 
periods when the LCM became moderate or slow (Figure 
5). Low LCM rates (2.2–2.8 m/y) were measured in five pe-
riods (1878–1950, 1960–1982, 2000–2004, 2005–2007 and 
2015–2018). During these periods, the box plots ref lect 
that the individual bends migrated almost uniformly, as 
the boxes are narrow and outliers are almost missing. 

The periods with intensive LCM were preceded by pe-
riods with gradually increasing values. For example, the 
20th century started with a very limited LCM rate (mean: 
2.1 m/y). However, after 2005 a gradually increasing trend 
is visible until 2012–2014 (mean: 3.5 m/y). Then, the cycle 
started again, as moderate LCM (mean: 2.6 m/y) between 
2015 and 2018 followed the last intensive migration phase.
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Figure 3. Changes in reach length (km) of the Hungarian Upper Rába between 1844 and 2018
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Figure 4. Changes in lateral channel migration rate between subsequent surveys along the Hungarian Upper Rába. Blue bars 
indicate the location of confluences. On the horizontal axis, the distance refers to the distance from the Austro-Hungarian border, 
where the Rába enters Hungary

Figure 5. Temporal characteristics of the LCM of the Upper Rába. The input data of the box plots are the 
LCM of single bends
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Hydrological background  
of the lateral channel migration 
The occurrence of f loods was compared to the channel 
shifts of the Upper Rába. Four major f loods occurred in 
1883, 1900, 1910, and 1925; however, their effects on LCM 
were unclear (Figure 6), as the LCM rates were probably 
levelled during the long interval (72 y) between the sub-
sequent surveys. The next major f lood was registered in 
1963, and another large f lood followed it in 1965 when the 
highest water level on record was measured. However, de-
spite the two consecutive f loods, there was no evidence of 
more intensive LCM between 1960 and 1982 (22 y). 

However, since 1996, more frequent spatial data on 
LCM have been available. Thus, the effect of f loods in 1996, 
2009, and 2013 could be identified on lateral erosion. Af-
ter the 1996 f lood, the maximum LCM rate was 27.3 m/y 
for the four years (1996–1999). The 2009 f lood resulted in a 
maximum displacement of 7.7 m/y (for 2008–2011), while 
after the 2013 f lood the maximum value was again quite 
high, as it was 20.5 m/y (2012–2014). 

These contradictory results suggest that a long period be-
tween surveys could hide the effects of hydrology on LCM. 
In contrast, if the surveys were made with shorter intervals, 
the effects of f loods could be detected. Besides, the LCM 
seems to have a cyclic pattern: it gradually increases until it 
reaches a peak value, and then – regardless of the f loods – a 
relaxation period comes with low bank erosion rate.

Spatial changes in lateral channel migration (LCM) rate 
The detailed analysis of the temporal variations in LCM 
rate revealed periods with intensive or moderate chan-
nel changes. However, it was hypothesised that there were 
spatial variations, as local variables inf luence the bed mor-

phology (e.g., confinement, slope, revetments, and tribu-
taries). Based on local variables and LCM rates, 14 units 
with similar meander characteristics were identified on 
the Upper Rába (Figure 7; Table 2). 

Some units could be considered as “near-natural” ones 
(R3, R5, R6, R8, and R13), as they experienced no or min-
imal human impact. However, even these units could not 
develop naturally, as the effects of upstream or down-
stream human impacts might propagate toward them. 
These units represent 84% (111.5 km) of the studied Upper 
Rába. They are far from settlements, and the valley sides 
do not impede meander development. Therefore, these 
units had the highest LCM (Figure 8). The Unit R5 had the 
highest LCM rate (5.8 m/y) with the greatest variability 
(from 2.6 m/y to 27.5 m/y). Also, a high average migration 
rate was measured in Units R3 (4.4 m/y) and R6 (4.0 m/y).

The “heavily modified” group of units (R2, R4, R7, R9, 
R11, and R14) have been affected by human interventions 
to a great extent. In several bends, the concave bank was 
stabilised by revetments between 1968 and 1977, and many 
meanders were artificially cut off. Before these engineer-
ing works, these meanders also developed freely (Figure 
8). Thus, they had intensive LCM (1844–1959: 2.5-3.6 m/y). 
However, LCM became negligible after the bank stabili-
sation and cut-offs, the (1983–2018: 1.6-2.6 m/y). Conse-
quently, the long-term average LCM rate of these units 
with bank stabilisations became low (2.0-3.0 m/y).

The third group of units belongs to the “slightly mod-
ified” class (R1, R10, and R12). These units had moderate 
LCM rates, as the long-term average varied between 2.9 
and 3.6 m/y. Due to their medium character, these units 
had significant variations in LCM between the lowest (1.7–
1.9 m/y) and highest (5.4–7.8 m/y) rates. 
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Figure 7. Fourteen morphologically uniform units were identified along the Hungarian reach of the Upper Rába (A). Some units have 
higher sinuosity, greater lateral migration, and more human impact than others (B–E)

Table 2. Main characteristics of the units identified along the Upper Rába

Unit  
(river km)

Length in 2018  
(km)

Confinement Slope in 2023  
(m/km)

Number of 
bends

Proportion of 
revetments  (%)

Migration rate (m/y) (1844-2018)

mean max.

R1 (216.3-207.5) 8.8 none 1.06 40 5.7 3.6 10.9

R2 (207.5-203.7) 3.8 great 1.32 8 95 2.1 5.6

R3 (203.7-197.9) 5.9 none 0.58 14 0 4.4 20.5

R4 (197.9-193) 4.9 great 0.9 14 44.9 2.6 12.0

R5 (193-186.2) 6.8 none 0.76 22 0 5.8 27.3

R6 (186.2-173.6) 13.9 none 0.56 48 0 4.0 11.8

R7 (173.6-171.1) 2.5 none 0.52 6 24 2.1 9.3

R8 (171.1-160.8) 10.7 partial 0.46 36 0 3.3 19.4

R9 (160.8-156.7) 4.1 great 0.73 9 75.6 2 12.8

R10 (156.7-145.2) 11.9 none 0.4 31 0 3.0 9.6

R11 (145.2-141.6) 3.6 none 0.64 12 47.2 3.0 17.6

R12 (141.6-102.9) 39.2 none 0.42 125 13.3 2.9 10.7

R13 (102.9-93.1) 10.3 none 0.93 29 0 2.8 10.0

R14 (93.1-86.6) 6.5 great 0.58 18 29.2 2.2 7.5
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It is also interesting to note that, in terms of LCM direc-
tion, units directly affected by human interventions tend-

ed to move towards the right bank, while naturally devel-
oping stretches tended to migrate towards the left bank.

Discussion

Significant lateral erosion and LCM have been detected 
along the bends of the Hungarian Upper Rába reach over 
the last 174 years. However, their magnitude and direction 
were not uniform, neither in space nor in time, as there are 
significant differences between the different periods and 
between the identified units of the studied reach.

The studied reach has been significantly shaped by local 
river management works, particularly between 1968 and 
1977, highlighting the substantial role of human interven-
tion. Based on the extent of this inf luence and meander 
migration characteristics, 14 units were identified and lat-
er classified into three groups (Figure 9).

Most of the reach develops without direct human im-
pact (84% of the total length) or with limited human im-
pact (16%). However, these bends could not have devel-
oped completely freely either, as these units are located 

between units that have been heavily modified by direct 
interventions (e.g., cut-offs, revetments, dams). The cut-
offs increase the slope, the revetments increase the f low 
velocity by reducing the channel friction, and dams could 
impound the channel. These effects propagate both up-
stream and downstream. Thus, they may also have affect-
ed the f low and sediment transport conditions of the free-
ly developing units.

Spatiotemporal changes in reach length  
and lateral migration rate
The studied parameters ref lect intensive LCM, especially 
in naturally developing units. The most intensive increase 
in reach length was observed between 2005 and 2008 (291 
m/y). However, this lengthening varied in space, as the 

Figure 8. Mean (blue) and maximum (red) lateral channel migration rates of the units during the studied periods. (Grey bars indicate 
“heavily modified” units)
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units without direct human impact (e.g., R3, R5, and R6) 
had a markedly higher centre line increase than the units 
with human impacts. In the naturally developing units, 
nothing impeded the lateral erosion. Thus, the meanders 
could migrate freely, and the sinuosity increased.

The f luvial evolution and LCM were particularly active 
in the 1950s and the late 1990s. An average LCM rate of 4.1 
to 4.9 m/y was measured in these active periods, where-
as the long-term mean LCM rate was 3.3 m/y. These val-
ues are considerably higher than observed along other riv-
ers in the Carpathian Basin. For example, along the Tapoly 
and Ondava Rivers (Slovakia), the LCM ranged between 
0.8–1.5 m/y and 1.15–1.45 m/y, respectively (Rusnák et al., 
2014; 2016). Though, along the Sajó River in Hungary the 
LCM was higher, reaching 5-7 m/y (Bertalan et al., 2019). 
It must be noted that along the Upper Rába, exceptional-
ly high maximum rates were detected, especially in Unit 
R5, where the maximum LCM rate was 27.5 m/y, and the 
greatest variability in channel shift was also found. This 
value is much higher than the maximum LCM (17.9 m/y) 
measured on the Sajó River (Bertalan et al., 2019). Dur-
ing the intensively forming periods, the LCMs were wide-
ly changeable, referring to some individual meanders with 
very high migration rates. According to our hypothesis, in 
these meanders and these periods, all environmental pa-
rameters were favourable for the rapid migration (e.g., 

loose bank material, sparse vegetation, thalweg divert-
ed to the bank). In contrast, other meanders reached are-
as with dense vegetation or compacted bank material. Be-
sides, the collapsed bank material at the foot of the bank 
could also slow down the erosion at some points.

Spatiotemporal changes in sinuosity
Human interventions could also affect a river’s sinuosity 
(Timár, 2003). Along the Upper Rába reach, cut-offs made 
in the late 19th century resulted in a significant decrease 
in sinuosity along the entire reach until 1878. As a result 
of these engineering works, the length of the river de-
creased by 6%. Thus, the sinuosity was reduced (SI1844=1.84; 
SI1878=1.73). Similar changes in sinuosity were detected lat-
er on because 24 artificial or natural meander cut-offs oc-
curred (1960–1982). They shortened the reach by 2%, so the 
sinuosity of the channel decreased again from 1.84 to 1.80. 

The effects of human impacts were also evident in the 
unit scale. The “heavily modified” units had lower sinu-
osity (SI: 1.04–1.30) than the “near-natural” and “slightly 
modified” units (SI: 1.54–2.53). Usually, the human impact 
decreases the sinuosity of a channel. Thus, the channel 
pattern of the heavily modified units (e.g., R2, R7, and R9) 
changed from meandering to slightly sinuous (SI: 0.3–
0.4). Conversely, the channel pattern of the almost natural 
and slightly modified units (e.g., R1 and R6) changed from 

Figure 9. Based on the human impact and the lateral channel migration three types of units were identified along the 
Hungarian Upper Rába
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slightly sinuous to meandering as their sinuosity index in-
creased from l.3 and l.5 to l.6 and 2.4, respectively. 

Thus, all the studied parameters indicate that there is a 
gradual evolution along the units with little or no human 
disturbance, as has been shown in other studies of similar 
European rivers (Keesstra et al., 2005; Blanka & Kiss, 2011; 
Dragicevic et al., 2017; Bertalan et al., 2019).

Ef fect of slope conditions and tributaries  
on lateral channel movements 
The Rába River’s unique characteristics, such as its high 
sinuosity and free meander development, are key to un-
derstanding its high LCM rates. As Schumm (1985) point-

ed out, the moderate slope (0.5-0.9 m/km) is a crucial fac-
tor in supporting the formation of high sinuosity. This 
specific slope range is found along the Upper Rába, which 
in turn promotes high sinuosity and intensive LCM, mak-
ing the Rába a fascinating subject of study. 

In Unit R3, the accelerated meander migration might 
also be inf luenced by the conf luence of the largest tributary 
of the Rába River. The Lapincs Brook has higher discharge 
than the Rába, as their mean discharge ratio is 3:1; besides, 
it transports large amounts of bed load. Thus, the erosion 
accelerated downstream of the conf luence, especially be-
cause here, meanders develop freely; thus, nothing impedes 
the LCM. The other tributaries have no similar effect on the 
LCM of the Rába, as they have very low discharges.

Conclusion

The study has revealed significant LCM of the Hungarian 
Upper Rába during the last ca. 180 years. Some extreme-
ly migrating meanders have been eroded at 20-27 m/y, in-
dicating significant f loodplain reworking. This does not 
imply that bank erosion was always significant in a giv-
en area, as periods of intensive LCM (e.g., 1950s) were in-
terspersed with periods (e.g., 1960s) when LCM became 
slower in the whole system. The temporal pattern shows 
that the LCM gradually gets more and more intensive un-
til reaching its maximum. Then, a period of relaxation ap-
pears with very limited bank retreat. Then the cycle starts 
again. However, this natural cycle is inf luenced by various 
human impacts in some units, while the meanders freely 
develop in other units.

However, further research will be needed to investigate 
the driving factors of the intensive changes in sinuosity 
and LCM rate. Thus, the effects of hydrological changes, 
inf luence and dynamism of tributaries, and bank material 

should be studied in greater detail. In addition, the chan-
nel evolution of the Rába is probably inf luenced by active 
tectonism, which changes the slope and the f low velocity 
(Miall, 1996; Keller & Pinter, 2002; Timár, 2003), and inf lu-
ences sinuosity (Blanka, 2010). Therefore, the LCM should 
be compared with available tectonic data in the future.

The identified units with characteristic LCM rates could 
be applied to develop effective solutions for sustainable 
channel and f loodplain management for the Upper Rába. 
Preserving freely developing banks is important to main-
tain the natural bank processes, which contribute to the 
healthy sediment budget of the river and provide valua-
ble habitats. In the case of artificially modified channel 
sections, the hydro-morphological consequences of inter-
ventions should be carefully considered. As revetments 
could lead to incision and channel narrowing, they could 
increase f low velocity and greater f lood risk (Kiss et al., 
2019).
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ABSTRACT

Developing countries with complex urban spatial configurations strive to control urbani-
zation and its impact on energy consumption. The current study has used Tiruchirappal-
li city in India as a study area to demonstrate the impact on cooling energy consumption by 
complex urban spatial configurations. To comprehend the complexity, sixty-five urban pro-
totypes were generated through permutation and combination using local climatic zones 
scheme. The image-based binary classification model was used to categorize the morphol-
ogies in the city. The study aims to investigate the cooling energy consumption of a heter-
ogeneous urban spatial configuration through prototype models. The urban prototypes 
were grouped using the unsupervised machine learning approach. The validation for the 
prototypes was conducted through the RMSE method, and the errors lie between 0.45 and 
0.68. The results indicated that increasing the green cover ratio on the combination of high 
and mid-rise spatial configurations is inef fective in reducing the cooling energy. In con-
trast, the combination of low-rise and mid-rise spatial configurations consumed less ener-
gy for air-conditioning when the green cover ratio was increased. The results conclude that 
the combination of high-rise with open low-rise spatial configuration is unsuitable for warm 
and humid climate. The high frequency of the cooling energy was between 120Gjs to 250Gjs 
which explains that the complexity of the spatial configuration in the city helps to reduce 
the energy utilized for air conditioning. This research aids planners and energy policymak-
ers in the decision-making process of city spatial planning. 
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local climatic zones
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urban morphology
cooling load consumption
machine learning
climate change 

Introduction

In the last few decades, the world has undergone high ur-
banization as a result of population growth and the rise 
of cities (Sun et al., 2020). The life expectancy of the cit-
izens living in highly populated cities has been reduced 
drastically. Urban population encounters major dif fi-

culties pertaining to thermal conditions and the ener-
gy sources necessary for sustaining a comfortable indoor 
environment (Ellena et al., 2020). Since the urban popu-
lation has increased over the past few decades, temper-
atures in cities have been rising rapidly (Rajagopal et al., 
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2023). Several cities have seen increased temperatures 
due to urbanization and climate change (Hood, 2005). In 
the 21st century, high-temperature occurrences are ex-
pected to become more frequent and longer (Dosio et al., 
2018; Perkins-Kirkpatrick & Lewis, 2020). A study con-
ducted by Heaviside et al. (2017) demonstrates that ur-
ban inhabitants have greater health risks than rural pop-
ulations, particularly during high temperatures. The 
occurrence of heat waves further intensifies this risk. 
Numerous research has been conducted on the urban 
environment and microclimate to reduce the high-tem-
perature occurrence in the coming years (Abougendia, 
2023). The spatial arrangements of the built environment 
create thermal anomalies between cities and rural land-
scapes, which is deduced by the urban heat island inten-
sity (Abougendia, 2023; Taha, 1997). UHI phenomenon is 
explained by dif ferent cooling rates between urban and 
rural areas (Klysik & Fortuniak, 1999). UHI intensity has 
been studied and reported by various authors (Arnfield, 
2003; Masson et al., 2020; Oke, 2004; Stewart, 2011), and 
the temperature differences recorded in the research 
were based on urban morphology, land use pattern and 
climate (Nastran et al., 2019; Yue et al., 2019). Previous re-
search on UHI addressed thermal anomalies up to 10°C 
(Alcoforado et al., 2014; Warren et al., 2016). The UHI in-
tensity causes heat-related health risks in the residents 
of cities, along with increased cooling load consumption 
(Barrao et al., 2022). In the wave of urbanization, reduc-
ing cooling load consumption in the cities is the top pri-
ority (Vallati et al., 2015). Urban energy performance has 
become a worldwide environmental conversation in every 
decennial since global urbanization is expected to reach 
about 70% by 2050 (United Nations, 2019). The urban mor-
phology significantly increases energy usage (Katal et al., 
2022). A study by X. Li et al. (2019) shows that the cooling 
load of residences increases substantially for a 3°C rise in 
standard effective temperature (SET). So, it is essential to 
control the cooling load consumption in the cities by op-
timizing the urban morphologies and reducing the UHI 
intensity. The phenomenon of climate change presents 
significant obstacles to the energy consumption of build-
ings, as outdoor weather conditions inf luence the ener-
gy and thermal performance of structures (Huo et al., 
2022). To adequately address the issue of climate change, 
it is imperative to gain a comprehensive understanding 
of the forthcoming regional and temporal trends in ener-
gy use alongside the implementation of energy ef ficien-
cy measures for building stocks (Deng et al., 2023). Ur-
ban Building Energy Models (UBEMs) are derived from 
Building Energy Models (BEMs), which can analyse en-
ergy demand and assess the effects of prospective ret-
rofits on building stock at a city or district level. These 
models utilize Energy Plus as the simulation engine for 
analysis and evaluation purposes (Hong et al., 2020). The 

present study has used UBEMS to investigate the cool-
ing load consumption of residential buildings in complex 
spatial configurations of a city. Urbanization and popu-
lation expansion in developing countries have a signifi-
cant impact on climate change (Parmesan & Yohe, 2003). 
To analyze the impacts, the urban planners have de-
signed a few schemes. The local climatic zone is one such 
scheme invented by Oke and Stewart. The local climate 
zone scheme is a system for classifying urban areas into 
distinct local climates based on morphological and land 
cover characteristics (Stewart & Oke, 2012). Several in-
vestigators have conducted LCZ classification studies (Al-
exander & Mills, 2014; Kotharkar & Bagade, 2018; Lecon-
te et al., 2015; Nassar et al., 2016; Skarbit et al., 2017). LCZ 
classification scheme helps to find the urban morpholog-
ical patterns of the cities through which researchers can 
create models for urban energy studies (Cao et al., 2022). 
The LCZ technique facilitates the classification of spatial 
configuration within urban areas, which helps to finalize 
suitable urban designs in the climate change mitigation 
and adaptation process. The present study has used the 
LCZ scheme to create urban prototypes to classify com-
plex spatial configurations of the city. Various studies 
were conducted on the classification of LCZs in dif ferent 
cities. However, most of them are microscale classifica-
tions limited to small urban patches. The LCZ classifica-
tion study conducted in Nagpur indicates that cities with 
complex urban forms need separate LCZ subcategories. 
The intra-urban heterogeneity is high in complex urban 
forms due to unplanned settlement patterns (Kotharkar 
& Bagade, 2018). Numerous cities in India come under 
unplanned settlements since their urban morphologies 
are heterogeneous in nature. The need for classifying the 
city at the local scale level helps to capture more regional 
features compared to microscale classification. A multi-
tude of studies have been conducted to examine the cor-
relation between urban form and environmental factors, 
with the aim of equipping designers and planners with 
performative indicators that can be utilized during the 
initial stages of design (Natanian & Auer, 2020). Previous 
studies have used several classification methods to clas-
sify the urban forms and create archetypes to assess per-
formance in terms of energy and microclimate. A study 
by Joshi et al. (2022) used urban morphological parame-
ters as the independent variable in clustering the urban 
archetypes. Recent years have seen a rise in studies relat-
ed to intra-urban heterogeneity in order to enhance urban 
planning regulations. It is imperative to minimize the 
number of simulations conducted in these studies during 
a large-scale calibration process (Deng et al., 2023). Most 
research has primarily examined the inf luence of climat-
ic change on the energy ef ficiency of archetypal or pro-
totype buildings (Deng et al., 2023; Heidelberger & Ra-
kha, 2022; Nagpal et al., 2019; Nik, 2016; Wang et al., 2018; 
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Yang et al., 2021). However, there is a dearth of compre-
hensive research on the variations of spatial configura-
tion across the unplanned settlements present in cities, 
which needs to be adequately elucidated. The complexi-
ty of spatial configuration varies for each city, particular-
ly for cities in developing countries where the unplanned 
settlements are high in ratio, so the division of distinct 
morphological features is not possible in such cities. To 
overcome this issue, the current study focuses on an In-
dian metropolis and presents a detailed process of ana-
lyzing the spatial configuration, as well as investigating 
energy usage for cooling purposes. The study seeks to ac-
complish two research objectives: (a) To comprehend the 
spatial geography of the urban area in a highly heteroge-
neous mixed urban setting. (b) To conduct a quantitative 
analysis on the spatial configuration of a complex metro-
politan area to determine the most ef ficient urban forms 
that minimize the energy usage for Air-conditioning. The 
present study aims to categorize urban prototypes with 
respect to their energy consumption and analyze them to 
develop urban planning energy regulation policies. 

Research Area 
Tiruchirappalli is situated in Tamil Nadu, India, and has 
a tropical savanna or tropical wet and dry climate, as clas-
sified by the Koppen climate classification. Tiruchirappal-
li is classified as a warm and humid climatic zone accord-
ing to the National Building Code (NBC-2016). The year is 
divided into four distinct seasons: winter, which spans the 
months of January and February, and summer, which en-
compasses the period from March to June. The monsoon 
season occurs from June to September, followed by the 
post-monsoon season from October to December. The city 
comprises high-rise, midrise and low-rise structures with 
highly vegetated to bare soil land covers. The city comes 
under one of the complex-built environments with a mix-
ture of all built-cover and land-cover typologies. The city 
was chosen for the study for its highly heterogeneous built 
settings and hot summers. A study by Bhatnagar et al. 
(2018) indicates that Tiruchirappalli has the highest cool-
ing degree days in India. So, the current study is essential 
to understand the impact of spatial configuration on cool-
ing load reduction potential.

Methodology

The methodology section is subdivided into five phases as 
follows.

Phase 1: Sub-classification system
In the initial stage, a novel subclassification system using 
the Local climatic zones was introduced to segregate the 
urban morphology into different classes. For classification 
purpose, we have utilized permutation and combination 
method to curate different possibilities of spatial configu-
ration with nine LCZ classes (Figure 2). 

Phase 2: Model Preparation
Using the sub-classification model, sixty-five different 
morphologies were obtained (Figure 3). Each morphology 
was re-arranged into four combinations based on the pro-
portion of land cover and build cover zones (Figure 2b). The 
LCZ models were configured as per the development con-
trol regulations of Tiruchirappalli city. The obtained mor-
phologies and their combinations were modelled in Rhino 
7 to export it for simulation.

Phase 3: Image processing
We have used pixel-based segregation (binary classifica-
tion) in python to find the LCZ classes in the study area. 
Initially, the training images from the study area of size 
40,000 Sq.m were utilized for training the model (Figure 
4). The images were converted into two-dimensional bina-
ry pixels, and for testing, the high-resolution Google im-
age of the city was divided into numerous urban patches. 

With the help of a random shuff le, both training and test-
ing binary data were equated to find the LCZ classes of the 
study area.

Phase 4: Energy Simulation
The model imported from Rhino 7 was used to conduct en-
ergy simulation for the study. Rhino 7 helps the research-
ers as a computational design tool that connects the gap 
between modelling and simulation (Anton & Tănase, 
2016). URBANopt components from ladybug tools are 
utilized to calculate the cooling load since ladybug is an 
environmental analysis tool from Grasshopper, which 
accounts for complex building geometry and weather in-
formation (Bajšanski et al., 2024). The standard effective 
temperature was fixed for all models, which was obtained 
through a survey of the residents in the city. The model’s 
simulation settings and physical properties are provided 
in Table 1 and Table 2.

Phase 5: Clustering and Validating 
The sixty-five different spatial configurations were clus-
tered through their UMI values using the k means clus-
tering method (Figure 1), and validation was conducted 
through a one-way ANOVA test. The optimal number of 
clusters was determined using silhouette scores. The dis-
tribution of urban configurations in the clusters was plot-
ted in the area graph and pie-chat for further investiga-
tion.
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Phase 6: Energy performance assessment
In the final stage, the data collected from the URBANopt 
simulation was analyzed to determine the low-perform-
ing built environment present in the city, and the best-per-
forming morphologies were identified and ranked based 
on their cooling load consumption.

Sub-classification system
A novel subclassification system was introduced in this re-
search for cities that are highly heterogeneous and have 
complex spatial configurations. This sub-classification 
helps to capture more complex features compared to the 
traditional method. A study conducted in China indicates 
that fine-scale mapping has potential, but we can retain 
more region-level features from the larger grid size (170 m 
× 170 m) (Ma et al., 2023). Analyzing a minimal area of 50 m 
× 50 m is efficient, but large-scale patches are more reliable 
and efficient for investigating the impact of urban mor-
phological features on building energy consumption. This 
classification system was created based on the permuta-
tion and combination of LCZs (Figure 2a). In this combi-
nation, LCZ 7, LCZ 8, LCZ 9, LCZ D, LCZ F and LCZ G were 
excluded since these LCZs present in the lowest ratio in 
Tiruchirappalli city. This study aims to cluster the LCZs of 
an ideal central business district so the most prominent 
LCZs, which come under compact types (LCZ 1, LCZ 2 and 
LCZ 3), Open configurations (LCZ 4, LCZ 5 and LCZ 6) and 
land cover configurations (LCZ A, LCZ B and LCZ C) were 
chosen for the permutation and combination. In this clas-
sification, not more than one land cover was used to de-
fine the typology since the study focuses on the energy 
consumption data of built morphologies. 

Model Preparation
Urban blocks are sections of one or more buildings encircled 
by streets (Schirmer & Axhausen, 2016). The sample city cho-
sen for the model was Tiruchirappalli in South India, which 
comes under warm and humid climate. The development 
control regulations of the city were used for the design-

ing of blocks. The minimum plot size allowed for the build-
ing was 300 Sq.m., used in the study to create the building 
blocks (Figure. 2c). Thirty plots were created for one mod-
ule with a module size of 9000 Sq.m (Figure 2b). Each mod-
ule was modelled with four different combinations, and 
the four modules were combined to create one neighbour-
hood of 38,709 Sq.m. Four combinations of the neighbour-
hood were designed based on the distribution of morphol-
ogies. The first combination has an equal distribution of all 
morphologies, followed by a 60-20-10 ratio of three zones for 
the rest of the combinations (Figure 2b). The neighbourhood 
designed for the study consists of 1200 plots with the distri-
bution of different land cover and built cover types. A block 
model was designed in Rhino 7 with fixed f loor heights for 
low, mid, and high-rise buildings (Table 1). The number of 
f loors for the low-rise building is 1, the mid-rise building is 
3.5, and the high-rise building is 7. The distribution of the 
buildings in the plot was determined by giving random seed 
values in the scripting so that for every LCZ, the variations 
in arrangements of the building block can be achieved. The 
Final model consisted of 65 zones grouped into six configu-
rations: compact and open with landcover configurations, 
compact and open configurations, compact with landcover 
configurations, open with landcover configurations, com-
pact configurations, and open configurations. The open 
configuration has one zone (LCZ 456), and the compact con-
figuration has one zone (LCZ 123). Compact open with land-
cover configuration has 27 zones, compact and open config-
uration has 18 zones, compact with landcover configuration 
has 9 zones and open with landcover configuration has 9 
zones (Figure 3). 

Urban Morphology Indicators
Numerous urban morphological indicators (UMIs) have 
been reported in previous studies, and they are broadly 
categorized as building block indicators, open space indi-
cators, street indicators, and plot indicators (Elzeni et al., 
2022). The selected urban morphology indicators for the 
current study were Aspect ratio, Sky view factor, Perme-

Figure 1. Workflow representation of research phases
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able surface fraction, Floor area ratio, Height of rough el-
ement, Standard deviation of building height, Ground 
space index and open space ratio. The indicators were se-
lected based on the literature review from published re-
search articles (Apreda et al., 2020; Heris et al., 2020; 
Palusci et al., 2022; Stewart & Oke, 2012b; Teller & Azar, 
2001). These indicators were used in a study conducted in 
Belgium, where they found that the difference in UMI val-
ues between the zones significantly impacts microclimate 
(Joshi et al., 2022). The urban district model from the Drag-
onf ly was used to calculate the UMI values. The formulas 
used to calculate the indicator values are given in Figure 
2d. In the correlation matrix we found that OSR (Open 
space ratio) was highly co-relating with Permeable surface 
fraction and Ground space index, so it was not used for the 
clustering process since it would alter its results Figure 5.

Image Processing 
The area of Tiruchirappalli city constitutes 167.2 Sq.km, 
of which 8 Sq.km was taken for study from the region of 
KK Nagar zone (Figure 4d). The city was divided into five 
zones for administrative purposes and KK Nagar is pop-
ulated high compared to other zones (Figure 4c) (Karthik, 
2021). To conduct image classification, the study area was 
divided into urban grids with two fixed grid sizes, one 
larger (400m × 400m) and another smaller (200m × 200m). 
High-resolution Google map images of the identified LCZs 
in the city were fed as input to the image classifier model. 
The images were converted to the binary matrix, and the 
values were reshuff led multiple times to train the mod-
el for every probability. Ultimately, the Python program 
was utilised to determine the appropriate zone for the test 
data, which consisted of Google photos measuring 200m 
x 200m. Each smaller grid (200m × 200m) comprises three 
different morphologies, which were difficult to process 
through the GIS model and prone to errors while calculat-
ing for a large area. This approach provides a comprehen-
sive understanding of the morphology distribution with 
higher accuracy. The method to convert the Google imag-
es into binary matrices is given in Figure 4a. For each LCZ 
class, 10 images from the study area were used to train the 
model for classification. A total of 650 images were used 
to train the model, and their binary data were collected to 
classify the test images, as shown in Figure 4d. 

Simulation 
The energy simulation method used in this study was 
divided into three sub-stages: (a) Importing the urban 

models, (b) Energy plus weather file generation from 
UWG (Urban weather generator) for all urban proto-
types, (c) Cooling load calculation Figure 1. The energy 
plus weather file (city code: 433440) was obtained from 
climate.onebuilding.org website under WMO Region 2. 
By modelling the LCZs in the Urban Weather Generator 
(UWG), EPW data were collected for all 65 prototypes. 
Using meteorological data from the rural weather sta-
tion, UWG generates a new urban EPW file and deter-
mines the hourly air temperature and humidity within 
the urban canopy. The article by Bueno et al. (2014) de-
scribes the workf low and the four UWG modules. The 
evaluation of the UWG against field data from Basel, 
Switzerland, and Toulouse, France, has yielded satisfac-
tory results (Bueno et al., 2013). Generally, urban energy 
evaluation is conducted through statistical data, physi-
cal models, and degree days (Li et al., 2021). The physi-
cal model method has high accuracy in calculating en-
ergy data when compared with the other two methods 
(Chen et al., 2018). The inf luence of the microclimate in 
the cooling load can be calculated with better accuracy 
in simulation models (Li et al., 2021). The district cooling 
load of the LCZ was obtained from the URBANopt com-
ponent through the geoJSON file. Dragonf ly was used to 
calculate the district cooling load data by converting the 
simulation model into a geoJSON file. The blocks in the 
urban prototypes were divided into seven zones (Z1-Foy-
er, Z2 - Guest room, Z3 - Of fice space, Z4 - Living room, 
Z5 - Pantry, Z6 - Bed Room, Z7 - Bath and Z8 - Bed Room) 
(Figure 2c). Zone 6 and Zone 8 were fixed as air-condi-
tioned space for the simulation. The model’s simulation 
settings and physical parameters were presented in Ta-
ble 1 and Table 2, adapted from (Kolhatkar et al., 2022). 

Table 1. Building Properties

Properties Inputs

Floor height All floors 4 m

No of Floors Low, Mid and High 1, 3.5 and 7

Wall thickness 0.23 m

Construction Type Bricks and Concrete

U-Value of wall For 
all 
the 
Zones

0.38 W/Sq.m. K

U-Value of roof 0.25 W/Sq.m. K

U -Value of glazing 2.60 W/Sq.m. K

WWR 0.25 (All directions)

SHGC of glazing 0.65

Air-conditioned zones 65 Prototypes Zone 6 and Zone 8

https://climate.onebuilding.org/
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Figure 2. Prototype classification through LCZ method a) Sub-classification system b) Urban morphology model c) Model 
preparation method d) Urban morphology indicators
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Figure 3. Urban prototypes of local climatic zones
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Figure 4. Mapping method (a) Image processing method (b) Map of Tamil Nadu state in India (c) Map of Tiruchirappalli 
city (KK Nagar) (d) Satellite image of the study area
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Figure 5. Clustering Results (a) UMIs (b) Co-relation and VIF Matrix of UMIs (c) Inertia values (d) Silhouette scores (e) 
Individual silhouette scores (f) Distance from the average silhouette scores (Clusters) (g) ANOVA Results 
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Clustering and Validation
An unsupervised machine learning method (K-means) was 
used in this study, which groups the n observation into k 
clusters. It starts with a predetermined number of clusters 
(k) and n data points; the algorithm chooses cluster cen-
tres randomly. In this method, data points are categorized 
according to the closest cluster centre, and the process is 
achieved by minimizing the sum of square distances be-
tween any data point and its closest cluster centre within 
the cluster, as indicated by the equation presented in Jain 
(2010). Generally, the centroids are chosen randomly by 
the K-means algorithm. To avoid this, we have employed 
the centroid initialization technique known as k-means 
initialization to avoid the random selection of centroids. 
The most optimal initial centroid was chosen using this 
method, and the XLSTAT tool was used for this process. 
Many different approaches have been used to determine 
the number of clusters. For clustering analyzes, finding 
the ideal number of clusters is essential to avoid errors in 
the clustering process. For this research, we used the sil-

houette score method, which calculates an overall repre-
sentative score to test the effectiveness of the clustering. It 
works based on the compactness of individual clusters (in-
tra-cluster distance) and the separation between clusters 
(inter-cluster distance) as given in equation 1.

si = bi−ai
max bi,ai( )   

(1)

ANOVA and MANCOVA are the primary criteria for val-
idating previous studies’ clustering results (Panuwatwan-
ich & Nguyen, 2017). For the external criterion analysis, 
we selected the average air temperature (Ta) of the LCZs as 
the dependent variable. The external variable in this study 
cannot be a factor inf luencing or providing information 
about urban morphology indicators. One-way ANOVA was 
used in several studies to validate the results of clustering 
analyses. So, one-way ANOVA is utilized to confirm the 
clustering results by finding whether the mean air tem-
perature (Ta) f luctuates among the clusters.

Table 2. Simulation settings

UWG parameters Inputs

Building program Midrise Apartment’s

ASHRAE Climate zone 2 - Hot

Building Age 1980 - 2004

Construction Type (Mass) Bricks and Concrete

Urban Patch size 210 M X 210 M

Boundary conditions UBL at Daytime 1000 m

UBL at Nighttime 450 m

Inversion height 200 m

Previous Layer Thickness 0.95

Conductivity 1 W/m-K

Volumetric heat capacity 1.6e6 J/cu.m-k

Impervious layer Thickness 0.95

Conductivity 1 W/m-K

Volumetric heat capacity 1.6e6 J/cu.m-k

Anthropogenic Heat capacity Same for all Zones 4 W/Sq.m

Occupation Schedule Midrise_Appartment_Occ

Simulation Period Summer (1st -Mar – 31st May) TMY

Set Temperature Based on the survey taken from residents 26.3°C (Summer)
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Results and Discussion 

Validating the clustering results
It is essential to determine the suitable number of clus-
ters for the k means in the clustering algorithm. Unlike 
the hierarchical clustering method, k means cannot inde-
pendently determine the number of clusters. The silhou-
ette score method was used to fix the final number of clus-
ters. The maximum value of the cluster was fixed as 10 (k) 
since increasing the k value decreases the inertia within 
the cluster (Figure 5). In various studies Silhouette score 
helps to find the effectiveness of the clustering algorithm. 
In the evolution of the silhouette score, a sharp rise was 
observed at k=7 (Figure 5d). In contrast, the inertia score 
steeply decreases at k=7, near 100 (Figure 5c). There was no 
significant decrease in the inertia level after 7, from which 
the results concluded that the data can be divided into 7 
clusters (Table 2). The average silhouette score was 0.475; 
Figure 5e denotes that a significant number of individu-
al silhouette score were higher than the average, which ex-
plains that the clustering algorithm was well performed. 
To validate the clustering results, one-way ANOVA was 
used in this research. Figure 5g demonstrates the distance 
of the air temperature data from the centroid for all pro-
totypes. The research concludes that there is a significant 
amount of deviation between the data with a 95% confi-
dence interval. The specifics of the ANOVA test are denot-
ed in Table 4 and Table 5.

Analyzing the clustering results.
Seven Groups (G1-G7) were acquired through clustering 
results. Cluster 5 has the lowest number of zones (Z=5), 
while Cluster 7 has the highest number of zones (Z=13) 
(Table 6). The zones deprived of land cover were grouped 
along with those with land cover configurations. low-rise 
configurations were grouped along with the high-rise. The 
combination of open configurations and compact configu-
rations was found in G6 and G7. Since the intra-cluster dif-
ference is less than the inter-cluster difference, the clus-

tering results were fit to further analyze (Table 7). Aspect 
ratio (AR), Sky view factor (SVF), Height of roughness el-
ement (HRE), Stand deviation of building height (SH), 
Permeable surface fraction (PSF), Floor area ratio ((FAR), 
Ground space index (GSI) and Urban district cooling load 
(UDCL) were the variables used for the cluster analysis. 
The highest aspect ratio and lowest sky view factor were 
found in compact and open built with landcover config-
urations and compactly built configurations. The height 
of the roughness element (HRE) and Standard deviation 
of building heights (SH) were high in compact-built forms 
and low in open-built forms. The values of the PSF were 
between 0.2 and 0.4, which shows that the mixed morphol-
ogies were similar in the distribution of permeable sur-
faces. The GSI values were high in compact-built config-
urations compared to open-built configurations, and a 
distinct difference was seen between the configurations 
with land cover and those deprived of land cover. The f loor 
area ratio was high in LCZ 142 (Compact high rise and 
mid-rise with open high-rise category) and low in LCZ 36A 
(Compact low rise and open low rise with dense trees cate-
gory). The clustering results indicate that unrelated mixed 
spatial configurations can be grouped due to the similari-
ties in the distribution of the classes. Thus, it explains that 
when dealing with complex urban forms, larger grid siz-
es are essential to capture the regional geographical fea-
tures of the city.

Inter-cluster variation 
The clustering results indicated that 65 typologies can be 
clustered into seven groups (G1-G7). The minimum and 
maximum distance between the cluster centroids were 2.4 
and 18.9 (Table 7). Among all the groups, G1 has high AR, 
HR, FAR and SH due to the distribution of morphologies 
within the group (Figure 6a & Figure 7). Similarly, G1 has a 
high urban cooling load (284.13 Gjs) in summer, and 40% of 
the zones in G1 come under compact with open-built con-

Table 3. Numbers of Iterated clusters

Clusters C1 C2 C3 C4 C5 C6 C7 C8 C9

Silhouette scores 0.56 0.49 0.47 0.46 0.45 0.52 0.45 0.46 0.47

No of clusters k=2 k=3 k=4 k=5 k=6 k=7 k=8 k=9 k=10

Table 4. ANOVA Results

Source DF Sum of squares Mean squares F Pr > F

Model 9.000 5.266 0.585 2.343 0.026

Table 5. Cluster centroid data.

Variable Obs. with missing data Obs. without missing data Minimum Maximum Mean Std. deviation

Distance to centroid 0 65 0.000 2.495 0.792 0.545
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figuration. G1 has low SVF and GSI due to the distribution 
of fewer landcover zones within the cluster. G2 has high 
GSI and low FAR since 40 % of them were compact low and 
mid-rise configurations (Figure 6b & Figure 8). The differ-
ence in the PSF between the groups was insignificant due 
to repetitive urban prototypes. The difference between G3 
and G5 was also insignificant due to the distribution of 
similar morphologies in the groups except the open-built 
type, which was present for 15% (Figure 6b). Similarly, G4 
and G7 have low differences, which can be comprehended 
by the difference between the centroids (Table 7). The GSI 
was similar between the groups except for G2 since it was 
the only cluster with fewer land cover types. G1 and G5 have 
high differences in the values of the variables selected for 
the clustering. Similarly, G4 and G1 have high dissimilar-
ities when compared with other groups. Open-built type 

was present only in G3, and compact-built morphology only 
in G1. The difference between the centroids of G1 and G3 
proves that the clusters were separated far from each oth-
er (Table 8). Similarly, the G2 and G5 clusters were separat-
ed far from each other, which can be understood by the dis-
tribution of cluster centroids. Compact with open built and 
land cover typology has maximum share with G5 (70%) and 
G1 (30%). The results conclude that the variations between 
the clusters were due to the distribution of urban morphol-
ogy within the spatial arrangements. The current study pro-
vides a novel approach in LCZ modelling for complex city 
forms, and using this approach, researchers can benefit by 
finding suitable morphology for the cities under warm and 
humid climate. This study also helps to create morphologi-
cal clusters for the cities to research the distribution of UHI 
in different clusters. 

Table 6. Clustering Result

Cluster G1 G2 G3 G4 G5 G6 G7

Number of objects by cluster 9 10 9 9 5 10 13

Within-cluster variance 3.414 1.891 1.107 0.801 1.706 0.862 0.609

Minimum distance to centroid 0.487 0.185 0.433 0.277 0.408 0.137 0.053

Average distance to centroid 1.471 1.078 0.862 0.725 1.040 0.767 0.668

Maximum distance to centroid 2.890 2.402 2.062 1.841 1.908 1.346 1.143

Urban Prototypes

14A 24A 34A 35B 36C 25A 35A

15A 15B 25B 26C 35C 24B 34B

14B 16A 16C 36A 36B 15C 25C

123 14C 26A 34C 536 16B 26B

142 153 24C 263 56C 163 253

143 162 456 436 516 526

152 416 243 23C 425 435

415 13A 426 46C 13B 23A

12A 12B 46A 56B 13C 23B

12C 45A 45B

45C

46B

56A

Table 7. Distance between the cluster centroids

Clusters G1 G2 G3 G4 G5 G6 G7

G1 0

G2 4.013 0

G3 10.088 6.078 0

G4 15.417 11.405 5.335 0

G5 18.989 14.977 8.908 3.574 0

G6 7.328 3.319 2.761 8.093 11.666 0

G7 13.023 9.011 2.938 2.397 5.971 5.697 0
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Table 8. Variation between and within the clusters

Variation inertia Absolute Percent

Within-cluster 81.473 3.75%

Between-clusters 2089.268 96.25%

Total inertia 2170.741 100.00%

Identified LCZs in the Research area
The study area was divided into 195 urban patches using 
200 m x 200 m grids. Each urban patch was tested through 
image classification model in Python by randomly gener-
ating the images. Out of 195 urban patches, 15 images were 
not able to be classified due to the absence of build cov-
er configurations. 180 images were classified successful-
ly, and their representative groups were provided in Fig-
ure 9a. G5 and G6 were in small ratios with LCZ 56C, LCZ 
45A and LCZ 13B configurations. Similarly, G1 and G3 were 
distributed for 15% of the study area. LCZ 34A and LCZ 
12A were the configurations under the G1 and G3. 32.2% of 
the distribution was under G7 and 34.4% under G2 (Figure 
9b). The confusion matrix of the group indicates the im-
age classification accuracy was high in G2, G7 and G4 since 
they share 80.4% of the study area. The precision, recall and 
F1 scores of the 3 groups are given in Table 9. LCZ 12A, LCZ 
12B, LCZ 12C, LCZ 13A, LCZ 416, LCZ 153, LCZ 34A, LCZ 
35B, LCZ 23C, LCZ 34C, LCZ 56C, LCZ 45A, LCZ 13B, LCZ 
53A, LCZ 23A, LCZ 45B, LCZ 23B and LCZ 56A were present 
in the study area (Figure 10a). The morphology characters 
of the classified urban patches were extracted and co-re-
lated with the UMI values of Urban prototypes. For vali-
dation, 18 LCZ configurations in the study area were com-
pared with their urban prototypes. The RMSE values for 
the respective indicators are given in Figure 10b. The clas-
sification results conclude that 90% of the study area has 
configurations with dense and scattered trees. The pres-
ence of open high-rise and compact high-rise urban con-
figurations was less than 7%. The confusion matrix pre-
sented in Figure 10c denotes the total number of images 
classified accurately under each group.

Table 9. Classification validation table

Groups Precision Recall F1-score

Group 2 82.85% 85.51% 84.91%

Group 7 88.50% 83.79% 85.32%

Group 4 55.82% 59.37% 56.63%

Energy Performance Investigation
Investigation of energy performance was conducted 
through 2 objectives: (a) analyzing the cooling load con-
sumption for all combinations of 65 zones and (b) Analyz-
ing and ranking the performance of the classified spatial 
configurations present in the city. The cooling load con-
sumption for each LCZ was calculated through a simula-
tion model in URBANopt. The SET temperature was fixed 
constant for all zones so that the results could be com-
pared without deviation of occupant’s behaviour. The 
heat map of the energy consumption is shown in Figure 
11e. The spatial configurations deprived of vegetation have 
higher energy consumption than other types of configura-
tions. Compared to other zones, open high-rise configu-
rations and compact high-rise configurations with dense 
trees consume high energy for cooling the indoor spac-
es. Compact midrise configurations and compact low-rise 
configurations (23A, 23B and 23C) consume less than open 
morphologies in a few combinations (Figure 11a). Dense-
ly vegetated configurations like 15A and 14B classes ref lect 
high variation in the energy consumption between the 
combinations. The impact of vegetation in reducing the 
cooling load was significantly low in high-rise zones com-
pared to low-rise zones. Open configuration with a com-
bination of compact configurations consumes high ener-
gy when there is a lack of dense or scattered trees. Further 
analyzes were conducted on the morphologies present in 
the city. The simulated data were plotted against the re-
al-time cooling energy data to validate the urban proto-
type model. TNEB (Tamil Nadu Electricity Board) data 
were used to calculate the rest time cooling load for the 
buildings. The RMSE value was 0.55, and all 18 morphol-
ogies were used for the validation (Figure 11c). The distri-
bution of the groups was analysed and mapped in Figure 
11. We found that approximately G2, G4 and G7 were pres-
ent in over 80% of the study area. So, the study was fur-
ther conducted by analyzing of the morphologies in G2, 
G4 and G7. LCZ 416 (open high rise and compact high rise 
with open low-rise zones) consume high energy for cooling 
the spaces. Combination 2, which is 60% of the first class, 
20% of the second class, and 10% of the third class, has high 
cooling load consumption in most morphologies. The low-
est cooling was found at 23C (compact mid-rise and low-
rise with shrubs), which is 150GJs. The morphologies in 
Group 2 consume a high cooling load when compared with 
Group 4 and Group 7 (Figure 11d). 
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Figure 6. LCZ graphs (a) UMI values for each group (b) LCZ distribution for each group
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Figure 7. UMI values of urban prototypes
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Figure 8. UMI values of urban prototypes
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Figure 9. Study area classification results (a) Classification map (b)Distribution of groups in the study area (c) Confusion 
Matrix of image classification (Groups)
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Conclusion

The current study takes KK Nagar in Tiruchirappalli as an 
example and analyzes the impact of urban spatial geogra-
phy on the air-conditioning energy usage. In this study, we 
have proposed a novel method for classifying the city using 
a two-layer subclassification system. Since major Indian 
cities are unplanned settlements with more than two LCZ 
in a grid size of 0.25 sq. km, this study helps classify the 
highly heterogeneous morphology in cities. The gird size 
chosen to create the morphology was 38,709 Sq.m. Through 
this extensive grid size, we can retain more regional geo-
graphical features of the city compared to using smaller 
grids. The research intends to concentrate on the complex 
urban forms which were not addressed in previous studies 
to the best of our knowledge. Urban morphology signifi-
cantly inf luences the energy consumption of buildings, 
resulting in a reduction in cooling load Javanroodi et al. 
(2018). The results of the current study support Javanroo-
di et al. (2018) statement. The impact of mixed morphol-
ogies on energy consumption differed from the planned 
cities. Compared to the other studies on the impact of ur-
ban forms on energy consumption, this research makes a 

significant contribution in explaining the complex urban 
structures and their impact on cooling energy consump-
tion. For urban planning, we have found that emphasizing 
the urban morphology layouts and green cover ratios, such 
as dense trees (Highly vegetated), Scattered trees (sparse-
ly vegetated) and shrubs (lowly vegetated), is crucial in 
determining the cooling load consumption in a compact 
mid-rise and open low-rise morphologies with lands cov-
ers. These findings provide insights to urban planners and 
designers in reducing the energy taken for cooling indoor 
spaces in mixed morphologies. In policy development, our 
research can serve as a reference for policymakers. For in-
stance, identifying high energy-consuming urban patch-
es and installing PV panels to reduce the on-grid energy 
usage. Furthermore, our research demonstrated a work-
f low for classifying the city morphologies into clusters 
based on their spatial characteristics. It is worth noting 
that previous studies have explored the impact of urban 
morphology on cooling loads, including a study conduct-
ed by Kotharkar et al. (2022) in which the author explains 
that lower cooling loads were seen in open morphologies 

Figure 10. Study area classification results (a) Confusion matrix of classified images (b) RMSE values for validating the urban prototypes
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Figure 11. Energy simulation results (a) Cooling load of city LCZs (b) Frequency of cooling loads (c) RMSE values for 
predicted and actual energy (d) Ranking of groups based on the cooling loads (e) Cooling loads Heat map for all urban 
prototypes
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with high vegetation cover. Similarly, a study conducted 
in China shows that low and medium-rise structures use 
more energy for cooling and explains that compact mid-
rise configuration’s cooling demands were higher than 
open high-rise (Yang et al., 2022). This study identifies the 
intricate details in urban morphology at the neighborhood 
scale through the comparative analysis of different LCZs. 
It was found that the impact of vegetation on cooling ener-
gy consumption of open and compact high-rise along with 
mid-rise configuration is low. It also explains that increas-
ing the green cover ratio will not help in reducing ener-
gy consumption for mixed high and mid-rise morpholo-
gies. This study is limited only to residential buildings and 
hotels, and the results will not be applicable to commer-
cial or office buildings with 8-hour operation slots. There 
is a scope for future research in studying the arrangement 
pattern of the buildings and its impact on the reduction of 
heating loads in cold regions. 

The important results of our investigation are as fol-
lows:

a) An innovative method for categorizing the complex 
urban structure of a city. The findings provide valua-
ble design for urban planners and energy policymak-
ers seeking to decrease cooling energy consumption 

through form-based codes. Our classification ap-
proach can be used to classify the morphologies for 
other cities in future research. This study provides 
broad insights into sustainable urban development 
worldwide.

b) In the study area, LCZ 23C (Compact mid-rise and 
low-rise with sparse vegetation), 34C (Compact low-
rise and open high-rise with sparse vegetation) and 
35B (Compact low-rise and open mid-rise with scat-
tered vegetation) urban forms needed less energy for 
air-conditioning in residential neighborhood. The in-
tervention of open or compact low rise in the mixed 
morphologies reduces the cooling energy consump-
tion drastically. 

c) The high frequency of cooling load was between 
150Gjs to 200Gjs in the city (Figure 11b). It indicates 
that the cooling load reduction potential is high in 
the city when compared to the study area of Nagpur, 
which was researched by Kotharkar et al. (2022) 

d) The Open and compact high-rise with low-rise struc-
tures consumes high cooling energy (>400Gjs), which 
indicates that the high-rise structures with open 
low-rise combinations are not suitable for warm and 
humid climate conditions.
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ABSTRACT

Mining causes soil degradation, particle emission, and air and water quality deterioration. 
This study estimates some health risks in districts of Central Serbia af fected by surface min-
ing activities, and proposes measures for land restoration. The epidemiological risk assess-
ment was based on data for seven cancers and three cardiovascular diseases during 2010 
- 2020. Results showed a statistically significant increase in the incidence of lung and bron-
chial cancer in critical districts. Borski district stood out with the highest incidence rates for 
cardiovascular diseases. The suspected role of particulate air pollution from the mining in-
dustry in health deterioration calls for intensified air quality monitoring and development 
of mitigation technologies. A restoration strategy called the Pan-Life-Carpet technology is 
proposed for the restoration of mining areas and for air and water pollution control.

KEYWORDS

mining regions
environmental pollution
particulate matter
recultivation
biocrusts
cyanobacteria

Introduction

Land is a vital resource for human social and economic 
wellbeing. However, many parts of land ecosystems are 
under climatic and anthropogenic pressure. Anthropo-
genic climate changes accelerate natural and induce an-
thropogenic land degradation (Talukder et al., 2021). Land 
degradation leads to the deterioration of terrestrial and 
aquatic ecosystems and decrease of biodiversity. It pre-
sents one of the most severe ecological challenges of to-

day (Perović et al., 2021) that leads to the reduction or loss 
of the biological or economic productivity and complexi-
ty of the land (UNCCD, 1994). Besides natural processes, 
main causes of land degradation are improper soil and 
vegetation management, overgrazing, industrial activi-
ties, waste deposition and mining, urbanization and in-
frastructure development, release of airborne pollutants, 
disturbance of the water cycle (UNDP, 2022), while climate 
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change further amplifies the impact of drivers of land deg-
radation (IPBES, 2018). 

One of the most visible processes of soil degradation is 
soil erosion (UNDP, 2022). Soil erosion is a major environ-
mental problem, threatening human safety and global so-
cio-economic development (Sun et al., 2013; Jiang et al., 
2019). Soil erosion can affect water and air quality. Ero-
sive and unprotected soil presents a source of particulate 
pollution, while soil particles can contain other pollutants 
such as metals and organic pollutants (Goudie, 2014; Gil-
trap et al., 2021). The global emission of dust from the soil 
to the atmosphere has been estimated to be 3000 million 
tons annually (Katra, 2020). 

Mining modifies, degrades and pollutes land (Padro et 
al., 2022). Surface mining induces immediate loss of soil, 
formation of waste (ash, slag, and tailings) and wastewa-
ter resulting from tailing processing (Pavlović et al., 2017). 
A major problem of mining is the mining waste, i.e. de-
posits of ash, slag and tailing that are usually disposed of 
without further utilization (Pavlović et al., 2017). Serbia 
produces about 40 million tons of mining waste every year 
(Official Gazette of the Republic of Serbia, No 12/2022). 
Mining is one of the main processes connected with soil 
loss and degradation in Serbia (Ličina et al., 2011; Pavlović 
et al., 2017). Emission of the soil particles to the atmos-
phere deteriorates air quality of the surroundings and re-
mote areas (Goudie, 2014; Giltrap et al., 2021). Tian et al. 
(2019) showed that more than half of road dust sieved to 
10  μm, collected at different distances to the mine and 
tailings, originate from the mine. 

The primary pollutant produced by surface mining is 
particulate matter (PM) (Kumar Patra et al., 2016). PM 
consists of heterogeneous components, formed due to 
chemical reactions between inorganic and organic sub-
stances (soot, dust, soil components, vehicle exhaust gas-
es, combustion products, etc.) (Manisalidis et al., 2020; 
Matić Savićević, 2020). According to the size PM are divid-
ed into three groups: PM10 (coarse particles, between 2.5-
10 μm), PM2.5 (fine particles, < 2.5 μm) and PM0.1 (ultraf-

ine particles, < 100 nm) (Franck et al., 2011; USEPA, 2016). 
The carbon core of PM can adsorb various chemicals such 
as aromatic and aliphatic compounds, biological allergens, 
endotoxins, heavy metals (e.g. Pb, As, Cd, Ni) etc. (Matić 
Savićević, 2020; Knežević et al., 2021) (Figure 1). 

PM are associated with various health issues (Kelly & 
Fussel, 2015), and according to the International Agency 
for Research on Cancer (IARC) of the WHO, they belong to 
the Group 1 carcinogens, together with outdoor pollution 
(Loomis et al., 2013; IARC, 2016). It is estimated that expo-
sure to air pollution, especially PM, results in millions of 
deaths annually (Kelly & Fussel, 2015; WHO, 2019; 2021). The 
effect of PM on the human body is determined by size (Vala-
vanidis et al., 2008). Particles larger than 10 μm are general-
ly trapped in the mucous membrane of the nose and throat 
and can be swallowed (Giltrap et al., 2021). Most PM10 are 
deposited in the upper airways (Brown et al., 2002) and can 
get deposited in the lungs where they cause inf lammato-
ry processes (Knežević et al., 2021). PM2.5 penetrate deep 
lung tissue (Giltrap et al., 2021) (Figure 1). Particle shape 
(International Commission on Radiological Protection, 
1995; Sankaran et al., 2023), adsorbed substances (Valavan-
idis et al., 2008), origin, chemical compositions (Valavanid-
is et al., 2008; Xing et al., 2016), exposure time (Yang et al., 
2019; Orellano et al., 2020), mechanisms of toxicity (Valava-
nidis et al., 2008) medical condition (e.g. preexisting heart 
and lung disease, diabetes) and stage of life (elderly and chil-
dren) (Sacks et al., 2011; Manisalidis et al., 2020) determine 
the effects of PM on the human body, also.

PM is an important pollution in open mine areas, espe-
cially PM10 (Bui et al., 2019). In recent years, the concen-
tration of PM10 in Serbia has been higher than the allowed 
50 μg/m3 (WHO, 2019). Mining has a long-standing tra-
dition in the Republic of Serbia with potential to expand 
(Popović et al., 2015). Kumar Patra et al. (2016) summa-
rized medical evidence of health deterioration due to in-
halation of PM pollution from surface mines. Mining im-
pacts cardiovascular and respiratory systems, contributes 
to the neurological disorders and kidney damages (Ku-

Figure 1. Description of heterogeneity of PM in the air and their impact on the respiratory 
system depending on the size of the PM (made with https://www.biorender.com/ ) 

https://www.biorender.com/
https://www.biorender.com/
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mar Patra et al., 2016; da Silva-Rego et al., 2022). One of 
the Sustainable Development Goals (SDGs) in the Agenda 
2030 is to “substantially reduce the number of deaths and 
illnesses from hazardous chemicals and air, water and soil 
pollution and contamination” by 2030 (UN, 2015). There-

fore, this work aims to estimate the health risk in the dis-
tricts of Central Serbia that are affected by surface mining 
and mining waste disposal, as well as to propose measures 
for simultaneous mining land restoration, air pollution re-
duction and health risk decrease.

Data and methods

Databases for epidemiological analyses
The epidemiological risk assessment was based on the 
incidences of cancers and cardiovascular diseases. Ac-
cording to the Batut definition, standardized incidence 
and mortality rates represent theoretical values obtained 
through a specific technical process involving the intro-
duction of a standard population. Typically, this stand-
ard population can be the world population (ASR-W), the 
European population (ASR-E), or a truncated population 
(ASR-TRUNC). These standardized rates overcome differ-
ences (most commonly by sex and age) that exist in dif-
ferent populations, making them suitable for comparisons 
(Batut, 2023c). The possible relation between PM pollu-
tion in degraded/disturbed areas and incidence of cancers 
and cardiovascular diseases in Central Serbia was based 
on data published by the Institute of Public Health of Ser-
bia, ‘Dr Milan Jovanović Batut’ (Batut, 2023, 2023b, 2023c).

The seven examined cancers and three cardiovascular 
diseases are listed in Table 1, including corresponding ab-
breviations, as well as their codes from the 10th revision 
of the International Statistical Classification of Diseas-
es and Related Health Problems (ICD), a medical classifi-
cation list by the World Health Organization (WHO). The 
collected data concerning the mentioned diseases covered 
the period 2010 - 2020. The data included information con-
cerning cancers in both males and females, except for the 

cancers of pharynx, oral cavity, and larynx, for which data 
on females was not available.

Regional division of Central Serbia
According to the administrative division, Central Ser-
bia has 18 districts. The investigated districts and corre-
sponding abbreviations are presented in Table 2. The inci-
dence of investigated types of cancers and cardiovascular 
diseases are documented by districts. Thus, it is possible 
to estimate the occurrence of diseases in degraded min-
ing areas.

Table 2. Investigated districts of Central Serbia and the total 
number of inhabitants for the period 2010 – 2020 per district

№ District Average number of inhabitants per 
district 2010 - 2020

1 Kolubarski 168612

2 Mačvanski 289074

3 Raški 305209

4 Moravički 205360

5 Zlatiborski 276884

6 Rasinski 231362

7 Šumadijski 286174

8 Pomoravski 205571

9 Braničevski 174794

10 Podunavski 192521

11 Zaječarski 113092

12 Borski 118762

13 Nišavski 367036

14 Pčinjski 204323

15 Jablanički 208448

16 Toplički 87473

17 Pirotski 88156

18 Beograd 1541347

Statistical analysis
A division was made into critical and non-critical districts. 
For critical districts were considered those which are af-
fected by soil degradation and dust pollution from main 
mining sites of Central Serbia. The minings in Bor, Ma-
jdanpek, Kostolac and Kolubara as well as mining waste 

Table 1. Examined cancers and cardiovascular diseases with 
abbreviations 

Abbr. ICD - 10 codes Cancer and cardiovascular diseases

C1 C00 - C14 Malignant neoplasm of lip, oral cavity and 
pharynx

C2 C32 Malignant neoplasm of larynx

C3 C34 Malignant neoplasm of bronchus and lung

C4 C67 Malignant neoplasm of bladder

C5 C71 Malignant neoplasm of brain

C6 C91 - C95 Leukemia

C7 C00 - C97 Malignant neoplasms

CV1 I21 Acute myocardial infarction

CV2 I20.0 Unstable angina pectoris

CV3 I24.9 Acute coronary syndrome

Source:	https://icd.who.int/browse10/2019/en#/C06.9	(Internet	1).	
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disposals ‘Nikola Tesla A’ and ‘Nikola Tesla B’ were con-
sidered as main degraded mining sites (Figure 2, cir-
cled). The inf luence of dominant winds was also consid-
ered in districts categorisation. Among the 18 examined 
districts, ten were critical and represented the first group 
in the statistical comparison (Beograd city, Podunavski, 
Borski, Moravički, Kolubarski, Šumadijski, Mačvanski, 
Braničevski, Zaječarski and Pomoravski). The rest of the 
districts of Central Serbia were considered as non-critical 
districts (Pčinjski, Rasinski, Jablanički, Nišavski, Raški, 
Toplički, Pirotski and Zlatiborski).

The values of the incidences of selected cancers and 
cardiovascular diseases were statistically analyzed us-
ing Student’s t-test. Survey results were obtained using 
statistically significant differences between critical and 
non-critical districts in Serbia with a reliability of 95% (p 
= 0.000 < 0.05). The normality of the distribution was de-
termined using the Shapiro-Wilk test. Derived values are 
presented in diagrams in order to visualize possible rela-
tionships between the incidences of seven types of cancers 
and three types of cardiovascular diseases with degraded 
mining areas which are a source of PM air pollution.

Results 

Degraded mining areas in Serbia  
as particulate matter air pollution source 
According to the analysis of the map showing damaged 
and degraded areas in Serbia with prominent main min-
ing areas (Figure 2), following districts could be consid-

ered as most exposed to the PM air pollution from mining 
areas: Beograd city district, Mačvanski district, Kolubar-
ski district, Moravički district, Šumadijski district, Po-
dunavski district, Pomoravski district, Braničevski dis-
trict, Borski district and Zaječarski district.

Epidemiological analyses
The ratio of the incidence of cancer and cardiovascular 
diseases was determined by district in Central Serbia for 
the period 2010 - 2020. Critical districts showed a statis-
tically significant association with an increased incidence 
of lung and bronchial cancer compared to the non-critical 
districts (p = 0.027, p < 0.05) (Figure 3a). The highest mean 
incidence of lung and bronchial cancer was determined in 
the following critical districts: the Beograd city (75.86) and 
Podunavski (70.15) districts. Statistical analyses showed 
the association of critical districts with an increased inci-
dence of cancer of the oral cavity and pharynx (cavitas and 
pharynx) was marginally significant (p = 0.086, 0.05 ≤ p < 
0,1) (Figure 3b). However, incidence analysis for other in-
vestigated cancers (C2, C4, C5, C6, C7) showed that there is 

Figure 2. Map of damaged and degraded areas as a source of 
particulate air pollution in Serbia with ten af fected districts in 
Central Serbia (based on Corine Land Cover 2018 (V2020_20u1), 
European Environment Agency (EEA))

Figure 3. Incidence of lung and bronchial cancer (a), oral cavity 
and pharynx cancers (b) in Central Serbia for the period 2010 – 
2020
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no statistically significant difference between the critical 
and non-critical districts.

The incidence analysis for the examined cardiovascular 
diseases (CV1, CV2, CV3) showed that there is no statisti-
cally significant difference between the selected critical and 
non-critical districts. Due to the fact that cardiovascular 
diseases are the most common cause of death in Serbia in 
2019 (Vasić et al., 2022), the incidence values among all dis-
tricts in Central Serbia were compared, whereby the Bor-
ski district stood out in particular. Based on the incidence 
values, this district took the first place in the case of acute 
coronary syndrome, the second place in the case of unsta-
ble angina pectoris, and the third place in the case of acute 
myocardial infarction. Owing to the fact that this district 
is the most affected by soil (surface) degradation, the inci-
dence values of the Borski district in the period from 2010 - 
2020. years were compared with each district individually 
as well. Analyses proved that there is no statistically signifi-
cant difference between the Borski district on one side and 
the districts with the highest incidence values. 

Acute coronary syndrome disease in Borski district, 
with a standardized incidence rate of 200.768 per 100,000 
inhabitants, ranks this district with the highest incidence 
compared to other districts (Figure 4). Statistical process-
ing of the data did not show statistical significance differ-
ence in comparison with Zaječarski district that belongs to 
the group of critical districts as well (p = 0.466).

In the case of unstable angina pectoris, the Borski dis-
trict, with standardized incidence rate values of 64.077 per 
100,000 inhabitants in the observed period, ranked second 
in terms of the incidence, after the Nišavski district (inci-
dence value = 76.064) and ahead with the Zaječarski dis-
trict (incidence value = 58.732) (Figure 5). Statistical anal-
yses show no significant difference between the Borski 
district and Nišavski (p = 0.426), Zaječarski (p = 0.574) and 
the Beograd city district (p = 0.505) on the other side. Re-
sults show that Borski, Zaječarski and the Beograd city 
districts, belonging to critical districts, are among the 
leading districts for unstable angina pectoris according to 
incidence values.

In the case of acute myocardial infarction, the Bor-
ski district, with standardized incidence rate values of 
135.964 per 100,000 inhabitants in the observed period, 
ranked third in incidence, after Šumadijski and Raški 
districts with incidence values of 146.305 and 137.084 re-
spectively (Figure 6). There is no statistically significant 
difference in the incidence values for the acute myocardi-
al infarction between Borski and some other critical dis-
tricts: Šumadijski (p = 0.615), Raški (p = 0.327), Rasinski (p 
= 0.515), Toplički (p = 0.557), Zaječarski (p = 0.484), Pčinjski 
(p = 0.405), Pirotski (p = 0.420), Mačvanski (p = 0.346) and 
Kolubarski (p = 0.283). Still, Borski district stood out as the 
district with the leading high incidence for analyzed car-
diovascular disease in the observed period.

Figure 4. Standardized incidence rates (per 100,000 inhabitants) of acute coronary syndrome disease 
in Central Serbia for the period 2010 – 2020

Bra
nič
evs
ki

Mo
rav
ičk
i

Po
du
na
vsk
i

Jab
lan
ičk
i

Po
mo
rav
ski

Zla
tib
ors
ki

Bo
rsk
i

Za
ječ
ars
ki

Ni
šav
ski

To
pli
čki

Ra
sin
ski

Šu
ma
dij
ski

Ra
ški

Be
og
rad

Pči
njs
ki

Pir
ots
ki

Ma
čva
nsk
i

Ko
lub
ars
ki

0

30

60

90

120

150

180

210 201

183
175

169
164

159 155 155 153
147 146

137
130

122 120 117
111 107



Geographica Pannonica | Volume 28, Issue 3, 205–220 (September 2024)Ivana Mihalj, Stamenko Šušak, Tamara Palanački Malešević, Tamara Važić, 
Tamara Jurca, Dragoslav Pavić, Jelica Simeunović, Aleksandra Vulin,  
Jussi Meriluoto, Zorica Svirčev

| 210 |

Bra
nič
evs
ki

Mo
rav
ičk
i

Po
du
na
vsk
i

Jab
lan
ičk
i

Po
mo
rav
ski

Zla
tib
ors
ki

Bo
rsk
i

Za
ječ
ars
ki

Ni
šav
ski

To
pli
čki

Ra
sin
ski

Šu
ma
dij
ski

Ra
ški

Be
og
rad

Pči
njs
ki

Pir
ots
ki

Ma
čva
nsk
i

Ko
lub
ars
ki

76

64

59
57

46

39

31
27 26 26

23 22
20

18 17 16 15

9

0

20

40

60

80

Figure 5. Standardized incidence rates (per 100,000 inhabitants) of unstable angina pectoris in Central 
Serbia for the period 2010 – 2020

Figure 6. Standardized incidence rates (per 100,000 inhabitants) of acute myocardial infarction in 
Central Serbia for the period 2010 – 2020

Bra
nič
evs
ki

Mo
rav
ičk
i

Po
du
na
vsk
i

Jab
lan
ičk
i

Po
mo
rav
ski

Zla
tib
ors
ki

Bo
rsk
i

Za
ječ
ars
ki

Ni
šav
ski

To
pli
čki

Ra
sin
ski

Šu
ma
dij
ski

Ra
ški

Be
og
rad

Pči
njs
ki

Pir
ots
ki

Ma
čva
nsk
i

Ko
lub
ars
ki

146

137 136

124 124 123 121 121 119 117

106 104 102 102
98

94
90 88

0

30

60

90

120

150



Geographica Pannonica | Volume 28, Issue 3, 205–220 (September 2024)Ivana Mihalj, Stamenko Šušak, Tamara Palanački Malešević, Tamara Važić, 
Tamara Jurca, Dragoslav Pavić, Jelica Simeunović, Aleksandra Vulin,  
Jussi Meriluoto, Zorica Svirčev

| 211 |

Discussion

Mining activities as a health risk in Central Serbia
Land degradation is a world-wide problem. Serbia is un-
der a high risk of land degradation and associated conse-
quences, with an expected increase in the future (Pavlović 
et al., 2017; UNDP, 2022). The most pronounced pro-
cess of soil degradation in Serbia and many other Euro-
pean countries is soil erosion (Pavlović et al., 2017; SEPA, 
2018). Degraded soil presents a source of air pollution 
(Giltrap et al., 2021). Soil degradation by mining activi-
ties and tailings and waste disposals plays an important 
role in the generation of atmospheric dust with respect to 
the quantity of the particulates generated (Csavina et al., 
2012). Based on the map of damaged and degraded areas 
in Serbia (Figure 2), districts around the main mining ar-
eas in Central Serbia could be considered as the most ex-
posed districts suffering from PM air pollution from sur-
face mining activities, and thus they have been regarded 
as critical districts in this study. Regardless of the pres-
ence of the surface mines in Vojvodina, this region was not 
taken into consideration in this study due to high indus-
trialization and agricultural areas. Agricultural areas in 
Serbia are mostly located in Vojvodina, where more than 
60% of the area is in the category of hazardous sensitivity 
and 36% in the category of medium sensitive to wind ero-
sion (Baumgertel et al., 2019). Mines in Bor and Majdan-
pek (Figure 2, circled) are one of the main surface mining 
areas in Serbia. They are located in the borderline of Bor-
ski district with surrounding Zaječarski, Pomoravski and 
Braničevski districts. Kostolac mine (Figure 2, circuled) is 
located in Braničevski district, close to Podunavski dis-
trict. Kolubara mine (Figure 2, circled) and ‘Nikola Tesla 
A’ and ‘Nikola Tesla B’ mine waste disposals (Figure 2, cir-
cled) in Beograd city district are surrounded by Mačvan-
ski, Kolubarski, Moravički, Šumadijski and Podunavski 
districts. The geographical positions of the mentioned dis-
tricts, in relation to mines and mine waste disposals, indi-
cate their exposure to mine-originating PM air pollution. 
Therefore, the mentioned districts form a potential criti-
cal belt with the increased risk of exposure to PM air pol-
lution from degraded mining lands and mining waste dis-
posal sites. 

Statistical analyses indicated a statistically significant 
association between an increased incidence of lung/bron-
chial cancer in the critical districts for the period 2010 - 
2020 (Figure 3a). Beograd city district showed the highest 
incidence of lung and bronchial cancer during the ob-
served period of 11 years compared to other districts of 
Central Serbia. Main mining and degraded areas impact-
ed Beograd city district are Kolubara coal basin with total 
area of about 600 km2 (Milanović et al., 2017) and thermal 
power plant ash disposal sites ‘Nikola Tesla A’ with an area 

of 400 ha (Gajić, 2014) and ‘Nikola Tesla B’ with an area of 
600 ha (Nišić et al., 2015). Opencast coal mines in Serbia are 
mainly located in areas of fertile alluvial soils and occupy 
about 12,000 ha, with an expected increase of 200 ha each 
year (Pavlović et al., 2017). The eight thermal power plants 
in Serbia produce 8 Mt of ash annually (Electric Power In-
dustry of Serbia, Technical Report 2010), while only 2.7% 
of the ash in Serbia is utilized for other purposes, mainly 
in the construction industry (Pavlović et al., 2017). Mining 
waste that is not subjected to further utilization is usu-
ally deposited in the open air (Pavlović et al., 2017). Large 
areas of deposited mining waste and opencast mines are 
exposed to the environmental erosive forces, e.g. wind ero-
sion. Wind directions reported for the meteorological sta-
tions Beograd and Valjevo (Republic Hydrometeorological 
Service of Serbia) can contribute to the dispersion of par-
ticles from ash disposals and the Kolubara mine degrad-
ed land (Figure 7). Studies have shown increased lung can-
cer risk among miners with exposure to coal dust (Une et 
al., 1995; Hosgood et al., 2012; Tomaskova et al., 2012). Mi-
nowa et al. (1988) showed a higher lung cancer mortality in 
administrative units with coal mines in Japan. Fly coal ash 
has also been recognised as a health risk factor for lung 
cancer development (Whiteside & Herndon, 2018). Thus, 
the results of this study and current knowledge of the role 
of coal dust and f ly ash in lung cancer development indi-
cate that district Beograd city, where Kolubara coal mine 
and ash disposals (‘Nikola Tesla A’ and ‘Nikola Tesla B’) are 
located as, well as surrounding districts could be consid-
ered as risk areas for lung cancer development. Besides 
cancers, coal mine dust (Ross & Murray, 2004; Laney & 
Weissman, 2014) and f ly ash (Shrivastava et al., 2015) are 
promoting other respiratory diseases in the affected ar-
eas. Tomaskova et al. (2012) showed increased lung can-
cer risk in coal miners with pneumoconiosis, compared 
to those without pneumoconiosis. This indicates a greater 
susceptibility to developing lung cancer in people with an 
already impaired immune system. Examining the health 
status of the population in the territory of the municipal-
ity of Lazarevac, district affected by Kolubara mining ac-
tivities, Muratović (2015) pointed out the importance of air 
pollution of the mining areas in the development of res-
piratory diseases such as bronchitis, asthma and pneumo-
nia. This study did not include the mentioned diseases due 
to the lack of official data. Therefore, monitoring and fu-
ture research should cover a wider spectrum of respirato-
ry diseases in relation to target districts due to the signifi-
cant contribution of mine activities to air pollution.

This study showed that there is a statistically signifi-
cant but marginal association between elevated incidence 
of cancer of the oral cavity and pharynx in the male popu-
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lation and critical districts. Due to lack of data, this study 
did not include the female population in examining the 
association of cancer of the oral cavity and pharynx in the 
critical districts. There are studies that showed the associ-
ation of pharynx cancer with exposure to coal dust (Gold-
berg et al., 1997; Laforest et al., 2000). Thus, the contribu-
tion of PM air pollution from mine sites in development 
of this cancer should not be underestimated, but deserves 
more attention in further research. 

According to the World Health Organization, partic-
ulate air pollution is significantly associated with cardi-
opulmonary diseases and mortality (WHO, 2021). Car-
diovascular diseases are one of the main causes of death 
in Serbia (Vasić et al., 2022) and world-wide (Gaziano, 
2001; Gaidai et al., 2023; Samuel et al., 2023; Woodruff et 
al., 2024). This study showed that there is no statistical-
ly significant difference between the selected critical and 
non-critical districts in analyzed cardiovascular diseases. 
One of the reasons could be that the development of car-
diovascular diseases is inf luenced by an array of factors 
(Dahlöf, 2010), and not only by air pollution originating 
from surface mining activities. Still, among all districts 
in Central Serbia, Borski district has the leading high in-
cidence for analyzed cardiovascular disease. Most of the 
land degraded by surface mining in Serbia is located in 
Borski district and it is caused by copper mining in Ma-
jdanpek and Bor (Pavlović et al., 2017). The mining activ-
ity has degraded areas of about 1110 ha in Bor and 12,060 
ha in Majdanpek which is about 60% of the total agricul-
tural land (Pavlović et al., 2017). Wind directions meas-

ured from the meteorological station Crni Vrh (Republic 
Hydrometeorological Service of Serbia) in Borski district 
indicate possible contribution of wind to the emission of 
particles from mine degraded lands to neighbor and re-
mote sites (Figure 7). Bor is one of the most air polluted 
regions in Serbia and beyond. Air quality monitoring for 
Bor showed that annual arsenic concentrations exceeded 
the proposed limit value at all measuring sites and annu-
al lead and cadmium concentrations frequently exceeded 
the proposed limit value for the period from 2009 to 2015 
(Serbula et al., 2017). Mining activities in Majdanpek also 
negatively impacted the environment, and consequent-
ly air quality (Ilić Krstić et al., 2020). Study conducted by 
Nkosi et al. (2016) showed that elderly people exposed to 
pollution arising from mine dumps in South Africa had a 
significantly higher prevalence of cardiovascular and res-
piratory diseases and that living close to mine dumps was 
significantly associated with asthma, hypertension, pneu-
monia, emphysema, arrhythmia, and myocardial infarc-
tion. Higher mortality rates from chronic cardiovascu-
lar disease compared to non-mining areas have also been 
observed in mining areas of Central Appalachian States 
(Esch & Hendryx, 2011). Based on the known negative im-
pact of air pollution from mining areas on the cardiovas-
cular system (e.g. Esch & Hendryx, 2011; Nkosi et al., 2016.) 
and results of this study, mining activities and consequent 
heavy metal pollution should be considered as important 
risk factors for development of cardiovascular diseases.

Despite the existence of the Kostolac mine in Braničevski 
district, the low incidence of analyzed diseases can be 

Figure 7. Representative relative frequencies of wind directions in per mille (1981 - 2010) for critical belt: Borski district 
(meteorological station Crni Vrh), Braničevski district (meteorological station V. Gradište), Begrad city district (meteorological 
station Beograd) and Kolubara district (meteorological station Valjevo) (based on Corine Land Cover 2018) (V2020_20u1), European 
Environment Agency (EEA), (Republic Hydrometeorological Service of Serbia)
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due to its position in the border zone and the dominant 
east-southeast wind (ESE wind, Veliko Gradište meteoro-
logical station) (Republic Hydrometeorological Service of 
Serbia) (Figure 7).

Mining activities such as excavation, crushing, grind-
ing, separation, smelting, refining, and tailings are impor-
tant sources of contaminated dust that can be wind-trans-
ported to neighbour places (Serbula et al., 2010; Csavina et 
al., 2012; Zanetta-Colombo et al., 2022). Local copper min-
ing activities in northern Chile are connected to the in-
creased metal concentrations in dust collected from roofs 
and windows of indigenous villages (Zanetta-Colombo et 
al., 2022). However, in Serbia there is an insufficient mon-
itoring of particle pollution (Matić Savićević & Stojano-
vić, 2019), even though air pollution harms the economy 
of the country through lower labour output (World Bank, 
2016), increased health expenses, damage to crops and in-
frastructure, and costs related to climate change and envi-
ronmental protection (WHO, 2021). Total treatment costs 
in 2017 were 30% higher compared to 2010, and amounted 
to circa €1.7 billion and €1.4 billion, respectively. The mod-
ern way of living is considered to have a huge impact on 
the increase in the cost of treating cardiovascular diseas-
es. According to the WHO, particulate air pollution is sig-
nificantly associated with cardiopulmonary diseases and 
mortality, and other health conditions (WHO, 2021).In 
studies from other countries (Minowa et al., 1988; Une et 
al., 1995; Goldberg et al., 1997; Laforest et al., 2000; Ross & 
Murray, 2004; Esch & Hendryx, 2011; Hosgood et al., 2012; 
Tomaskova et al, 2012; Laney & Weissman, 2014; Shrivas-
tava et al., 2015; Nkosi et al., 2016; Whiteside & Herndon, 
2018) and this study from the Republic of Serbia indicate 
the role of the particulate air pollution from the mine in-
dustry in health deterioration. Thus, intensified monitor-
ing of PM air pollution originating from mining activities, 
assessment of their inf luence on the health and combating 
particulate air pollution is of environmental, health, eco-
nomic and social importance in Serbia and world-wide. 

Proposed measures for restoration  
of degraded and disturbed mining areas  
to combat particulate air pollution
Even though there have been made certain efforts towards 
improving restoration practice in Serbia, restoration ac-
tivities in Serbian mining basins are considered poorly ap-
plied in practice (Ranđelović et al., 2017). Natural recov-
ery of the vegetation cover could take a long time and the 
success of land restoration by higher plants in these envi-
ronments could be limited. The process of natural recovery 
of satisfactory vegetation cover on mine wastes could last 
from 50 to 100 years (Bradshaw, 1997). Restoration of the 
mine tailings and waste deposits by recultivating higher 
plants is limited because of adverse environmental factors 

present in these environments, such as water and nutri-
ent deficiency, high temperatures, adverse chemical prop-
erties of the substrates (Pavlović & Mitrović, 2013; Pavlović 
et al., 2017; Li & Liber, 2018). Li & Liber (2018) study showed 
that low levels of soil moisture and available nitrogen were 
the major limiting factors affecting plant community de-
velopment on the coal gob pile, not metal toxicity.

Dominant biological cover in the environments where 
development of higher vegetation is hindered is represent-
ed by biological soil crusts (biocrusts) (Veste, 2005). Bio-
crusts are bio-sedimentary complexes of organisms (cy-
anobacteria, mosses, lichens, fungi and bacteria) and soil 
particles (Eldridge & Green, 1994; Williams et al., 2012). 
This community is highly tolerant to desiccation and long-
term drought (Veste, 2005). Biocrust characterizes succes-
sional development that begins with cyanobacterial colo-
nization of the soil (Lan et al., 2012; Williams et al., 2012). 
Several cyanobacteria genera are nitrogen fixers within 
biocrusts (Belnap & Lange, 2003). They produce protective 
layers of exopolysaccharides that have multiple roles in the 
biocrust community such as binding the soil particles, re-
taining water and nutrients (Colica et al., 2014; Rossi & 
De Philippi, 2015; Mugnai et al., 2017). Cyanobacteria and 
their exopolysaccharides form a complex protective net-
work with incorporated soil particles over the soil surface 
(Dulić et al., 2017; Palanački Malešević et al., 2021). They 
trap (Malam Issa et al., 2001; Williams et al., 2012; Svirčev 
et al., 2013; 2019; Dulić et al., 2017; Palanački Malešević et 
al., 2021), metabolize and stabilize the airborne particles 
(Dulić et al., 2017; Palanački Malešević et al., 2021; Svirčev 
et al., 2013; 2019). Accordingly, colonization of the surface 
of the substrate by biocrusts provides essential ecosys-
tem functions. They control water and nutrient availabil-
ity and soil stability in the environment (Chamizo et al., 
2016; 2018; Palanački Malešević et al., 2021).

Artificially induced biocrusts have been proposed to 
fight land degradation in adverse environmental condi-
tions, and cyanobacterial inoculation have been intro-
duced as a potential solution (e.g. Wang et al., 2009; Ros-
si et al., 2017; Chamizo et al., 2018; Antoninka et al., 2020; 
Rossi, 2020). Some of the latest studies employing cyano-
bacteria for the restoration of degraded land and the mit-
igation of adverse environmental conditions are reviewed 
in the study by Palanački Malešević et al. (2024). The im-
portance of biocrusts and cyanobacteria in the land resto-
ration after soil disturbance induced by mining has been 
recognized (Doudle & Williams, 2010; Doudle et al., 2011; 
Williams et al., 2019). Cyanobacterial inoculation induc-
es biocrusts development on mine tailings, which further 
mitigates wind erosion and enhances tailing fertility ena-
bling establishment of vegetation cover (Rezasoltani et al., 
2023). However, biocrusts development in the field condi-
tions can be hindered by adverse environmental factors. 
Water is a primary factor affecting biocrust growth (Bu et 



Geographica Pannonica | Volume 28, Issue 3, 205–220 (September 2024)Ivana Mihalj, Stamenko Šušak, Tamara Palanački Malešević, Tamara Važić, 
Tamara Jurca, Dragoslav Pavić, Jelica Simeunović, Aleksandra Vulin,  
Jussi Meriluoto, Zorica Svirčev

| 214 |

al., 2014) and drought is common in most mine environ-
ments (Zhu et al., 2022). Dew enables physiological activi-
ty of cyanobacteria and maintenance of biocrust biomass, 
but for biocrust biomass growth a higher amount of water 
than dew is needed (Rao et al., 2009). Since the restoration 
process could take a long time due to the lack of moisture 
during the initial phase of biocrust development, it is nec-
essary to find strategies for acceleration of the biocrusts 
establishment and further growth. Assisted development 
of artificially induced biocrusts through mitigation of key 
limiting factors could provide promotion of inoculum via-
bility and growth rate. Biocrust carpet engineering could 
enable quick, sustainable and environmentally friendly 
solutions to mining land restoration.

The role of biocrust carpet engineering, through assist-
ed development of artificially induced biocrusts, in the 
restoration of mine tailings and waste deposits of mining 
to control air pollution should not be neglected. To provide 
a quick, sustainable, and environmentally friendly solu-
tion, some requirements must be met:

 – Providing interaction of dust particles with cyanobacte-
ria would lead to particle capture into the sticky cy-
anobacterial biofilm and their further entrapment 
in this community during dry and wet environmen-
tal conditions (Svirčev et al., 2013; 2019; Palanački 
Malešević et al., 2021). Inoculation of cyanobacteri-
al biomass in the affected environments would pro-
mote this interaction. 

 – Providing an extended wet period would enable longer 
metabolic activity of cyanobacteria and thus active 
collection of air particles by sticky biofilm. During 
wet environmental conditions, metabolically active 
cyanobacteria trap, metabolize and deposit air-
borne particles as part of their life strategy in provid-
ing minerals for biocrusts growth (Williams et al., 
2012; Svirčev et al., 2013; 2019). Polysaccharide sup-
port to cyanobacterial inoculum could improve wa-
ter availability, provide extended wet period, and 

promote cyanobacterial metabolic activity and bio-
crusts growth. There are studies that indicate the po-
tential of superabsorbent polymer (Park et al., 2014) 
and nanocomposite (Chi et al., 2020; Li et al., 2021) as 
soil fixing and water retention agents in promoting 
biocrust growth.

Attention should be paid to the technical feasibility of 
the polysaccharide-supported inoculation of cyanobac-
teria in the field. A physical support to the polysaccha-
ride-cyanobacterial carpet should be engineered to enable 
easier carpet applicability at the field. This polysaccha-
ride-cyanobacterial carpet with physical support creates 
microenvironmental conditions for the accelerated initi-
ation and growth of biocrusts. This technology could be 
called the Pan-Life-Carpet (PLC) concept, i.e. a carpet for 
the initiation of life on mining and other degraded land 
areas. 

Degraded land is a source for dust emission and pre-
condition for sediment erosion. Such land directly causes 
air pollution by dust emission to the atmosphere and water 
pollution by soil and sediment erosion to neighboring wa-
ter bodies (Figure 8a). Airborne particles from polluted air 
are carried by the wind to distant regions and very often 
end up in water ecosystems. In this way, water bodies are 
also indirectly polluted by airborne particles from polluted 
air. Therefore, there is a need for sustainable solutions to 
the problems of land degradation and consequent air and 
water pollution in such challenging environments. Cyano-
bacteria and their sticky exopolysaccharides, that are part 
of PLC technology, are known to capture, accumulate and 
stabilize airborne particles (Svirčev et al., 2013; 2019; Pala-
nački Malešević et al., 2021). Implemented PLC technology 
and consequent accelerated biocrust development stabi-
lize soil surface, prevent dust emission and sediment ero-
sion, providing land restoration and prevention of air and 
water pollution, respectively (Figure 8b). The sticky struc-
ture of PLC provided by cyanobacterial exopolysaccharide 

Figure 8. The role of Pan-Life-Carpet (PLC) in land restoration, prevention of air and water pollution as 
well as air and water purification (made with https://www.biorender.com/) 
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captures airborne particles from polluted air, decreases 
their concentration in the air and thus provides air puri-
fication (Figure 8c). Cyanobacterial biomass from pollut-
ed water bodies can be taken away from water ecosystems 
and used as inoculum for PLC development, which further 
contributes to water purification (Figure 8c). 

 The PLC technology thus exhibits a double impact on 
air quality: 1) by stabilizing substrate surfaces it prevents 
dust particle emission to the atmosphere and thus pre-
vents air pollution (Figure 8b); 2) by capturing and fur-
ther stabilizing airborne particles it purifies already pol-

luted air (Figure 8c). The PLC technology exhibits similar 
benefits for the water ecosystems: 1) by preventing air 
pollution and purifying air it prevents indirect pollution 
of water ecosystems Figure 8b; 2) the use of cyanobacte-
rial biomass from eutrophic lakes for PLC preparation 
purifies water ecosystems, as well (Figure 8c). Thus, bi-
ocrust carpet engineering, i.e. the PLC concept, by pro-
viding land restoration, air and water pollution preven-
tion as well as air and water purification addresses global 
environmental problems of land degradation and air and 
water pollution.

Conclusion

The present study addressed the health risk assessment in 
districts of Central Serbia due to exposure to PM pollution 
originating from degraded mining areas. Epidemiologi-
cal estimation was based on the incidence of seven types 
of cancers and three types of cardiovascular diseases in 18 
districts of Central Serbia for the period 2010 – 2020. Lo-
cations of surface mines, mine disposals and ash disposal 
sites, as well as frequencies of wind directions, were also 
observed.

The obtained results showed a statistically significant 
increase in lung and bronchial cancer incidence in crit-
ical districts affected by soil degradation and dust pol-
lution from main mining sites compared to non-critical 
districts. Among them, Beograd city had the highest inci-
dence due to the proximity and wind impact from thermal 

power plant ash disposal sites ’Nikola Tesla A’, ’Nikola Tesla 
B’, and Kolubara coal basin. Based on the incidence values, 
the Borski district, where most of the land was degraded 
by copper mining (Bor and Majdanpek), stood out among 
the top three districts for examined diseases.

According to the results of the study, intensified moni-
toring of air pollution originating from mining areas, as 
well as mitigation technology for restoration of such de-
graded land, are necessary. Pan-Life-Carpet technology 
based on artificially induced biocrusts, with the dominance 
of cyanobacteria, has been proposed as a potential quick, 
sustainable, and environmentally friendly solution for min-
ing land restoration and air and water pollution control. The 
PLC concept is becoming ready for field testing and expect-
ed to facilitate processing of degraded land surfaces.
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ABSTRACT

Cities stand at the focal point of vulnerability to heat waves (HWs) as they threaten urban liva-
bility and sustainability. National, regional, and local heat-health action plans (HHAPs) are vi-
tal for combating HWs and are increasingly crucial as adaptation measures to extreme heat. 
The present article highlights the most recent development on the working mechanism of 
HHAPs, its contemporary challenges, barriers to it and a range of operational heat manage-
ment and planning strategies. It introduces the concept of ‘smartness’ to the existing mech-
anism of HHAPs which holds a significant potential to be intelligent, explicit and dynamic to 
address the growing and multifaceted impacts of extreme heat. It emphasizes urgent priori-
ties including long-term heat planning, multisectoral heat-early warning systems, building ur-
ban heat resilience and recommends the application of eight core elements endorsed by the 
World Health Organization (WHO) for effective implementation of HHAPs. Collaboration 
among meteorological, epidemiological, public health, and urban planning experts is essen-
tial for addressing the multidimensional challenges of extreme heat.

KEYWORDS

 ▶ extreme heat
 ▶ urban overheating
 ▶ smart heat-health  

action plan
 ▶ long-term planning
 ▶ collaborative approach
 ▶ urban sustainability 

Introduction 

The phenomenon of global warming has substantially es-
calated climate-related challenges and occurrence of ex-
treme weather events. Global climate change causes a seri-
ous increase of the frequency, magnitude and duration of 
extreme heat events (EHEs) or HWs (Perkins, 2015). HWs 
are characterized as extended durations of abnormally el-
evated temperatures and has emerged as the deadliest cli-
mate risk contributing to thousands of preventable deaths 
each year (IPCC, 2018, 2022). Extreme heat is a complex 
hazard that presents risks both acute and chronic. Recent-
ly, climate scientists and experts have dedicated their at-
tention to a greater disconcerting occurrence commonly 
referred to as ‘global boiling’ indicating a heightened in-

tensification of temperature extremes (Amnuaylojaroen, 
2023; Thomas, 2023). In the context of the shift from glob-
al warming to global boiling, an expanding corpus of re-
search efforts have underscored scientific investigations 
of EHEs in urban areas (Santamouris, 2020; Nazarian et 
al., 2022, 2024; Feng et al., 2023; Ghosh & Vidyasagar, 2023). 

Urban heat island (UHI) is a widely environmental 
phenomenon where urban areas experience significant-
ly higher temperatures compared to their rural surround-
ings (Wouters et al., 2017; Kotharkar et al., 2024c). Urban 
overheating is the combined effect of frequent HWs and 
growing heat islands associated with anthropogenic cli-
mate change and rapid urbanization (Santamouris, 2020; 

http://www.dgt.uns.ac.rs/en/homepage/pannonica/
mailto:aveek.ghosh@nitte.edu.in
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Kotharkar et al., 2024a). Their significant ramifications on 
environmental, economic, social, and health aspects have 
also been widely reported (Ebi et al., 2021; Kotharkar et al., 
2019, 2021, 2022). In recent years, the frequency, duration, 
intensity, and seasonality of EHEs have escalated quick-
ly, and are projected to increase in the future (IPCC, 2022). 
The multifarious impact of HWs is threatening the liveli-
hoods and sustenance of urban dwellers and profoundly 
affects the livability and sustainability of cities (Kotharkar 
et al., 2024b). Such a scenario presents an immense threat 
to swiftly urbanizing areas and burgeoning populations.

In this context, HHAPs and heat action plans (HAPs) were 
introduced as a guide to minimize the adverse effects of ex-
treme heat and enhancing public health responses to ex-
treme heat through a series of coordinated efforts between 
specialized agencies (WMO and WHO, 2015; Casanueva et 
al., 2019; He, 2023; Ulpiani et al., 2024). HHAPs provide a 
strong framework dedicated to address heat vulnerability 
and serve as an effective tool for directing heat-related ad-
aptation and mitigation strategies across different spatial 
scales. In scientific literature, the terms ‘HAP’ and ‘HHAP’ 
have been interchangeably used. While both plans aim to 
mitigate the effects of extreme heat, HAPs have a broader 
focus on overall heat management, and HHAPs specifical-
ly address health-related concerns and strategies (Guarda-
ro et al., 2020; He, 2024). A HAP is primarily concerned with 
general strategies for managing and responding to extreme 
heat which includes measures related to infrastructure, 
emergency response, public awareness, and logistics. HAPs 
have a broader scope that includes general preparedness to 
address a wider range of stakeholders and is particularly 
evident in Asian and Western Pacific countries. In contrast, 
HHAPs specifically target the health impacts of extreme 
heat and is focused on protecting public health and mini-
mizing heat-related morbidity and mortality (Martinez et 
al., 2019; Li et al., 2022). HHAPs, a characteristic of Europe-
an and Eastern Mediterranean nations often targets health 
professionals and protect vulnerable populations (Martin-
ez et al., 2022). 

In this regard, the sixth assessment report (AR6) of the 
Intergovernmental Panel on Climate Change (IPCC) alerts 
of a faster warming trend across most of the land areas 
(IPCC, 2022). It confirms that without constructive adap-
tation solutions, heat extremes will be unbearable for hu-
man health. The present study undertakes the following 
key pointers:

1. The escalation of extreme heat poses growing health 
hazard, propelled by the rapid urbanization and de-
mographic shifts in nations with aging populations.

2. Globally, the exposure of populations to HWs is 
poised to amplify alongside further warming, ex-

hibiting pronounced geographical variations in 
heat-related fatalities unless additional adaptation 
measures are undertaken.

3. Projections suggest that potent geographical differ-
entials in heat-induced mortality will emerge in the 
latter part of this century, predominantly steered by 
population expansion in regions characterized by 
tropical and sub-tropical climates.

4. Within cities, hot extremes including HWs have in-
tensified, amplifying heat risks, particularly within 
urban areas, attributable to alterations in regional 
heat patterns compounded by the ‘heat island’ phe-
nomenon.

5. Adaptation strategies necessitate action plans inte-
grating early warning systems and responsive pro-
tocols to mitigate heat-related risks.

6. Future heat risk adaptation options entail compre-
hensive arrangements featuring early warning sys-
tems and response strategies tailored for both urban 
and non-urban locales, with a focus on safeguard-
ing vulnerable demographics through iterative en-
hancements.

7. Addressing short-term heat-health hazards can be 
complemented by long-term urban development 
strategies, incorporating nature-based solutions to 
mitigate UHI effects.

8. Embracing a multi-sectoral approach, involving di-
verse stakeholders, holds promise in fortifying re-
sponses to enduring heat risks, with initiatives en-
compassing climate-conscious urban planning and 
design measures.

Aim, objectives and scope
Underscoring these facts, this paper aims to detail the sig-
nificance and critical functioning of HHAPs apropos of 
rapid urban growth and rising EHEs and envision a smart 
version to tackle the multi-dimensional nature of extreme 
heat. The research is primarily divided for a three-fold 
purpose with a intent to serve unique objectives, which are 
to (i) outline contemporary extreme heat-related efforts 
within the HHAPs including the wide range of extreme 
heat countermeasures as prescribed by international bod-
ies or organizations; (ii) identify the limitations, barriers, 
and challenges in operationalizing heat management and 
heat planning strategies/efforts; and (iii) propose the de-
velopment of a smart HHAP which is an evidence-based 
programmatic and progressive pathway to counter the 
evolving and multi-faceted impacts of extreme heat. The 
present study does not account for the cultural, political, 
economic and complex physiological factors related to the 
operational mechanism of HHAPs.
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Methodology

The present research critically examined the current pro-
gress in extreme heat management and planning with a 
focus on identifying the key concerns in the operation-
al mechanism of HHAPs. It adopts a mixed-method ap-
proach and go beyond a review of existing literature. It 
recognizes limitations and barriers in the effective func-
tioning of a HHAP via a critical review and suggests key 
recommendations to augment the overall efficacy and op-
eration of action plans. In addition to policy documents, 
the representative sample of peer-reviewed original re-
search was limited to those focused on mitigation or ad-
aptation solutions as a part of broader action plans (HAPs, 
HHAPs, and heat response plans). The review was restrict-
ed to publications available online, excluding those pub-
lished in physical journals or books and any studies with 
restricted access. The paper concludes with key recom-
mendations for both researchers and policymakers in-
cluding the need for a smart HHAP to offer a dynamic 
stance involving active collaboration among various spe-
cialized sectors.

Literature review
This section summarizes the global efforts to counter the 
threat of HWs including the discussion of internation-
al polices and guidelines and their recent developments. 
Thirdly, it details the core concept or the basic working 
mechanism of HHAPs which includes a range of contex-
tual and cross-cutting extreme heat countermeasures. 
Lastly, it discusses the issues, barriers, and challenges in 
the contemporary extreme heat management and plan-
ning efforts which paves the way for the ideation of smart 
HHAPs.

International ef forts and guidelines 
to address extreme heat
International scientific bodies including the IPCC, WHO, 
and WMO, concur that the impacts of extreme heat can 
be mitigated through concerted efforts, necessitating a 
comprehensive array of actions with active coordination 
among diverse agencies (IPCC, 2022; WHO, 2008; WMO 
&WHO, 2015). In response to the rising incidence of EHEs, 
national governments and international organizations in-
stituted heat-health warning systems (HHWSs) during the 
1990s (Ebi, 2007, 2019; Sheridan & Kalkstein, 2004). The in-
ception of the first hot weather health watch/warning sys-
tem in Philadelphia, USA, in 1995 marked a pivotal mo-
ment (Kalkstein et al., 1996), followed by the large-scale 
public health interventions initiated in the aftermath of 
the 2003 European HW (Wilhelmi & Hayden, 2010; Keith 
et al., 2022). These initiatives catalyzed the development of 
numerous national and sub-national heat-health frame-

works worldwide. Subsequently, various countries em-
barked on heat-health research to formulate implementa-
ble action plans. Many communities and states have since 
established HHAPs to effectively manage the public health 
consequences of HWs, incorporating early warning and 
effective response systems (Casanueva et al., 2019; Mar-
tinez et al., 2022). In 2008, the WHO Regional Office for 
Europe played a crucial role in guiding the development 
of HHAPs, providing comprehensive guidance documents 
and supplementary materials for the preparation of these 
plans (WHO, 2015; WMO & WHO, 2015). These resources 
have been widely adopted by national, regional, and local 
authorities as a blueprint for the prevention and manage-
ment of HWs (WHO, 2011; WMO & WHO, 2021; Martinez 
et al., 2019, 2022; WHO, 2021). 

The establishment of the Ahmedabad HAP in 2013 
marked a significant milestone, pioneering the approach 
in the South Asia region (Kotharkar & Ghosh, 2021b). 
Since then, many countries have adopted similar action 
plans, wherein the onset of hot weather triggers a range 
of interventions aimed at minimizing health impacts. 
However, national HHAPs are currently operational in 
only 47 countries, with the majority situated in Europe 
(35), followed by South-East Asia (5), Western Pacific (4), 
Americas (2), and Eastern Mediterranean (1) (Kotharkar 
& Ghosh, 2021a). In 2021, the WHO Regional Of fice for 
Europe conducted a survey on the status of national/fed-
eral heat-health prevention across its member states, re-
vealing significant variations in the implementation of 
core elements of HAPs (WHO, 2021). Nevertheless, there 
is strong evidence of progressive improvement in the 
development and implementation of HHAPs within the 
WHO European and South-East Asian region (Martinez 
et al., 2019, 2022; WHO, 2021). 

Recent developments on extreme heat-related 
countermeasures
Extreme heat prevention efforts became more systematic 
and institutionalized since the aftermath of the 2003 Eu-
ropean HW which led to over 70,000 excess deaths (He et 
al., 2023). HHAPs have surfaced prominently in regions 
grappling with rapidly escalating urban heat challenges, 
showcasing promising momentum, particularly in South-
East Asia, the Eastern Mediterranean, and the Pacific. Ad-
ditionally, stakeholders from diverse disciplines and or-
ganizations, including the Natural Resources Defense 
Council (NRDC), Red Cross, and regional partners, are ac-
tively collaborating with national governments to deepen 
understanding of the causes and formulate effective re-
sponses to this pressing risk. Concurrently with preven-
tive measures, there has been a surge in research and pub-
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lications focusing on HHAPs, both on a global scale and 
within Europe (Campbell et al., 2018; Casanueva et al., 
2019; Santamouris, 2020; Nazarian et al., 2022, 2024; Ulpi-
ani et al., 2024).

Over the past decade, numerous member states with-
in the WHO European Region have instituted HHAPs of 
diverse scopes and complexities. Major states/cities in In-
dia vulnerable to HWs have their own plans, though ac-
tive participation of local governments is limited (NDMA, 
2019). Several states in the US including Kansas, Minne-
sota, and Wisconsin have developed specific guidelines to 
increase awareness and readiness among the population 
while a few others have employed heat officers to ensure 
priority action for local governments (Keith et al., 2021). 
Select cities including Arizona and Sydney have collabora-
tively developed extreme heat planning toolkits with sup-
port from local governments. These toolkits harness the 
latest research, information, and innovative ideas to fa-
cilitate the adaptation of urban spaces and enhance re-
silience against extreme heat (WSROC, 2021; Keith & 
Meerow, 2022). Additionally, collaborative efforts by the 
international organizations are underway to enhance 
guidance on heatwave and heat health early warning sys-
tems, through the Global Heat Health Information Net-
work (GHHIN).

Understanding the working mechanism of HHAPs
The beginning of the twenty-first century has witnessed 
the initiation and development of cross-cutting ex-
treme heat countermeasures. HHAP epitomizes practical 
and policy action/response to the negative effects of ex-
treme heat to be undertaken at different levels and scales. 
HHAPs offer a comprehensive guide to minimize the neg-
ative impacts of extreme heat and delineate a portfolio 
of actions for the prevention and management of HWs. 
It offers a definitive mechanism to inf luence built envi-
ronment outcomes, improve public health responses and 
controls that have the potential to reduce the impacts of 
urban heat. This includes a wide range of guidelines rang-
ing from the formation of a lead body, meteorological ear-
ly warning systems, timely public and medical advice, im-
provements to housing and urban planning and ensuring 
preparedness of health care and social systems (WHO, 
2008; WMO & WHO, 2015, WHO, 2021). Additionally, it 
outlines a variety of spatio-temporal actions for concerned 
stakeholders and advocates periodic monitoring and eval-
uation of processes and outcomes to ensure the effective-
ness of intended activities. 

HHAPs encompass a comprehensive set of guidelines 
designed to facilitate various facets of heat risk reduction 
and preparedness. They serve as a vital tool for identify-
ing and implementing heat-related adaptation and miti-
gation strategies. In recent years, HHAPs have emerged as 
indispensable instruments for guiding measures against 

extreme heat, continually evolving to enhance their ef-
fectiveness. Established HHAPs have demonstrated suc-
cess in mitigating heat-related mortality and its adverse 
impacts. The WHO’s guidance on HHAPs acknowledges 
that the detrimental effects of HWs are largely prevent-
able, necessitating specific actions at multiple levels for 
successful implementation (WHO, 2008). These actions are 
integrated within HHAPs, which comprise robust health 
preparedness systems, epidemiological evidence, precise 
meteorological early warning systems, and enhancements 
in urban management and planning. Further, it acknowl-
edged the need for heat-health systems to strengthen 
stewardship functions and a proactive, multidisciplinary, 
and multi-sectoral approach with governments, agencies, 
and international organizations. 

Contemporary issues, barriers, and challenges  
in extreme heat management ef forts
Despite making commendable national and regional in-
itiatives along with international efforts, there remains 
significant gaps in the HHAP apparatus and its opera-
tion. The current mechanism of HHAP remains static in 
function, rigid in replication, and unprogressive in na-
ture. Most of the heat plans focus on managing the neg-
ative consequences of extreme heat rather than long-term 
climate change adaptation and heat-health planning. It is 
also evident that response measures to HWs are primar-
ily short-term, reactive in behaviour, and fail to capture 
and treat pseudo-effects at large. Current heat plans do 
not account for changing climates and hence do not pro-
vide a dynamic solution to the multifarious impacts of 
HWs. Furthermore, the effectiveness of HHAPs is signif-
icantly hampered by the absence of periodic monitoring 
and evaluation mechanisms. There is a notable deficiency 
in frameworks designed to assess the efficacy of policies 
in diminishing heat-related mortality and morbidity. The 
present study highlights a few shortcomings in contempo-
rary extreme heat management efforts:

1. Lack of consistency in defining HWs and its poor 
scientific understanding

2. Threshold definition and its limited application in 
HHWSs

3. Static heat alert systems and action plans
4. Restricted coverage of HHAPs
5. Limited knowledge of intra-urban heat vulnerabili-

ty and heat hotspots

It is clearly manifested that the widespread impact of 
HW leads to public health deterioration and increased risk 
of heat-related morbidity and mortality. In addition to 
this, the present research identified several ripple effects 
of extreme heat on urban systems which adds further bur-
den on intended measures:
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1. Higher energy consumption coupled with danger-
ous levels of pollution

2. Damage to urban infrastructure and services
3. Loss of economy and workers’ productivity
4. Exacerbated water stress and widespread droughts
5. Power outages and energy crisis

In addition to the above-listed issues, HHAPs also face 
implementation failures, data-sharing and are not ade-
quately resourced. Most heat plans specify roles and re-
sponsibilities at the national level but lack specificity at 
the sub-national and local levels. In terms of linkages with 
other policies, HHAPs are less frequently integrated and 
barely a part of environmental/disaster management poli-
cies. The key challenges for HHAPs that hinder their over-
all functioning are: 

1. Lack of trained/skilled manpower to implement 
heat-related countermeasures

2. Inadequate weather stations to record meteorolog-
ical data

3. Poor integration of HHAPs with national planning 
policies & development plans

4. Limited real-time surveillance 
5. Inadequate monitoring and evaluation of processes/

outcomes

Smart HHAP: A programmatic, progressive  
and dynamic framework
In view of the growing heat stress in urban areas, it is im-
portant to expand extreme heat adaptation and improve 
heat-related preparedness through a holistic and anticipa-
tory approach. The multifaceted and growing impacts of 
extreme heat call for an urgent and collaborative mecha-
nism coupled with long-term investment in research and 
innovation. The global community and policymakers need 
to look beyond short-term solutions to promote long-term 
urban heat resilience. The next section outlines a range of 
constructive recommendations best suited to application 
in their unique contexts in synchronization with the sug-
gestions given by the IPCC AR6 report.

In this context, we introduce the concept of ‘smartness’ 
to the existing working mechanism of HHAPs. A smart 
HHAP by design refers to a programmatic, progressive and 
dynamic framework to mitigate urban overheating involv-
ing the collaborative intervention of multiple specialized 
sectors (see Fig. 1). This enables its operation to be intel-
ligent, explicit, and dynamic to address the multifaceted 
aspects of extreme heat primed for effective reduction of 
negative heat-health outcomes. It involves a combination 
of countermeasures to protect public health, infrastruc-
ture, and the environment. The present work proposes a 

Figure 1. Working framework of a functioning smart HHAP
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few directives as a part of smart HHAPs against the set-
ting of changing urban landscape, f luctuating climate, 
and worrying future weather projections of temperature 
extremes. It sets an agenda to augment the overall effica-
cy and operation of HHAPs via condensed multidiscipli-
nary directives which includes: 

a) Long-term planning
Extreme heat is a silent killer and poses a huge challenge 
to sustainable development. The majority of contempo-
rary extreme heat countermeasures and their respective 
application remain reactive and short-sighted. Urgent at-
tention should be directed towards substantial and target-
ed adaptive investments, particularly aimed at safeguard-
ing the most vulnerable populations (WHO, 2008; WMO & 
WHO, 2015; Ebi, 2019; Ebi et al., 2021; WHO, 2021). Com-
prehensive efforts must encompass year-round planning 
and the development of threshold-based heat metrics to 
bolster early warning systems (Li et al., 2022; Brimicombe 
et al., 2024). Smart HHAP offers a holistic approach en-
compassing diverse actions such as land-use planning, 
climate-responsive building design, community resil-
ience, and emergency planning and response to effective-
ly manage long-term heat risks. Furthermore, advance-
ments should entail documenting the contributions and 
interactions of controllable and non-controllable factors 
inf luencing the UHI effect, identifying and addressing 
sources of heat vulnerability among the population, and 
enhancing heat risk management through comprehensive 
emergency response preparation and inter-agency collab-
oration (WHO, 2021; Keith et al., 2022). These multifacet-
ed approaches hold promise in mitigating the impacts of 
EHEs, thus fostering greater resilience within communi-
ties. 

b) Mandate: apply eight core elements  
and involve specialized domains
Extreme heat countermeasures often remain ineffective 
and fail to cover a wider audience due to their siloed op-
eration. This creates and calls for the need for an inclusive 
approach consisting of diverse stakeholders with a set of 
expertise to join hands and effectively contribute towards 
a holistic reduction of heat-related impacts. This particu-
larly applies to the formulation of HHWS, which is part of 
wider HHAP and can be improved by knowledge sharing 
and active collaboration between stakeholders (WMO & 
WHO, 2015; WHO, 2021; Brimicombe et al., 2024). There-
fore, it is urgent to prioritize the development of a robust 
plan that integrates meteorological warnings and public 
health interventions, supported by epidemiological data, 
coupled with appropriate urban planning strategies. Lo-
cal conditions will dictate the plan’s details, but practice 
in different parts of the world has demonstrated that core 
elements are indispensable (Casanueva et al., 2019; WHO, 

2021). These have been highlighted by a guidance docu-
ment for the preparation of HHAPs as published by WHO 
including (WHO, 2008):

1. Establishing agreement on a lead body tasked with 
coordinating and facilitating collaboration among 
relevant stakeholders.

2. Ensuring clear links and effective communication 
channels between national and community early 
warning systems, extending to all pertinent stake-
holders for achieving last-mile connectivity.

3. Identifying vulnerable groups and areas requiring 
priority response guided by a comprehensive heat-
health information plan.

4. Implementing evidence-based triggers and gradu-
ated thresholds for action, tailored to locally appro-
priate metrics such as temperature, humidity, and 
the anticipated duration of the heat event.

5. Enacting appropriate early and anticipatory actions 
to mitigate risks and safeguard both people and live-
lihoods.

6. Establishing operational preparedness and read-
iness measures for local first responders for swift 
and effective response.

7. Developing a robust public communications plan, 
incorporating nationally harmonized, action-ori-
ented key messages, for disseminating critical in-
formation to the public.

8. Implementing real-time monitoring, evaluation, 
and learning mechanisms for continuously assess-
ing the effectiveness of interventions and fostering 
iterative improvements.

c) Identify and apply strategic actions  
across spatial scales 
Smart HHAP advocates the application of temporal ac-
tions i.e., short-term, medium-term and long-term meas-
ures to manage, respond, and plan for extreme heat risks 
respectively (refer Fig. 2). While short-term actions are 
aimed at immediate or relatively temporary solutions (0-6 
months) and are usually applied after a HW has struck or 
during a hot weather season, medium-term actions (6-24 
months) cover extended efforts to manage/control the ad-
verse effects of HWs. Long-term efforts are largely execut-
ed through substantial time and planning involving future 
considerations for several years. Smart HHAP embraces a 
nested governance approach which entails working con-
currently across various scales, ranging from the design of 
microclimates at specific sites to broader neighborhood, 
city, and regional planning scales, and can lead to sustain-
able extreme heat considerations (Keith et al., 2019; 2022; 
WHO, 2021). Growing emphasis on regional heat planning 
recognizes the territorial impact of HWs and the climat-
ic effects of different land use or policy changes (Nazari-
an et al., 2022; Ulpiani et al., 2024). A robust action plan 
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should entail these strategies and planning interventions 
to prevent as well as to prepare. Subsequently, implemen-
tation of the plan and its elements depends the periodic 
monitoring and evaluation of intended measures drawing 
from past experiences. This forms a circularity in action 
planning template which can break large plans into small-
er implementable actions while providing clarity towards 
the course of action.

d) Conduct systematic evaluation  
and periodic monitoring 
Evaluation of HHAPs encompasses two primary cate-
gories: ‘process’ evaluations, which assess whether their 
implementation aligns with its intended objectives, and 
‘outcome’ evaluations, which gauge their ef fectiveness in 
mitigating the adverse impacts of extreme heat (WHO, 
2021; Dwyer et al., 2022). However, the evaluation of pro-
cesses remains largely underrated and undervalued, im-
peding the formal assessment of HHAP components, 
roles, and the potential ef ficacy of implemented meas-
ures. Thorough assessment and evaluation of actions 
taken before, during, and after HW events are crucial 
for enhancing the ef fectiveness and continual improve-
ment of HHAPs. Subsequently they can serve as crucial 
adaptation solutions, thus underscoring the importance 
of their evaluation and iterative updating in response to 
evolving climate dynamics and changes in heat-health 
associations. The development of progressive methodol-
ogies and inclusion of socio-economic factors are critical 
aspects and can facilitate ef fective and comprehensive 
responses. Evaluation involves a multidisciplinary and 
collaborative ef fort among various stakeholders to ad-
dress the diverse aspects and components of the HHAP, 
including user needs and potential challenges (refer Fig. 
3). Formal evaluation of HHAP ef fectiveness is impor-
tant to:

 – assess whether activities are achieving their intend-
ed outcomes;

 – evaluate the cost-effectiveness of activities;
 – assess whether the implemented measures are ethi-

cal and address health inequalities
 – determine if activities are acceptable to the target 

population;
 – ensure that evaluation is integrated at every stage of 

the planning, development, implementation, and re-
view of programs

 – track health impacts and changes over time

e) Establish a multidisciplinary  
and multi-sectoral warning system

As a wider component of HHAP, HHWSs use forecasts 
of high-risk weather conditions to trigger public health 
warnings (Sheridan & Kalkstein, 2004; VanderMolen et 
al., 2022). Ideally, warning systems should encompass a 
comprehensive, multi-stakeholder action plan that can 
be established at various levels, including national, re-
gional, or local. The efficacy of HHWSs should rely on 
threshold-based assessments rather than absolute weath-
er parameters (Li et al., 2022; Brimicombe et al., 2024). It 
is imperative to develop thresholds that integrate ther-
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Longer-term
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and planning

Monitoring
and evaluation

Specific responses
to heat waves

Prevention during
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Figure 2. A periodic extreme heat planning and management cycle
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Figure 3. Evaluation and monitoring of HHAPs
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mo-physiological considerations and account for season-
al variations (Casanueva et al., 2019; Martinez et al., 2022). 
Such efforts should be founded on robust scientific prin-
ciples, drawing upon extensive and long-term data, com-
plemented by relevant health statistics. This approach can 
significantly enhance the applicability of thresholds and 
indicators in decision-making contexts. Substantial in-
vestments can be directed towards impact-based fore-
casts, which integrate meteorological data with vulner-
ability information to offer timely analyses and provide 
lead time in diverse settings.

f) Promote and develop multi-disciplinary,  
multi-scalar and multi-dimensional action plans
The existing HW management and planning systems lack 
the ability to replicate adaptation efforts across different 
spatial scales. Current efforts primarily focus on physical/
engineering and health aspects, with insufficient consid-
eration given to urban climate recommendations. This un-
derscores the imperative to develop robust mechanisms 
and resilient systems capable of coping with escalating 
heat stress. Addressing this challenge entails embracing 
a dynamic array of adaptation and mitigation strategies 
to address the multifaceted impacts of HWs comprehen-
sively. HHAPs must be meticulously tailored to the specif-
ic climate, demographics, geography, infrastructure, and 
socio-economic dimensions of the communities they aim 
to safeguard. Integration of state-of-the-art knowledge is 
indispensable to ensure that HHAPs can effectively deliv-
er on their intended benefits. WHO’s guidance to HHAPs 
also outlines several principles to be adopted for plan-
ning and responding to extreme heat which underlines 
the need to use existing systems and response arrange-
ments, effective communication, a multi-agency and in-
tersectoral approach (WHO, 2008; 2021). Several princi-
ples linked with planning for and responding to extreme 
heat revolves around relying on established local, region-
al, and national emergency response systems and embrac-
ing a long-term vision. Additionally, plans require a multi-
agency and intersectoral approach, ascertaining formal 
evaluation, effective communication to target groups and 

warrant that countermeasures do not worsen the issue of 
climate change (refer Fig. 4).

In the present study, we urge practitioners and policy-
makers to effectively frame a set of objectives (tasks) with-
in each domain (meteorological, epidemiological, pub-
lic health, and urban/regional planning) as a part of smart 
HHAPs. A detailed list of actions (short-term, medium-term 
and long-term) complementary to the objectives is provided 
in Annexure 1. This provides a clear-cut objectives and tem-
poral actions to be taken (short-term, medium-term and 
long-term) by individuals/agencies directly linked with dif-
ferent core elements. The proposed working principle of an 
objective-based execution of tasks within a wider HHAP in-
volves a circular approach which is cost effective, iterative 
and allows easy implementation on ground. This will pro-
vide clarity for concerned stakeholders to understand, as-
sess, and execute intended measures. It should essentially 
encompass the active involvement of multiple domains (D) 
which typically includes experts from meteorological (D1), 
epidemiological (D2), public health (D3) and urban/regional 
planning (D4) background (see Fig. 5). 

In this workf low, task managers are required to formu-
late explicit objectives (O) under each of their working do-
mains (as formulated in Annexure 1). For a case, the first 
objective of meteorological agency can be denoted as D1O1, 
the second one as D2O2 and so on. The respective experts 
of the four domains are expected to do a similar exercise 
and carry out an implementation of temporal strategies. 
Additionally, task managers are expected to pinpoint a set 
of unique indicators which determines the effectiveness of 
intended measures as a part of the formal evaluation pro-
cess. The framework entails periodic monitoring, and a 
diagnostic evaluation procedure which aims to provide a 
detailed and precise understanding of the issues at hand, 
which helps in creating an effective treatment or interven-
tion plan. The cycle is completed by incorporating neces-
sary modifications and fit for purpose updations to feed 
in to the (revised) guidelines of HHAPs. This results in a 
stronger and robust version of HHAP, which has evolved 
from the previous model and is now better equipped to 
handle new challenges.

Principles to smart
Heat-Health Action Plans

Use existing
systems and link

to general
emergency

response
arrangements

Adopt a
long-term
approach

Be
broad EvaluateCommunicate

e�fectivey

Ensure that
responses to extreme

heat do not
exacerbate

the problem
of climate change 

Figure 4. Key principles for ef fective operationalization of HHAPs
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g) Support good practices of heat-health governance
Solid heat-health governance covers a broad spectrum of 
public-private networks and stakeholders who deliber-
ate and make decisions regarding heat resilience (Keith et 
al., 2023; Wan et al., 2023; Ravishankar & Howarth, 2024). 
While international and national guidelines have outlined 
good governance principles, their translation into practice 
remains suboptimal. Current HHAPs often overlook rap-
idly changing climate and demographic variables, there-
by compromising their overall effectiveness. Integrat-
ing HHAPs with other climate-sensitive early warning 
systems, climate-resilient adaptation plans, and disaster 
management policies could yield synergies and efficien-
cy gains. Moreover, the development of heat governance 
extends beyond governmental purview; it is crucial to in-
volve non-governmental stakeholders, including private 
and non-profit organizations, whose decisions significant-
ly impact negating heat vulnerability. Scaling up public 
heat-health surveillance to inform and target adaptation 
plan and enhancing public health engagement present op-
portunities for effective health governance. Mainstream-
ing heat action planning across global cities, particularly 
in tropical regions, based on emerging best practices that 
prioritize closer integration of local health agencies, could 
enhance heat adaptation outcomes.

h) Build and improve urban heat resilience
Heat resilience, defined as the ability to construct an en-
vironment capable of withstanding and enduring extreme 
heat episodes, is essential (Keith & Meerow, 2022; Lim et 
al., 2022). Urban heat resilience necessitates an integrat-
ed planning approach that harmonizes strategies across 
community plans and leverages the best available heat risk 

information to prioritize heat mitigation efforts. Facili-
tative interventions can empower cities to inf luence and 
support actions toward sustainable urban cooling through 
appropriate policies and programs (Keith et al., 2021). 
HHAPs must include efforts that should be directed to-
wards embedding urban heat resilience into city policies 
and plans. Additionally, escalating heat risks attributable 
to rapid expansion of the built environment and the UHI 
effect underscore the need to integrate HHAPs with de-
velopment plans and urban planning policies. HHAPs can 
benefit from climate-based recommendations, while spa-
tial frameworks such as local climate zone maps can offer 
critical insights into intra-urban variations in heat vulner-
ability (Kotharkar et al., 2024). Building resilience to ex-
treme heat, necessitates concerted efforts across sectors 
and stakeholders to develop inclusive and effective strate-
gies that prioritize equity and social justice.

i) Focus beyond heat management  
and plan for extreme heat 
Historically, response mechanisms to extreme heat have 
been solely inclined towards managing and minimiz-
ing its negative public health outcomes (WHO, 2021; He 
et al., 2023). These set of countermeasures are often re-
ferred to as heat management strategies. ‘Heat man-
agement’ refers to a set of short-term actions intended 
to minimize the immediate negative consequences of 
extreme heat. The wide range of contemporary actions 
and traditional ef forts directs a static response and fo-
cuses primarily on controlling/reducing the ill ef fects 
of extreme heat. Hence, they do not present replicabil-
ity of actions across spatial scales and of fer a poor sig-
nature of adaptation ef forts. Conversely, smart HHAP is 

Figure 5. Representative objective-based execution of tasks within a smart HHAP
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vocal for ‘heat planning’ which refers to the portfolio of 
provisions taken in advance with the potential to reduce 
the anticipated impacts of extreme heat. These primarily 
include long-term adaptation and mitigation strategies 
(design and planning), strengthening heat response sys-
tems and associated machinery to proactively translate 
measures into heat-related prevention ef forts. It consti-

tutes periodic monitoring and evaluation (of process-
es and outcomes) to evaluate practices to deal with the 
impacts of HWs. Simultaneously, extreme heat planning 
of fers a practical approach to proactively direct extreme 
heat countermeasures and proposes a predictive method 
to plan and mitigate urban heat across many systems and 
sectors it af fects.

Discussion

Over the years, heat-health research has examined vari-
ous aspects of public health, urban planning, and epide-
miological evidence to build a thorough and integrated 
understanding. Matthies & Menne (2009) examined ex-
isting HHAPs in Europe and identified best practices for 
national and local preparedness planning. Another en-
quiry by Zuo et al. (2015) explored mechanisms to address 
the impacts of HWs, considering their significant effects 
on the built environment and community health. Martin-
ez et al. (2019) conducted an updated review of HHAPs in 
Europe, evaluating future challenges in heat-health gov-
ernance and stakeholder engagement. In another study, 
Fragomeni et al. (2020) investigated a collaborative ap-
proach to integrate the knowledge of heat vulnerability 
and urban climatology into the development of heat re-
sponse plans. Guardaro et al. (2020) focused on bridging 
the gap between resilience theory and practice, advocat-
ing for community-based action plans to promote heat-re-
ducing solutions. Further investigations critically analyz-
ed the need to strengthen connections between research 
and practical interventions, emphasizing the importance 
of two-way communication between researchers and im-
plementers in designing effective action plans (Casanueva 
et al., 2019; Ebi, 2019; Kotharkar & Ghosh, 2021a).

Recent efforts have shifted focus towards practical im-
plementation and effective interventions within urban de-
velopment policies and action plans (Parsaee et al., 2019; 
Ulpiani et al., 2024). Efforts have been made to explore 
collaborative heat response planning, community action 
plans, and to evaluate the monitoring and effectiveness of 
HHAPs. The present article provides a critical perspective 
into contemporary extreme heat-related countermeasures 
and strategies within the purview of HHAPs. The prima-
ry focus of this contribution has been on understanding 
and responding to overheating challenges, depicting cit-
ies as the central point of the emerging issue. It deep dived 
into the construction of a smart HHAP which provides 
multidisciplinary solutions while exploring pathways to 
address urban overheating. The different components of a 
smart HHAP provides explicit recommendations for heat-
health researchers and a portfolio of actions for policy-
makers. This includes focusing beyond heat management 
and converging on proactive and long-term planning, 
building governance structures and supporting urban re-
silience routes to extreme heat. Investing in multi-disci-
plinary, multi-scalar and multi-dimensional early warn-
ing systems can go a long way in constructing a robust and 
dynamic HHAP with inputs from collaborative efforts.

Conclusion

Urban overheating, driven by global climate change and 
rapid urban development poses a major environmen-
tal problem that adversely impacts urban systems. The 
present article underscored the complexity and chal-
lenges inherent in contemporary extreme heat manage-
ment and planning ef forts as a part of wider HHAPs. The 
present work describes a multidisciplinary outlook on 
countermeasures to urban overheating, which remains 
yet to be addressed in the context of anthropogenic cli-
mate change and rapid urban expansion. The barriers 
to addressing extreme heat risk include a lack of evi-
dence-based guidance for planning processes, siloed re-
search, and underdeveloped regulatory structures. Ad-
ditionally, HHAPs are poorly integrated with national 
policies which further hamper the overall potential and 

ef fectiveness of adaptation measures. It is also impor-
tant to note that HHAPs primarily adopt a public health 
approach and are oriented toward reducing human mor-
tality and morbidity. 

The time is now for a smart version of HHAP. It is neces-
sary to counter the borderless nature of heat hazards and 
severity of heat extremes in a changing climate. A pro-
grammatic and progressive framework backed by stra-
tegic long-term investments can support HHAPs to be a 
game-changing apparatus. Incorporating spatial assess-
ment of intra-urban heat risk mapping at a granular level 
within HHAPs is a valuable approach for addressing heat 
vulnerability which accounts for local climatology and ur-
ban meteorology. This helps in the knowledge of hyper-lo-
cal distribution of heat, thus providing climate-based rec-
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ommendations for urban planners and policy-makers to 
devise apposite mitigation measures. Our recommenda-
tions include the need for a dynamic stance with a mandate 
to apply core elements recommended by WHO, embracing 
a long-term approach, backed by a multidisciplinary and 
multi-sectoral warning system. Additionally, it promotes 

to develop multi-disciplinary, multi-scalar and multi-di-
mensional action plans aided by strong heat-health gov-
ernance structures to focus proactively on early extreme 
heat planning. Future empirical research is crucial to ex-
amine whether institutional and policy approaches effec-
tively enhance heat resilience in cities.
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