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Abstract  
We analyzed the human thermal load of summer weather in the Cfb climate based on the 
results of a new model based on the human body energy balance equation and the skin surface 
evaporation gradient formula. The active surface of the model is the skin surface, the person 
is lying in a resting position, its skin type is Fitzpatrick skin type IV. For that purpose, 
longitudinal research method was performed in 2022 in Martonvásár, Hungary (East-Central 
Europe), comprising 331 observations in which weather conditions and thermal sensation 
types were recorded simultaneously. The main observation is that in warm climates and/or 
weather situations, the amount of thermal load can be very simply characterized by latent heat 
flux density values of the skin evaporation. From a human point of view, the most important 
characteristics of summer weather in the Cfb climate are as follows: 1) The latent heat flux 
density of skin surface evaporation varied between 10 and 300-350 Wm-2, while the operative 
temperature ranged between 25 °C and 80 °C. 2) The relationship between skin surface 
evaporative resistance and operative temperature can be characterized by an exponential 
function. In cases of thermal sensation type "neutral", skin surface evaporative resistance 
values are mostly above 0.5 hPa·m2·W-1. Observations made by people with different skin 
types are essential to generalize the results.  
 
Keywords: Cfb climate; summer weather; human thermal load; required skin evaporation; 
evaporative resistance of skin  
 
Introduction 
Experiencing thermal load is deeply subjective (von Humboldt, 1845), especially during the 
summer season when the excess of heat approaches its maximum values (Hantel & 
Haimberger, 2016). Table 1 gives a brief overview of the climatological methods for 
characterizing heat excess. As we see, the examination of heat-excess can be linked, but does 
not necessarily have to be linked to living beings. Even today, the statistical analysis of data 
in space and time is a frequently used methodology. The analysis of heatwaves and warm 
extremes has grown in popularity recently (Basarin et al., 2020). The vast majority of the 
studies are not related to the living world (Bokros & Lakatos, 2022; Megyeri-Korotaj et al., 
2023; Boras et al., 2022), but it should be emphasized that several studies have dealt with the 
investigation of the relationship between heat waves and mortality, or illnesses (Fouilett et al., 
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2006; Páldy et al., 2018; Khosla & Guntupalli, 1999). Among the many climate indices, the 
tourism climate index (TCI) should be mentioned (Mieczkowski, 1985). The index is applied 
to actual conditions and tries to express the simultaneous, integrated effect of several 
meteorological elements on the tourist's comfort in a quantified form. It should be mentioned 
that there are newer modified versions of this index (Kovács et al., 2017). However, in TCI 
the human being is not specified.  
 
Table 1. Brief overview of the climatological methods for characterizing environmental heat 
excess.  
Methods Chosen features 
 Climatic 

characteristic 
Living being The size of the 

living community 
Data analysis heat waves, warm 

extremes, climate 
indices 

  

Heat index thermal load in 
warm period 

human group of people 

Köppen’s method seasonality vegetation biome size 
Physiologically 
equivalent 
temperature 

thermal load human group of people 

Universal Thermal 
Climate Index 

thermal stress human group of people 

Concept of the 
required skin 
evaporation 

thermal load in 
warm period 

human individuals 

 
 In contrast to extreme events and targeted applications, climate has annual and/or 
seasonal characteristics. The most common method for describing the annual characteristics 
of the climate (averages and fluctuations) is the method of the Köppen (Köppen, 1936). 
Köppen's method is vegetation-based (Köppen, 1900), it is designed for biome-scale 
applications. In Köppen's climate formula, the 3rd symbol (a – hot summer, b – warm 
summer, c – cool summer, d – extremely continental) characterizes the type of summer heat 
availability (Kottek et al., 2006), which is independent from the type of the biome. In 
summary: Köppen’s method do characterize summer, but only for orientation.  
 In contrast to Köppen’s method, the heat index (HI) only focuses on the summer 
period. The thermal load subject is a human. This “standard human” represents a group of 
people. In the case of HI, it is 170 cm tall, weighs 67 kg, walks in the shade at a speed of 1.5 
ms-1 in a light breeze of 2.7 ms-1, wearing long pants and a short-sleeved shirt (Mohan et al., 
2014). The human characteristics are not taken into account in calculating HI values, but they 
are included implicitly in the categorization of heat risk. The method requires only 2 input 
data: air temperature and relative humidity. It is described and applied, for instance, in 
Hungary in the period 1971-2020 by Bátori (2022). In the United States, HI is also used in 
meteorological operational practice. 

In our days and age, the use of energy balance-based methods in biometeorological 
applications has become widespread (Potchter et al., 2018). By calculating the energy balance 
of the human body covered with clothing, the effect of human characteristics on thermal load 
can also be analyzed. Thus, these methods make it possible to simulate the subjective 
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experience of the climate (von Humboldt, 1845). Among these, the two most popular methods 
are the PET (Physiologically Equivalent Temperature) and UTCI (Universal Thermal Climate 
Index) methods. Both methods use "standardized human", the advantage is that the thermal 
load is to be applied to a group of people, the disadvantage is that the subjective nature 
disappears in the characterization of the human-climate relationship. We emphasize that the 
climate is what we perceive it to be. It should be noted that the "standardized human" in the 
PET, UTCI, and HI methods are different and tend to be men. In the Austria-Hungary region, 
the PET index was used most often (Matzarakis et al., 2005; Matzarakis & Gulyás, 2006). 
There is also a study that focus on estimating the thermal load in the summer months (Gulyás 
& Matzarakis, 2009). However, the assessment of summer warm extremes using the PET or 
UTCI methods is becoming widespread (Basarin et al., 2020; Błazejczyk et al., 2014; Pecelj 
et al., 2019). 

The simplest energy balance-based method is the one that uses the concept of required 
skin evaporation (Parsons, 1997). The method can only be used in climatic or weather 
conditions that cause excess heat. If there is no heat storage, then the skin evaporation 
(practically sweating as his value changes) that compensates for the excess heat is the 
required skin evaporation, and therefore this must be determined as a residual term in the 
energy balance equation. Although the method is very simple, it is less widely used due to the 
more complicated determination of other terms that make up the energy balance. To the best 
of our knowledge, there are no studies dealing with quantification of summer excess heat 
based on the concept of required skin evaporation. This study aims to fill this gap.  

The specific objectives of this study are as follows: to characterize the relationship 
between 1) latent heat flux density of required skin evaporation (λEtotreq) and operative 
temperature (To), 2) λEtotreq and thermal perception types and 3) skin evaporative resistance 
(rskin) and To. 4) We also aimed to test the behavior of the model to changes in skin albedo. 
Finally, 5) we also talk about the applicability of the model. It should be noted that the 
longitudinal experiment is performed in lowland area of the Pannonian region (Hungary, 
Martonvásár) in the summer of 2022. The person was wearing minimal summer clothing and 
was always in a lying position.  
 
Methodology  
The study is conducted using the longitudinal research method. An important part of the study 
is the observation of thermal perception. Since thermal perception observations occurred, 
information about skin type is also essential. Fitzpatrick skin typing method is used for 
characterizing skin type. Human thermal load is characterised by latent heat flux density of 
the required skin evaporation. Thermal perception type results were derived by strict 
application of an observation protocol. Finally, thermal load and thermal sensation type 
results are carefully checked and filtered. The listed methodological elements are now 
described one by one. 
 
Longitudinal observations 
The basic methodology of this study is longitudinal observation. One person (hereafter 
observer) performed long-term, concurrent thermal load estimations and thermal perception 
observations in the summer of 2022. There were a total of 331 observations. The 
methodological elements used by the observer during each observation are described below.  
 
Basic equations of the model 
If there is no heat storage (constant surface temperature), the energy balance of the skin 
surface of the human body can be written as follows, 
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𝑅! +𝑀 −	λE" −	𝐻" −𝑊 −	𝐻# − 	λ𝐸$%$ = 0,																							(1) 

 
where Rn is the net radiation energy flux density [Wm-2], M is the metabolic energy flux 
density [Wm-2], λEr is respiratory latent heat flux density [Wm−2], Hr is respiratory sensible 
heat flux density [Wm−2], W is mechanical work flux density [Wm−2], which refers to the 
activity being carried out, HS is sensible heat flux from the skin surface [Wm−2] and λEtot is 
latent heat flux density of the skin evaporation [Wm-2]. In this model, M = 55 Wm⁻² and W = 
0 Wm⁻² since the person is in a lying position.   

The latent heat flux density of skin surface evaporation can also be expressed using the 
gradient formula, 

λ𝐸$%$ =

𝜌 ∙ 𝑐&
𝛾 	 ∙ 		 [𝑒'(𝑇#) −	𝑒(]

𝑟#)*! +	𝑟+(
	,																																						(2) 

where ρ is air density [kgm−3], cp is specific heat at constant pressure [Jkg−1°C−1], γ is 
psychrometric constant [hPa°C−1], Tskin is skin surface temperature (34 °C) (Campbell & 
Norman, 1997), eS(Tskin) [hPa] is saturation vapor pressure at Tskin, ea is actual vapor pressure 
[hPa], rskin is the evaporative resistance of skin surface [sm-1] and rHa is the aerodynamic 
resistance for expressing convective heat exchange effect [sm−1]. 

 Applying the model conditions, we can express λEtot and rskin from equations (1) and 
(2),  

	λ𝐸$%$ = 𝑅! +𝑀 −	λE" −	𝐻" −	𝐻#,																							(3) 

𝑟#)*! =

𝜌 ∙ 𝑐&
𝛾 	 ∙ 		 [𝑒'(𝑇#) −	𝑒(]

𝑅! +𝑀 −	λE" −	𝐻" −	𝐻#	
	−	𝑟+( ,																					(4) 

 
When estimating λEtotreq, we use not only equation (3), but also equation (4). Namely, 

λEtotreq = λEtot if rskin	≥ 0.   
 

Parametrizations 
Radiation: Rn is parameterised as simply as possible, 
 

𝑅! = 𝑆 ∙ (1 −	𝛼#)*!) +	𝜖(𝜎𝑇(, −	𝜖#)*!𝜎𝑇#)*!, ,				(5) 
 
where S is incoming solar radiation [Wm−2], σ is Stefan-Boltzmann constant [Wm-2K-4], 𝜖! is 
emissivity of the cloudy sky, Ta is air temperature [°C], αskin is skin surface albedo and 𝜖"#$%	is 
emissivity of the skin surface. In this study, αskin = 0.27 (concentration of melanosomes in 
epidermis is 2.5%, (Nielsen et al., 2008)),  𝜖"#$% = 1. S is estimated according to the work of 
Ács et al. (2025), 

𝑆 = 	𝑄!	 ∙ [𝛼 + (1 − 𝛼) ∙ 𝑟𝑠𝑑],				(6) 
 
where Q0 is solar radiation constant [MJ∙m-2∙hour-1] referring to clear sky conditions and a 1-
hour time period, α is the corresponding dimensionless constant referring to the same hour 
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and rsd is relative sunshine duration. 𝜖! depends on clear sky emissivity 𝜖&" and cloudiness N 
(0 for cloudless and 1 for completely overcast conditions), 
 

𝜖( =	𝜖-# 	 ∙ (1 −	𝑁..0) + 0.9552 ∙ 𝑁..0,								(7) 
 

𝜖-# = 0.51 + 0.066 ∙ G𝑒(	.								(8) 
 
𝜖&"	and 𝜖! are given according to Brunt (1932) and Konzelmann et al. (1994), respectively. 
Heat flux densities: λEr and Hr depend upon M, they are parameterized according to Fanger 
(1970) as follows, 
 

λE" = 1.72 ∙ 	1012 ∙ M ∙ (5867 −	𝑒(&),																	(9) 
 

𝐻" = 1.4 ∙ 1013 ∙ 𝑀 ∙ (𝑇# 	− 	𝑇(),																																	(10) 
 
where eap is actual vapor pressure [Pa]. HS is expressed as  
 

𝐻# = 𝜌 ∙ 𝑐$ ∙
𝑇# − 𝑇%
𝑟&%

,			(11)																				 

rHa depends upon wind velocity (Campbell & Norman, 1997), 
 

𝑟+([𝑠𝑚1.] = 7.4 ∙ 41 ∙ L
𝐷
𝑈4.2

	,						(12) 

 
where D is the diameter of the cylindrical body used to approach the body of the observer 
(Campbell & Norman, 1997), U0.5 is the wind speed at 0.5 m height (sunbed height). 

Operative temperature: It depends upon air temperature, net radiation flux density and 
wind speed (Campbell & Norman, 1997) as follows, 
 

𝑇' =	𝑇% +	
𝑅(
𝜌 ∙ 𝑐$

∙ 𝑟&%.				(13)	

 
Estimation of thermal sensation 
Each thermal sensation observation is performed according to the following observation 
protocol: 1) the observer always started the observation with a "neutral" thermal sensation, 
that is, he started from a place of about 24–26 °C, 2) all observations were made wearing the 
same sports garment, which was (the observer was male) put on immediately before starting 
the observation (we emphasize that the observer was not wearing other clothing than the 
sports garment), 3) the observer always performed the observation in a supine position for at 
least 10 minutes lying on the sunbed shown in Figure 1, 4) the beach pillow was always 
stored in a place where the thermal sensation was "neutral" and 5) all data were registered 
immediately (observed thermal sensation type and the meteorological variables) after the 
observation.  
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Figure 1. The observer during a thermal perception observation. His anthropometric data are 
as follows: body mass 89 kg, body height 190 cm, and age 67 years  
 

As we can see, we used the human body's thermal sensors as a monitoring tool. This 
has advantages and disadvantages. A major advantage is that the thermal sensation is human-
based, as every living being (species, individual) experiences and perceives the same thermal 
supply differently. Its disadvantage is that it is difficult to quantify, i.e. it is less exact, and it is 
subjective. The variability of subjectivity is not great, we can state this based on our 
experience. The fact that the thermal sensation is described in words rather than numbers 
should not be considered a disadvantage.  

 
Management of thermal sensation and thermal load data  
Weather and thermal sensation data are collected concurrently. The following data 
management protocol was applied after each observation: 1) Human thermal load 
characteristics (latent heat flux density of the skin evaporation and evaporative resistance of 
the skin) were calculated immediately after each observation, 2) the cases when the method 
was not applicable (rskin < 0) were eliminated, 3) the consistency between thermal load 
characteristics and thermal perception types observed was checked and 4) we have always 
tried to interpret the relationships that cause thermal load. The printed list of output variables 
calculated with the model is shown in Figure 2. 
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Figure 2. A cutout image of the model results. Notations: Y - year, M - month, D - day, TA2 
- air temperature [℃], RN - radiation balance [Wm-2], S - global radiation [Wm-2], N - 
cloudiness, TO - operative temperature [℃], HS - sensible heat flux density from the skin 
surface [Wm-2], ETOT - latent heat flux density of skin surface evaporation [Wm-2] and 
RSKIN - skin surface resistance to evaporation [hPa·m2·W-1] 
 

The designation of the selected variables can be found in the title of Figure 2. Looking 
at Figure 2, we can notice negative rskin values (penultimate column). 

 
Fitzpatrick skin typing method 
Fitzpatrick skin typing method (Fitzpatrick, 1975) is a well-known method for classifying 
human skin types. It uses three input variables: skin color (a numerical value on a scale 1-30), 
eye color (a numerical value on a scale 1-16) and hair color when the person is young (a 
numerical value on a scale 1-10). The classification is done based on the sum of the points. 
The scores and Fitzpatrick skin types are presented in Table 2. 
 
Table 2. Fitzpatrick skin types 

Type Scores Skin color 
characterization 

Skin tone 

I 0-6 Caucasian, blond/red 
hair, freckles, fair 

skin, blue eyes 

very fair 

II 6-13 Caucasian fair 

III 14-20 Darker Caucasian, 
light Asian 

fair to medium 

IV 21-27 Mediterranean, 
Asian, Hispanic 

medium 
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V 28-34 Middle Eastern, 
Latin, light-skinned 

black, Indian 

olive to dark 

VI 35+ Dark-skinned black very dark 

  
Location 
The region and the location are presented in Figure 3. Town Martonvásár is located in the 
lowland area of Hungary. Within Martonvásár, the observations took place in the garden of a 
family house, the basic tools required for the observation are also shown in Figure 3 (on the 
right). 

 
Figure 3. On the left, the location of the observation is Martonvásár, it is presented on a 
topographical map of Hungary. On the right, the sunbed and the beach pillow for monitoring 
the thermal sensation without observer in the garden of the observer’s house 
 

Martonvásár is located in the Central Transdanubian Region. This region is hilly, so 
the variety of meso- and microclimates is somewhat greater than in the plain areas. The 
Köppen method does not see this variability, but neither does the variability of summer heat 
supply conditions, especially in terms of human thermal load. The following observations and 
analyses are intended to fill this gap.  

 
Data 
Weather and human data are used.  
 
Human data 
Two human data types are used: a) data needed for identifying skin type (skin color, eye color 
and hair color at a young age) and b) data characterizing thermal perception type. Data for 
identifying skin type are presented in Table 3.  
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Table 3. Input variables for determining Fitzpatrick skin type and the Fitzpatrick skin type of 
the observer 

Person Skin color 
(scale 1-30) 

Eye color 
(scale 1-16) 

Youthful 
hair color 

(scale 1-10) 

Sum of 
points 

Fitzpatrick 
skin type 
and its 

description 

Observer 7 8 8 23 IV, moderate 
brown skin 

 
Thermal perception data are registered on a 7-grade scale, which contains the 

following grades: “very warm”, “warm”, “slightly warm”, “neutral”, “cool”, “cold”, “very 
cold”. In this study, by definition, we only used the first 4 thermal perception types. The 
method is not applicable to cold thermal perception types. We can see that the terminology 
used to indicate thermal perception types is somewhat different from the commonly used 
terminology (Enescu, 2019). We did not distinguish between "very warm" and "unbearably 
warm/hot". Further discussion of human data can be found in the section Results.   

 
Weather data 
We used the following weather data: air temperature, relative humidity of air, average wind 
speed, wind gust speed, air pressure, relative sunshine duration and cloudiness. All the 
elements, except for the last two, were measured by the automatic station of the company 
Időkép. The data are taken from the website of the company Időkép (https://www.idokep.hu/). 
The beeline distance between the station and the observer's location (garden of a family 
house) is shorter than 3 km. Cloud cover and relative sunshine duration data are provided by 
the observer. Cloud cover is estimated visually in tenths. Relative sunshine duration refers to 
the observer's body because the human body's thermal load is to be estimated. In 2022, there 
were 331 observations made between May 12 and September 18. The observations not only 
recorded many cases, but also cases with the lowest and highest heat loads, so multi-year 
observations were not necessary.  

Among weather elements, more attention will be paid to air temperature, incoming 
solar radiation and relative air humidity. The air temperature values obtained during thermal 
perception observations are shown in Figure 4.  
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Figure 4. The air temperature values during thermal perception observations 
We can see that the lowest air temperature values were around 16 ℃ (minimum is 

15.9 ℃), the highest around 37 ℃ (maximum is 37.2 ℃). In the vast majority of the cases, air 
temperature was higher than 25 ℃. In summer, in addition to temperature, incident solar 
radiation also plays a decisive role. The values of incident solar radiation estimated during the 
observations are shown in Figure 5.   

 

 
Figure 5. The incoming solar radiation values during thermal perception observations 
 

The smallest value was 49 Wm-2, the largest value was 870 Wm-2. In the vast majority 
of cases the values exceeded 300 Wm-2. Due to the estimation of skin surface evaporation, air 
humidity is an important input data. The evolution of these data during the observation period 
is shown in Figure 6.  
  

 
Figure 6. The relative air humidity values during thermal perception observations 
 

The values varied between 20-80% (minimum value was 21%, maximum value was 
88%), but the majority of values were below 50%. Wind speed values (not presented here) 
varied within wide limits. Average wind speed values varied between 0.5-8 ms-1, wind gust 
speed values between 1.4-13.3 ms-1. The highest wind speed values were in the afternoon on 
July 10. In the majority of the cases, average wind speed varied between 1.5-3 ms-1.  
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Results 
Several results are presented and discussed. Firstly, we give some basic information regarding 
M and the skin type of the observer. After this we characterize the relationship between λEtot 
and operative temperature as well as the relationship between thermal perception types and 
λEtot. The relationship between rskin and operative temperature is also presented and analysed.  
Finally, we examined the sensitivity of λEtot to changes in skin albedo and we will talk also 
about the applicability of the model.   
 
Observer's M value and skin type 
When choosing the observer's M value of, we took into account the values of the observer's 
heart rate (58-65 BPM (beats per minute)), as well as the value range of resting metabolic 
heat flux density (Mr) (ISO8996, 2004). Mr’s range is 55-70 Wm-2. The Mr value of the 
observer was chosen to be low, because his resting heart rate values are lower. Based on the 
information presented in Tables 2 and 3, the observer's skin type is skin type IV on the 
Fitzpatrick skin type scale. The skin color characterization of this skin type is “Mediterranean, 
Hispanic”. This additional information about skin type is given because we made thermal 
perception observations. 
 
Relationship between skin evaporation and operative temperature 
The scatter chart of λEtot–To relationship is presented in Figure 7.  

 
Figure 7. Scatter chart of the latent heat flux density of skin surface evaporation as a function 
of operative temperature at actual average air humidity and wind speed. Thermal perception 
types experienced during the observations can also be seen based on the coloring of points 
 

λEtot is the sum of evaporation from dry skin λEds and sweaty skin λEsw. It should be 
mentioned that λEsw can be estimated as the difference between λEtot and λEds. λEds can be 
parameterized, for instance, as a function of Tskin (Parsons, 2003). The point cloud can be 
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divided into 2 parts. In the range 25 ℃ < To < 45 ℃, the change of λEtot as a function of To 
can be considered linear, the maximum values of λEtot are around 100 Wm-2, the thermal 
perception types are "neutral" (smaller To) and "slightly warm" (larger To). In the range 45 ℃ 
< To < 80 ℃, the scatter of the points is significant, and the amount of scatter increases with 
increasing To. The maximum values of λEtot are around 300-400 Wm-2. For To = 70 ℃, λEtot is 
scattered between 170 and 320 Wm-2. We can see that in the case of thermal perception types 
"warm" and "very warm", the points characterizing the λEtot-To relationship are irregularly 
scattered and cannot be characterized by a regression relationship. 
 
Relationship between thermal perception types and skin evaporation 
The relationship between thermal perception types and λEtot is presented in Figure 8. 

  
Figure 8. Scatter chart of thermal perception as a function of latent heat flux density of skin 
surface evaporation 
 

In the range 20 Wm-2 ≤ λEtot < 160 Wm-2 (except for 1 observation), thermal 
perception type is “neutral”. In the range 50 Wm-2 ≤ λEtot < 200 Wm-2 (except for 8 
observations), thermal perception type is “slightly warm”. It can be seen that there is a large 
overlap between the thermal perception types "neutral" and "slightly warm". Thermal 
perception type “warm” appeared in the range 130 Wm-2 ≤ λEtot < 340 Wm-2 (except 3 
observations). Thermal perception type “very warm” is becoming to be typical in the range 
340 Wm-2 < λEtot. This range is the same as the To ≥ 75-80 ℃ range. Note that we did not 
distinguish between thermal perception types "very warm" and "hot" or "unbearably hot". 
These latter thermal perception types occur when air temperature is at least 25 ℃ and 
incoming solar radiation is at least 700 Wm-2. 

 
Relationship between evaporative resistance of skin and operative temperature 
The scatter chart of evaporative skin resistance–operative temperature relationship is 
presented in Figure 9.  
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Figure 9. Scatter chart of the evaporative skin resistance as a function of operative 
temperature at actual average air humidity and wind speed. Thermal perception types 
experienced during the observations can also be seen based on the coloring of points 

 
Each point in the figure represents an observation. The change of rskin as a function of 

To is clearly visible. The points can be approximated by the following exponential function: 
 

 
𝑟#)*( = 19.17 ∙ 	𝑒+!.-!-.∙01.	 

 
In the range 30 ℃ ≤ To < 35 ℃, rskin decreases sharply with increasing To. The 

perceived thermal sensation type is mostly "neutral". In the range 35 ℃ ≤ To < 50 ℃, the rate 
of reduction of rskin with increasing To is much smaller than in the former case. The thermal 
sensation types are mostly "slightly warm" and "neutral". A reduction of rskin as a function of 
To can still be observed in the range 50 ℃ ≤ To < 70 ℃. The thermal perception types are 
mostly "slightly warm" and "warm". In this range, the thermal perception type "very warm" 
was also registered once. In the range 70 ℃ ≤ To, the reduction of rskin as a function of To is 
practically negligible, rskin can be taken as constant, its value is equal to or less than 0.005 
hPa·m2·W-1. In this range, the thermal perception type "very warm" appears and its frequency 
increases considerably with increasing To. 
 
Sensitivity of skin evaporation and evaporative resistance of skin to skin albedo 
The comparison of λEtot values for lower (0.13) and higher (0.27) skin surface albedo values 
is shown in Figure 10. 
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Figure 10. Scatter chart of latent heat flux density of skin evaporation simulated by lower 
(albedo value 0.13) and higher (albedo value 0.27) skin albedo values. Thermal perception 
types experienced during the observations can also be seen based on the coloring of points 
 

Since λEtot is calculated as the residual term of the energy balance equation, it makes 
sense that λEtot0.13 > λEtot0.27. The λEtot0.13 - λEtot0.27 differences increase with increasing λEtot 
moving towards warm thermal perception types. Thus, for instance, in the thermal perception 
type “very warm”, λEtot0.13 - λEtot0.27 differences are around 100 Wm-2. This change is also 
beautifully reflected in the ratio of rskin values (Figure 11). 
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Figure 11. Scatter chart of the skin evaporative resistance simulated by lower (albedo value 
0.13) and higher (albedo value 0.27) skin albedo values. Thermal perception types 
experienced during observations can also be seen based on the coloring of points. 
 

Based on the model, it makes sense that rskin0.13 is smaller than rskin0.27 because λEtot0.13 
is larger than λEtot0.27. It can be seen that the rskin0.13/rskin0.27 ratio decreases moving from the 
thermal perception type "very warm" to the thermal perception type "neutral". This ratio is the 
smallest when the thermal perception type is “neutral”. This ratio is higher in the "warm-
neutral" situations and lower in the "cold-neutral" situations. The “warm-neutral” thermal 
perception type is the "slightly warm" side of the “neutral” thermal perception type, and 
conversely, the “cold-neutral” thermal perception type is the "cool" side of the "neutral" 
thermal perception type. Note that rskin0.27 is almost double of rskin0.13 in the thermal perception 
range “cold-neutral”. It is interesting to see that the albedo value of the skin surface 
determines the magnitude of evaporative resistance (rskin value) when the thermal sensation 
type is "neutral".  
 
Applicability of the model 
By definition, the model cannot be applied if the rskin value is negative. This can happen in 
two cases: when 1) the first term of eq. (4) is smaller than the rHa term and when 2) the first 
term of eq. (4) has a negative sign. The first case occurs when the Rn values are very large; the 
second case occurs when the Rn values are very small. In both cases, incoming solar radiation 
is a determining factor. When solar radiation is high, above 700 Wm-2, the Rn values are 
around 400 Wm-2, and when wind speed is lower or moderate, the first term of eq. (1) will be 
smaller than the rHa term. Of course, air temperature is at least around 20-25 ℃. In these 
cases, the thermal perception type "very warm" is the most common. When solar radiation is 
low, about 100 Wm-2, or even smaller, Rn values can be around 0 or even negative, and thus 
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the denominator of the first term of eq. (4) can become negative. In such cases, the thermal 
perception type is "neutral". 
 
Discussion 
The presented model is obviously simple. It uses the concept of required sweating (Parsons, 
1997) as well as the evaporation gradient formula. The use of the gradient formula is also an 
important part of the model, so we can also estimate the value of the skin surface evaporative 
resistance, which is naturally always greater than or equal to zero. With this methodological 
innovation, we have made the concept of required skin surface evaporation completely 
universal, as the concept not only fulfills the energy balance, but also the physical laws 
characterizing the transfer of water vapor (Monteith, 1965). Another unique feature of the 
model is that the active surface is the skin surface (not the clothing surface). Therefore, we 
preferred to look at a person in a lying position. Thanks to this, human variability is not 
determined by the variability of metabolic heat flux density values, but by the variability of 
skin types. That's why it was important to specify the skin type of the person suffering from 
heat stress. 

Nowadays, only fewer studies link information from climate type and human thermal 
load (e.g. Yang & Matzarakis, 2019; Blazejczyk et al., 2015; Ács et al. 2020; Ács, 2024). In 
all of these studies, the persons, or the "standard human" wear clothing, i.e., the active surface 
used in the model is the clothing surface. To the best of our knowledge, the skin surface has 
not yet been used as an active surface. It should be emphasized that, according to Monteith 
(1965), every surface type has an evaporative resistance value. From this perspective, our 
approach is entirely justifiable - even if it is not common. Due to the above, our results are 
new and provide a human-based characterization of the summer weather conditions of the Cfb 
climate. The λEtot values varied between 10 and 300-350 Wm-2, meanwhile 25 ℃ < To < 80 
℃. It should also be noted that the simulated λEtot results were not verified by comparing 
them with other measurement or model calculation results. However, the λEtot results were 
always compared with the observed thermal sensation type results, and their consistency was 
perfect. Note, when To is around 35 ℃ (we referred to this as a "warm neutral" thermal 
sensation), the λEtot values are around 50 Wm-2. In these cases, λEsw is comparable with λEds. 
Of course, we are aware that the λEtot-thermal sensation type relationship could be very 
individual. It is more individual than the clothing resistance-thermal sensation relationship 
(Ács et al., 2022), since this relationship also depends on skin type.  

As a fact, we can state that only results of one observer are presented. This can even 
be considered as a serious shortcoming. We tried to compensate for this deficiency by 
specifying the observer's skin type. Based on this, it is obvious that observations of people 
with other skin types are also needed for the method to be used more generally. At the same 
time, it should also be emphasized that, to the best of our knowledge, this longitudinal 
research is the first of its kind. 

Finally, the study – both its methodology and its results – brings people closer to 
outdoor conditions characterized by sunlight, primarily through understanding the relationship 
between thermal load and thermal perception. This type of awareness encourages a healthier 
lifestyle, which is also proclaimed globally by the United Nations, see SDG (Sustainable 
Development Goals) 3 entitled as “Ensure healthy lives and well-being for all at all ages”. 
The study and its results also raise awareness of the importance of self-knowledge. In this 
regard, it is also worth mentioning that the Fitzpatrick skin type test is considered a standard 
skin type test method. 

 



 

 298 

Ferenc Ács, Erzsébet Kristóf, Annamária Zsákai 
Geographica Pannonica | Volume 29, Issue 4, 282-300 

Conclusion 
In this study, the active surface is the skin surface of the human body, as the clothing worn is 
minimal in accordance with behavioral norms. Accordingly, we observed a lying person 
whose body is under the influence of excess heat caused by the summer weather conditions of 
the Cfb climate. According to the results of a new model based on the human body energy 
balance equation and the skin surface evaporation gradient formula, the following main 
conclusions can be drawn: 1) The concept of “required skin evaporation” can be successfully 
applied to quantitatively characterize human heat excess by linking „required skin 
evaporation” and thermal perception information.  2) Since the albedo of the skin surface 
depends on the skin type, the "required skin evaporation" concept (calculation of λEtot and 
rskin) is more sensitive to higher than lower thermal loads. 
 It should be emphasized that the application of the concept does not require the 
parameterization or characterization of thermoregulatory processes.  
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Abstract 
Extreme weather events-particularly episodes of intense rainfall-are increasingly disrupting 
hydrological regimes and triggering frequent, destructive floods, especially in urban 
environments. These floods have severe repercussions on populations, infrastructure, and 
economic activities. While large river basins are typically monitored and extensively studied, 
small ungauged urban catchments remain poorly documented despite their critical role in 
generating localized hydrological hazards. This study focuses on a small ungauged watershed 
located in Aïn M’lila (northeastern Algeria), which experiences recurrent flash floods that 
frequently lead to urban inundation. In the absence of hydrological instrumentation, the 
objective is to generate insight into the watershed’s hydrological functioning and the 
associated geomorphological impacts using alternative, integrative methods. The approach 
combines morphometric analysis, a morphodynamic reading of surface flow dynamics, and 
targeted field observations of flood traces and erosion patterns. This methodological 
framework offers a more precise characterization of the watershed’s specific features, 
enhances understanding of its behavior during extreme rainfall events, and provides a 
transferable basis for flood risk assessment in other similarly data-scarce urban contexts. This 
study contributes in three concrete ways: (1) by demonstrating a reproducible workflow that 
integrates 30 m DEM-based morphometry with field-scale morphodynamic observations for 
ungauged urban micro-watersheds; (2) by providing quantified morphometric metrics linked 
to hydrological response indicators (e.g., drainage density, time of concentration) and 
interpreting their physical meaning for flash-flood generation; and (3) by combining spatial 
evidence with participatory survey data to inform practical recommendations for low-cost 
monitoring and urban planning interventions. 
 
Keywords: Floods; Small ungauged watersheds; Morphometric analysis; Morphodynamic 
interpretation; Flood risk; Urban environments; Aïn M’lila 
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Introduction 
In developing countries, river basins play a strategic role in territorial planning and the 
management of water resources. Major basins -such as the Nile, Congo, and Niger in Africa-
serve as natural units for water governance, often transcending administrative boundaries. 
These large-scale systems are essential pillars for irrigated agriculture, potable water supply, 
hydroelectric power generation, and ecosystem regulation. 

At the same time, small sub-catchments-integral components of larger basins-are 
increasingly recognized for their importance in decentralized and participatory natural 
resource management. Their reduced scale allows for more precise integration of local 
specificities, particularly in relation to erosion control, flood mitigation, and water 
accessibility. This dual dynamic highlights the need to reconcile macro-scale planning with 
locally grounded interventions for effective water governance. 

In the Mediterranean region, watersheds display distinct climatic and hydrological 
characteristics, including limited water resources, long dry summers, and high-intensity 
rainfall events that often trigger sudden floods (Merheb et al., 2016). Within this context, 
small catchments are especially sensitive hydro-geomorphological units (Seethapathi et al., 
2008). 

In recent years, flooding has become a central concern in debates on climate change 
impacts. Numerous studies have highlighted the intensification of extreme precipitation and 
the increasing frequency of flood events across various regions, particularly in the 
Mediterranean (Tramblay & Somot, 2018). In Algeria, the growing occurrence of extreme 
hydro-meteorological events has been accompanied by a steady increase in the availability of 
climatic and hydrological data, particularly for large, gauged basins. This wealth of data has 
sparked considerable scientific interest, as reflected in the extensive hydrological modeling 
literature by researchers such as Meddi, Bouanani, and Elahcene (e.g., Meddi et al., 2009; 
Achite, 2023; Elahcene, 2013). 

However, this focus on well-documented catchments has contributed to the 
marginalization of small, ungauged watersheds, particularly those located on urban fringes or 
in neglected rural areas. Despite the absence of hydrometeorological time series, these basins 
are capable of generating intense hydrological responses, including flash floods that can 
inflict significant downstream damage. Their hydrological potential—exacerbated by the 
effects of climate change—remains significantly underestimated in risk management 
frameworks precisely due to the lack of available data. 

Climate change further amplifies the vulnerability of small, ungauged catchments 
through both the intensification of extreme rainfall events (IPCC, 2021) and shifts in 
hydrological regimes (Özcan et al., 2025). In North Africa, climate projections for 2050 
forecast an increase in the frequency and intensity of extreme precipitation directly linked to 
global warming (World Bank, 2020). In Tunisia, for instance, 100-year daily rainfall totals 
are projected to increase by approximately 20%. While the frequency of such events may 
decrease in Morocco and Algeria, their rising intensity significantly heightens flood risk 
(World Bank, 2020). These climatic shifts pose major threats to agricultural systems, 
infrastructure, and the sustainable management of water resources. 

Despite the growing literature on well-instrumented basins, there remains a 
knowledge gap in how to generate actionable, quantitative flood-risk insight for small (<25 
km²), ungauged urban watersheds using accessible geospatial data and direct field evidence. 
This study aims to (i) quantify key morphometric indicators from a 30 m DEM and interpret 
their hydrological implications for flash-flood generation; (ii) integrate morphodynamic field 
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evidence and a targeted participatory survey to validate flow paths and propose pragmatic 
risk-reduction measures. 

This study aims to draw attention to the hydrological risks posed by small, ungauged 
watersheds risks that remain largely overlooked by local stakeholders and researchers due to 
data scarcity. Despite their capacity to generate substantial runoff during heavy rainfall 
events, these basins are still widely neglected in risk prevention and management strategies 
(Jakubínský et al., 2014). 

Drawing on a rainfall event that occurred in June 2023 in the city of Aïn M’lila, this 
study employs a suite of accessible tools—including morphometric and morphodynamic 
analyses, slope and hydrography mapping, flood trace identification, and field photography. 
The objective is to transform fragmented data into structured and actionable knowledge. This 
research provides a foundation for further academic inquiry into small, data-scarce 
watersheds and aims to raise awareness among local decision-makers regarding their 
significance. Ultimately, it advocates for the integration of these overlooked hydrological 
systems into land-use planning and risk prevention policies. 

 
Study Area 
The watershed under investigation is located within the municipality of Aïn M’lila, which is 
administratively part of the Oum El Bouaghi province in northeastern Algeria. It is a small, 
ungauged catchment situated directly upstream of the urban area of Aïn M’lila, contributing 
significantly to the city’s flood exposure. 

A land-cover classification performed on the Landsat (2024) image indicates that the 
basin comprises approximately: built-up/urban areas 48.32% (compact urban centre and 
expanding residential zones), green spaces/vegetation 39.71% (annual crops, gardens, and 
sparse vegetation), and bare soil 11.84%. This quantitative description highlights the 
significant extent of urbanization, which is central to understanding runoff generation in the 
basin. 

The study area is characterized by a semi-arid Mediterranean climate, with marked 
seasonal and interannual variability in precipitation. Meteorological data from the Fourchi 
station (altitude Z = 775 m; coordinates X = 849.85, Y = 346.6) indicate a mean annual 
rainfall of 366.3 mm for the period 1976–2010, with significant fluctuations ranging from 
187 mm in the driest years to 791.7 mm in exceptionally wet years. Winter and spring are the 
wettest seasons, receiving 115.12 mm and 116.23 mm, respectively, while the dry season 
occurs from June to August, with the lowest rainfall in June (6.11 mm). Other months with 
relatively low precipitation include September (36.4 mm), December (38.12 mm), and March 
(40.8 mm). Extreme events include daily rainfall reaching up to 125 mm, which is a major 
factor triggering flash floods in the micro-catchment. 

This watershed functions as a tributary within the larger Oued Boumerzoug basin, of 
which it is a sub-affluent. Despite its modest surface area of 24.83 km², this micro-basin plays 
an active hydrological role-particularly during episodes of intense rainfall-when it serves as a 
conduit for rapid surface runoff toward the urbanized downstream zones (see Figure 1): 
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Figure 1. Geographic location of the study area 
 
Data and Methodology 
Urban streams are highly dependent on the hydrological behavior of their contributing 
catchments. As such, analyzing these upstream basins is an essential step in evaluating 
hydrological risks that may affect urban environments. In the present study, the case of the 
stream running through the city of Aïn M’lila is particularly illustrative, as it lacks both 
hydrometric and meteorological monitoring stations—making any attempt at data-driven 
hydrological analysis considerably more complex. 

To address this limitation, the evaluation was based on a combined morphometric and 
morphodynamic analysis of the watershed. This integrated approach provides an initial 
understanding of the hydrological functioning and dynamic behavior of the studied urban 
micro-watershed. 

The methodological framework adopted for assessing hydrological risk was structured 
into three complementary stages (see Figure 2): 
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Figure 2. Schematic overview of the methodology used 
 
Watershed Delineation and Morphometric Extraction 
The watershed was delineated using a 30-meter resolution Digital Elevation Model (DEM) 
within ArcGIS 10.8. From this model, automated delineation of the catchment area was 
performed, and thematic maps were generated, including slope maps, elevation maps, and 
hydrographic network maps. Flow direction and flow accumulation were computed using the 
Hydrology tools of ArcGIS. A flow-accumulation threshold of 500 cells (45 hectares) or an 
alternative physical threshold of contributing area of approximately 0.45 km² was applied to 
extract the primary channel network in this micro-watershed. The threshold selection was 
tested sensibly by varying the accumulation threshold and visually validating network 
continuity against high-resolution satellite imagery and field-observed channels. 

However, using a 30 m resolution DEM in the context of small urban catchments 
carries important limitations. A 30 m DEM is generally regarded as relatively coarse or 
medium resolution: the comparatively large cell size tends to smooth microtopographic 
variations, which can lead to under-detection of narrow thalwegs and to an overall 
simplification of the drainage network. This smoothing also causes a generalization of local 
slopes and curvatures, reducing the precision of derived slope, flow direction, and flow 
accumulation products; as a consequence, locations of flow convergence, overland flow 
paths, and small-scale connectivity can be misrepresented. For hydrological analyses in small 
urban basins—where microtopography and narrow channels strongly influence runoff 
concentration and flood routing—these effects can result in biased assessments of flow 
pathways and flood-prone areas, and therefore must be explicitly considered when 
interpreting results obtained from a 30 m DEM. 
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Morphometric Analysis 
This step involved the calculation of several geometric, topographic, and hydrographic 
indices. These indicators allow for an indirect estimation of the basin’s hydrological 
responsiveness to intense rainfall events. 
 
Morphodynamic Interpretation of a Flood Event and Participatory Survey 
A field campaign was conducted in the most flood-affected areas, particularly in the Regaizi 
neighborhood. This phase involved identifying the main post-flood morphodynamic 
features—such as riverbank erosion, alluvial deposits, and alterations to the hydrographic 
network. Simultaneously, semi-structured interviews were conducted with local residents to 
document observed flood dynamics, perceptions of risk, and associated socio-economic 
impacts. This integrated approach made it possible to triangulate spatial data derived from 
remote sensing and GIS with empirical observations and local knowledge. To complement 
these observations, an exploratory survey was conducted with fifteen households along the 
main flow path to document the 2023 flood event. The survey focused on four themes: peak 
water heights inside and outside houses, frequency of past events, extent of damages, and 
perceived drivers of flooding. Qualitative data were analysed manually to identify recurring 
elements in respondents’ statements. This survey aimed not at statistical representativeness, 
but at reconstructing flood characteristics through local knowledge. 

The methodology was further enhanced by the use of a high-resolution satellite image 
from ALSAT-2, dated 2017 and obtained via the Algerian Space Agency (ASAL). This 
imagery made it possible to identify areas previously affected by flooding that correspond 
closely to the zones impacted during the June 2023 flood event. This spatial overlap supports 
the hypothesis of recurring extreme hydrological phenomena within the micro-watershed, 
despite the lack of long-term hydroclimatic data. 

The integration of this satellite data strengthens the overall analytical framework by 
helping to locate areas that are frequently affected by flooding—an essential step in indirectly 
validating the watershed’s hydrodynamic behavior. 

 
Morphometric Analysis Method 
Morphometric analysis constitutes a fundamental step in assessing the hydrological behavior 
of a watershed (Hamad, 2020), particularly in urban environments where dense development 
and soil impermeability intensify runoff processes. In the absence of continuous hydrometric 
data, morphometric analysis serves as a valuable proxy for understanding the watershed’s 
response to extreme rainfall events (Garzon et al., 2023). This method enables a quantitative 
characterization of the basin’s geometry, topography, and drainage network organization in 
order to identify the structural factors that influence surface runoff generation and 
concentration (Strahler, 1964; Horton, 1945). 

Among the core hydrological parameters, watershed area is one of the most critical, as 
it directly determines the volume of surface water generated during a rainfall event. Under 
equal precipitation conditions, a larger drainage area implies a higher potential for runoff 
generation. This relationship is explicitly incorporated into the Rational Method, which is 
widely used to estimate peak discharge in small catchments, and it is a foundational 
component of various hydrological design methods applied to small basins (MFFP, 2018). 

In this study, the watershed area was calculated using a 30-meter resolution Digital 
Elevation Model (DEM), employing ArcGIS Hydrology tools and following the method 
developed by Jenson and Domingue (1988). The catchment was delineated from the 
identified outlet by applying the fill, flow direction, and flow accumulation procedures. 
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In parallel with watershed delineation, several morphometric indices were calculated 
to characterize the basin’s physical attributes. These parameters describe the basin’s size, 
shape, topography, and the structure of its drainage network. They were derived from a 30-
meter resolution DEM and a 1:50,000 scale topographic map. 

The indices selected for this study are based on classical and widely accepted 
methodologies developed by Gravelius (1914), Horton (1945), Strahler (1957), among others. 
These indices are extensively used in contemporary scientific literature, particularly for 
evaluating watershed hydrological behavior (Shekar & Mathew, 2024). Tables 1a and1b 
presents the key morphometric indices employed, along with their respective formulas. 

 
Table 1a. Overview of the main geometric morphometric indices used. 
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Table 1b. Overview of the main topographic and hydrographic morphometric indices used.  

Index Formula Unit Value Reference 
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Overall Slope 
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(km/km2) 1.41 Horton (1945) 
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Torrentiality 
Coefficient 
(Ct) 

Ct = Dd × Fcl
= Dd 

 0.85 Mashauri (2023) 

 
Morphodynamic Analysis Method 
In ungauged watersheds—where no instrumental hydrological data (e.g., streamflow, water 
levels, or rainfall records) are available—post-flood morphodynamic analysis offers a 
valuable alternative for understanding surface flow dynamics. This method relies on the 
direct observation of the physical traces left by flood events, as well as the interpretation of 
runoff trajectories based on visual indicators and local testimonies. According to Alam and 
Ahmed (2020), when combined with topographic and spatial readings, morphodynamic 
observations can robustly reconstruct hydrological events—even in the absence of 
quantitative data. This approach is particularly well-suited to urban areas in developing 
contexts, where hazards are often underestimated due to the lack of instrumentation. 

In the case of the Aïn M’lila watershed, the morphodynamic approach was 
implemented through a series of field observations conducted in the most severely affected 
zones. Key indicators included: submersion marks on walls and infrastructure (mud stains, 
waterlines), zones of concentrated erosion (at slope bases, along road edges, or on canalized 
banks), and sediment deposits (accumulations of gravel, ridges of fine materials, floating 
debris). These indicators allowed for the identification of runoff concentration zones and the 
localization of morphological impact points. 

In addition to these observations, a participatory survey was carried out with local 
residents and shopkeepers. The semi-structured interviews helped validate hypotheses 
regarding water flow paths, clarify critical moments during the flood event (e.g., rate of water 
rise, duration of inundation), and provide insight into the flood’s socio-spatial impacts 
(property damage, traffic disruptions, water intrusion into homes). 

This methodological approach—rooted in the triangulation of visible flood traces, 
local perceptions, and fine-scale spatial interpretation—compensates for the lack of 
hydrological measurement and offers a meaningful understanding of runoff processes in 
uninstrumented urban environments. The integration of morphometric data, morphodynamic 
indicators, and GIS-based cartographic outputs enables a comprehensive interpretation of the 
ungauged micro-watershed’s behavior during the flood event. 

In the morphodynamic section, our observations drew on the concepts and examples 
set out by Bravard and Petts (2005), whose work offers clear, detailed insights into channel 
dynamics, the transfer of sediment during floods, and the identification of key geomorphic 
indicators — notably bank erosion, depositional forms, and channel adjustments. 
 
Results and Discussion 
The results of the morphometric and morphodynamic analyses provide a detailed reading of 
runoff processes within the watershed and allow for the identification of hydro-
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geomorphological susceptibility zones associated with the recent flood event. In a context 
characterized by the absence of instrumental hydrological data, the use of a Digital Elevation 
Model (DEM) enabled the generation of several key thematic maps, including slope maps, 
hypsometric (elevation) maps, and drainage network maps. These geospatial outputs form an 
essential analytical foundation for interpreting the hydrological and morphodynamic 
functioning of the basin. 

This section presents a structured account of the main findings from spatial modeling, 
field observations on erosion dynamics and post-flood sediment deposits, and qualitative 
insights drawn from testimonies of residents directly affected by the event. 
 
Topographic Interpretation of the Basin: Relief, Slopes, and Drainage Dynamics 
As shown in Figure 3, the studied micro-watershed displays a pronounced altitudinal 
structure, with a gradual decrease in elevation from upstream to downstream. The highest 
point, located in the southwest, reaches 1,104 meters, while the outlet in the northeast lies at 
757 meters—yielding a total elevation drop of 347 meters. Given the basin’s modest area of 
24.83 km², this altitudinal variation reflects a markedly contrasted topographic configuration. 
The spatial distribution of elevation suggests a structured gravitational runoff pattern oriented 
predominantly from the southwest to the northeast, which promotes rapid surface water 
concentration. 

The slope map reveals a concentration of steep slopes (ranging from 9% to 40%) in 
the southwestern upstream section of the basin. This zone accounts for approximately 20% of 
the total basin area, while the remaining 80% is characterized by low slopes (less than 3%), 
mainly located in the midstream and downstream sectors (Figure 4). These lower-gradient 
areas—when combined with the presence of impervious surfaces in the downstream zones—
facilitate rapid surface runoff, reduced infiltration, and a very short hydrological response 
time (Lei et al., 2020). 

The dominant flow direction aligns with the basin’s altitudinal gradient, running from 
the southwest to the northeast, consistent with the natural drainage pattern. In this context, the 
gently sloped downstream areas—particularly within the densely urbanized sections of old 
Aïn M’lila—serve as preferential zones for flow accumulation and water pooling, thereby 
increasing the risk of localized flooding. 
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Figure 3. Altitudinal distribution of the studied micro-watershed 

 

 
Figure 4. Slope distribution within the studied micro-watershed 
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Morphometric Interpretation of the Micro-Watershed 
The morphometric analysis of the studied micro-watershed is based on a combined evaluation 
of geometric, topographic, and hydrographic parameters (Tables 1a and 1b). The computed 
geometric indicators—including area, perimeter, Gravelius compactness index, and 
equivalent length and width—point to a predisposition for hydrological sensitivity to rainfall 
inputs. 

For example, when the compactness index is greater than 1.12, it indicates that the 
catchment has an elongated shape (here Kg = 1.45). In theory, this type of shape leads to a 
slower concentration of runoff: the water takes longer to reach the outlet, resulting in a more 
gradual rise in floodwaters (Strahler, 1957). This relationship is consistent with flood 
hydrograph theory and shape-related morphometric controls. In general, elongated 
catchments, characterized by low shape indices, produce hydrographs spread out over time 
and relatively moderate flood peaks (Horton, 1945). 

However, in the case of the studied basin, this morphometric organization does not 
result in a slow hydrological response. Despite its elongated shape (Kg = 1.45), the basin 
exhibits a rapid reaction to rainfall events. According to Strahler (1957) and Horton (1945), a 
drainage density greater than 1 km/km² indicates a well-developed hydrographic network, 
promoting rapid concentration and strong synchronization of flows. This configuration leads 
to a sharp rise in the hydrograph and a significant increase in peak discharge. In this context, 
the combined effect of a high drainage density and a very short time of concentration directly 
controls the scaling of peak flow at the outlet, overriding the moderating influence of basin 
elongation. The estimated time of concentration (Tc = 0.126 h, or approximately 7.6 minutes) 
thus confirms the occurrence of an early flood peak, appearing in the very first minutes 
following the rainfall event. The high drainage density (Dd = 1.41 km/km²) highlights a 
morphology particularly conducive to rapid water concentration and a high potential for flash 
floods, which helps to explain, at least in part, the flooding observed in the studied basin. 

The analysis of topographic parameters provides additional insight into the basin’s 
hydrological behavior. As shown in Table 1, the overall slope index reaches 3.2%, a value 
often cited (Strahler, 1957) as a limiting factor for flow concentration. However, the 
significant elevation difference of 354 meters indicates a varied topography that may generate 
locally elevated runoff velocities. This heterogeneity is confirmed by the spatial analysis of 
slope and elevation patterns (Figures 3 and 4). 

The morphological interpretation is corroborated by a torrentiality coefficient of 0.85 
(Table 1b). This coefficient reflects the basin’s capacity to generate rapid, concentrated runoff 
during intense rainfall events, and values exceeding 0.7 are commonly associated with high 
torrential behavior. Consequently, the Ct value obtained indicates pronounced torrential 
dynamics and a strong hydrological reactivity of the watershed. When combined with the 
very short time of concentration (Tc = 0.126 h) and steep upstream slopes, this high 
torrentiality enhances runoff velocities, limits infiltration, and further amplifies peak 
discharge. These factors collectively increase the watershed’s susceptibility to fast, high-
magnitude flood responses and thus elevate its flood hazard potential. 

When compared with other Mediterranean and semi-arid catchments, the rapid 
hydrological response observed in the study basin is consistent with similar findings. 
Morphometric analyses in the Wadi Easal Basin in Jordan (Obeidat et al., 2021) and the Oued 
Adoudou Basin in Morocco (Nait-Si et al., 2025) show that steep slopes, high relief, and 
dense drainage networks favor rapid runoff generation and high flood susceptibility. These 
studies support the interpretation of the present results within the broader context of 
Mediterranean and semi-arid environments. 
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Morphodynamic Response of the Watershed to the June 2023 Flood: Effects at the Basin 
and Urban Scales in Aïn M’lila 
In the absence of monitoring stations or detailed hydrological data, direct field observation 
becomes an essential tool for understanding the dynamics of the June 2023 flood. Visible 
signs of erosion, sediment deposition, overflow, and gully formation—recorded during field 
surveys—provide valuable insights into the actual behavior of the watershed and the 
downstream urban runoff. 

Visual analysis, supported by targeted photographic documentation, made it possible 
to reconstruct the flow paths and identify the sectors most exposed to hydro-
geomorphological hazards. 

 
Upstream Zone: Initial Flow Concentration 
In the upstream portion of the basin, topographic configuration plays a decisive role in 
triggering surface runoff. During the June 2023 flood event, field observations revealed 
evidence of linear erosion, gully formation, and sediment accumulation in steep slope areas 
and along unpaved pathways. These features indicate early-stage flow concentration zones, 
where rainwater rapidly converged to form channelized flows.  

Figure 5 illustrates two types of concentrated erosion forms observed at the 
headwaters of the basin. These features occur in areas characterized by steep gradients, sparse 
vegetation cover, and clearly visible water pathways—marking the onset of concentrated 
surface flow toward the downstream zones. 
 

 
Figure 5. Signs of concentrated runoff on sloped terrain in the upstream zone of the 
watershed. 
(a) Rill erosion caused by concentrated rainfall runoff on bare soil. 
(b) Gully formation on an unvegetated slope, indicating active erosion processes during the 
June 2023 flood.  

Intermediate Flow Path: Runoff Dynamics and Nature of Sediment Deposits 
In the intermediate zone of the basin, flow paths were reconstructed through the analysis of 
sediment deposits left in the aftermath of the flood. These deposits—characterized by their 
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grain size, thickness, and spatial distribution—enabled the tracing of runoff trajectories. Rills 
measured between 1.5 and 4 m in length and 0.1–0.3 m in depth, providing quantitative 
markers of concentrated flow paths. The sediment patterns reflect local variations in flow 
energy, indicating zones of intense concentration, decantation, or overflow. 

The observed deposits exhibited clear granulometric sorting, with coarse materials 
(boulders and gravel, 50–200 mm in diameter) located within active channels and finer silts 
(0.05–0.2 mm) along channel banks and in adjacent agricultural plots. Estimated sediment 
volumes ranged from 0.5 to 2 m³ per linear meter of channel, highlighting the considerable 
material transport during the flood. 

This spatial distribution mirrors the underlying runoff dynamics: linear and uniform 
deposits indicate concentrated flow and high transport capacity, while diffuse and irregular 
deposits mark overflow areas and zones where flow energy gradually dissipated (Figure 6). 

 
Figure 6. Evidence of post-flood hydro-sedimentary dynamics in the intermediate zone of the 
watershed. (a, b) Main transport channel with coarse deposits (gravel and boulders), 
indicating strong post-flood flow concentration. (c) Branches deposited in the riverbed 
following the flood. (d) Erosion rills (20 to 50 cm deep) formed on an agricultural plot, 
reflecting localized overflow and temporary concentration of hydrodynamic energy. 
 

In specific areas of the basin, particularly near flow convergence zones, very thick 
sediment deposits—ranging from 1.5 to 3 m in thickness—were observed. These deposits 
were composed of coarse materials such as boulders, cobbles, and gravel. Their presence 
indicates that the flood event was not merely a case of superficial water runoff; rather, it 
involved highly sediment-laden flows. 

Downstream from these zones of hydrodynamic concentration, homogeneous silty 
deposits mark a post-flood decantation phase, consistent with classical models of 
sedimentation under low-energy conditions. Approximately 15–20 % of the watershed area 
exceeded critical slope thresholds (15–25 %), contributing to rapid runoff concentration and 
sediment transport. The uniform grain size and spatial distribution of these deposits reflect a 
gradual dissipation of flow energy—a phenomenon well-documented in fluvial systems 
subject to rapid flood events. This type of hydrodynamic behavior is extensively described in 
the work of Bravard (2000). 
 

Downstream Zone: Limitations of Hydraulic Infrastructure and Vulnerability of Built 
Systems 
Downstream of the hydrodynamic concentration zones, homogeneous silty deposits provide 
evidence of a post-flood decantation phase, in line with classical sedimentation models under 
low-energy flow regimes. The uniform grain size and spatial spread of these deposits reflect 
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the progressive dissipation of flow energy—a phenomenon well documented in fluvial 
systems experiencing rapid flood events (Bravard, 2000).  

This hydrodynamic slowdown is further confirmed by field observations, including 
the formation of stagnant water ponds—either clear or rich in algal blooms—within 
agricultural plots and anthropogenic depressions. These water bodies, resulting directly from 
the flood, reflect the inability of the flow to fully evacuate residual water, indicating both 
weak topographic constraints and insufficient flow energy for effective drainage (Figure 7). 

Figure 7. Post-flood stagnant water in the downstream zone: (a, b) Ponds formed in low-
lying agricultural land. (c) Stagnant water in an anthropogenic depression within an urbanized 
area.  

The hydraulic infrastructure within the valley exhibits significant structural 
weaknesses in the face of extreme flood events, primarily due to design approaches that do 
not align with the actual morphometric and hydrological characteristics of the basin. These 
structures become quickly obstructed by transported debris, drastically reducing their 
operational capacity. Meanwhile, rigid linings and reinforcements fail under hydraulic 
overload, posing risks to the stability of roadways and adjacent infrastructure. 

The drainage network is heavily impaired by sediment deposits and a lack of 
maintenance. Major transport corridors—such as the railway and National Road RN3—create 
topographic discontinuities that obstruct natural water flow, resulting in localized 
accumulation zones. Furthermore, the main stormwater drainage channel is under-designed 
both in slope and depth, severely limiting its functionality during high-flow periods (Figure 
8). 

 

Figure 8. Malfunctioning of the urban drainage system observed in the field: (a) Heavily 
loaded discharge canal, impairing proper flow. (b) Sewer blocked by solid waste, observed in 
a residential neighborhood. (c) Drainage structure clogged with poorly sorted coarse sediment 
deposits (silt, gravel), hindering flow and promoting overflow.  
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The drainage network suffers from poor maintenance, with frequent obstructions 
caused by debris and silty deposits. Both the railway line and National Road RN3 create 
artificial topographic barriers that trap water and exacerbate local accumulation. Even the 
main stormwater drainage canal—despite its 2000 mm diameter—has an insufficient slope, 
which severely compromises its evacuation capacity during flood events (Figure 9). 

 

   
Figure 9. Water accumulation upstream of the railway line acting as a topographic barrier: 
(a) Flooding of National Road RN3. (b) Accumulation of rainwater upstream of the railway 
due to the absence of adequate hydraulic crossings. 

To enhance understanding of sediment dynamics within the watershed, a sediment 
transport map was developed (Figure 10) that delineates dominant flow pathways across the 
upper, middle, and lower sectors of the basin. This map identifies zones of preferential erosion, 
sediment transfer, and deposition, thereby establishing a coherent linkage between basin-scale 
morphodynamic processes and the localized impacts documented during flood events. 

 

 

Figure 10. Spatial Distribution of Sediment Transport in the Watershed 
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In response to these observations, measurements were taken on the exterior walls of 
several homes located in low-lying areas along the watercourse, recording floodwater marks 
to estimate the maximum height reached by the waters. This assessment was supplemented by 
the analysis of photographs captured during the event, offering direct visual evidence of the 
flood’s extent and severity (Figure 12). In addition, conversations with local residents helped 
reveal spontaneous forms of adaptation in the face of recurrent risk: raising door thresholds, 
installing gates or barriers, modifying building façades, and constructing small staircases to 
prevent water intrusion into living spaces. These resident-led interventions reflect both the 
recurring nature of flooding in the area and the glaring absence of a formal risk management 
strategy—even in recently built urban neighborhoods (Figure 11). 

 

 

Figure 11. Effects of the June 2023 flood on buildings and residents’ individual adaptations: 
(a, b) Flood marks visible on the walls of a dwelling (June 2023). (c) Raised doorway 
threshold installed to limit water intrusion. 

 

 

Figure 12. Submersion of residential neighborhoods during the June 2023 flood: 
(a, b) Newly urbanized collective residential area. (c) Single-family home in an older 
neighborhood, inundated by floodwaters. 
 

To deepen the morphodynamic analysis, a spatial verification was conducted using a 
high-resolution satellite image (ALSAT-2, 2017), provided by the Algerian Space Agency. 
This image highlights areas that have historically been affected by flooding within the study 
region.  

By overlaying the flood zones identified in 2017 with the watershed boundary mapped 
on Google Earth imagery and its associated hydrographic network, it was observed that all 
sites impacted by the June 2023 flood are located within the same basin. This spatial 
coincidence reinforces the hypothesis of recurring extreme hydrological events, particularly 
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in the lower reaches of the valley (Figure 13). This integration of satellite data, cartographic 
outputs, and field observations compensates for the absence of precise hydroclimatic records 
by offering a spatial validation of flood risk. It also underscores the necessity of adopting a 
systemic interpretation of the watershed, where any morphological disruption or change in 
land use can amplify the impacts of future flood events. 

Nevertheless, several sources of uncertainty and methodological limitation must be 
acknowledged. The use of a 30 m resolution DEM may attenuate fine-scale topographic 
variability, thereby influencing the accuracy of slope estimates, flow-path delineation, and the 
representation of micro-channel features. In the absence of direct hydrological measurements, 
analyses in this ungauged basin necessarily rely on indirect inferences of runoff and flow 
behavior. Moreover, the visual identification of flood traces and depositional forms involves 
an element of subjectivity, and some topographic or land-use datasets may not fully capture 
cur-rent surface conditions. The analysis is also grounded primarily in a single documented 
flood event, which constrains the extent to which the findings can be generalized to other 
hydrological scenarios. Despite these limitations, the integrative framework that combines 
morphometric analysis, targeted field observations, and GIS-based interpretation yields 
robust and informative insights into the basin’s morphodynamic functioning. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 13. Identification of flood-prone areas within the studied watershed based on an 
ALSAT-2A satellite image with 2.5 m resolution, dated June 3, 2017. 
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Conclusion 
This study elucidates the hydrological behavior of an ungauged micro-watershed responsible 
for localized flooding in Aïn M’lila during the June 2023 event. By integrating morphometric 
analysis, direct field-based observation of morphodynamic responses, and the cross-analysis of 
slope and hydrographic maps, the research provides refined insights into runoff processes and 
spatial vulnerability. It demonstrates that small, frequently overlooked watersheds can exert a 
disproportionate influence on the occurrence and severity of localized flood events. 
In the absence of direct hydrological monitoring, the combined use of a Digital Elevation 
Model (DEM), slope analysis, and morphometric indicators proved critical for delineating the 
watershed, characterizing its topographic controls, and identifying zones susceptible to runoff 
concentration. The integration of these datasets with field evidence enabled the identification 
of sediment accumulation areas, overflow signatures, active erosion zones, and ephemeral flow 
pathways. In particular, neighborhoods such as Rezaigui were identified as highly vulnerable 
due to their downstream position relative to steep upstream slopes and their location within a 
diffuse hydrographic network, where rapid runoff concentration—enhanced by re-current 
convective rainfall—resulted in localized yet substantial damage. 

These findings are consistent with assessments conducted by the Algerian Space 
Agency (ASAL), which, following the July 2017 flood, had already classified the same sectors 
as highly exposed using high-resolution ALSAT-2 satellite imagery. The recurrence of 
flooding in these areas underscores their pronounced vulnerability and highlights the urgency 
of integrating them into targeted and sustained flood risk prevention strategies. 

From an applied perspective, the results emphasize the necessity for regular 
maintenance of urban drainage networks, the explicit consideration of sediment transport 
processes in land-use and urban planning, and the implementation of localized mitigation 
measures, such as retention basins or flow-attenuation structures. In addition, early warning 
systems adapted to the scale of micro-watersheds could substantially reduce exposure and 
damage in these high-risk zones. 

More broadly, this study underscores the scientific and operational value of coupling 
spatial analyses with empirical field observations in small, ungauged watersheds. Future 
research should prioritize the deployment of low-cost hydrological monitoring devices to 
generate continuous runoff and sediment datasets, thereby supporting more robust risk 
assessments and the development of effective, integrated watershed management strategies. 
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Abstract  
This study examines disaster risk perception and communication in Albania, focusing on two 
districts in the cities of Tirana and Fier and the villages of Novosela and Dajç, all affected by 
severe flooding in recent years. The research highlights how dimensions of national culture - 
particularly fatalism and attachment to home and hearth - interact with contextual, 
psychological, and demographic characteristics to shape flood risk perceptions. Quantitative 
analysis using surveys (N=104) and ORL regression models shows that disaster risk tolerance 
is influenced by location, household income, and prior exposure to natural disasters. Urban 
residents are less tolerant of risk, while higher-income individuals and those with previous 
disaster experience show greater tolerance. Qualitative interviews reveal that city dwellers 
often perceive floods as inevitable, while rural participants emphasize communal coping and 
local knowledge.  
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Introduction 
Natural hazards, including floods, earthquakes, volcanic eruptions, wildfires, droughts, 
landslides, and various types of storms, are globally becoming more frequent, intense, and 
diverse (Xu & Lin, 2025). With greater human exposure and social vulnerabilities, disasters 
risk - “the potential loss of life, injury, or destroyed or damaged assets which could occur to a 
system, society or a community in a specific period of time” (UNDRR, 2017:10) - is 
increasing. 

Flood risk is rising across the Global South and the Global North, driven by 
anthropogenic climate change and human activities (Shamsudduha, 2025; Vojtek & 
Vojteková, 2016; Halecki & Młyński, 2025). In Central Europe, the 2021 floods caused more 
than 200 fatalities and over USD 54 billion in economic losses (Fang et al., 2025). Regional 
characteristics strongly shape expected impacts (Fang et al., 2025), and the Balkan region is 
no exception (Sabljić et al., 2023).  

On a global scale, Albania faces some of the most severe economic consequences 
from natural disasters. By the late 2000s, the country experienced average annual losses 
amounting to about 2.5% of its GDP (World Bank, 2009). Between 1995 and 2015, an 
average of 30,000 people were affected by natural disasters each year, with over 95% of 
Albanian municipalities experiencing at least one disaster during this period (World Bank, 
2020). These figures are substantial, considering the country’s small population of less than 3 
million.  

Floods have become a major problem in built areas near rivers and along the coast 
(Zaimi & Jaupaj, 2020; Lushaj, 2016). Yet, Albania lacks a comprehensive system for long-
term disaster monitoring. Risk assessment often boils down to mere risk tabulation, lacking a 
thorough analysis of different disaster scenarios and levels of exposure for local populations 
and assets (Duro, 2015). Few individuals have disaster insurance, and public compensation is 
limited to covering only 40% of losses (Grabova & Mesiti, 2018; Sharku & Koçi, 2017).  

Disaster risk perception, defined as the psychological processes of “collecting, 
selecting, and interpreting signals about uncertain impacts of events, activities, or 
technologies” (Wachinger et al., 2013:1049), plays a key role in society´s response to disaster 
risks. People’s risk attitudes, perceptions, information, and preparedness have previously been 
studied in the context of floods (Heitz et al., 2009; Plapp & Werner, 2006; Plattner et al., 
2006; Terpstra, 2009), whereas research concerning other types of natural disasters is limited. 
The existing literature suggests that risk perceptions depend on the (1) type of risk, (2) socio-
demographic characteristics, (3) personality and cognition, and (4) access to risk-related 
information (Renn, 2008; Heitz et al., 2009; Wachinger et al. 2013). We add another factor to 
this list: (5) national culture. Some studies have hinted at this aspect by highlighting the role 
of trust in authorities and people’s voluntary involvement in post-disaster recovery efforts 
(Miceli et al., 2008; Armaş, 2007; Baan & Klijn, 2004). However, national culture is yet to be 
unpacked in the disaster risk literature.  

Public authorities can and should make an effort to manage risks effectively – cultural 
and demographic barriers notwithstanding. It is the task of authorities to devise disaster 
response strategies and share those with individuals, workplaces, and communities (Miceli et 
al., 2008). To be successful, these strategies must account for the risk perception in the 
population, which can be measured through surveys, interviews, and/or public forums 
(Morgan et al., 2001). Where disaster response strategies undermine the interests of particular 
stakeholders, conflict resolution sessions may be necessary (Renn, 2008). In combination, 
these iterative processes are known as ‘risk communication’ (Rohrmann, 2000). Indirectly, 
the success of risk communication strategies also depends on the national culture.  
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This study examines disaster risk perception and communication in Albania, focusing 
on two cities (Tirana and Fier) and two villages (Dajç and Novosela) that have been severely 
affected by floods in recent years. Based on primary survey data and field observations, we 
provide insights that will assist local risk management agencies in developing effective 
strategies to prepare for, and respond to, flood events. This research is crucial because risk 
perceptions and the effectiveness of risk communication are known to vary based on time and 
context (Marshall, 2020), making it unlikely that findings from other regions will fully apply 
to Albania.   
 

Beyond its local relevance, this study contributes to the broader theory by:  
 

(a) Highlighting the role of national culture in disaster risk perception and 
communication, alongside contextual, psychological, and demographic factors. Albanian 
culture is often described as having a fatalistic streak, with people more inclined to trust in 
fate than to plan for the long term. This may be linked to Islamic concepts of predestination 
and acceptance in the face of adversity, as well as to patterns of learned helplessness 
developed during decades of communist dictatorship and the turbulent post-communist 
period. While fatalism has not yet been systematically examined in the context of natural 
hazards in Albania, a study in neighbouring North Macedonia suggests its presence in the 
broader region (Sickmiller, 2007). Another relevant cultural trait is the strong attachment to 
home and hearth. This stems from the country’s deeply rooted rural traditions and agrarian 
past. A culture centred on family ties and close-knit communities has persisted even as 
Albania has urbanized in recent decades, and homeownership rates are among the highest in 
Europe (Instat, 2021).   

(b) Distinguishing between urban and rural areas. While rural areas have been the 
focus of extensive research, there is a notable gap in the literature on natural disaster risk 
management in urban areas; in the Western Balkans, studies are virtually nil. In this region, 
urban living has been the aspiration whereas rural areas were traditionally considered as the 
epicentre of backwardness. But is this true when it comes to coping with disasters?  

The rest of the article presents the case study settings, the methodological approach, 
and the empirical findings. 
 
Case studies  
We have studied four flood prone areas along Albania’s western lowlands, which border the 
Adriatic and Ionian Seas (Figure 1). Two areas, Tirana and Fier, are urban, and two others, 
Dajç and Novosela, are rural. Housing in all four areas is mostly single-family. Tirana and 
Fier are large cities; therefore, two districts near their rivers (Tirana River and Gjanica River 
respectively) were selected as case studies. Those districts have about 1000 – 1500 people. 
The Tirana case study houses impoverished people, including many Romani minorities, living 
in informally built housing whereas the Fier case study comprises more middle-class 
residents. Dajçi is a scenic village of about 2,000 inhabitants, located on the banks of Buna 
River, near the city of Shkodra. Novosela is an agricultural village of about 8,200 people 
along the Vjosa River (for Census data, see Instat, 2021).  
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Figure 1. Location of case studies 
Map source: d-maps (https://d-maps.com/m/europa/albanie/albanie13.gif), modified by authors 
 

All four cases have experienced flooding at different times. Flood events have been 
increasing, partly due to climate change and partly owing to the poor management of river 
flows (Deda et al., 2025). For example, Novosela has been struggling with floods since the 
construction of the Fier-Vlora highway, which has hindered the normal flow of the Vjosa 
River (OraNews, 1 February 2015). Gjanica’s riverbed has deteriorated due to construction 
waste being illegally tossed in the water (Top Channel, 12 October 2015).  
 
Data and Methods  
This study was based on a face-to-face survey of people affected by floods in the four areas. 
The sample size was 104 (Tirana: 30; Fier: 20; Dajç: 32; Novosela: 22). Participants were 
recruited via convenience sampling. While this sample is not large and convenience sampling 
has its drawbacks, it must be noted that it was excessively difficult to recruit participants, 
considering the anxiety and even trauma caused by flooding or the prospect of flooding. 
Individuals who have experienced natural disasters are understandably reluctant to participate 
in research studies due to the emotional burden of revisiting distressing events (Patton, 2014).  

Furthermore, the nature of our research population (a ‘specialised’ group scattered 
around Albania) necessitated a smaller sample size. While their frequency is increasing, 
disaster-related experiences are not an everyday occurrence, making large-scale recruitment 
impractical (see Patton, 2014). However, our sample yielded valuable insights that can 

https://d-maps.com/m/europa/albanie/albanie13.gif
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enhance both academic knowledge and policy development. To address the limitations of a 
smaller sample, we triangulated the survey data with qualitative interviews and site 
observations.   

The survey sample was balanced in terms of gender, and most respondents were 
married and middle aged. Households were relatively large, suggesting that many respondents 
lived in extended families. Urban residents were generally poorer and less educated than those 
in rural areas, which suggests that in larger cities the most impoverished and socially 
disadvantaged individuals are often the ones who end up living in less desirable, disaster-
prone areas along riverbanks. (This contrasts with wealthier cities in Europe, where the prime 
residential areas are often located near water.) Although many rural respondents reported 
lacking formal employment, the reality is that they are usually engaged in family farming 
(Table 1).  
 
Table 1. Sample characteristics (N=104) 

Location Rural Urban Total 
Respondents 54 50 104 

Gender (%) F 19 33 52 
M 19 33 52 

Age  Mean 47 47 94 

Education (%) 
Primary 48 61 109 
Secondary 46 24 70 
Tertiary 6 14 20 

Monthly household income* (%) 
≤300 35 68 103 
301-500 37 16 53 
501-900 26 16 42 

Household size Mean  4.9 4.7 9.6 

Marital status (%) Not married  16 12 28 
Married 84 88 172 

Employment (%) Employed  100 84 184 
Unemployed 84 16 100 

*Reported in Euro. 1 Euro = 100 Albanian Lek 
 

The survey questionnaire was in five parts. The first part collected demographic data 
at the individual or household level while the second part focused on the amenities of the 
participant’s home. (Note that our research populations are traditional and conservative, 
understanding gender in binary terms; our research questions reflect local norms.) The third 
and fourth parts consisted of a series of Likert scale questions related to disaster risk 
perceptions and attitudes and the level of risk communication and preparedness. The fifth part 
included a series of open-ended questions related to risk perception and communication, the 
answers to which were treated as qualitative data and were subjected to content analysis. This 
helped provide nuance and depth to the findings. In addition, researchers took field notes - for 
example, on the type and quality of local housing and the level of community interactions.  

The quantitative data were used to compute descriptive statistics (see later) and to fit 
two ordinary least squares (OLS) regression models. In both models, the dependent variable 
was a construct called ‘disaster risk tolerance’ which was calculated as the average of the 
responses to a series of Likert scale questions listed in Table 2. This variable was 
logarithmically transformed so that the model computed relative changes rather than absolute 
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changes in disaster risk tolerance. In a simpler model, we looked at urban and rural 
differences in ‘disaster risk tolerance’ while controlling for other socio-demographic factors.  
 
Table 2. The ‘disaster risk tolerance’ construct (dependent variable) 

Question Mean* SD 
1-4 Likert scale (government responsibility) 

The government must keep financially assisting families affected by floods 3.88 0.34 
People who choose to live in flood-prone areas should have to pay for 
damages 

1.53 1.18 

The government should ban construction in flood-prone areas  2.5 1.96 
The government should strengthen building codes in flood-prone areas 2.61 2.01 
The government should require homeowners to purchase flood insurance  2.05 1.92 
The government should levy an earmarked flood tax  1.90 1.86 
Residents in flood-prone area are responsible for maintaining drainage canals  2.01 1.85 

1-5 Likert scale (individual responsibility) 
One must accept that everything in life carries some risk 4.01 1.17 
My/my family’s life is in God’s hands  4.08 1.19 
Government measures to mitigate flood damage are adequate 4.25 1.22 
Flood damage can be minimized if everyone takes prevention measures 3.5 1.39 
Individual measures to reduce flood damage make no difference  2.95 1.57 
I want to learn more about how to prepare for natural disasters  3.14 1.81 
*Lower figures indicate disagreement and higher figures indicate agreement 
A 1-4 Likert scale was used in one section of the questionnaire and a 1-5 scale in another, reflecting the 
fact that different sections were adapted from previous studies (Ogston, 2006; Miceli et al., 2008).  
 

In a more complex model, the independent variables sought to capture five the facets 
listed at the outset:   

 
1) Type of risk. People who live on the seafront or in proximity to rivers may fear floods 

whereas those who live in arid and isolated towns may be apprehensive about fires (Heitz 
et al., 2009). We only considered floods in this study, upon confirming with the survey 
respondents that this was indeed the most serious concern in their area (Figure 2). 
Therefore, no variable was included.  

2) Socio-demographic profile. Characteristics such as age, education, income, 
homeownership status, employment status, and family size are known to affect risk 
perception (Heitz et al., 2009). We considered these in addition to marital status, family 
size, and, importantly, location (binary: urban vs rural). 

3) Personality and cognition. We considered exposure to natural disasters, measured as the 
number of times people have experienced natural disasters, including floods, in their 
areas. More than half of the respondents reported regular occurrences of heavy snow, 
windstorms, landslides, hail, and earthquakes, and more than two thirds have dealt with 
the aftermath of floods.  

4) Information about risk. This was measured through a binary question asking if 
participants had ever been aware of any flood warning (from the government or other 
sources).  

5) National culture. Given the broad scope of this construct, we limited the analysis to two 
aspects: (a) ‘fatalistic mindset’, with people regarding floods as god’s will (0=otherwise); 
and (b) ‘attachment to home and hearth’, with people stating that they would never leave 
their area, despite it being prone to flooding (0=otherwise).  
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Figure 2. Responses to question: ‘What is the most serious natural disaster affecting your 
area’?  
 
Results and Discussion 
 
Disaster risk perception 
 
Descriptive statistics  
We considered two aspects, contrasting urban and rural settings: (1) attitudes towards 
government responsibility; (2) attitudes towards individual responsibility. Figures 3 and 4 
show that people had high expectations of the government, particularly around financial 
support in case of floods.  
 

 
Figure 3. Attitudes toward government responsibility  
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More than half of all respondents in both urban and rural areas agreed that the 
planning sector has a large role to play in strengthening building codes, and even banning new 
construction in flood-prone zones. However, urbanites were more passive and fatalistic 
whereas rural dwellers were more willing to contribute to mitigating flood damage by paying 
earmarked taxes and insurance premiums. This suggested a longer-term orientation in rural 
areas, where communities are more consolidated, homeownership is virtually universal, and 
people are less likely to move.  

 
Figure 4. Attitudes toward individual responsibility 
 
Regression analysis  
The results of the first model are shown in Table 3. This model explained approximately 48% 
of the variability in disaster risk tolerance. Three independent variables were statistically 
significant: location, monthly household income, and exposure to natural disasters. 
Individuals residing in urban areas were less tolerant of disaster risks, likely due to lower 
incomes and greater perceived vulnerability. In line with the literature (Wang et al., 2022; 
Yildiz et al., 2024), higher income people had a higher disaster risk tolerance, probably 
because they feel more financially secure and able to cope with the aftermath of disasters. 
They can also afford better housing, insurance, and recovery resources, thus reducing their 
vulnerability (Perić & Cvetković, 2019; Xu et al., 2019; Yin et al., 2021).  

Lastly, individuals with prior exposure to natural disasters exhibit higher risk 
tolerance, potentially due to developed resilience or coping mechanisms, or because they 
become nonchalant, reasoning that a disaster is unlikely to strike the same place twice (Heitz 
et al., 2009). This aligns with existing research showing that personal experiences shape 
individuals’ estimates of the frequency and consequences of disasters (Morgan et al., 2001). 
However, responses to prior exposure vary: while some individuals become indifferent, others 
develop heightened anxiety about future disasters (Onuma et al., 2017; Baan & Klijn, 2004; 
Udwin et al., 2000). These variations reflect differences in personality and cognition, which 
may lead to risk perceptions that diverge significantly from expert assessments and, 
consequently, to behaviours and resource allocation decisions that are irrational or 
inconsistent with recommended measures (Slovic, 1992; Rundmo, 1996; Becker et al., 2014; 
Ardaya et al., 2017). Moreover, exposure to natural disasters interacts with the availability 
and credibility of risk information: even experienced populations may lack comprehensive 
knowledge or doubt the reliability of information from authorities and experts, further shaping 
their risk perceptions and responses (UNISDR, 2015). 
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Table 3. Model 1 results (N=104) 

Variable Coefficient Std. Error t-statistic p-value 
Dependent variable: Disaster risk tolerance  
Independent variables 

Socio-demographic profile 
Location (rural / urban)  -0.438850 0.130114 -3.372041 0.0011*** 
Gender 0.057915 0.102884 0.562912 0.5750 
Education 0.009072 0.115829 0.080579 0.9360 
Monthly household income 0.180343 0.077571 2.324888 0.0225*** 
Household size  -0.017814 0.039120 -0.455365 0.6500 
Marital status  0.079030 0.067203 1.175983 0.2430 
Employment 0.085968 0.153077 0.561600 0.5759 

Personality and cognition 
Exposure to natural disasters 0.059177 0.027110 2.182836 0.0319*** 

Information about risk 
Awareness of flood warnings  0.097786 0.124749 0.783862 0.4354 

National culture 
Fatalistic mindset 0.144300 0.132784 1.086726 0.2803 
Attachment to home and hearth  0.067567 0.115264 0.586198 0.5593 
Constant (C) 2.063140 0.351463 5.870149 0.0000**** 
R-squared: 0.48 (moderate power)  
Adjusted R-squared: 0.411098 (reasonable fit)  
SE of regression: 0.451231 
Log likelihood: -52.78623 
F-statistic: 6.965382****  
Prob(F-statistic): 0.000000 (overall model is statistically significant) 
Mean dependent variable: 2.861404 
SD dependent variable: 0.588000 
Akaike info criterion: 1.363921 
Schwarz criterion: 1.686516 
Hannan-Quinn criterion: 1.494273 
Durbin-Watson statistic: 1.720515 
*p<0.2   **p<0.1   ***p<0.05   ****p<0.01 

 
Previous research has shown that parents and homeowners tend to be more concerned 

about loss of life, health, or property; however, in this study, these variables were not 
statistically significant. Research also suggests that women are generally more sensitive to 
disaster risk, due to financial constraints and/or socialization (Slovic, 1992; Wachinger et al., 
2013; Mızrak et al., 2021; Cuesta et al., 2022); however, this variable was not included in our 
analysis. 

The second, simpler model (Table 4) was applied to reassess the role of socio-
demographic variables, particularly rural vs urban location. This model explained 
approximately 46% of the variability in disaster risk tolerance. Location, age, and income 
were found to be significant predictors of risk tolerance. As before, urban residents were less 
tolerant of disaster risks, while higher-income individuals were more tolerant. Additionally, 
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risk tolerance tended to increase with age, possibly due to greater financial security over time. 
Other studies have found age to be associated with a lower likelihood of participating in 
capacity-building and educational activities, which in turn increases vulnerability, limits the 
adoption of coping strategies, and heightens the risk of livelihood loss during flood events 
(Savari et al., 2025). Education and marital status, however, were not statistically significant.  
 

Table 4. Model 2 results (N=104)  
Variable Coefficient Std. Error t-statistic p-value 

Dependent variable: Disaster risk tolerance  
Independent variables 
Location (rural / urban)  -0.511885 0.097851 -5.23181 0.0000**** 
Age 0.111113 0.004095 2.14159 0.0080*** 
Monthly household income 0.176439 0.072015 2.450028 0.0162*** 
Education 0.121427 0.090813 1.337112 0.1846* 
Marital status  0.079466 0.056652 1.402709 0.1641* 
Constant (C) 2.012567 0.254891 7.89510 0.0000**** 
R-squared: 0.4641 (moderate power)  
Adjusted R-squared: 0.434326 (reasonable fit)  
SE of regression: 0.443161 
Log likelihood: -54.99333 
F-statistic: 15.58825****  
Prob(F-statistic): 0.000000 (overall model is statistically significant) 
Mean dependent variable: 2.861404 
SD dependent variable: 0.588000 
Akaike info criterion: 1.270694 
Schwarz criterion: 1.430966 
Hannan-Quinn criterion: 1.335479 
Durbin-Watson statistic: 1.705257 
*p<0.2   **p<0.1   ***p<0.05   ****p<0.01 

 
Disaster risk communication  
The qualitative portion of this research revealed that disaster risk communication was quite 
poor in all four case studies, with little difference between urban and rural areas. Typically, 
residents reported that they had received flood warnings only a couple of days before the 
event, which, according to them, allowed very little time for evacuation. An alarmingly low 
rate of residents (18% in villages and 8% in cities) had received training on how to cope with 
natural disaster situations. Nonetheless, many residents (48% in villages and 54% in cities) 
were aware that emergency management committees existed in their district, which could be 
consulted if necessary.  

Prior research has similarly highlighted that, in Albania the concept of ‘early warning’ 
is typically limited to signalling an imminent disaster or accident whereas individuals tend to 
rely on hearsay from friends and relatives, instead of seeking reliable information from public 
authorities (Duro, 2015). Given a general attitude of distrust and disrespect for authorities, it 
is unclear whether earlier warnings and more trainings would have been effective. Similar 
communication gaps between authorities and local communities have been observed in other 
contexts, such as Pakistan, where delayed information from authorities has prevented people 
from taking precautionary measures to avoid the negative consequences of floods (Iqbal & 
Nazir, 2023). Furthermore, even when governments issue timely recommendations to 
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evacuate or stay put, citizens may choose not to follow the advice due to limited financial 
means, lack of safe shelter, or fear of burglary (Auliagisni et al., 2022).  

In Albania, despite the risks, only few residents planned on moving. This speaks to a 
level of cultural attachment to home and hearth (which, however, was not statistically 
significant in the quantitative model). Some - especially youth in the two rural areas, and the 
most impoverished residents in Tirana - wanted to move but felt that they had nowhere to go. 
Many people had been aware of the risk before purchasing or building their house, but they 
had accepted the risk because, due to weak finances, their options had been quite limited. The 
same pattern is observed in other studies. For example, in Pakistan, Iqbal & Nazir (2023) 
found that residents often relocated temporarily but tend to return, likely because they depend 
on the area for their livelihoods. This speaks to a short-term cultural orientation among people 
who face little choice and many unsurmountable financial barriers in terms of access to 
adequate housing. Given their circumstances, people had framed their choice in fatalistic 
terms: “if it’s meant to happen, it will happen.” This attitude was expected, given the 
Albanian cultural context of prevailing fatalism, mentioned earlier.  

Novosela was an exception: floods had not been common here before the construction 
of the Fier-Vlora highway, which disrupted the flow of the Vjosa River. As a result, residents 
were upset about being unexpectedly exposed to natural disasters due to a public planning 
intervention. Attachment to home and hearth was stronger in Novosela and Fier (both 
considered as part of southern Albania).  

Despite (or perhaps because of) poor disaster risk communication, respondents were 
very anxious about the potential impact of floods. They worried about personal safety as well 
as damage to their houses and home appliances. In rural areas with more space and flexibility 
in terms of construction, some residents (53% in Dajç and 18% in Novosela) had built their 
houses on stilts to protect from flooding. In addition, 35% of rural respondents had secured 
the foundations of their houses. In urban areas, houses were usually built at ground level, and 
due to the type of construction (brick and concrete) could not be raised later. Only 16% of 
urban respondents had reinforced their home foundations.  

With floods becoming more frequent, households had started to develop rudimentary 
emergency plans. In rural areas 53% of rural respondents had a plan, compared to only 34% 
of urban respondents. This disparity may reflect a greater sense of self-reliance in rural areas, 
with residents more accustomed to preparing for emergencies independently due to less 
immediate access to public services. Plans were always at the family rather than the 
community level. This is in line with an aspect of the national culture - lack of collaboration 
and volunteerism - discussed earlier. Tirana and Fier residents appeared to be the least 
prepared, which went against expectations of urban areas being more advanced and able to 
cope with disasters.  

Typically, household emergency plans involved the steps needed to evacuate their area 
more efficiently. People had come to realise that, in some cases, evacuation might not be 
possible, and therefore kept some food and supplies in storage in case they became trapped. 
Specifically, 26% of all respondents had set aside some emergency supplies. Other studies 
have shown that emergency stockpiling may be linked to prior experiences of flood events 
(Auliagisni et al., 2022), highlighting the importance of risk awareness and knowledge for an 
effective response. 

In all cases, a large majority of residents (61% in rural areas and 80% in urban areas) 
did not have sufficient savings to cover any losses. Consistent with previous findings 
(Grabova & Mesiti, 2018), very few people had property or life insurance - 12% in rural areas 
and 6% in urban areas. Additionally, not many were aware that public compensation is 
capped at 40% of the cost of losses. Overall, urban residents appeared to have less financial 
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capacity than rural dwellers, despite wealth being concentrated in cities in Albania. This 
finding is likely due to the fact that, in cities, it is often the most impoverished and socially 
disadvantaged individuals who end up living in less desirable, disaster-prone areas, making 
them more financially vulnerable when disasters occur. Also, the cost of living is higher in 
cities.  
 
Conclusion 
This study emphasises the role of national culture - particularly dimensions such as fatalism 
and attachment to home and hearth - in shaping disaster risk perception and communication, 
alongside various contextual, psychological, and demographic factors. It differentiates 
between urban and rural areas, demonstrating that, in Albania at least, urban residents are less 
prepared and more vulnerable to flooding than those in rural areas. The findings further 
underscore that socio-cultural factors are critical in understanding disaster impacts, suggesting 
that disaster management efforts should not focus solely on the physical aspects of disasters 
and hazards (Mercer et al., 2012). 

The Western approach to natural disaster management assumes stable government, 
economic strength, and a population receptive to early warning systems (Sickmiller, 2007). 
Since Albania does not fully meet these criteria, disaster preparedness must be community-
based, relying on social capital in addition to addressing physical vulnerabilities. Only 
through a community-centred approach that emphasizes education, trust, and social cohesion, 
rather than strict regulation and enforcement, can Albanian cities and villages build resilience 
to natural disasters (see Sickmiller, 2007). However, given the small sample size, this study 
should be considered exploratory. Further research with larger samples and additional 
locations is needed to confirm and extend these findings and policy recommendations.  
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Abstract 
The development of urban heat issues poses significant challenges for pedestrians in tropical 
cities, necessitating climate-responsive street design. This study employs a scenario-based 
simulation approach to determine optimal combinations of street geometry and shading 
strategies that enhance Pedestrian Thermal Comfort (PTC). Using ENVI-met, this study 
simulated 90 scenarios by combining geometric variables, such as aspect ratio (AR), building 
typology (BT), and street orientation, with five shading strategies in Nagpur City, India. The 
modified Physiological Equivalent Temperature (mPET) index was calculated for each 
scenario using a pre-trained machine learning model. Results quantified that canopy shading 
was the most effective strategy, reducing mPET by up to 7°C in E-W streets. The effective 
street geometric combination was a N-S oriented street with a deep AR and linear BT, which 
consistently achieved the lowest mPET values (33.1–35.8°C). The study concludes with a 
rating matrix that guides the integration of shading design with street geometry to achieve 
thermally resilient streets. 

 
Keywords: Pedestrian Thermal Comfort; Urban Street Geometry; ENVI-met; Machine 
Learning; Microclimate 

 
Introduction 
Urban areas worldwide are experiencing profound transformations in their thermal 
environments, driven by the dual forces of climate change and rapid urbanization. The 
Intergovernmental Panel on Climate Change (IPCC) has emphasized the increase in 
vulnerability of tropical and subtropical regions to the impacts of climate change, projecting a 
scenario where these areas face notable seasonal and annual temperature variations compared 
to mid-latitudes (IPCC, 2022). This susceptibility arises from the narrow environmental 
tolerances inherent to tropical ecosystems (Marcotullio et al., 2021). Within these regions, the 
indicator of climate change is increasingly evident through the intensification of the Urban 
Heat Islands (UHI) effect, where urban areas are significantly warmer than surrounding rural 
areas and the frequency of heat waves (Harrington et al., 2016; Russo et al., 2019).  

The UHI effect and intensifying heat waves can exacerbate thermal stress, which not 
only causes significant thermal discomfort but also alters the patterns of outdoor physical and 
social activities in urban public spaces (Dunjić, 2019; Kim & Brown, 2021; Kotharkar et al., 
2019). For pedestrians, excessive heat stress has been reported as a critical barrier to walking 
activity, which, in turn, can deteriorate walkability, street livability, and urban vitality (Paul et 
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al., 2025; Tumini et al., 2016). Improving Pedestrian Thermal Comfort (PTC), which is 
defined as the microclimatic state in which individuals can walk the maximum distance 
without discomfort or being compelled to modify their environment (Vasilikou & 
Nikolopoulou, 2020), is therefore essential for urban planning and design.  

PTC is governed by a complex interaction between meteorological factors, such as air 
temperature (Ta), relative humidity (RH), solar radiation (SR), and wind speed and street 
geometry (Aghamolaei et al., 2023; Khaire et al., 2024; Zhao et al., 2024). Key geometric 
parameters, including the aspect ratio (AR), street orientation, and the Sky View Factor 
(SVF), regulate the microclimate within urban canyons by controlling solar access and wind 
flow (Achour-Younsi & Kharrat, 2016a; Albdour & Baranyai, 2019; Porwal et al., 2025).  

Among these variables, solar radiation has the most significant impact on outdoor 
human thermal sensation (Arif & Yola, 2020; Lin, 2009; Yilmaz et al., 2023). To mitigate 
discomfort from direct solar exposure, pedestrians consistently exhibit a preference for 
moving into shaded areas (Hess et al., 2023; Jamei & Rajagopalan, 2017; Watanabe & Ishii, 
2016). Thus, effective shading is a fundamental requirement for sustaining long-term outdoor 
thermal comfort (Lin et al., 2010). The shaded pedestrian environments attract people and 
encourage walking, yielding direct co-benefits for public health, local economies, and 
environmental sustainability (Kim & Brown, 2021). The primary mechanism of shading is the 
reduction of the Mean Radiant Temperature (Tmrt), which represents the sum of all 
shortwave and longwave radiation in the pedestrian environment. Effective shading not only 
blocks direct sunlight but also keeps adjacent urban surfaces cooler, which in turn reduces 
local air temperatures.  

Numerous studies have emphasized the significance of shading. For instance, a study 
conducted in the hot-arid climate of Cairo found that shading can improve thermal comfort by 
up to 2.3°C on the PET index scale (Elrefai & Nikolopoulou, 2023). Similarly, in Cordoba, 
Spain, shading interventions achieved up to a 16°C reduction in ground surface temperatures 
and up to a 6°C reduction on building façades during peak summer (Srivanit & Jareemit, 
2019). Field surveys in Arizona also observed the positive impact of shading on enhancing 
PTC, with no reported difference in perceived comfort due to the type of shade (tree or solar 
canopy) in the hot-dry climate (Dzyuban et al., 2022). Urban shading can be achieved 
through a combination of factors, including geometric configurations such as aspect ratio and 
orientation, vegetative shading through street trees and green corridors, and artificial systems 
such as arcades, canopies, and other shading structures (Li et al., 2023; Siqi et al., 2023). 

Though the efficiency of shading is well documented along with the ways to achieve 
it, designing thermally comfortable street spaces remains an adaptive challenge in urban 
design and microclimate studies. Building upon the previous part of this study on PTC, which 
established thermal comfort thresholds (Mohite & Surawar, 2024a) and utilized machine 
learning for evaluation of the thermal comfort index - modified Physiological Equivalent 
Temperature (mPET) (Mohite & Surawar, 2024b). This study aims to assess street geometry 
and shading strategies to determine configurations that provide the highest thermal benefits. 
The following background study examines the roles of street geometry and vegetation in 
shaping the urban microclimate. 

 
Background Study 
 
Impact of street geometry on microclimate and pedestrian thermal comfort 
Street geometry is mainly quantified through parameters such as sky view factor (SVF), 
aspect ratio (AR), street orientation, building typology, and vegetation, etc. (Achour-Younsi 
& Kharrat, 2016b; Albdour & Baranyai, 2019). These parameters regulate the degree of street 
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shading and influence microclimate conditions, particularly mean radiant temperature (Tmrt), 
surface temperature, and airflow patterns (Aicha et al., 2022; Bourbia & Awbi, 2004). The 
studies on PTC in urban canyons are categorized into two categories. The first category 
focuses on urban geometry parameters such as AR and street orientation and aims to optimize 
different building heights with orientation to determine which urban geometry combination 
reduces thermal stress (Chen et al., 2012; Y. Zhang et al., 2017). The second type of study 
focuses on optimizing thermal comfort using different types of vegetation, their placement, 
and other factors (Sayad et al., 2021; Segura et al., 2022).  

Street geometry plays an important role in controlling the amount of solar radiation 
received and reradiated by urban structures. In an urban canyon, the surface temperatures of 
nearby buildings and the heat they transfer to the air significantly affect the air temperature 
(Ta). This influence is largely determined by the presence or absence of direct solar exposure.  
 
Sky View Factor 
Sky View Factors (SVF) indicate the proportion of the visible sky at a particular location. It is 
a ratio of the radiation received at a given point to the overall radiation in the hemispheric 
area surrounding that point (Johnson & Watson, 1984). This ratio ranges from 0 to 1, where 0 
indicates a completely obstructed sky, and 1 denotes a completely clear sky. The SVF is 
crucial in influencing PTC in urban environments. Studies have shown that modifications in 
SVF can significantly impact outdoor thermal comfort (Arif & Yola, 2022; Ratnayake et al., 
2022). Higher SVF values, indicating a more visible sky area, are associated with a high 
thermal comfort index value and vice versa (Aicha et al., 2022). SVF modifications through 
urban vegetation, such as street trees, have been identified as effective strategies to enhance 
PTC, especially in warm and humid climates (Ratnayake et al., 2022). Additionally, SVF is 
significantly correlated with thermal comfort parameters like Tmrt, emphasizing its 
importance in creating comfortable outdoor spaces for pedestrians. In a study in the warm and 
humid context of Colombo, Sri Lanka, the correlation between the SVF modifications and 
outdoor thermal comfort was analyzed in the context of street tree planting, and it was 
identified that trees modifying SVF enhance daytime thermal comfort for pedestrians 
significantly (Ratnayake et al., 2022). Similarly, in a study in the tropical climate of 
Singapore and India, SVF was identified as a major factor influencing thermal comfort, 
particularly on E-W-oriented streets (Xu et al., 2023).  
 
Street orientation and Aspect Ratio 
Aspect ratio (AR) is the ratio between the canyon walls' average height (H) and width (W). 
Studies have shown that the AR and orientation of streets significantly impact thermal 
comfort in urban environments (Chatzidimitriou & Yannas, 2017; Lobaccaro et al., 2019). 
Abdollahzadeh & Biloria (2021) found that among four design factors, street orientation is 
the most influential (46.42%), followed by AR (30.59%).  According to Sharmin & Steemers 
(2013) N–S streets have a lower Tmrt than E–W streets, and the thermal comfort index 
physiological equivalent temperature (PET) is mostly influenced by shade availability. 
Srivanit & Jareemit (2019) observed that an N–S-oriented canyon has the lowest Tmrt, 
followed by NW–SE- and NE–SW-oriented canyons, and the worst situation is in the E–W 
canyon. Raising H/W also considerably reduces Tmrt in all canyon orientations except E–W. 
Also, Achour-Younsi & Kharrat (2016a) found that the N–S streets with the highest AR ratio 
have the most comfortable values, and those with E–W orientation are the least pleasant. In 
Egypt, an AR of 2.5 was found to provide the best thermal conditions in both Alexandria and 
Aswan (Abdelhafez et al., 2022). In a study in Malaysia, it was observed that asymmetrical 
streets with an AR of 0.8–2 reduce morning microclimate and night heat islands, and an AR 
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of 2-0.8 reduces surface temperature by 10-14°C (Qaid & Ossen, 2015). Similarly, a study in 
Kolkata, India, observed that the AR of 2.5 reduces the thermal comfort index value (PET) by 
5-9°C, and the orientation angle of 30-60° with wind direction improves the microclimate (De 
& Mukherjee, 2018). Furthermore, studies in Saudi Arabia emphasized the importance of 
multi-asymmetrical aspect ratios in improving urban pedestrian microclimates, with a gradual 
increase in ARs leading to reduced air temperatures and increased wind velocities 
(Abdelhafez et al., 2022).  
 
Building typology 
The building typology (BT) refers to how compactly the buildings are placed along the street; 
thus, it is categorized as linear, where there is no gap between adjacent buildings; singular, 
where there are appropriate setbacks between buildings; and scattered, where the buildings 
are placed far from each other. It governs microclimate by solar permeability, heat-trapping, 
and wind flow throughout the length of a street (Albdour & Baranyai, 2019). Zhang et al. 
(2022) indicated that the microclimate clearly differed with variations in building 
arrangement and enclosure. The building typology for each side of the street is determined 
using the Building Surface Area Fraction (BSF). BSF is a portion of the sidewalk with a 
building adjacent to it (Kotharkar et al., 2023).   
 
BSF = !"#$%&	()	%(%*+	,-.+/.#$	0-1)*2"	)*2.#$	%&"	0%1""%

3(%*+	+"#$%&	()	0./"4*+5
           (Equation 1) 

 
Impact of shading intervention on microclimate and pedestrian thermal comfort 

Vegetation 
Vegetation, primarily trees helps to cool the surrounding air as their canopy blocks radiation 
and evapotranspiration, where the water released from leaves absorbs heat from air (Armson 
et al., 2012; Konarska et al., 2016). Trees alter the microclimate by changing the amount of 
solar and terrestrial radiation received on the ground through shading (Speak et al., 2020). 
Most of these studies reported that the cooling capacity of the trees depends mainly on the 
canopy coverage and planting density, etc. (Raman et al., 2021).  A study in the tropical city 
of Bangalore, India, showed that street segments with trees recorded lower ambient air 
temperature by 5.6 °C on average (Vailshery et al., 2013). Field measurements in the hot-
humid climate of Singapore showed a temperature difference of 1.5–2.8 °C between tree 
canopies and surrounding areas (Lindberg & Grimmond, 2011). Similarly, a study in Roorkee 
highlights the role of green-blue infrastructure, particularly the combination of low sky-view 
factor (SVF), dense canopy trees, and proximity to water, in reducing heat stress (Manavvi & 
Milosevic, 2025). 
 
Artificial Shading Structures 
Artificial shading is created by permanent built structures such as arcades, awnings, and 
pedestrian canopies. This approach offers a controllable solution that can be precisely 
designed to match specific street geometry. Its cooling mechanism relies solely on blocking 
solar radiation; unlike vegetation, it does not provide additional cooling through 
evapotranspiration. In Cairo, overhead shading improved thermal comfort by up to 2.3°C on 
the PET scale (Galal et al., 2020). Field studies in Arizona reported that pedestrian comfort 
under canopies was perceived to be equal to comfort under tree shade, highlighting that 
blocking radiation is the primary factor (Middel et al., 2016). 
Therefore, achieving optimal PTC requires the strategic integration of shading design with 
urban geometry. While prior research mentioned above has established the importance of 
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individual parameters, their synergistic combination through specific shading strategies is 
critical. This study addresses this necessity by evaluating the effectiveness of various shading 
strategies across different street geometric combinations. 
 
Methodology 
This study aims to determine street geometry and shading strategies to identify configurations 
that provide the highest thermal benefits in an urban street on hot summer days through 
ENVI-met simulation. The methodology consists of four integrated phases: (1) field data 
collection and model validation; (2) generation and simulation of urban canyon scenarios 
combining key geometric and shading variables; (3) evaluation of the modified Physiological 
Equivalent Temperature (mPET) index using a pre-trained machine learning model; and (4) 
comparative analysis to rank scenario performance. This combinatorial approach is used to 
provide design guidance based on descriptive analysis. 
 

 

Figure 1. Proposed methodology for the study 

Study area 
The study area is located in Nagpur City. It is the winter capital of Maharashtra state, situated 
in central India (21.1458° N, 79.0882° E). It is characterized by a tropical savannah (Aw) 
type of climate as per Koppen climate classification. Nagpur is known for extreme annual 
temperature variability, with recorded lows of 4°C in winter (December-February) and highs 
reaching 48°C during the summer (March-May). May is the hottest month with an average 
maximum air temperature of about 42°C. These hot summers frequently feature severe, city-
wide heatwaves (ICLEI, 2021). The selection of New Shukrawari Street in Nagpur as a case 
study is based on the following criteria: Mixed land use on the street and in the 
neighbourhood, availability of a metro station for better connectivity, and availability of 
pedestrian sidewalks on both sides of the street. The street was 20 m wide and 1000 m in 
length, the average AR on the street was 0.8, and the SVF was 0.65.  
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Figure 1. a. Location of Nagpur city with the studied location (Source: Meshram, 2011), b. Studied 
location: New Shukrawari Street, c. Points studied for validation. 

Data collection and analysis 
The field survey was conducted on May 22, 2022, under typical summer conditions, i.e., hot 
sunny days and cloudless. The data collection includes mapping of both street geometry and 
microclimate data. The microclimatic parameters (Ta, Rh, Ws) were measured at 1.2 m above 
the ground level, as it’s the center of gravity of a standing human (ISO 1998). The data were 
collected at four different time slots between 09:00 and 18:00. To collect data, the street was 
divided into a grid of 100 m, and the data was collected on both sides of the street. The 
microclimate data was collected using MS6252B digital anemometer (Ta, Rh, Ws) and Lazer 
IR thermal gun (Ts). The street geometry data was collected using a Nikon DSLR with a fish-
eye lens.  The field data was then evaluated for Tmrt and mPET index using RayMan pro tool 
(Matzarakis, 2009). The mPET enhances accuracy of thermal comfort assessment by 
considering thermo-physiological parameters of the human body and climatic factors. Unlike 
other indices, mPET incorporates a multi-node heat transport model and a self-adapting 
multi-layer clothing model, providing a more realistic analysis of the impact of climate on 
humans (Pecelj et al., 2021). This particular index is used and validated in previous part of 
this study (Mohite & Surawar, 2024c). RayMan requires all microclimate parameters along 
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with the fish eye lens image as input. The microclimate data and mPET values of the studied 
street are given in Table 1. 
 
Table 1. Observed Values of Microclimate and thermal comfort index -mPET 

Location Time Ta Ts RH Ws MRT mPET 
New 
Shukrawari 
Street 

9 am-10 
am  

East 37.4°C 40.7oC 32.64% 0.91m/s 54.7oC 38.9 
West 38.1oC 45.8oC 32.07% 0.62m/s 58.9oC 40.6 

11.30 am -
12.30 pm 

East 42.9oC 57.3oC 24.68% 0.7m/s 57.5oC 42.3 
West 42.9oC 57.2oC 24.84% 0.67m/s 61.4oC 43.3 

2.30 pm -
3.30 pm 

East 41.7oC 56.4oC 25.7% 1.64m/s 64.5oC 44.1 
West 41.3oC 54.1oC 25.7% 1.04m/s 59.6oC 42.5 

5 pm-6 pm  East 38.9oC 52.5oC 24.6% 1.04m/s 53.0oC 41.2 
West 40.0oC 49.4oC 25.2% 1.19m/s 47.15oC 38.0 

 
Simulation setting and model validation 
ENVI-met 5.6.1 microclimate modeling software is used to simulate three-dimensional 
surface–air interaction representing the proposed scenarios in the study (Fig. 3a). This 
simulation method was previously used in various microclimate studies and has shown the 
credibility of the ENVI-met model. For instance, Ma et al. (2020) reported a slight variation 
between simulated and measured values of Ta, with R² values ranging from 0.76 to 0.98. 
Galal et al. (2020) found that the simulated Ta closely matched the measured diurnal 
temperature, achieving an index of agreement (IA) ranging from 0.96 to 0.98. Elnabawi et al. 
(2013) demonstrated a strong correlation for the anticipated mean radiant temperature (Tmrt) 
up to sunset (6:00 PM). 

In this study, the model was validated by simulating the partial area of the surveyed 
street. Two measurement points were selected (P1 and P2) to simulate the model using local 
weather station data of May 2022 and record the model output for microclimatic (Ta, Ts, 
Tmrt) and urban geometry parameters (SVF) (Fig. 2). Ta and Tmrt play a major role in 
determining the performance of the accuracy analysis. The simulation process was run on 
May 22, 2022, on a typical hot day of the hottest summer month. May is the month with the 
most sunshine, with 11.8 hours of sunshine per day, and it has maximum Ta and Tmrt. 
During this month, Nagpur City has experienced heatwaves for the past 30 years, as per IMD 
data (Surawar et al., 2017). The simulation began at 10:00 a.m. since the morning hours of 
summer days stimulate a slight warm-to-warm thermal sensation (Mohite & Surawar, 
2024a).The simulations were run for 8 hours until sunset to assess the data. The simulated 
weather data were obtained from the Regional Weather Forecasting Centre in Sonegaon, 
Nagpur. The mean values of Ta, RH and Va were utilized as input parameters for the ENVI-
met simulation model. The models examined via ENVI-met had 50 × 50 × 40 grid units with 
a suitable resolution of 1 × 2 × 2 m grid.  The input data for materials, vegetation, and 
microclimate is given in the table. Results are extracted for a height of 1.2 m (K=5) on the 
sidewalk, representing a standing person to evaluate the comfort degree for outdoor space 
users (Fig. 3b).  
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Figure 2. ENVI-met model (a) and Simulation Setting (b) 
 

In order to evaluate the performance of the model, various statistical parameters were 
used in the calibration of the observed (O) and predicted (P) data. These statistical parameters 
include the agreement index (d), the coefficient of determination (R2), mean bias error 
(MBE), and mean absolute error (MAE). This agreement index method, developed by 
Willmott in 1982, uses a specific formula for analysis (Willmott, 1982). The agreement index 
(d) is a descriptive measure indicating the extent to which the simulated values are free from 
error, ranging from 0 to 1. A value of 1 signifies perfect agreement, meaning the simulated 
values (s) are identical to the observed values (o). As the first indicator, the agreement index 
(d) ranges from 0 to 1, with values closer to 1 indicating higher accuracy. The higher 
coefficient of determination (R2) value represents that the differences between the observed 
data (O) and the predicted data (P) are smaller and unbiased. The mean bias error (MBE) 
shows whether the values from the model are higher or lower than the observed data. The 
mean absolute error (MAE) is the same as the MBE indicator but takes into account the 
absolute difference between predicted and observed values (Battista et al., 2023). The 
MBE/MAE value must be between 0 and 1. If this value is 1 or close to 1, it shows the 
accuracy of the model.   

These statistical parameters are calculated using the following equations: 
 
𝑑	 = 	1	 −		 (∑ᵢ₌₁ⁿ	(<ᵢ	=	>ᵢ)²)	

(∑ᵢ!"ⁿ	(|>ᵢ	=	Ō|C	|<ᵢ	=	Ō|)#)		
    , 0	 ≤ 	𝑑	 ≤ 	1                                        (Equation 2)                           

 
MAE = (1/n) × ∑ᵢ₌₁ⁿ|Oᵢ − Pᵢ|                                                                        (Equation 3) 
  
𝑀𝐵𝐸	 = 	 (1/𝑛) 	×	∑ᵢ₌₁ⁿ	(𝑃ᵢ	 − 	𝑂ᵢ)                                                                (Equation 4) 
 
Where,  
d: Index of agreement  
MAE: Mean absolute error  
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MBE: Mean bias error   
ND: Number of analysed data  
Ō: Mean of the observed variable 
Oj: Observed variables for each instant j 
Pj: Model-predicted variables for each instant j 
 

  
Figure 3. Results of model validation using the Index of Agreement (a) Air Temperature (b) Mean 
radiant temperature 
 

The observed (O) and the predicted (P) values indicate the coefficient of 
determination (R2) for Ta is 0.80, and R2 for Tmrt is 0.82. In the analyses, the R2 is very close 
to 1, which shows that they are statistically significant. In addition, the fit index (d) was 
determined as 0.85 for Ta and 0.89 for Tmrt (Fig. 4). The MBE and MAE for Ta are 0.92 and 
1.44, respectively, whereas for Tmrt they are 0.73 and 1.02. These results show that the 
software has been well verified and the work can be run with these software outputs.   
 
Modelling Street Geometry and Proposed Scenarios 
The proposed scenarios are identified considering the primary factor affecting PTC: solar 
exposure. To reduce solar exposure on the pedestrian level, natural and artificial shading 
strategies are considered, which include shading through buildings, vegetation, pedestrian 
canopy, and a combination of vegetation and canopy. The study has considered two 
orientations (N-S and E-W), three ARs (shallow, uniform, and deep), and three building 
typologies (singular, linear, and scattered) for simulation. The ARs considered in this research 
are consistent with the prior part of the research (Mohite & Surawar, 2024c), with the primary 
considerations such as: if AR of a street canyon is below 0.5, the canyon is considered 
shallow, if it is approximately equal to 1, the canyon is considered uniform; and if the AR is 
equal to or more than 2, the canyon is considered deep, being maintained. The considered 
setbacks between adjacent buildings vary with building typologies, ranging from no setback 
for linear buildings to 4M in singular buildings and 14M in scattered buildings. The building 
length is 20    m; these considerations are based on the studied streets in the prior part of the 
research. The scenarios were designed by permuting three geometric factors and five shading 
strategies, resulting in 90 combinations (2 Orientations × 3 Aspect Ratios × 3 Building 
Typologies × 5 Shading Strategies) that are considered for simulation in ENVI-met (Fig. 5 
and 7).     

a. Singular building typology with H/W of (shallow, uniform, and deep), two street 
orientations (N–S, E–W), and five mitigation scenarios (models 1 to 30); 

b. Linear building typology with H/W of (shallow, uniform, and deep), and two street 
orientations (N–S), and five mitigation scenarios (models 31 to 60); 

c. Scattered building typology with H/W of (shallow, uniform, and deep) and two 
street orientations (N–S), and five mitigation scenarios (models 61 to 90).  
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The building material was specified as concrete, reflecting common construction in 
Nagpur, with an albedo of 0.3. Vegetation was modeled using the evergreen tree profile 
within ENVI-met, with a height and crown width of 6m. Canopies were modeled as 
horizontal planes at 3m height. 

For all scenario simulations, a consistent protocol was followed to ensure 
comparability. Each of the 90 scenarios was simulated for 8 hours, considering climate of 
May 22, 2022 (10:00 a.m.–6:00 p.m.). Microclimate data for PTC analysis was extracted for 
every hour and the average for entire period was considered for comparison. To ensure data 
representativeness, output parameters (microclimate data) were extracted at 1.2 m height for 
ten receptor points per sidewalk (points were positioned at 10m intervals on either side), and 
then average was considered (Fig. 6). 
 

  
Figure 4. Proposed urban street geometry and shading strategies for the study 
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Figure 5. The Representative space setting input files of the ENVI-met 3D model: a) Base case with 
three building typologies; b) three representative shading strategies- vegetation, canopy and 
combination 
 

 
Figure 6. Designed combinations of urban street geometry and shading strategies 
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Evaluation of mPET values 
In the previous part of this study, a machine learning model was developed using Random 
Forest (RF) algorithm for assessing and predicting PTC. The model was trained using urban 
geometry and microclimate data (Mohite & Surawar, 2024b). The model was validated for 
unseen data and showed a high level of accuracy (R2 > 0.90 at training phase and R2 > 0.80 at 
prediction phase, low mean squared error values - overall MSE < 1.4). Thus, in this study, the 
pre-trained RF model was used to evaluate mPET alongside of the street, using the 
microclimate parameters from the simulated model. The model utilizes simulated hourly 
values of Ta and solar radiation from ENVI-met outputs, along with the predefined SVF and 
AR for each scenario, were given as input into this model to generate corresponding mPET 
values at the receptor points (Fig. 1). These mPET values are then used for analyzing the 
influence of urban geometry and shading strategies. 
 
Results 
Influence of Aspect Ratio and Street Orientation 
The AR is essential in shaping PTC by influencing solar exposure, shading, and wind 
movement within urban streets. The effects vary significantly depending on the street 
orientation. Shallow street canyons, characterized by an AR of 0.5 or lower, exhibit poor 
shading due to their low building heights relative to street width. In N-S-oriented shallow 
streets, maximum exposure to solar radiation leads to mPET values ranging between 36.9°C 
and 42.9°C. Similarly, Shallow E-W streets experienced the highest mPET values, ranging 
from 37.9°C to 43.9°C.  

Uniform street canyons, with an AR close to 1.0, offered better thermal comfort than 
shallow canyons. In N-S oriented uniform streets, mPET values ranged from 34.1°C to 
41.4°C, representing a reduction of 2–3°C compared to shallow N-S streets. In E-W uniform 
streets, mPET values drop by 1-2°C compared to their shallow counterparts, ranging from 
35.1°C to 43.3°C. However, persistent solar exposure in E-W orientations keeps thermal 
conditions in the "hot" to "very hot" range on the mPET index, highlighting the limitations of 
this orientation despite improved AR.  

Deep street canyons, with an AR of , offer the most significant 
improvements in thermal comfort by maximizing shading. N-S-oriented deep AR streets 
achieve the lowest mPET values, ranging from 33.1°C to 40.1°C. On-E-W-oriented street as 
increased building heights provided marginal improvements, with mPET values ranging from 
35.8°C to 43.2°C.  

The interaction between AR and street orientation is essential in determining thermal 
comfort. Shallow canyons, particularly in E-W orientations, perform poorly, leading to mPET 
increases of up to 3-4°C compared to deep canyons. Uniform canyons provide moderate 
improvement, especially in N-S orientations, though E-W orientations still experience 
thermal stress. Deep canyons offer the best thermal performance, particularly in N-S 
orientations, where mPET values are significantly lower. However, E-W deep canyons remain 
thermally challenging due to persistent solar exposure (Fig. 7).  
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Figure 7. Influence of Aspect Ratio and Street Orientation on Microclimate and mPET Index 

Influence of Building Typology on Thermal Comfort 
The BSF for each building typology was evaluated using Equation 1. The linear typology 
depicts dense building typology having no gaps in buildings; these typologies have a BSF 
value of 1; the singular typology has minimum setbacks between buildings and has a BSF 
value of 0.84. The scattered typology has high gaps between buildings, leading to a BSF 
value of 0.57.  
 
N-S Orientation 
For N-S-oriented streets, the linear typology (BT2) remains the best performer across all 
scenarios, as minimum Ta (39.7°C) and Tmrt (48.5°C) were observed. This typology has the 
highest BSF values, creating continuous street canyons that limit solar penetration and 
maintain consistent shading on the southern side of the street throughout the day. The singular 
typology (BT1) shows higher Tmrt (50.8°C) and Ta (40.15°C) values than linear typologies. 
The scattered typology (BT3) performs worst for N-S streets, primarily due to the large 
setbacks between buildings, leading to low BSF values. These open spaces allow for 
continued solar exposure, leading to increased Tmrt values (56.2°C) and increased Ta 
(41.8°C) (Fig. 8a). 
 
E-W Orientation 
For E-W-oriented streets, solar exposure and its impact on Tmrt are more pronounced due to 
their alignment with the sun's path. The singular typology (BT1) is the most thermally 
favorable option, with reduced Tmrt (56.2°C) and Ta (40.8°C) values compared to other 
typologies. The linear typology (BT2) also performs better, with slightly higher Tmrt (57°C) 
and Ta values (40°C) compared to singular typologies. The scattered typology (BT3) exhibits 
maximum mPET values in E-W streets. The large setbacks exacerbate solar exposure, leading 
to the highest Tmrt (58.5°C) and Ta (58.5°C) values across all typologies (Fig. 8b). 
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Figure 8. Influence of Building Typology on Microclimate Parameters and mPET index- (a: N-S-
Orientation Street, b: E-W-Orientation Street) 
 
Proposed Shading Scenario 
The thermal performance analysis on two different street orientations reveals distinct 
variations in outdoor thermal comfort due to differences in solar exposure and urban 
configurations.  
 
N-S oriented streets 
In the base case scenario, where there was no vegetation or canopy, street geometry heavily 
influenced the thermal environment. For singular building typologies, mPET values ranged 
from 38.28°C on the west-facing sidewalk in deep AR to 41.5°C on the east-facing sidewalk 
in shallow AR. For Linear typologies, on the other hand, displayed mPET values ranging 
between 37.8°C (west-facing sidewalk) and 42.2°C (east-facing sidewalk). Scattered 
typologies recorded the highest mPET values, with all AR configurations reaching up to 
42.9°C. 

The sparse vegetation (4m apart) provides minor cooling benefits. For singular 
building typologies, the mPET was reduced to 37.28°C on the west-facing sidewalk in deep 
AR and 41.3°C on the east-facing sidewalk in shallow and deep AR. Linear typologies 
experienced slightly better thermal performance, with mPET ranging from 36.7°C to 41.0°C. 
Scattered typologies showed a slight reduction in mPET, ranging from 37.9°C to 41.5°C.  
Dense vegetation shows significant improvement in thermal comfort across all typologies, 
particularly in deep AR. In singular building typologies, the mPET reduced further to 34.2°C 
on the west-facing sidewalk of deep AR and 39.9°C on the east-facing sidewalk of shallow 
AR. Similarly, in linear typologies, mPET values ranged from 34.9°C to 40.3°C, with deep 
AR benefiting the most from dense vegetation’s shading and cooling-enhancing effects. For 
scattered typologies, while dense vegetation led to mPET reductions ranging from 36.9°C to 
40.6°C, the irregular shading distribution limited its potential to create uniform cooling. 

The canopy shading shows improved values of mPET in all AR’s. For singular 
building typologies, mPET decreased to 34.2°C on the west-facing sidewalks of deep ARs 
and 38.4°C on the east side of shallow layouts. Canopies provided consistent shading and 
effectively blocks direct sunlight.  Linear typologies benefited the most, with mPET values 
ranging from 33.1°C to 38.2°C. Scattered typologies, while benefiting from canopies, 
recorded slightly higher mPET values ranging between 35.5°C and 38.6°C due to the 
irregular shading distribution. 

The combination of vegetation and canopies proved to be an effective strategy for 
improving thermal comfort in N-S-oriented streets. For singular building typologies, the 
mPET decreased to 34.28°C in deep layouts and 39.94°C in shallow ARs. Linear typologies 
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exhibited consistent cooling benefits, with mPET values ranging from 33.8°C to 39.3°C, as 
the combination of vegetation and canopies ensured even shading and reduced heat 
accumulation. Scattered typologies displayed improvements with mPET ranging from 36.3°C 
to 40.1°C, but they still lagged slightly behind singular and linear typologies (Fig. 9). 

 

 
Figure 9. Comparison of Effect of no-shade and shading strategies on mPET on N-S-Orientation 
Street 
 

E-W streets 
For E-W-oriented streets, mPET was significantly influenced by building typology and 
shading interventions, and side of the street. In the base case scenario, the mPET values 
reflected the direct impact of the sun's trajectory. For singular building typologies, mPET 
values ranged from 43.40°C on the shallow north-facing sidewalk to 41.9°C on the deep 
south-facing sidewalk. The north-facing sidewalk consistently exhibited higher mPET values 
(43.2°C), while the south-facing sidewalk had relatively lower values (42.5°C). The linear 
typology (BT2) demonstrates mPET values varying between 43.9°C on the north-facing 
sidewalk and 42.5°C on the south-facing sidewalk. Scattered typologies recorded the highest 
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mPET values, ranging from 43.2°C south-facing sidewalk to 44°C on a north-facing 
sidewalk, especially in shallow and uniform configurations. 

With sparse vegetation, the result shows a slight reduction in mPET values. For the 
singular typology (BT1), mPET decreases by approximately 2.5°C to 3°C, ranging between 
40.8°C on the south- facing sidewalk of deep AR and 40.12°C on the north-facing sidewalk 
of shallow AR.   The linear typology (BT2) achieves a reduction of around 2°C to 3°C, 
ranging from 42.2°C to 40.3°C.  The scattered typology (BT3) exhibits similar reduction, 
ranging between 42.7°C and 40.7°C.   

Dense vegetation considerably improves thermal comfort in E-W streets. In singular 
building typologies, mPET values further decreased to 38.97°C on the south side of deep AR 
and 38°C on the north side of shallow AR.  Similarly, the linear typology (BT2) records 
temperatures between 40.4°C and 38.4°C, while the scattered typology (BT3) registers values 
ranging from 40.9°C to 38.7°C. The overall reduction is approximately 4°C to 5°C compared 
to the base case scenario.  

With the canopy shading scenario, the singular typology (BT1) records the lowest 
mPET values, ranging from 37.6°C to 35.04°C, achieving a reduction of approximately 6°C 
to 7°C compared to the base case. The linear typology (BT2) ranged from 38.6°C to 36.3°C, 
while the scattered typology (BT3) records values between 38.3°C and 37.2°C.   

The combination of vegetation and canopies emerged as an effective strategy for 
mitigating heat stress in E-W streets. It significantly reduces mPET values across both south- 
and north-facing sidewalks. The singular typology (BT1) records mPET values ranging from 
38.4°C to 38.1°C, indicating reductions of over 5°C to 7°C compared to the base case. 
Similarly, the linear typology (BT2) ranged between 40.1°C and 38.3°C, while the scattered 
typology (BT3) records values ranging from 39.8°C to 38.9°C (Fig. 10). 
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Figure 10. Comparison of the Effect of No-Shade (base case) and Shading Strategies on mPET on E-
W-Orientation Street 
 
Identification of Street-Specific Shading Strategies 
The comprehensive analysis of ENVI-met results for all 90 scenarios provided critical 
insights into the effectiveness of various shading strategies in enhancing thermal comfort on 
urban streets. Each strategy provided a different level of thermal comfort improvement; thus, 
each strategy was evaluated using a detailed rating system. The mPET values are categorized 
into ratings based on the accepted thermal comfort range for summer, identified earlier in the 
study as 24.1°C–36.8°C (Mohite & Surawar, 2024a). The observed thermal comfort ranges 
from this study were then divided into 5 equal categories. Ratings 4 and 5 fall within this 
thermal comfort range, while ratings 1, 2, and 3 represent increasingly warmer conditions 
beyond the comfort zone. The rating categories are as follows: 
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Table 2. Categorization of mPET Values into Thermal Comfort Ratings  
Rating mPET Range (°C) Range of Thermal 

perception as per mPET 
5 33.8–35.82 Slightly warm - warm 
4 35.82–37.84 Warm 
3 37.84–39.86 Hot 
2 39.86–41.88 Hot 
1 41.88–43.9 Very Hot 

Source: Matzarakis & Mayer, 1996; Lin & Matzarakis, 2008; Mohite & Surawar, 2024a 
 

The evaluation accounted for variations in street orientation, AR, and BT, providing 
an understanding of the performance of shading strategies under diverse urban conditions, as 
illustrated in Table 3.  

In N-S-oriented streets, vegetation and canopy shading consistently performed better. 
In contrast, on E-W-oriented streets, canopy shading was more effective due to its ability to 
block direct solar radiation as the sun travels along its path. The effectiveness of dense 
vegetation in N-S streets varied, with ratings typically between 2 and 5 and often achieving 
ratings of 4 and 5. This higher efficiency was particularly noted in streets with higher AR 
values and compact building typologies, where the interaction between urban geometry and 
greenery maximized shade coverage. For E-W streets, dense vegetation is effective, with 
scores ranging from 2 to 3. This reduced efficiency compared to N-S-oriented streets can be 
attributed to the sun's east-west movement, which limits the shading benefits during the early 
morning and late afternoon hours. 

Canopy shading demonstrated similar orientation-based differences. N-S streets 
consistently received ratings of 4 or 5, as canopies provided continuous shading throughout 
the day by aligning with the solar path. In E-W streets, the effectiveness of canopies was 
slightly improved, with ratings ranging from 3 to 4, as shading coverage was uniform during 
certain times of the day, highlighting the orientation-specific interaction between canopy 
placement and sun angles. 

In N-S-oriented streets, the Combination Strategy demonstrates performance levels 
similar to Dense Vegetation, achieving ratings between 3 and 5 across most configurations. 
This similarity can be attributed to the substantial shading provided by the interplay of tree 
and pedestrian-level canopies, which creates a stable microclimate, effectively reducing heat 
stress. However, canopy shading consistently outperforms both dense vegetation and the 
combination Strategy, receiving higher ratings. In E-W streets, the combination strategy 
performed high, with ratings of 3.  

Sparse vegetation is moderately effective, scoring between 2 and 3 on N-S, whereas it 
scores 1 and 2 on E-W orientation. The sparse tree cover could partially mitigate heat during 
peak afternoon hours. However, sparse vegetation remained insufficient to meet the accepted 
thermal comfort range, demonstrating limited applicability for high-density urban areas or 
streets with higher AR values. 

The analysis highlights that the highest-rated strategies (5) align with the accepted 
thermal comfort range but are fewer in number due to the inherent complexity of achieving 
thermal comfort solely through shading. This shows the need to consider other environmental 
factors, such as wind patterns, reflective materials, and the cooling effects of water bodies, to 
enhance the overall microclimate. While shading remains a critical component of thermal 
comfort, it must be integrated into a holistic urban design approach to achieve maximum 
efficiency. 
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The findings highlight the importance of horizontal shading solutions like canopies, 
particularly in E-W streets, where they provide the most effective mitigation against solar 
exposure. This analysis emphasizes the importance of modifying shading strategies to 
specific street characteristics and integrating them with complementary environmental 
interventions to create resilient and thermally comfortable urban environments. 
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Table 3. Thermal Comfort Evaluation Matrix Based on mPET Ratings Across Building 
Typologies and Vegetation Scenarios 
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N-S 

Shallow 
BT1 (Singular) E 1 1 2 3 2 

W 2 3 3 3 3 
BT2 (Linear) E 1 2 2 3 3 

W 2 3 3 4 3 
BT3 
(Scattered) 

E 1 1 2 3 2 
W 1 2 3 3 3 

Uniform 
BT1 (Singular) E 2 3 4 4 4 

W 3 3 5 5 5 
BT2 (Linear) E 2 3 4 4 4 

W 3 3 4 5 5 
BT3 
(Scattered) 

E 1 2 3 4 3 
W 2 3 4 4 4 

Deep 
BT1 (Singular) E 2 3 4 5 4 

W 3 3 5 5 5 
BT2 (Linear) E 3 3 4 5 4 

W 3 4 5 5 5 
BT3 
(Scattered) 

E 2 3 4 4 4 
W 2 3 4 4 4 

E-W 

Shallow 
BT1 (Singular) N 1 2 2 3 3 

S 1 2 3 4 3 
BT2 (Linear) N 1 1 2 3 2 

S 1 2 3 4 3 
BT3 
(Scattered) 

N 1 1 2 3 2 
S 1 1 2 3 3 

Uniform 
BT1 (Singular) N 1 1 3 4 3 

S 1 2 3 4 3 
BT2 (Linear) N 1 2 3 4 2 

S 1 2 3 4 3 
BT3 
(Scattered) 

N 1 1 2 3 2 
S 1 2 3 3 3 

Deep 
BT1 (Singular) N 1 1 3 4 3 

S 1 2 3 4 4 
BT2 (Linear) N 1 2 3 4 3 

S 1 2 3 4 4 
BT3 
(Scattered) 

N 1 1 2 3 3 
S 1 2 3 3 3 

Rating with respective mPET Ranges: 5- 33.8–35.82; 4- 35.82–37.84; 3- 37.84–39.86; 2- 39.86–41.88;  
1- 41.88–43.9  
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Discussion and Conclusion 
This paper investigated the influence of urban street geometry and shading strategies on 
pedestrian thermal comfort through microclimate simulations using ENVI-met 5.6.1 and the 
mPET index evaluation using trained machine learning model. The study analyzed 90 urban 
scenarios, varying building typologies (singular, linear, scattered), aspect ratios (shallow, 
uniform, deep), street orientations (N–S, E–W), and shading interventions (vegetation, 
canopies, or combined). The simulation of 90 urban scenarios revealed that pedestrian 
thermal comfort (mPET) is most effectively improved through the synergistic integration 
of street geometry and targeted shading strategies, rather than either approach in isolation.  
The results support the critical role of street orientation in influencing outdoor thermal 
comfort, especially in hot climates. The N–S orientation consistently exhibited better thermal 
performance, as indicated by lower mPET values (Minimum up to 33.1°C) and reduced 
exposure to direct solar radiation during a significant duration of the day. These orientations 
benefit from prevailing wind direction, leading to increased wind velocity (Va), which plays a 
significant role in convective cooling. Whereas, E–W-oriented streets presented the most 
thermally stressful conditions, with mPET values peaking at 43.9°C, primarily due to 
elevated mean radiant temperatures (Tmrt) and significantly reduced wind flow. This is 
consistent with previous studies, (Elnabawi & Hamza, 2020; Elraouf et al., 2022; Mahmoud 
& Ghanem, 2019; Sharmin & Steemers, 2013), confirming the negative effect of E–W 
orientation on thermal comfort environment. The higher aspect ratio shows improved thermal 
comfort due to increased self-shading of the canyon walls, reducing Tmrt. This aligns with 
findings from other climatic contexts, (Achour-Younsi & Kharrat, 2016b; De & Mukherjee, 
2018a, 2018b; Galal et al., 2020b; Lobaccaro et al., 2019; Qaid & Ossen, 2015c) supporting 
the use of shaded street profiles to mitigate solar radiation exposure. However, additional 
shading measures such as tree planting or overhead canopies are necessary, especially in E–
W-oriented streets, where solar exposure remains high during afternoon hours regardless of 
aspect ratio(Mohite & Surawar, 2024c). The results also showed that the benefit of a deep 
aspect ratio is strongly moderated by orientation. While deep canyons provided the greatest 
improvement in N-S streets, their efficacy in E-W streets was limited, demonstrating that 
geometry alone cannot overcome the solar exposure inherent to east-west orientation.  

The role of building typology further complements the findings on street geometry. 
The results align with (Abd Elraouf et al., 2022b; Abdollahzadeh & Biloria, 2021) indicated 
that the linear typology of buildings provides the highest level of comfort among the other 
alternatives. Meanwhile, the singular typology is the best option for E–W-oriented streets, as 
it generates the least Tmrt value and the highest Va value in these orientations.  

Among shading strategies, canopy shading was most impactful, reducing mPET by up 
to 7°C, particularly in E–W streets where horizontal shading proved most useful. Dense 
vegetation also improved comfort but was less effective than canopies in E–W orientations 
due to solar path alignment.  

This performance difference can be attributed to the distinct cooling mechanisms. 
Canopies provide continuous, horizontal obstruction of the sun's path, directly and 
consistently reducing Tmrt. Vegetation, while offering shading and evaporative cooling, casts 
dynamic, vertical shadows that provide less complete coverage against the low-angle morning 
and afternoon sun prevalent in E–W streets, explaining its relative lower efficacy in these 
orientations. The findings emphasize that optimal thermal comfort requires context-specific 
solutions. The thermal comfort rating matrix (Table 3) operationalizes this principle, 
providing a decision-support tool. It translates complex interactions into actionable guidance, 
showing, for example, that for an existing E–W street with a shallow aspect ratio, canopy 
shading (Rating 3-4) is a more reliable intervention than sparse vegetation (Rating 1-2). 
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While this study demonstrated the effectiveness of shading strategies in general, it was 
assumed that shading is either uniform or sparse considering fixed distance between two trees, 
along the entire street length. However, in reality, length, type of shading, placement, and 
frequency significantly influence localized thermal discomfort. This study focused on continuous 
shading elements and used wind data as a model input rather than analyzing ventilation interplay in 
detail. Future research should investigate the microclimate effects of various shade patterns, such as 
varying tree types, spacing or canopy gaps, on transient thermal perception.  

Therefore, future studies may investigate the role of shading length and frequency by 
assessing localized skin temperature variations and transient thermal discomfort. This 
analysis may provide practical guidelines for optimizing shading distribution by ensuring 
consistent thermal comfort rather than relying solely on full-length shading solutions.  

In conclusion, for the tropical savanna climate, development of thermally comfortable 
streets shall prioritize important actions such as actions favoring N–S orientations with deep 
canyons where possible, and deploying extensive horizontal shading like canopies as the 
primary mitigation for unavoidable E–W streets. The findings and the rating matrix shows 
that effective design requires moving beyond generic solutions to strategically align 
geometric form with specific, climate-responsive shading interventions. Street designs that 
will enable pedestrians to walk around comfortably in terms of thermal comfort are 
important. People working in the planning and design discipline should conduct even more 
research on this subject. Especially in urban renewal and transformation areas, better space 
designs should be made for people by increasing their thermal comfort.  
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Abstract 
Western Balkan cities currently stand at a critical inflection point, characterized by the 
convergence of intensifying climate and hydrometeorological hazards, acute environmental 
pollution, and profound demographic imbalances. This article argues that the region’s persistent 
implementation gap—frequently described as being "full of plans but short of traction"—is not 
primarily a technological deficiency but a structural crisis of knowledge integration and 
governance. By analyzing the compounding nature of risks, where environmental stressors 
cascade across interdependent infrastructure systems, the study demonstrates that traditional, 
siloed policy responses are insufficient. Instead, it posits that achieving urban resilience requires 
a fundamental shift from technocratic management to inter-, multi-, and transdisciplinary 
frameworks. Four practical pathways are proposed to operationalize this shift: (1) embedding 
environmental and social risk assessment into the core of sustainable urban development; (2) 
integrating service delivery to simultaneously support livelihoods and sustainability; (3) 
establishing 'frugal' urban observatories that bridge official monitoring gaps with citizen science, 
providing a resource-efficient counterpart to expensive 'smart city' architectures; and (4) 
institutionalizing co-production to ground policy in local realities. Ultimately, the paper suggests 
that by treating integration as a delivery mechanism rather than an academic ideal, Western 
Balkan cities can transform into "integration laboratories," demonstrating how to govern 
sustainability transitions effectively under strict fiscal and administrative constraints. 
 
Keywords: Sustainable Urban Development; Urban Climate Resilience; Transdisciplinary 
Governance; Nature-based Solutions (NBS); Western Balkans 
 
Cities at a convergence point 
Western Balkan cities are becoming the places where multiple pressures collide—and where their 
interactions become visible, lived, and politically consequential. Climate-related shocks and 
slow-onset stressors are expected to intensify together, with extreme heat, flash floods, wildfire, 
drought, and landslide hazards worsening and increasingly occurring simultaneously. These 
compounding hazards matter because infrastructure systems fail as systems: disruptions can 
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cascade across transport, energy, food supply, and livelihoods when interdependent networks are 
stressed at the same time (World Bank, 2024a).  

Urban concentration is amplifying these risks. Capital cities in Western Balkans now hold 
a disproportionate share of national urban populations—approaching half in cities such as 
Podgorica and Skopje—while many smaller cities are shrinking and losing economic vitality. At 
the same time, extreme heat days have increased sharply, from only a few days per year in the 
1990s to more than 40 days per year on average in the 2010s, intensifying exposure precisely 
where population density and built surfaces are highest (World Bank, 2024b). The health burden 
that urban residents carry is already stark. In 19 assessed towns and cities, air pollution is 
estimated to reduce life expectancy by up to 13–16 months, with nearly 5,000 premature deaths 
per year directly attributable to air pollution (UNEP, 2022). 

At the same time, demographic change is tightening constraints on municipal capacity 
just as the problem set expands. Rapid population ageing—driven by low fertility and sustained 
emigration—raises the dependency ratio and increases pressure on social expenditure and health 
systems over time (OECD, 2021). If the region’s cities feel like they are “full of plans but short of 
traction,” part of the explanation sits in governance capacity. The practical work of preparing 
mature projects, evaluating environmental impacts, and monitoring delivery is often weakest at 
the municipal level, even when formal compliance frameworks exist (Mildner et al., 2023).  

This makes the constraint structural: sustainable, resilient, healthy and inclusive urban 
development in the Western Balkans is not primarily a technology problem—it is also a 
knowledge-integration and governance problem.  

 
Why the bottleneck is integration, not information 
Evidence is growing across climate risk, pollution, mobility, and sectoral transitions, but it often 
arrives in disconnected streams. The region’s adaptation challenge is clearly framed as one of 
compounding risk and high costs of inaction, with damages projected to rise sharply without 
adaptation investments (World Bank, 2024a). Cities across the region score high on composite 
climate-hazard indices that combine heat, drought, floods, wildfire, and water stress, with most 
Western Balkan cities falling into high-risk or red-flag categories compared with cities elsewhere 
in Europe (World Bank, 2024b). These risks, however, are unevenly distributed across capitals, 
shrinking cities, coastal areas, and mountain basins, meaning that averages hide sharp local 
vulnerabilities. 

What looks like “multiple problems” is often the same system showing up in different 
forms. Energy systems shape air quality and household affordability; transport choices shape 
exposure and access; land take and infrastructure form shape heat and flood impacts; monitoring 
capacity shapes what is visible and governable. The region’s own Green Agenda reporting 
increasingly treats implementation as a coordination challenge—calling for stronger cross-sector 
collaboration and multi-level governance to accelerate progress and avoid duplication (Regional 
Cooperation Council, 2025). For example, urban nature-based solutions (NBS) can provide a 
pathway to cleaner environments and lower carbon emissions, helping cities move toward climate 
neutrality and circularity over the coming decades (Pearlmutter et al., 2021; Savić et al., 2024). 

As a result, policy implementation becomes a coordination challenge rather than a 
technical one. Plans exist in abundance, but the absence of cross-sectoral, multi-level integration 
makes it difficult to translate them into investments that address compound risks rather than 
isolated symptoms. 
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The case for inter-, multi- and transdisciplinarity 
Urban form, emissions, and environmental stress are tightly coupled. Cities that expand outward 
in low-density patterns generate higher PM₂.₅ and CO₂ emissions from both transport and 
residential energy use, while more compact cities perform better on air quality and carbon 
intensity. At the same time, green cover declines as cities grow, reducing natural cooling and 
pollution absorption precisely where exposure is rising (World Bank, 2024b). These patterns link 
land-use planning, energy systems, transport, public health, and ecosystem management into a 
single system. Air pollution and climate change share sources; waste mismanagement contributes 
to methane emissions, fire risk, and local toxicity; housing quality determines vulnerability to 
both heat and cold. Polluted air shows why integration is non-negotiable. Pollution sources range 
from thermal power generation and industrial facilities to traffic emissions, mining and household 
heating, with seasonal variation and city-specific mixes that demand different combinations of 
energy, housing, transport, and health interventions (UNEP, 2022). Another example is related to 
urban mobility. Transport systems in many cities fail to provide adequate capacity and service 
quality, contributing to congestion, air pollution, and unequal accessibility—while the absence of 
coherent policy and investment frameworks keeps cities stuck in incremental responses (World 
Bank, 2024c).  

No single discipline can capture these interactions, and no single agency can manage 
them alone. In this context, transdisciplinarity becomes a necessity rather than an aspiration. 
Local authorities, utilities, civil society, and residents hold critical knowledge about how systems 
actually function on the ground—where heat accumulates, where waste is burned, where 
transport fails, where energy poverty bites. Co-producing knowledge with these actors 
strengthens both the accuracy of diagnosis and the legitimacy of solutions (Mildner et al., 2023). 
Gathering the perspectives of key stakeholders and local population before implementing 
solutions, such as NBS, increases their effectiveness and supports efforts to address climate 
change, biodiversity loss, and growing pressures on water and food resources (Megyesi et al., 
2024). This approach should be included in decision-making processes to develop climate-
sensitive urban services that are place-based, people-centric, and facilitate planning towards 
green, resilient, and inclusive cities (Milošević et al., 2022). 
 
Data gaps—and frugal pathways to smarter governance 
A recurring constraint is not simply “lack of data,” but inconsistent monitoring, fragile 
maintenance financing, and uneven analytical capacity. Urban environmental monitoring is 
particularly underdeveloped despite being central to adaptation and public health. Most Western 
Balkan cities lack dense, locally calibrated observations of temperature, humidity, heat stress, 
precipitation, and urban surface conditions, even though heatwaves and pluvial flood effects are 
becoming dominant climate risks (Milošević et al., 2023; Arsenović et al., 2023; Allen et al., 
2024; Tošić et al., 2025). These risks do not affect urban populations evenly: poorer households, 
informal neighborhoods, and elderly populations are far more exposed because of housing 
quality, location, and limited access to cooling, green space, and healthcare. Air-quality reporting 
across the region also highlights inconsistent data due to station maintenance financing gaps and 
the absence of certified calibration laboratories and air-quality modelling capacity—limitations 
that compromise trend analysis and targeted policy design (UNEP, 2022).  
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Most Western Balkan cities still lack integrated data that links environmental hazards with 
population characteristics, health outcomes, and service access, making it difficult to identify 
who is most at risk and to design targeted interventions. Without exposure and vulnerability 
mapping, investments in resilience risk protecting infrastructure rather than people. Thus, rather 
than just importing an expensive “smart city” model built on dense proprietary sensor networks, 
the Western Balkans context points toward frugal, layered observatories: strengthen fit-for-
purpose official monitoring, targeted low-cost deployments where decisions require granularity, 
use crowdsourcing and citizen science, and harmonize reporting for comparability and learning.  
 
Practical pathways where integration can move the needle 
What, then, would integration look like as an urban practice—not just an academic preference? 
Four practical pathways are provided below and visualized in Figure 1. 
1. Resilient Cities Start with Smarter Development. In Western Balkan cities, heatwaves, 
floods, droughts, and air pollution already affect who stays healthy, who finds work, and which 
neighborhoods continue to attract investment. These pressures will intensify for future 
generations if today’s planning ignores them. Sustainable development therefore requires that 
urban growth, housing, and infrastructure decisions be guided not only by short-term economic 
returns but by where people are most exposed and vulnerable. Integrating environmental and 
social risk into urban development helps protect today’s residents while preventing tomorrow’s 
costs from being passed to future generations. 
2. Deliver urban services in ways that support both livelihoods and long-term sustainability. 
Energy, water, housing, transport, waste, and healthcare are the everyday foundations of 
prosperity and wellbeing. When these services are planned in isolation, cities waste resources, 
deepen inequality, and increase environmental damage. Coordinated service provision—such as 
cleaner heating, efficient buildings, reliable public transport, and safe public space—allows 
Western Balkan cities to reduce pollution and climate stress while improving affordability, access 
to jobs, and quality of life. This is how economic growth, social inclusion, and environmental 
protection can reinforce rather than undermine each other. 
3. Build frugal, transparent urban data systems to guide fair and effective decisions. 
Meeting today’s needs without harming tomorrow requires knowing where problems and 
progress actually lie. Yet many Western Balkan cities lack reliable local data on air quality, heat, 
infrastructure performance, and social vulnerability. Frugal urban observatories that combine 
public data, low-cost sensors, and citizen reporting can provide the evidence needed to prioritize 
investments, track whether policies work, and ensure that resources are directed to the 
communities that need them most. Good data is not just about technology—it is also about 
accountability to both present and future residents. 
4. Make co-production the backbone of urban sustainability. The transition toward more 
sustainable cities will only succeed if it reflects local realities and builds public trust. Municipal 
governments, scientists, businesses, and communities all hold knowledge that matters. In Western 
Balkan cities, where institutional capacity is often stretched, co-producing solutions—such as 
climate adaptation plans, nature-based projects, and service improvements—helps ensure that 
policies are practical, socially fair, and environmentally effective. Involving people in shaping 
their cities strengthens democracy today while creating more resilient and inclusive urban futures 
for the next generation. 
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Figure 1. Conceptual framework for sustainable urban development in the Western Balkans. 
Note: The graphical representation of this framework was developed by the author with 
visualization assistance from Google Gemini 
 
Conclusion: Western Balkan cities as “integration laboratories” 
Western Balkan cities are not short of strategies or technical pilots; they are short of integration 
capacity—the ability to connect risk, health, mobility, energy, land, and monitoring into coherent 
governance that can deliver, learn, and adjust under tight fiscal and administrative constraints. 
Because hazards are compounding, infrastructure is interdependent, and health burdens are 
immediate, the cost of staying siloed is rising. If inter-, multi- and transdisciplinary approaches 
are treated as delivery tools—paired with frugal, reliable data ecosystems—Western Balkan cities 
can become “integration laboratories” that demonstrate how to govern sustainability transitions 
under constraint, rather than waiting to become idealized “smart cities” first. 
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