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Abstract: This study employs the ENVI-met microscale model to assess heat stress in the urban 

core of Košice, Slovakia, during a heat wave on 30 June 2022. Utilising high-resolution  

surface data derived from Sentinel-2 multispectral imagery, LiDAR point clouds, and 

shapefiles, we quantify the Universal Thermal Climate Index (UTCI) to evaluate diurnal 

heat stress dynamics. The model incorporates detailed urban morphology, including 

buildings, 3D vegetation, and land cover, with meteorological forcing data from hou rly 

SYNOP observations at the Košice airport. Results highlight significant heat stress  

in densely built-up areas, with UTCI peaks in the late afternoon due to high heat accumu-

lation and low wind speeds. The study underscores the effectiveness of ENVI-met for high-

resolution urban microclimate simulations and identifies hotspots for potential heat stress 

mitigation strategies. 
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Introduction  

Urban areas with large concentrations of human populations represent one of the most stud-

ied forms of anthropogenic microclimate modification. The most prominent impact of the urban 

areas lays in significant temperature increase caused by diurnal radiative overheating and heat 

retention of the built-up surfaces and materials, often with several Celsius degrees difference 

in air temperature between the urban and surrounding rural area s (Oke 1982). This phenome-

non is also known as Urban Heat Island (UHI). Since the UHI is caused by surface overheating, 

it can be divided into Surface Urban Heat Island (SUHI) and Atmospheric Urban Heat Island 

(AUHI) formed consequently from heat transfer of the surface. AUHI can be further divided 

into Canopy Layer Urban Heat Island (CLUHI) and Boundary Layer Urban Heat Island 

(BLUHI) as categorized by Branea et al. (2016).  

The SUHI and AUHI have different diurnal characteristics, with SUHI reaching the peak 

with highest radiative heating, while the AUHI have delayed maximum intensity during  

the afternoon and evening hours and tends to be more prone to prevailing atmospheric condi-

tions (Fedor and Hofierka 2022). Estimating SUHI helps to determine thermal properties  

of the materials covering the urban surfaces and objects within the canopy layer and identify 

the hotspots with highest diurnal heating and heat retention during the night, which conse-

quently influences the AUHI formation and characteristics.  

There are various methods developed for detailed estimation of the SUHI including our 

recent research using the direct measurements of the surface temperature, remote sensing and 

physically based surface and radiation models (Hofierka et al. 2020a, Hofierk a et al. 2020b, 

Onačillová et al. 2022). These methods can provide high-resolution surface temperature data, 

although they are limited when estimating the heat impact on populations in situations where 

other physiological (Foster et al. 2020, Meade et al. 2020) or environmental and atmospheric 

variables (Sobolewski et al. 2020, Xiao et al. 2020, Luo and Lau 2021) may influence overall 

heat stress. 
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Atmospheric numerical weather prediction (NWP) and environmental computational fluid 

dynamics (CFD) models capable of simulating atmospheric processes within the CLUHI and 

BLUHI represent a very suitable method to cover the gap in estimating the heat stress (Cheval 

et al. 2021). Paired with high resolution urban surface data as input and sufficient computa-

tional resources, these models can simulate the dynamics of the urban microclimate in high 

resolution with multiple atmospheric and environmental variable outputs like ambient and ra-

diant temperature, humidity, and wind speed, which are necessary for overall heat stress as-

sessment (Oleson et al. 2013).  

Various indicators are available for estimating heat stress, including simpler physically 

based indices such as the heat index, humidex, wet bulb globe temperature, and apparent tem-

perature (Aghamohammadi and Santamouris 2022), as well as more complex indices like  

the Universal Thermal Climate Index (UTCI), Predicted Mean Vote (PMV), Physiologica l 

Equivalent Temperature (PET), and Standard Effective Temperature (SET), which also incor-

porate individual physiological parameters (Mahdavinejad et al. 2024). 

ENVI-met represents one of the most widely used CFD models capable of simulating  

the urban climate in high resolution. Several studies in central European setting have 

demonstrated the model performance regarding thermal stress assessment and its potential  

as a  viable tool in changing climate (Huttner et al. 2008). In the case study of the heat wave 

event in Lublin city in Poland by Kozak et al. (2023), the model correctly identified the max-

imum values of thermal stress using the UTCI. Facade orientation also plays an important role 

when estimating the radiation fluxes in dense built-up areas, strongly influencing the overall 

thermal stress, as in the study conducted by Kántor et al. (2018) in the Hungarian city of Szeged. 

Good performance of the model when estimating the thermal stress was also recorded in a study  

conducted by Maras et al. (2014) over the German city of Aachen, though with a stated limi-

tation in model integration of the large-scale atmospheric processes. 

The aim of this study is to apply the ENVI-met microscale model to assess heat stress  

in the urban core of Košice, using newly derived high-resolution surface input data. The focus 

is on quantifying the diurnal cycle of the UTCI heat stress index during the heat wave event 

on 30 June 2022, as well as evaluating the overall model performance based on key atmos-

pheric variables derived from surface meteorological measurements. 

 

Study area and heat wave selection 

Košice is a city located in the eastern part of Slovakia, an inland country situated in central 

Europe (fig. 1). The city lies close to the border with Hungary and is part of the Košice Basin, 

a lowland region surrounded by upland and mountainous terrain. The city is positioned at ap-

proximately 48.72°N latitude and 21.25°E longitude, placing it within the warm, moderately 

dry climate region with mild winters according to the climatological classification by Lapin et 

al. (2002). The average annual temperature measured in the city of Košice reaches 8.6 °C 

(1961-1990) and average yearly precipitation values range in between 600-700 mm (1961-

1990) (Lapin et al. 2002). Significant warming of climate in recent years also led to increased 

frequency of heat waves and their intensity in the study area (Lapin et al. 2016). 

The city is located on the southern side of the Carpathian Mountains, between the Slanské 

vrchy (Slanské hills) to the east and the Volovské vrchy (Volovské hills) to the west, which 

significantly influences the regional climate and dynamics of the weather. These landforms 

contribute to the city topographic enclosure from the sides and affect local wind patterns.  

The elevation of the city ranges between 200 to 250 meters above sea level with only slight 

elevation difference in the urban core located close to the Hornád river. The Hornád river flows 

through the central part of the city, including the part of the study area. It is mostly an open 

flat area characterised by residential buildings, industrial complexes and railway station. Sur-

rounding vegetation includes urban greenery, agricultural land, and patches of forested hills, 
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all of which influence surface roughness, albedo, and evapotranspiration processes relevant 

for ENVI-met simulations.  

Given its location and topographical context, Košice represents a complex urban microcli-

mate system where orographic effects, land use patterns, and regional atmospheric influences 

converge. This makes it a  suitable case study for high-resolution ENVI-met modelling focused 

on assessing urban heat island effects, thermal comfort or microclimatic interventions in a central 

European setting.  

 

Fig. 1. Localisation of the Košice city and the model domain representing the study area 

 

Analysing heat stress in urban areas under real weather scenarios requires the selection  

of an appropriate case study, since heat stress is influenced by multiple variables . Selecting 

the potentially highest heat stress scenario can be beneficial to test the model fully and poten-

tially provide valuable data for mitigation strategies or future studies.  

In this study we selected a typical heat wave event in central Europe with high temperature, 

low wind speed, moderate humidity and almost clear-sky conditions. Such situations are typi-

cal for backside of the upper-level ridge, with strong warm advection and relatively dry upper 

profile of the troposphere. This situation was also analysed from a meteorological point  

of view in our study over Košice city (Fedor and Hofierka 2022) using the numerical weather 

prediction model.  

Meteorological inputs, or forcing data, play an important role when running the real case 

weather scenarios. The forcing data define the initial and boundary atmospheric conditions  

for the simulation. In ENVI-met, the forcing data for real case scenario are by default defined 

as inputs of temperature, relative humidity, precipitation, wind speed and direction and cloud 

cover or short-wave radiation obtained from surface measurements and observations in regular 

interval covering the simulation period.  

The forcing data are usually obtained from weather stations. For our analysis, we selected 

a data from surface synoptic observations (SYNOP) measured hourly at the local airport  
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located to the south of the city (fig. 4). The maximum temperature reached at the airport was 

36.0 °C during the afternoon hours of 30 June , and the minimum temperature was 21.1 °C  

in the morning of 1 July. The location of the stations allows for ingestion forcing data repre-

senting the rural area entering the urbanized model domain without the data contamination  

of the UHI plume advecting in the opposite direction. The data were selected for 29  June 2022 

12:00 CET to 1 July 2022 0:00 CET to allow the proper model spin -up with diurnal heating 

and heat accumulation from the previous day and to cover the radiation cooling and maximum 

heat retention during the night between 30 June and 1 July. 

 

Model and computational domain adjustments 

ENVI-met represents a 3D, non-hydrostatic CFD model designed for atmospheric and en-

vironmental simulations. The model is focused on small-scale microclimatic simulations 

mostly within the boundary layer and is primarily designed for urban areas with applications 

in urban planning, air quality, and heat stress management. The model is characterized by high 

spatial resolution with a grid size between 0.5 and 99 meters and detailed plant, surface, and 

building processes occurring within the canopy layer.  

This study aims to perform a high-resolution simulation for the urban centre of Košice. 

The model domain was configured with a horizontal grid resolution of 5 meters (343 × 434 

grid cells) and a vertical resolution of 1 meter with 60 vertical levels. The model domain was 

defined to cover only the city core, avoiding the taller orography located on the edges of the city  

(fig. 1 and fig. 2). The taller orography would increase the model domain height and conse-

quently demand more computational power required to run the simulation. To improve  

the stability of the model, a  5-grid nesting was also applied to the domain.  

The forcing data were incorporated in hourly resolution with cloud amount used as forcing 

of the radiation. The model was set with default required parameterisation and time-step set-

ting. The Bruse/ENVI-met 2017 was set as a  turbulence model with enabled limitation of tur-

bulent kinetic energy (TKE) for better model stability. Wind resistance at facades was param-

eterised with DIN 6946 method to include higher zero-level values. For better representation 

of the vegetation the tree calendar was enabled, incorporating the average phase of the tree 

foliage for the selected part of the month.  

 
 

Fig. 2. 3D view of model domain with buildings (grey), tall vegetation (green) and surface 

type (asphalt – dark grey, brown – bare soil, blue – water) 
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The setting of the main dynamic time-step of the computation was set to 2 seconds for sun 

height below 50° and 1 second for sun height above 50°. The timing update of the processes 

was 600 seconds for plants, radiation fields, and emissions, 30 seconds for surface processes , 

and 900 seconds for flow fields. The start of the model run was set to the day before, on 29 June 

2022, 12:00 CET to 1 July 2022, 0:00 CET, to ensure proper model spin-up and heat accumu-

lation inside the urban area. Unfortunately, the validation data for this selected date are una-

vailable because of the lack of stable, high-quality weather measurements inside the city core  

during this period. However, since the ENVI-met constitutes a widely used model, there are 

multiple studies demonstrating the model performance with the same or very similar settings 

and parameterisation (Tsoka et al. 2018, Ayyad and Sharples 2019, Alsaad et al. 2022, 

Eingrüber et al. 2023). 

 

Input data 

For an analysis of a real case study scenario, detailed inputs of the urban morphology are 

required. The inputs are categorised into several parameterised types implemented in ENVI-

met software, consisting of surface type, low vegetation, 3D vegetation, and buildings saved 

in shapefile format (fig. 3).  

Land cover, including categories of low vegetation was categorised using the semi-automatic 

classification of multispectral Sentinel 2 data and supplied with available shapefiles of road  

network, water bodies and rivers. The preparation of the land cover classes was conducted 

using the QGIS SCP plugin (Semi-Automatic Classification Plugin). The workflow and per-

formance of the method are described in several studies, including Leroux et al. (2018) and 

Tempa and Aryal (2022). For this case study, a simple land cover classification consisting  

of 5 ENVI-met native classes was prepared, although more classes can be incorporated for use 

with the model for better representation of the surface (Cilek and Cilek 2021). In our case 

study, the land cover classes consisted of asphalt (0200ST), railways (0200BA), bare land 

(000000), low vegetation (0200XX) and deep water (0200WW). The low vegetation class was 

consequently extracted as an individual layer representing low vegetation (grass). The railway 

station is in the eastern part of the domain (fig. 3 purple), where also numerous parking lots 

and large crossroads are located (grey). The city park with dense, tall vegetation can be seen 

to the right of the city centre, close to the railway station. 

The 3D vegetation is represented in the model as a point feature with parameters con-

taining the maximum vegetation height and code of the vegetation describing the trunk 

width, crown shape, leaf density and type. The 3D vegetation was estimated from LiDAR 

(Light Detection and Ranging) point cloud data using the lidR package (Roussel et al. 2020) 

which allows to extract the tree top height as point feature. This method allows for the au-

tomation of 3D vegetation preparation over a large area, although it has limitations in clas-

sification accuracy and lacks tree type identification. To increase accuracy, the output data 

were subsequently filtered to remove false 3D vegetation (e.g., building corners, lamps, 

power lines) by eliminating points associated with built-up infrastructure. The tree type was 

generalised into six categories of heart-shaped broad-leaf tree regarding its height and trunk 

size. The height of the trees was generalised into three categories as small (5 m), medium 

(15 m) and large (25m). The heart-shaped broadleaf tree type was chosen as the predominant 

tree type in the study area.  

The building input is generally prepared in LoD1 (Level of Detail 1), considering the cubic 

grid of the ENVI-met. Preparation of this data consisted of using the available polygon shape-

files of building footprints with estimated height of the building in attributes. The height was  
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obtained from a canopy height model derived from the LiDAR point cloud. A median value 

of the building height was preferred, representing best the prevailing shape and dimensions  

of the apartment buildings' flat roofs located within the city. 

 

 

 

Fig. 3. Input surface data and model domain (white rectangle) of the Košice city centre  
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Fig. 4. Input forcing data of A) 2 m temperature and humidity, and B) 10 m wind speed  

and direction from SYNOP at the Košice airport between 29  June 2022,  

12:00 CET, and 1  July 2022, 0:00  CET 

 

Thermal comfort assessment 

Estimating heat stress is essential for a  comprehensive analysis of thermal comfort in urban 

areas, as it is influenced by multiple atmospheric and environmental variables. Several meth-

ods are available for assessing thermal comfort, ranging from those focused solely on atmos-

pheric conditions (Velesa et al. 2019, Awasthi et al. 2022, Brimicombe et al. 2023) to more 

advanced approaches incorporating human physiological parameters, known as thermo -phys-

iological indices (Höppe 1999, Bröde et al. 2012, Laouadi 2022).  

All of the aforementioned thermal comfort estimation methods are highly sensitive to var-

iations in atmospheric variables (temperature, humidity, wind speed, radiation) and may vary 

significantly depending on weather conditions and the specific location wit hin the city.  

The physiological parameters can be customised depending on the characteristics of the stud-

ied population. Such physiological parameters may include variables like skin temperature, 

type of clothes, speed of movement, or physical load of the individual. 

We selected UTCI (Bröde et al. 2012) as one of the most universal and preferred thermal 

comfort index for our heat stress assessment in the model domain. The index is widely used  

in biometeorology, public health, urban planning and safety of the residents to quantify thermal 

stress across various climates and environments. The main advantage of this index is its uni-

versal applicability across all climate types, including cold, hot, humid, dry, and transitional 

conditions. The UTCI is thermo-physiological index which combine both, environmental and 

physiological variables as an input. The meteorological variables represent an input of air 

temperature, mean radiant temperature, wind speed and humidity while the physiologica l 

variables are defined as a scale of thermoregulatory response (sweating/shivering), heat ex-

change, clothing insula tion and moisture permeability, core and skin temperature regulation  

and metabolic rate.  

In this study, the UTCI was calculated using Biomet, a  subsystem of the ENVI-met model 

capable of estimating thermal comfort indicators from microscale model outputs with default 

setting of the physiological parameters. The calculation was run for the height of 1.5 meters 

representing the height on the pedestrian level. For the estimation of the maximum possible 

heat stress the late afternoon hours were selected. The late afternoon hours typically reach 

conditions with highest heat stress because of high heat accumulation, strong short -wave radi-

ation and low wind speeds caused by slowing vertical turbulent mixing within the boundary 

layer. As such, the 15:00 CET showed the most promising conditions for the heat stress esti-

mation (fig. 5 and fig. 6). 
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Fig. 5. A) air temperature (T), B) mean radiant temperature (MRT), C) wind speed (W),  

D) relative humidity (RH) at 15:00 CET at a pedestrian level (1.5 m)  

used as input for UTCI 
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Fig. 6. A) UTCI at 15:00 CET at a pedestrian level (1.5 m)  

and B) categorized using the UTCI thresholds values 

 

Model output interpretation 

The calculated UTCI from the high-resolution ENVI-met model run in fig. 6 A) shows  

a very detailed spatial distribution of the thermal stress in relation to the urban topography. 

The influence of individual objects is evident, including the shading effects of trees and build-

ings, as well as the impact of diffuse radiation from taller structures, which increases heat 

stress on facades oriented toward the sun (south-west orientation). The dense, built-up city 

centre exhibits moderately high UTCI values for the same reasons and is also characterised  

by low wind speeds and reduced humidity. Large, open areas covered by built -up surfaces are 

clearly identifiable as zones of intense overheating. This pronounced overheating is evident 

over the railway station, nearby parking lots, and large intersections.  

The influence of park greenery is also observable, although variations in UTCI are not  

as pronounced as expected. In the central part of the park, heat stress values are slightly lower 

only in areas with dense vegetation, but overall remain fairly consistent with those of the sur-

rounding urban environment. The cause of this heat stress distribution can be seen in fig. 5D, 

where strong evapotranspiration occurs over the city park, creating a humidity plume that  

advects northward over built-up areas with sparse vegetation. This results in the humid air grad-

ually warming, leading to similar or slightly higher heat stress values compared to the surround-

ing built-up areas, despite the overall lower air temperature (fig. 5A). 

The categorized values of the UTCI (fig. 6 B) are mostly in the range between 38-46, which 

corresponds to very strong heat stress. Only small areas reach the values of extreme heat stress 

(>46) and are located close to the facades oriented toward the sun. Strong heat  stress (32-38) 

is observed mostly in the shadows of buildings and trees, with moderate heat  stress (23-32)  

to very locally no heat stress (>26) within the largest building shadows.  
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Discussion 

Microscale models offer a clear advantage over other computational or observational meth-

ods focused on the spatial aspects of data when estimating overall thermal comfort in urban 

areas. With their ability to simulate all relevant environmental and atmosph eric variables  

required for calculating heat stress indices at high resolution, these models present a highly  

suitable option for localized microclimate simulations. Other approaches, such as NWP mod-

els, may achieve greater accuracy in representing atmospheric processes, but are often limited 

by spatial resolution and computational time (Zhu and Ooka 2023). 

ENVI-met and CFD models generally simplify atmospheric processes, focusing primarily 

on those occurring within the canopy layer. This reduction in complexity significantly  

decreases the computational demand required for high-resolution simulations. Although these 

models rely on simplified forcing data and atmospheric conditions, this limitation is generally 

not problematic when simulating typical UHI scenarios under clear-sky, stable conditions. 

However, in cases involving specific atmospheric phenomena occurring higher in the atmos-

phere (e.g., precipitation or convection), or at mesoscale and synoptic scales, NWP models 

remain more appropriate (Freitag et al. 2018, Nadimpalli et al. 2022). 

Another advantage of ENVI-met lies in its capacity to incorporate a highly diverse range 

of surface morphologies as input for model domains. In our study, we implemented a relatively 

simplified surface morphology for the city centre, consisting of a few surface types and gen-

eralised representations of buildings and 3D vegetation. Nonetheless, additional options – such 

as the use of customised materials (Faragallah and Ragheb 2022), various surface or vegetation 

types, and localized sources of heat or water (e.g., fountains) – can be prepared to enhance 

model detail and improve simulation accuracy.  

The ability to modify material types and their parameterisation provides a valuable foun-

dation for designing UHI mitigation strategies (Crank et al. 2018, Cortes et al. 2022). These 

input data can also be generated using standard geospatial software (GIS), with defined object 

coordinates and attributes corresponding to ENVI-met classes. Various other methods exist  

to prepare such high-resolution data over large areas, with customizable parameters and class 

definitions (Yan et al. 2015, Torresan et al. 2016, Park and Guldmann 2019). This opens new 

possibilities for high-resolution microclimate simulations at city-wide scales, where manual 

data preparation would be impractical. 

When combined with adequate computational resources, CFD models can perform sim-

ulations at horizontal resolutions ranging from several meters to tens of meters across entire 

urban areas. Such simulations can capture UHI dynamics within the boundary layer a nd  

at the interface between urban and surrounding rural areas, thus offering a foundation for future  

studies that seek to bridge the gap between microscale and mesoscale models – especially 

where running NWP models in large eddy simulation (LES) mode would be computationally 

prohibitive. Future research should also aim to quantify the effectiveness of heat -stress miti-

gation strategies involving modified materials or urban morphology, as these may play a key 

role in reducing heat stress in urban environments. 

 

Conclusions 

In this study, we demonstrated that the use of a CFD-based microscale model can provide 

a fast and detailed solution for estimating thermal comfort in urban areas. The real-case sce-

nario, conducted at a  high spatial resolution of 5 meters, enabled a detailed representation  

of urban morphology, capturing the shading and evaporative effects of individual objects (e.g., 

trees, buildings) and identifying hotspots with the highest UTCI values observed during  

the day over large built-up areas such as the railway station and parking lots. 

Dense, built-up areas in the city centre remain among the most vulnerable parts of the urban 

environment. These zones are characterized by strong heat retention, low wind speeds,  
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and elevated mean radiant temperatures, caused by a combination of incoming shortwave and 

emitted longwave radiation from surrounding buildings, often coinciding with high levels  

of human activity. Due to their dense and frequently historical architecture, the implementation 

of most mitigation strategies in these areas is typically constrained. 

Increased evaporation was observed in the city park, where dense 3D vegetation, fountains, 

and small ponds contribute to the formation of a humidity-enriched, evaporatively cooled air 

plume advecting northward (fig. 5A, D). However, as this cooler, humid air moves over adja-

cent built-up areas, it gradually warms while retaining its high moisture content. This process 

results in higher UTCI values – up to 2 °C more – compared to the surrounding urban fabric, 

thereby raising questions about the effectiveness of evaporation-based mitigation strategies 

under certain conditions. 
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