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Abstract 

 

Urban areas are increasingly exposed to thermal stress owing to the combined effects of global warming and the Urban Heat Island 

(UHI). High-resolution numerical modelling is therefore needed to assess local thermal environments and support heat-mitigation 

planning. This study applies a high-resolution WRF–City-LES downscaling approach to simulate the urban thermal environment of 

Sofia, Bulgaria. The mesoscale Weather Research and Forecasting (WRF) model provides regional- to urban-scale meteorological 

forcing, whereas the microscale City-LES model resolves city-block-scale thermal and wind environments in the Lozenets district by 

explicitly representing buildings, trees, land-surface characteristics, and building-related anthropogenic heat (AH). Compared with the 

mesoscale WRF simulation, City-LES more accurately represents the near-surface air temperature at the observation sites, reducing 

the mean absolute error (MAE) from 1.4 °C to 0.3 °C and the root mean square error (RMSE) from 1.4 °C to 0.3 °C. The high-

resolution micro-simulation also captures fine-scale spatial variability in near-surface air temperature and outdoor thermal comfort that 

WRF did not resolve. The spatial distributions of Mean Radiant Temperature (MRT) and Universal Thermal Climate Index (UTCI) 

reveal city-block-scale differences related to buildings, tree canopies, and radiative conditions. The AH sensitivity experiment showed 

that building-related AH had a limited effect on domain-averaged near-surface air temperature under the present implementation. These 

results demonstrate that the WRF–City-LES downscaling approach provides a useful basis for urban climate assessment and future 

urban digital twin applications, including scenario-based evaluation of heat-mitigation strategies. 

 

1. Introduction 

Urban areas are increasingly exposed to thermal stress owing to 

the combined effects of global warming and the Urban Heat 

Island (UHI) phenomenon, posing serious risks to public health 

and quality of life (Assenova et al., 2024). Numerical modelling 

offers a flexible means of evaluating urban thermal environments 

and assessing heat-mitigation strategies under diverse scenarios, 

advantages that observational studies inherently cannot provide 

(Vitanova et al., 2026). 

Mesoscale meteorological models, which typically represent 

urban-scale atmospheric conditions at horizontal resolutions of 

approximately 1–10 km, are useful for assessing urban-scale 

thermal environments under realistic regional meteorological 

conditions (Nishi et al., 2019). However, their spatial resolution 

is generally insufficient to resolve microscale, city-block-scale 

thermal environments at approximately 1–10 m resolution, where 

temperature, wind, and radiation fields are strongly affected by 

buildings, street geometry, vegetation, surface materials, and 

Anthropogenic Heat (AH) emissions.  

To bridge the gap between urban-scale meteorological conditions 

and city-block-scale thermal environments, downscaling 

approaches are required (e.g., Vogel et al., 2022). Downscaling 

can broadly be classified into statistical and dynamical 

approaches. Statistical downscaling estimates local-scale climate 

variables from larger-scale meteorological conditions using 

empirical relationships between coarse-resolution model-grid 

values and observations at selected sites (e.g., Wilby and Wigley, 

1997). Although this approach can be effective when dense and 

long-term observations are available, its application to city-
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block-scale urban thermal environments is limited. This is 

because such environments are highly spatially heterogeneous, 

and resolving the effects of complex urban morphology would 

require many observation sites within city blocks. In addition, 

spatial interpolation is generally insufficient to represent sharp 

variations in temperature, wind, and radiation caused by 

buildings, street geometry, and vegetation.  

Dynamical downscaling, in contrast, employs physically based 

numerical models to generate higher-resolution meteorological 

fields from larger-scale atmospheric conditions (Giorgi and 

Mearns, 1991). This approach, using microscale urban 

meteorological models, is particularly suitable for simulating 

city-block-scale meteorological conditions because buildings, 

vegetation, and turbulent transport can be explicitly represented 

in the microscale model. Recently, Large-Eddy Simulation (LES) 

has emerged as a superior approach for resolving turbulent large 

eddies that are essential for heat and momentum transport at the 

microscale. The “PALM model system” (Maronga et al., 2020) 

and “City-LES” (Ikeda et al., 2015; Kusaka et al., 2024) are LES 

model for urban areas and explicitly resolve buildings and 

vegetation. In the present study, “City-LES” is adopted as the 

microscale urban meteorological model for dynamical 

downscaling, while mesoscale meteorological fields are 

simulated by the Weather Research and Forecasting (WRF) 

model to create meteorological forcing for City-LES. 

Recent applications of mesoscale–microscale dynamical 

downscaling include WRF–PALM-4U simulations in Berlin, 

Germany (Vogel et al., 2022), and WRF-Chem–PALM-

4simulations in the KAUST region, Saudi Arabia (Thiruridathil 

et al., 2024). Although such frameworks have demonstrated the 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume L-4/W3-2026 
10th International Conference on Smart Data and Smart Cities (SDSC), 29 September–1 October 2026, Sofia, Bulgaria

This contribution has been peer-reviewed. 
https://doi.org/10.5194/isprs-archives-L-4-W3-2026-67-2026 | © Author(s) 2026. CC BY 4.0 License.

 
67



 

feasibility of mesoscale-to-microscale coupling, their validation 

and applicability across diverse urban morphologies and climatic 

regions remain active research issues (e.g., Liu et al., 2025). 

Furthermore, relying on a single modelling approach may 

overlook inherent biases in the model. Using multiple modelling 

frameworks is increasingly necessary to cross-validate findings 

and capture urban climate processes that a single model might 

miss, enabling future multi-model ensemble simulations. 

Against this background, the present study represents the first 

application of a high-resolution WRF–City-LES dynamical 

downscaling approach to simulating the urban thermal 

environment of Sofia, Bulgaria.  The study covers the Lozenets 

district, which features dense building structures, green spaces, 

and complex urban morphology. Sofia has experienced 

substantial urban growth in recent decades (Vitanova et al., 2026), 

intensifying UHI effects and heat-related health risks (Vitanova 

et al., 2021). Previous WRF-based studies reported nighttime 

temperature increases of up to 3.4 °C in the city centre due to 

land-use change, and a surface air temperature rise of 

approximately 4.0 °C since 1878, when combined with AH 

(Vitanova and Kusaka, 2018; Vitanova et al., 2021).  

The study addresses the following research questions (RQ): 

RQ1: To what extent can a high-resolution downscale modelling 

approach based on City-LES improve the understanding of the 

urban thermal environment in Sofia? 

RQ2: How do urban morphology, land surface characteristics, 

and AH influence local temperature patterns of Sofia? 

RQ3: What local variations and fine-scale urban climate 

processes, remaining unresolved by conventional mesoscale 

models, can be revealed through high-resolution microscale 

simulations? 

The results of the study can support urban planning and decision-

making by identifying heat-vulnerable areas and assessing how 

urban form and land use influence local temperatures. 

Furthermore, such high-resolution downscaling approach based 

on WRF and City-LES provides a foundation for further 

development of Urban Digital Twin (UDT) applications. It 

enables what-if scenario analysis and the evaluation of heat-

mitigation strategies.  

The paper is organised as follows. Section 2 describes the data 

and the methodology used to implement the study, including an 

introduction to the study area, data collection and preparation, 

and the configuration of the WRF–City-LES. Section 3 presents 

the results obtained, discussing model validation, thermal 

comfort evaluation, and the effect of AH. Section 4 concludes the 

paper, providing directions for future work. 

 

2. Data and Methodology 

This section outlines the study area, data collection and 

preprocessing, model configuration, and validation of simulation 

results against observational data. Figure 1 shows the overall 

study workflow. 

 

2.1 Study Area 

The study focuses on Sofia city, the capital of Bulgaria. Figure 2 

shows the city boundary and traffic network used to describe the 

urban context. The traffic network was obtained from TomTom 

(TomTom, 2024), and the city boundary was provided by Sofia 

Municipality (Sofia Municipality, 2009). 

 

 
Figure 1. Study workflow for the high-resolution downscaling 

approach based on WRF and City-LES. 

 

Geographically, Sofia is situated within the Sofia Valley, a well-

defined basin that accommodates intensive urban development 

while maintaining agricultural land uses in its peripheral and 

surrounding areas. Over the past two decades, the city has 

experienced steady population growth, with its population 

approaching 1.3 million by 2024, accounting for approximately 

20% of the country’s total population (World Population Review, 

2024). 

 

 
Figure 2. Study area.  

 

2.2 Data Collection and Preparation  

This section presents the geospatial datasets used to prepare the 

input data for the City-LES simulation, including building 

geometry, land cover classification, terrain elevation, tree canopy 

information, and AH emissions. 

Buildings: The building footprints was gathered from the open 

data portal of the Cadastral agency (Geoportal of Geodesy, 

Cartography and Cadastre Agency, 2024). Building heights were 

acquired from a photogrammetric point cloud. Building parts 

within a footprint were extracted from a raster Digital Surface 

Model with a Segment Mean Shift algorithm in ArcGIS Pro. 

Further, the segmented building footprints were extruded in 

Rhino using the Heron plugin and aggregated into watertight 

solid bodies using a grouping field with a unique building 

identifier (Washburn, 2020). The resulting geometry was 

converted to ESRI Multipatch format. 

Land cover: To classify land cover types, an orthophoto (0.1 

m/pixel) was used from an aerial survey conducted in the autumn 
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of 2020. The dataset was clipped to the domain boundary. Six 

categories of various land cover types were then outlined and fed 

into an image classification process using the Support Vector 

Machine algorithm within ArcGIS Pro. High vegetation was 

excluded from consideration. The street polygons were provided 

in vector format. After the preliminary classification, land cover 

data were polygonised to refine the areas, with vector polygons 

explicitly representing building footprints and street surfaces. 

Terrain: The terrain surface was represented using a Digital 

Terrain Model (DTM). The DTM was provided as a raster dataset 

with a spatial resolution of 1 m/pixel and was clipped to the 

model domain boundary. 

Tree Canopy: Tree canopy data were obtained from the Tree 

Map of Sofia, a municipal tree dataset that provides basic but 

reliable information on trees within Sofia, with an estimated 

accuracy of approximately 80%. The orthophoto was utilised for 

detection of tree locations. Tree crown boundaries in 95% of the 

images and the type of tree (deciduous or conifer) were identified. 

Tree heights were derived from a photogrammetric point cloud 

of the Lozenets district.  

Anthropogenic Heat: AH emissions were approximated using 

building energy consumption data obtained from energy 

performance certificates (EPCs) (Agency for Sustainable Energy 

Development, 2025). To extrapolate data from EPCs, a method 

described in Vitanova et al. (2023) and Koleva et al. (2024) was 

applied and manually refined for specific buildings in the area. 

For simplicity, building energy consumption was treated as heat 

released from buildings into the outdoor urban environment. The 

emissions were spatially allocated within the model domain 

based on building footprints, and their temporal variation was 

prescribed as in Vitanova and Kusaka (2018). The resulting AH 

emissions were incorporated as input data in the City-LES 

simulation. 

The collected geospatial datasets were pre-processed in ArcGIS 

Pro to generate grid-based input attributes for the City-LES 

model. The City-LES model grid was represented as point data, 

and spatial attributes, including building geometry, land-use 

classification, tree canopy information, and AH emissions, were 

assigned to each grid point using spatial joins. These procedures 

ensured spatial consistency among the heterogeneous geospatial 

datasets and the City-LES computational grid. 

Terrain elevation was not directly used as input data for the City-

LES simulation. Instead, it was used only during post-processing 

to correct simulated air temperature and relative humidity for 

elevation differences between the model grid points and the 

corresponding observation points. 

 

2.3 Configuration of the WRF–City-LES 

The configurations and roles of the mesoscale WRF model and 

the microscale City-LES model in the downscaling framework 

are summarized in Table 1.  

WRF was used to simulate regional- to urban-scale 

meteorological fields under realistic regional meteorological 

conditions, whereas City-LES was used to simulate city-block-

scale thermal and wind environments within the target urban 

district. Thus, WRF provides the urban-scale meteorological 

context, while City-LES resolves city-block-scale urban 

processes that the mesoscale model cannot explicitly represent. 

For the City-LES, output from the innermost WRF domain with 

a horizontal spacing of 250 × 250 was used. WRF downward 

shortwave and longwave radiation from 06:00 to 20:00 EEST on 

16 July 2024 were prescribed as time-varying radiative forcing, 

whereas WRF atmospheric fields at 19:00 EEST were used as the 

initial and fixed lateral boundary conditions for the 1 h dynamic 

simulation. In WRF, AH flux was prescribed to exhibit diurnal 

variation based on Sofia’s electricity consumption, following 

Vitanova and Kusaka (2018), and was introduced into the first 

atmospheric layer following Khanh et al. (2023). 

The City-LES model version 2.0 (Kusaka et al., 2024) was used 

to perform microscale simulation of the Lozenets district. The 

City-LES domain covered a 2000 m × 2000 m × 3000 m area 

centered at 42.6739° N and 23.3306° E. City-LES explicitly 

represents urban canopy elements, such as buildings and trees, 

and simulates three-dimensional airflow, surface energy 

processes, and radiative transfer within the urban canopy. The 

subgrid-scale eddies were parameterized using the Smagorinsky 

model (Smagorinsky, 1963).  

WRF-derived downward shortwave and longwave radiation were 

used as forcing for the City-LES, while three-dimensional 

radiation within the urban canopy layer was calculated using the 

radiosity method in the City-LES (Sparrow and Cess, 1978). 

Surface temperature was calculated using a surface heat budget 

model, and turbulent heat fluxes were estimated using a bulk 

transfer method (Mascart, 1995). 

The simulation date and time window were selected based on the 

occurrence of a hot summer day and the WRF-simulated UHI 

pattern. The date, 16 July 2024, was one of the hottest days of the 

year, and the 19:00–20:00 EEST time window was selected 

because the WRF simulation indicated a pronounced UHI pattern 

during this period, characterized by a clear temperature contrast 

between vegetated areas and built-up urban blocks. This period 

was therefore considered suitable for evaluating whether City-

LES could resolve fine-scale thermal variation associated with 

urban morphology and land-surface characteristics. 

The City-LES simulation consisted of a 13 h surface spin-up 

simulation and a subsequent 1 h dynamic simulation. During the 

surface spin-up, which was initialized at 06:00 EEST on 16 July 

2024, atmospheric dynamic processes were not computed. 

Instead, near-surface meteorological variables from WRF, 

including air temperature, humidity, wind speed, downward 

shortwave radiation, and downward longwave radiation, were 

prescribed as external forcing to adjust the thermal conditions of 

the land surface and urban canopy. After the surface spin-up, the 

dynamic simulation was initialized at 19:00 EEST on 16 July 

2024 using WRF output and integrated for 1 h. Fixed lateral 

boundary conditions based on the WRF output were applied to 

the City-LES domain.  

Since the WRF boundary fields do not explicitly include LES-

scale turbulent fluctuations, artificial inflow turbulence was 

generated using the cell perturbation method of Muñoz-Esparza 

et al. (2014), with the parameter settings following Lee et al. 

(2019) and Sato and Kusaka (2023).  

The geospatial input parameters used in the City-LES simulation, 

including building height, tree canopy, land-use classification, 

and AH, are shown in Figure 3, together with the terrain elevation 

data used for post-processing. Although City-LES can represent 

terrain using a step-like surface, the present simulation was 

conducted over flat terrain.  

 

Terrain elevation was therefore not used as direct input to City-

LES but was used only for post-processing corrections of 

simulated air temperature and relative humidity, as described in 

Section 2.2. 
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Table 1. Configuration and roles of the mesoscale WRF and microscale City-LES models in the downscaling pipelines. 

 

 
Figure 3. Study area for the City-LES model. (a) Building 

height [m], (b) tree canopy, (c) land-use classification, (d) 

terrain elevation, (e) anthropogenic heat, and (f) observation 

sites.Model validation of the WRF and City-LES models 

 

The WRF and City-LES simulation results were evaluated using 

local meteorological observations obtained from the City Living 

Lab sensor network operated by the GATE Institute (City Living 

Lab, 2024). The sensors were installed at selected monitoring 

sites in the Lozenets district, and their locations are shown in 

Figure 3(f). The observational dataset included near-surface air 

temperature, relative humidity, and wind speed. For validation, 

simulated values were extracted at the model grid points nearest 

to each observation site and compared with the corresponding 

observations. Air temperature and relative humidity were 

corrected for elevation differences between the model grid points 

and observation sites, as described in Section 2.2. 

 

3. Results and Discussion 

This section presents the results of the WRF–City-LES 

downscaling simulation for the Lozenets district and discusses 

how the simulated urban thermal environment varies within the 

district. The discussion focuses on differences between City-LES 

and WRF, local variations associated with land cover, buildings, 

and tree canopies, and the sensitivity of near-surface air 

temperature to building-related AH. 

 

3.1 Model Validation 

The horizontal distributions of near-surface air temperature 

simulated by City-LES and WRF are shown in Figure 4. The 

high-resolution City-LES simulation resolved fine-scale spatial 

variations within the urban district (Figure 4a). In the City-LES 

result, the temperature ranged from 27.7 to 34.0 °C, with a spatial 

      

      

      

 Mesoscale model Microscale model 

Model WRF-ARW version 4.6 (Skamarock et al., 2019) City-LES version 2.0 (Kusaka et al., 2024) 

Main role 
Simulating regional- to urban-scale meteorological 

fields 

Simulating city-block-scale thermal and wind 

environments 

Target scale Mesoscale / urban scale Microscale / city-block scale 

Horizontal grid spacing 
D01: 6.75 km, D02: 2.25 km 

D03: 0.75 km, D04:  0.25 km 
5 m 

Number of vertical 

layers 
35 layers 600 layers 

Domain size (x, y) 
D01: 100 × 100, D02: 124 × 124 

D03: 238 × 238, D04: 238 × 238 
400 × 400 

Simulation period 14 July 2024 18:00 UTC to 22 July 2024 00:00 UTC 
Surface spin-up: 06:00–19:00 EEST, 16 July 2024 

dynamics: 19:00–20:00 EEST, 16 July 2024 

Initial and boundary 

conditions 

NCEP-FNL Operational Global Analysis 

(National Centers for Environmental Prediction, 2000) 

WRF simulation result with artificial turbulence 

estimated by Cell perturbation method (Muñoz-

Esparza et al., 2014) 

Urban representation 

Single-layer urban canopy model 

 (Kusaka et al., 2001; Kusaka and Kimura, 2004; Chen 

et al., 2011) 

Explicit representation of buildings and trees 

Land surface / surface 

energy process 
Noah-LSM (Chen et al., 2011) Surface heat budget model 

Radiation 
Shortwave: Dudhia scheme (Dudhia, 1989) 

Longwave: RRTM scheme (Mlawer et al., 1997) 

WRF-derived downward radiation used as forcing; 

3D radiation in urban-canopy layer was calculated 

with radiosity method (Sparrow and Cess, 1978) 

Turbulence Mellor–Yamada–Janjic TKE scheme (Janjić, 1994) 
LES with subgrid-scale eddies parameterized using 

the Smagorinsky model (Smagorinsky, 1963) 

Microphysics WSM 6-class graupel scheme (Hong et al., 2004) ― 

Cumulus 

parameterization 
Kain–Fritsch scheme in D01 only (Kain, 2004) ― 
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standard deviation of 1.0 °C. In contrast, the mesoscale WRF 

simulation produced a smoother temperature field (Figure 4b). 

The temperature, obtained by the WRF model, ranged from 31.2 

to 33.0 °C, with a spatial standard deviation of 0.6 °C. The 

comparison of the temperature range and spatial standard 

deviation shows that City-LES represented a wider range of local 

temperature variations than WRF within the target district. 

 
Figure 4. Horizontal distribution of near-surface air temperature 

[°C] in the Lozenets district, Sofia, on 16 July 2024: (a) high-

resolution City-LES result averaged from 19:50 to 20:00 EEST 

and (b) mesoscale WRF result at 20:00 EEST. 

 

The greater spatial variability in the City-LES results is likely due 

to differences in spatial resolution and urban representation 

between the two models. City-LES explicitly represents 

individual buildings, street geometry, and tree canopies, whereas 

WRF represents urban effects through a bulk urban canopy 

model at a coarser horizontal grid spacing. In the City-LES result, 

relatively higher near-surface air temperatures were found over 

roads and near buildings, while lower temperatures were 

observed over grassland and other vegetated areas. The domain-

averaged temperature was 33.0 °C over grassland, 33.4 °C over 

roads, and 33.6 °C in building-adjacent areas. The differences 

among these land-cover and urban-surface categories suggest 

that land cover and building-scale urban morphology can 

influence near-surface air temperature at the city-block scale. 

The simulated near-surface air temperatures were evaluated 

against local observations at the four observation sites (City 

Living Lab, 2024) (Figure 5). The MAE, RMSE, and Pearson 

correlation coefficient (r) were used as quantitative evaluation 

metrics. Compared with the mesoscale WRF simulation, the 

high-resolution WRF–City-LES simulation substantially reduced 

the MAE from 1.4 °C to 0.3 °C and the RMSE from 1.4 °C to 

0.3 °C, while maintaining a high correlation with the 

observations (r = 0.997). The comparison with observations 

indicates that City-LES improved the representation of near-

surface air temperature at the observation sites. 

 
Figure 5. Scatter plots comparing observed and simulated near-

surface air temperature [°C] at four stations (A1–A4). An 

average of 10 min from 19:50–20:00 LST on 16 July 2024. The 

MAE, RMSE, and correlation coefficient for (a) City-LES and 

(b) WRF are shown. 

 

The available observations were limited to four sites and did not 

cover the relatively cooler southern part of the clipped domain. 

Therefore, the present validation mainly supports the model 

performance at the observation sites. Additional observations 

would be useful for assessing the full spatial variability simulated 

by City-LES. 

 

3.2 Evaluation of Thermal Comfort 

Outdoor thermal comfort was evaluated using the Mean Radiant 

Temperature (MRT) and the Universal Thermal Climate Index 

(UTCI). MRT was used to assess spatial variability in radiative 

exposure, whereas UTCI was used as an integrated heat-stress 

index based on air temperature, humidity, wind speed, and 

radiation (Bröde et al., 2012). For the WRF output, MRT was 

calculated from the simulated meteorological and radiative 

variables following Kacker et al. (2024), as also adopted by Wei 

and Sobrino (2025), and UTCI was then derived using the same 

formulation applied to the City-LES output.  

The spatial distributions of MRT and UTCI simulated by City-

LES and WRF are shown in Figures 6 and 7. For MRT, the City-

LES result showed clear spatial variability within the clipped 

domain, with values ranging from 25.1 °C to 36.5 °C and a spatial 

standard deviation of 1.8 °C (Figure 6a). In contrast, the WRF-

derived MRT field was more uniform, ranging from 38.4 °C to 

40.0 °C at the grid points intersecting the clipped domain (Figure 

6b). For UTCI, City-LES also showed clear spatial variability, 

with values ranging from 29.1 °C to 32.4 °C and a spatial 

standard deviation of 0.5 °C (Figure 7a). The WRF-derived UTCI 

varied within a narrower range, from 32.5 °C to 33.7 °C, at the 

same grid points (Figure 7b). The larger ranges and spatial 

standard deviations in the City-LES results indicate that the 

microscale simulation captured local contrasts in MRT and UTCI 

within the urban canopy that were smoothed in the WRF fields.  

 

Figure 6. Spatial distribution of mean radiant temperature 

(MRT) [°C] in the Lozenets district, Sofia, on 16 July 2024: (a) 

high-resolution City-LES result averaged from 19:50 to 20:00 

EEST and (b) MRT derived from the mesoscale WRF output at 

20:00 EEST. 

 
Figure 7. Spatial distribution of the Universal Thermal Climate 

Index (UTCI) [°C] in the Lozenets district, Sofia, on 16 July 

2024: (a) high-resolution City-LES result averaged from 19:50 
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to 20:00 EEST and (b) UTCI derived from the mesoscale WRF 

output at 20:00 EEST.  

 

The effect of tree canopies was examined by comparing road 

cells beneath tree canopies with open road surfaces. Road cells 

beneath tree canopies had higher MRT and UTCI than open road 

surfaces, with mean values of 32.9 °C and 31.2 °C, respectively, 

compared with 31.8 °C and 31.0 °C over open road surfaces. This 

difference was associated with higher downward longwave 

radiation beneath tree canopies (462 W m⁻²) than over open road 

surfaces (438 W m⁻²), as well as a smaller net longwave loss at 

the ground surface (−36.7 W m⁻² compared with −60.2 W m⁻²).  

The results suggest that the higher MRT and UTCI beneath tree 

canopies during the analysed period were related to reduced 

radiative heat loss from the ground to the sky. During 19:50–

20:00 EEST, the solar elevation angle was approximately 9°, 

indicating that direct solar input was already small. Under these 

late-afternoon conditions, the reduced sky view factor and 

enhanced downward longwave radiation beneath tree canopies 

may explain why MRT and UTCI were higher beneath tree 

canopies than over open road surfaces. 

 

3.3 Effect of Anthropogenic Heat 

Figure 8 compares the near-surface air temperature simulated by 

City-LES with and without AH. The overall spatial pattern of 

near-surface air temperature was similar between the two 

simulations (Figure 8a, b). Relatively higher temperatures were 

found in densely built-up areas, whereas lower temperatures 

appeared over the park area. The AH-induced temperature 

difference was generally small, with a domain-averaged value of 

0.02 °C, although localized positive differences appeared near 

building surfaces (Figure 8c). 

The median temperature difference was also 0.02 °C, and the 

10th–90th percentile range was −0.04 °C to +0.08 °C. In grid 

cells located within one horizontal grid spacing, or 5 m, of 

building surfaces, the mean warming was 0.05 °C, suggesting 

that the AH signal was mainly localized near building surfaces. 

The localized AH signal is likely related to the present AH 

implementation. In the simulation, AH was applied uniformly to 

building wall and roof surfaces, while road-surface AH was not 

included. Therefore, the results should be interpreted as a first-

order assessment of building-related AH. A more detailed 

representation of AH sources, including the spatial distribution 

of building exhaust heat and traffic-related emissions, would be 

needed to further evaluate AH-induced warming in Sofia. 

 

Figure 8. Impact of anthropogenic heat (AH) on near-surface air 

temperature [°C], simulated by City-LES for 19:50–20:00 

EEST on 16 July 2024: (a) without AH, (b) with AH, and (c) 

difference (with − without AH).  

 

4. Conclusion and Future Work 

This study applied a high-resolution WRF–City-LES 

downscaling approach to simulate the urban thermal environment 

of the Lozenets district in Sofia, Bulgaria. The conclusions are as 

follows: 

(1) The WRF–City-LES downscaling approach improved the 

representation of near-surface air temperature at the 

observation sites. Compared with the mesoscale WRF 

simulation, the City-LES simulation reduced the MAE 

from 1.4 °C to 0.3 °C and the RMSE from 1.4 °C to 0.3 °C, 

while maintaining a high correlation with observations (r = 

0.997). 

 

(2) City-LES represented finer local temperature variations 

than WRF within the target district. Near-surface air 

temperature ranged from 27.7 °C  to 34.0 °C in City-LES, 

compared with 31.2 °C to 33.0 °C in WRF, and the 

domain-averaged temperature differed among grassland, 

roads, and building-adjacent areas. 

(3) City-LES resolved local variations in outdoor thermal 

comfort indices. MRT ranged from 25.1 °C to 36.5 °C, 

whereas UTCI ranged from 29.1 °C to 32.1 °C, indicating 

city-block-scale differences in thermal comfort related to 

buildings, tree canopies, and radiative conditions. 

(4) The effect of building-related AH on domain-averaged 

near-surface air temperature was limited under the present 

implementation. The mean temperature difference was 

0.02 °C over the whole domain and 0.05 °C within 5 m of 

building surfaces, indicating that the AH signal was mainly 

localized near buildings. 

Overall, the WRF–City-LES downscaling framework provides a 

useful basis for urban climate assessment and future urban digital 

twin applications, including scenario-based evaluation of heat-

mitigation strategies in Sofia. 

Although the present study demonstrates the feasibility of the 

WRF–City-LES downscaling approach for simulating the urban 

thermal environment in Sofia, several limitations remain. The 

validation was based on a limited number of observation sites and 

a single 1 h period on one hot summer day. Future work should 

apply the framework to multiple cases, introduce time-varying 

mesoscale boundary conditions, and improve the representation 

of terrain and AH. Additional observation sites, together with 

measurements of radiative environments, would also support a 

more robust validation of spatial variations in thermal comfort 

indices such as MRT and UTCI. 
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