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INVESTIGATED PROBLEMS 

 

One of the most important areas of recent climate research topics is to study and 

assess the impact of anthropogenic activity on the terrestrial ecosystem and on the 

climate system. Recent research results on urban and built-up areas are particularly 

important, since the impact of anthropogenic activities on nature are concentrated in these 

areas, and as a result of urbanization, more and more people are affected. Artificially 

created surfaces, such as roads and buildings, due to their physical properties modify the 

natural landscape and its properties, resulting significant change in the surface energy 

budget and in the energy fluxes of a given area. As a result, cities become warmer than 

their surroundings, this local climate effect is called as Urban Heat Island (UHI). The 

increasing population leads to growing urban and built-in areas, which can further 

intensify the UHI intensity, furthermore, climate change may also alter the UHI in cities, 

and thus influence the climatic conditions for city dwellers. In addition, the prolonged 

and more intense heat waves predicted by the end of the century may further strengthen 

the UHI intensity. 

The magnitude of climate change across the globe can be estimated via the 

application of global climate models. Unfortunately, these models are not suitable to 

evaluate the climate of smaller areas or regions since their horizontal resolution are too 

coarse (typically 100–250 km). Regional climate models embedded in global models can 

provide a more detailed analysis of projected changes, however, such models are still not 

fully applicable to complex environments such as urban areas. One possible method to 

analyse the future UHI in Budapest is to carry out further dynamical downscaling using a 

weather forecasting model, which can reconstruct the phenomenon with sufficiently fine 

resolution. By using this method, it is possible to support ongoing and planned urban 

developments in Budapest, furthermore, to develop local urban mitigation strategies that 

can reduce the negative effects of UHI on the human body and on the environment. 
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AIMS 

 

Meteorological models describe a system with highly complex processes that 

differentiates between built-in and vegetated surfaces using land use categories. The 

urban processes described by the models can be further refined with so-called urban 

parameterisation and can be modified due to the impact of buildings. The primary 

purpose of the thesis was to prepare and set up the WRF (Weather Research and 

Forecasting model) weather forecasting model to carry out model simulations for 

Budapest and its surroundings to analyse the evolving UHI. During the setup phase the 

simulation results were validated against satellite and in-situ measurements for two 

selected test weeks. After finding the appropriate settings, the model became capable of 

(i) estimating the future UHI in Budapest, and (ii) predicting its possible changes for heat 

waves and selected average (reference) cases using the simulation results of the RegCM 

(Regional Climate Model) regional climate model. Based on the simulations, I also 

examined in detail the UHI surplus generated during heat wave periods compared to the 

average days.  

APPLIED METHODOLOGY 

 

One of the primary tasks of the thesis was the preparation of the WRF model to 

estimate the meteorological variables over urban areas, for which an urban 

parameterisation scheme was used with realistic physical parameters for Budapest. Part 

of the preparation was the creation of static surfaces in the model with fine resolution. 

Therefore, the spatial databases of land use, leaf area index, albedo and other urban 

parameters (i.e. area-weighted mean building height) were updated. The model 

simulations were validated against available MODIS (Moderate Resolution Imaging 

Spectroradiometer) surface temperature observations and against in-situ measurements 

for two one-week-long test periods in summer and in winter. 

The dynamic downscaling of RegCM model results is a time-consuming and 

resource-intensive task, that is why I accomplished the simulations only for well-defined 

cases: for heat waves and for average days. During the selection of the case studies, six 

heat wave definitions were tested on the RegCM simulation data series to identify days 



 

 5

0

0

0

associated with extreme warm periods or even hot periods due to anticyclonic conditions. 

To find the average days, I prepared a special definition and applied it to the RegCM 

simulation data set. In addition to the validation of the different heat wave definitions, I 

analysed the most important characteristics of heat waves, such as the length, the 

frequency, and the intensity. 

In order to run the WRF model initialised with RegCM simulation results, it was 

necessary to transform the initial and boundary conditions into a WRF-accepted format. 

During the preparation, I created the necessary atmospheric data files for 26 pressure 

levels and prepared the surface data for a pre-defined area covering the Carpathian Basin. 

In the first step the RegCM output fields were interpolated into a regular grid (by using 

bilinear interpolation), and after selecting the appropriate time steps from the monthly 

files and managing the time lag caused by the 30-day-long months, the initial fields were 

prepared in binary format. With all these input files, the WRF simulations were carried 

out for the selected heat waves and average days in the past (1971–2000) and in two 

future periods (for the near and far future, i.e., 2016–2045 and 2061–2090, respectively) 

using RCP4.5 and RCP8.5 scenarios. 

After the model settings and the selection of the case studies, I analysed the 

completed simulations in detail. First, I evaluated the average meteorological conditions: 

average temperature, precipitation, and wind speed and direction. After that, my goal was 

to estimate the UHI intensity (derived from the simulations) and its possible future 

changes, and to compare the results for average and heat wave days to get the average 

contribution of heat wave periods to the UHI intensity. In order to refine the results, I 

made further corrections on the simulations, in which I removed the excess heat from the 

surroundings of the city, thus eliminating the effect of different warming caused by the 

changing wind direction.  
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RESULTS AND CONCLUSIONS 

 

General considerations: 

1. A new land use database for Budapest has been created, using 35 categories to 

store data in a unique 40 m resolution. The original urban categories in the 

model have been expanded with two additional categories (i.e., green belt and 

airport) and adapted into the model source code.  

2. The presence of the city affects the temperature of nearby cells in the simulations. 

This effect depends on the wind direction and speed resulting in a warming of 

approximately 2–2.5 °C in the immediate vicinity of Budapest. Such urban 

effect is inversely proportional to the distance. 

3. Based on the RegCM simulations using different scenarios, the frequency and 

length of heat waves are projected to increase (the actual increases depend on 

the definition of the heat wave) for both the bias-corrected and raw data sets of 

RegCM simulations. The average length of the identified heat waves in the 

Carpathian Basin is projected to increase between periods (i.e., mid- and late-

century) for both scenarios (RCP4.5, RCP8.5). The projected change in length is 

1 to 2 days on average for RCP4.5, and 3 to 4 days for RCP8.5 (the average 

length in HIST (historical): 4–9 days depending on the applied definition). The 

overall length increase of heat waves can be explained by the increase in the 

occurrence of extremely long heat waves. 

Results regarding test period simulations: 

4. Model validation showed that the simulation results of the newly created surface 

data using the OSM (Open Street Map) database (WRF/OSM) are the most 

appropriate. Based on simulations covering one entire week with anticyclonic 

weather conditions in summer and in winter, the city's temperature distribution 

has become much more realistic with radially decreasing temperature from the 

city centre. 

5. Taking into account the entire model area, the simulation results improved in 

urban areas after updating the land use database, thus WRF/OSM estimated the 

surface temperature in urban areas with the smallest difference: RMSE in the 



 

 7

0

0

0

WRF/OSM simulation for the entire BP_dom area is 2.64 °C (day) and 2.34 °C 

(night). 

6. The test simulations were compared against available in-situ measurements. 

RMSE values for the results of the WRF/OSM simulations varied between 

1.44 °C and 3.16 °C depending on the urban surface category.  

Results obtained by dynamic downscaling 

7. According to the RegCM simulation data series the projected warming for the 

average days reaches 5.5 °C in summer and 3.5 °C in winter, in case of RCP8.5 

scenario by the end of the century. In contrast, the projected warming for heat 

wave days is only approximately 2.5 °C (in summer) and -0.1–0.5 °C (in 

winter). 

8. The comparison of the UHI on average and heat wave days show that the highest 

UHI intensity excess during heat waves are expected during the night in 

summer, when heat waves cause a more intense UHI of 0.6–0.9 °C in the city 

center. Furthermore, a slight decrease (0.2–0.4 °C) is projected by the late 

century during the summer nights compared to the historical simulation. This is 

due to the projected decrease in UHI intensity in heat wave simulations.  

9. Based on the results of the WRF simulations, the warming rate for the city 

surroundings will be higher during future heat wave periods than for the urban 

areas, while the warming will be nearly equal in both areas for the average days. 

Therefore, the UHI intensity for average days is not projected to change 

substantially in the future, while it may decrease significantly at night during 

heat waves periods at night by 0.2–0.3 °C.  

 

Overall, the WRF model is able to reconstruct the meteorological processes over urban 

areas and reproduce the UHI successfully, and is suitable for dynamical downscaling of 

regional climate model results. 
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