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Abstract: Increasing urbanization impacts the local meteorology and the quality of life for residents.
Urban surface characteristics and anthropogenic heat stress lead to urban heat island effects, changes
in local circulations, precipitation alteration, and amendment of the local fluxes. These modifications
have a direct effect on the life and health of residents. In this study, we assessed the impact of
urbanization in Sofia (Bulgaria) using the Weather Research and Forecasting (WRF) model at 500 m
resolution for the summer period of 2016. We utilized the CORINE (coordination of information on
the environment) 2012 land cover database to represent the urban areas in four detailed land cover
types, i.e., high-intensity residential areas, low-intensity residential areas, medium/industrial areas,
and developed open spaces. We performed two experiments; in the first, we substituted an urban area
with the most representative rural land cover to delineate the current impact of urbanization, while in
the second, we replaced the existing built-up area (all four categories) with a hypothetical scenario
of high-density residential land cover showing aggressive urban development. These experiments
addressed the impact of land use changes as well as the extreme effects of ongoing high-density
construction on the local meteorological conditions. The results showed that urban temperatures can
increase by 5 ◦C and that moisture can decrease by 2 g/kg in the central part of Sofia in comparison to
surrounding rural areas. The results also showed that building higher and dense urban areas can
significantly increase heat flux and add additional stress to the environment.

Keywords: effect of urbanization; impact of land use changes; high-density buildings effect

1. Introduction

More than half of the world’s population lives in urban areas, and this proportion is expected
to increase to 68% by the year 2050 [1]. The increasing urban population trend is not only common
in metropolitan areas, but also in smaller urban regions. Rural populations are migrating to cities in
search of better access of healthcare, education, and employment. Relatively small urban areas such
as Sofia, with a population of approximately 1.25 million [2], are not exempt from these migration
patterns. The problem with the lack of compulsory address registration, however, makes the city’s
management believe that there are between 1.6 and 1.8 million people in the capital, approximately
a quarter of the country’s population. This large-scale and relatively fast migration trend has taken
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its toll on the urban infrastructure, constraining resources and adversely affecting urban metabolism.
Sofia faces serious challenges, including environmental degradation and increased human health risks
associated with heat, noise, pollution, and crowding. This unprecedented urban population growth
strengthened after Bulgaria joined the European Union, leading to increased investments and stringent
new regulations. For example, many single-family houses have now been replaced with 5–7 floor
buildings in residential neighborhoods, and many available open green spaces have been converted
into built up and impervious areas. Attempts have been made to study the effect of urbanization in
Sofia on biodiversity [3], population growth and density [4–6], economic, spatial and demographic
trends in the urban systems [7], theoretical aspects of sustainable development of urban areas [8],
and urban heat island effects [9]. To the best of our knowledge, no detailed study has evaluated the
impact of urbanization on the local meteorological conditions and different scenarios of future urban
development in Sofia; the importance of the aforementioned problems is the motivation for this work.

An urban environment is a mix of biotic (vegetation, animals, and humans) and the abiotic
(water, land surface, wind, radiation, temperature, humidity, etc.) elements [10]. It includes remnant
ecosystems (e.g., undisturbed ponds, lakes, ravines, escarpments, parks and forests), managed
ecosystems (e.g., fields, tended parks, gardens, cemeteries, golf courses, and other open ground), and
anthropogenic systems (e.g., roads, buildings, parking spaces, industrial and housing areas). Parks and
urban forests help reduce anthropogenic heat flux and improve air quality. However, dense built-up
areas and reduced green infrastructure have intensified urban heating and created hotspots throughout
the city. The urban sprawl in Sofia has converted the agricultural and green city hinterlands in the
valley and reached into the foothills of Vitosha and the Stara Planina mountains (Figure 1). Overall,
Sofia is impacted by a significant urban heat island (UHI) effect, i.e., elevated local temperatures
in urban areas compared to rural areas, especially at night, as rural/agricultural areas release heat
quickly [11–14]. The UHI effects modify local meteorology, exacerbate local air pollution, reduce
visibility, put stress on energy and water systems, and exacerbate morbidity [15]. Therefore, the UHI
intensity (i.e., a measure of the difference between urban and surrounding rural temperature) can be as
high as ~10 ◦C [16]. The UHI effects are pronounced during urban heat waves [17,18].
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Figure 1. Expansion in Sofia over the last few decades (1984–2017); source: images from Google
Earth Pro.

Urban studies have shown that buildings and urban land use significantly modify the mesoscale
flows, such as UHI effects [13,14,19], slope and valley, sea and lake breeze winds [13,20,21], and
rainfall [22]. The high heat capacity of built/impervious surfaces in urban areas intensifies UHI
effects by retaining daytime heat and releasing in the night [11,22]. On microscales, the local flow and
thermodynamics over building blocks determine energy [23–25], i.e., that over street canyons turbulence
and dispersion [26]. Overall, urban microscales interact with and are modified by larger scales [25,27,28].
Also, changes in urban climates provide information about the changes in the global climate [29].
Locally, there is usually a sharp contrast in energy balance, temperature, humidity, and storm runoff

between urban and surrounding areas, primarily due to land use and land cover differences.
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In addition to local factors, large-scale climate also has a significant impact on urban climate.
For example, climate change may increase the frequency and intensity of heatwaves. Heatwaves can
exacerbate UHI effects and can have detrimental impacts on urban health. Recently, the 2018 European
heat wave was a period of unusually hot weather that led to record-breaking temperatures and wildfires
in many parts of Europe. Recent analysis suggests that climate change has made heatwaves more than
twice as likely to occur in northern Europe [30]. Bulgaria has been spared from this event, but Sofia
has suffered from heat waves in previous years—the heat wave month (July 2007) was 2 ◦C hotter
than the 2003–2013 mean in Sofia [31]; July 25th, 2009, the temperatures hit 38 ◦C–39 ◦C; July 1st, 2017
five people died, and the city’s emergency services provided assistance to around 200 people who
felt unwell, as temperatures reached as high as 44 degrees Celsius [30]. Similarly, the 1995 US heat
wave [32] and the 2003 European heat wave [33] led to elevated mortality rates due to the hazardous
coupling of UHI effects and heat waves.

Overall, human health, energy, and resources are adversely affected by UHI effects [34,35].
At times, an increase of UHI intensity above a certain threshold can cause “regime shifts” in urban
microclimates [36]. Regime shifts can occur because of interactions across social, ecological, and
economic domains, and not just as the result of interactions across scales within a particular domain.
Urban responses to global climate change make such shifts more likely. For example, the formation of
clouds and precipitation behavior can be observed over urban areas [37–39].

The UHI and its impact on environment receive extensive attention in recent years especially in
areas with rapid urbanization [40]. Numerical weather prediction (NWP) models are broadly used as a
powerful instrument in assessment and prediction of urban effects on the environment and also help in
developing adaptation and mitigation strategies [40–43]. It is worth noting the various human thermal
comfort indices, e.g., Physiological Equivalent Temperature (PET) [44], Heat Stress Index (HIS) [45],
Wet Bulb Globe Temperature (WBGT) [46], Universal Thermal Climate Index (UTCI) [47], that are
commonly used to assess outdoor heat strain for the human body [48]. The assessment of the effects
on human health and comfort are not in the focus of this study. However, urban systems need to be
evaluated, and adaptive strategies need to be in place to reduce the negative influence of urbanization
on the local meteorological conditions and on ecosystems and humans.

2. Experimental Design and Methods

2.1. Synopsis of the Study

To obtain a more realistic representation of the terrain and its fine-scale terrain features, we used
NASA SRTM1Arc dataset with 1-arc-second (~30 m) resolution (https://lta.cr.usgs.gov/SRTM1Arc)
described in [49]. These datasets have shown improved results in comparison to default USGS
dataset [50,51]. High-resolution SRTM1Arc dataset reduces the bias for model orography and elevation
heights in comparison to observational sites in mountainous terrain. However, the changes in the Sofia
Valley are were significant.

We also utilized CORINE (coordination of information on the environment) 2012 database [52] for
land cover with 3-arc-second resolution (~90 m). The CLC2012 dataset consists of 44 land categories
and differs from the standard USGS land-use dataset with 24 categories. A reclassifying procedure was
carried out to adapt the new information from CLC2012 to the existing into the model surface properties
from USGS dataset. Some CORINE categories were combined based on [53]. A full description of
the methodology of data processing and remapping are described in [49]. Pineda et al. [53] however,
replaced all of the Corine categories from 1 to 11 as an urban category. We try to keep the diversity of
the urban land categories from Corine at some reasonable level and we have redistributed these 11
categories from Corine to 4 categories that have been used in the US National Land Cover Database
(NLCD 2006) with characteristics described in Table 1. A map with the Corine land cover categories is
shown in Figure 2 together with images that represent the morphology of different classes used in
this study.

https://lta.cr.usgs.gov/SRTM1Arc
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It is difficult to classify different urban areas due to the huge landscape diversity in Sofia city, but
according classification of Stewart and Oke [54], the following build types are most appropriate.

(a) High intensity residential areas (the central part of the city) where people reside or work in
high numbers. Impervious surfaces account for 80% to 100% of the total cover, a dense mix of 3–5
stories buildings with paved land cover and a few trees–category of compact midrise.

(b) Medium or industrial areas (mainly the northern and eastern part of the city) with the
impervious surfaces account for 50% to 79% of the total cover. It is not a typical heavy industrial area,
but mainly open arrangement of large low-rise buildings (1–3 stories) with low plants and bushes-large
low-rise category;

(c) Low intensity residential areas (cover the largest part of the city) with the impervious surfaces
accounting for 20% to 49% percent of the total cover, an open arrangement of low-rise buildings
(1–3 stories), and midrise buildings (3–18 stories) in large residential complexes, with low plants and
scattered trees - open midrise or low-rise category;

(d) Developed open space (the airport, roads, construction sites, sport and leisure facilities ets.)
areas with a mixture of some constructed materials, but mostly vegetation in the form of grasses and
low bushes. Impervious surfaces account for less than 20% of total cover.

(e) Parks—we consider city green areas from the Corine land cover as mixed forest, which is most
appropriate for parks in Sofia (see Figure 2e).
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USGS classes.

The interaction at the bottom model boundary between the surface and the atmosphere, that is,
the coupling through surface fluxes of heat, moisture, and momentum, was performed by the Land
Surface Model (LSM), a module in WRF. In addition to the computation of surface fluxes, LSMs also
compute soil and land cover properties, such as soil temperature and moisture. WRF model provides
output for main fluxes at the ground–surface sensible, latent heat and ground heat fluxes that balanced
the total net radiation (incoming and outgoing shortwave and longwave radiation). Different land
categories have diverse surface thermal properties such as thermal inertia, surface heat capacity, surface
emissivity, and albedo (see Table 1). These values, related to the properties of land use categories, were
derived from a composite of images assembled from satellite observations (Landsat) within the US
National Land Cover Database (NLCD 2006). We understand that satellite-derived data are surface
radiant temperatures of only those surfaces seen by the radiometer [55], mostly roofs in urban areas
and modelling results should be commented with some degree of uncertainties.
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We have applied the default BULK (1D) parametrization in this study. Using a sophisticated
urban model, like a single layer urban canopy model (SLUCM; uses a two-dimensional street canyon to
explicitly parameterize canyon radiative transfer, turbulence, momentum, and heat fluxes) or building
effect parameterization (BEP; treats urban surfaces three-dimensionally, and considers heat in the
buildings and the effects of vertical and horizontal surfaces on temperature, momentum, and turbulent
energy) would improve thermal and mechanical properties of urban categories based on building
morphology; we plan to use such complex urban schemes in the future. However, there has not been
much urban research performed on urban morphological properties of Sofia. We acknowledge the
above arguments as shortcomings and advise readers to keep this limitation in mind when reading
this study with. At the same time, the sensitivity experiments of replacing the natural areas with
urban land use, and further, with high density residential areas in Sofia, are informative and valuable
contributions to urban planning.

Table 1. USGS LU categories (the same are used in adapted CORINE data) and their physical parameters
for ‘summer’ season are taken from LANDUSE.TBL in the WRF model. Parameters from left to right
are: albedo (ALBD %), soil moisture availability (SLMO × 100%), surface emissivity (SFEM %), surface
roughness length (SFZ0 × 10−2 m), thermal inertia (THERIN × 4.184 × 102J/m2Ks1/2), and surface heat
capacity (SFHC × 106J/m3K).

Land Categories ALBD SLMO SFEM SFZ0 THERIN SFHC

High-intensity residential areas 10 0.10 0.88 100 3 1.89
Medium or industrial areas 10 0.15 0.90 60 3 1.89

Low-intensity residential areas 11 0.20 0.95 40 3 1.89
Developed open space 12 0.10 0.97 30 3 1.89

Dryland/Cropland/ Pasture 17 0.30 0.99 15 4 2.50
Cropland/Woodland Mosaic 16 0.35 0.99 20 4 2.50

Mixed Forest 13 0.30 0.97 50 4 4.18

This study is an ideal example for evaluating urban hotspots in the Sofia city and modeling
future urban expansion. Here, we performed two different experiments to evaluate the different urban
sensitivity to changing land use: (1) substitution of the urban area with most representative rural land
cover; (2) replacement of existing built-up area (all four urban categories) with high-density residential
land cover throughout the whole city. These sensitivities can inform urban planning activities in Sofia
and provide a quantitative assessment to different configurations of urban development in Sofia.

2.2. Model Set-up

The study used the Advanced Research version of the Weather Research and Forecasting
(ARW-WRFv3.9) model for the numerical experiments. ARW-WRF is a state-of-the-art atmospheric
modeling system, designed for a broad range of applications [56]. We used four nested domains based
on a lambert projection (Figure 3). Outermost domain 1 (D1) covers the Balkan Peninsula, intermediate
domain 2 (D2) covers Bulgaria, domain 3 (D3) covers Western part of Bulgaria, and the innermost
domain (D4) covers the Sofia Valley. D1 has 36 × 44 horizontal grid points with 32-km grid-point
spacing; D2—73 × 65 with 8-km cells; D3—69 × 97 with 2-km cells, and D4 with 157 × 129 cells with
500 m. The model was implemented with 50 or 99 pressure-based terrain-following vertical levels
from the surface to 50 Pa.

The initial and boundary conditions were derived from the 0.25-degree NCEP Final Operational
Model Global Tropospheric Analyses datasets [57] available every 6 hours. This product comes from
the Global Data Assimilation System, which continuously collects observational data from the Global
Telecommunications System. Data assimilation (fdda model option) was used for the outermost
domain D1 for all vertical levels. Intermediate domains D2 and D3 used data assimilation for the first
10 model levels from the ground. We did not apply data assimilation for the innermost domain (Sofia
Valley).
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The selected case study covered 11 days (25 August–4 September 2016) with an additional 24
hours of spin-up. The period is characterized with anticyclonic fair weather, dry (low humidity, the
mixing ratio 7 g/kg or approximately 48% relative humidity, averaged for all stations in Sofia) and
quiescent (wind speed < 5 m/s at 850-hPa) conditions.

The WRF physics package included the Rapid Radiative Transfer Model (RRTM) longwave
radiation parameterization [58] and Dudhia shortwave radiation parameterization [59] to compute
radiation at every 10 minutes and Noah land surface model [60]. Grell-Freitas (GF) cumulus scheme [61]
was used only for domains D1 and D2. The same domain has been tested already with different
planetary boundary layer (PBL) and moisture schemes [50,62]. A sophisticated scheme Lin et al. [63],
suitable for real-data high-resolution simulations, and three of the available in the model PBL schemes
(with their corresponding surface schemes) were considered after preliminary comparison against
observations in previous studies. Three selected PBL schemes were tested in this study: the Yonsei
University scheme, YSU [64], the Mellor–Yamada–Janjic scheme, MYJ [65], the Bougeault and Lacarrere
scheme, BouLac [66]. These PBL schemes provide the most reasonable agreement with observations
from the preliminary tests, where all available options have been tested.
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2.3. Observations

Observations were available for temperature and relative humidity at 2 m, wind speed, and
direction at 10 m, and surface and soil temperature at 10 cm depth for three different sites. The radiosonde
of the atmosphere is held in National Institute of Meteorology and Hydrology, Bulgarian Academy of
Sciences (NIMH-BAS) by using the “DigiCoraIII” (Vaisala) system, and the measurements provided
representative information on every second about temperature, humidity and wind in PBL with
vertical resolution approximately 5 meters. However, these measurements were taken only once a day
(at 12 UTC).

All available observations were used to estimate the model performance. Six automatic stations
(Borisova Gradina, Orlov most, Druzhba, Hipodruma, Nadezhda, Pavlovo), and one synoptic station
NIMH-Sofia (measurements on every 3 hours) in Sofia were used to calculate the near surface statistics.
One of the sites (NIMH-Sofia) provided radiosonde data for vertical profiles in comparison to the main
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meteorological variables, while three of the sites measured data for the soil temperature at 10 cm depth
(Borisova Gradina, Plana, NIMH-Sofia).

The images that describe the observational site locations illustrating the typical city land use
classes for Sofia are shown in Figure A1. More of the observation sites are located in the residential
areas (Drujba, Hipodruma, Nadejda, Pavlovo) with specific morphology of the building structures.
The NIMH site is a synoptic site located in an open area in agreement with the requirements of the
World Meteorological Organization. The surrounding field measurement area is covered with small or
medium-sized buildings, grass, bushes and short, woody trees and correspond to the class of sparsely
built. The last site is located inside the biggest park in Sofia–Borisova gradina, which is covered by a
heavily wooded landscape of deciduous trees. All parks in the study have been designated as mixed
forest as this is very typical for Sofia city.

3. Results

3.1. Model Validation

Model performance was estimated using all available data—from the surface (Table 2), the soil
(Table 3) and the upper air observations (Table 4). The surface observations were taken at standard
height 2 m for temperature and relative humidity. The land-surface model was also validated by the
soil temperature (Table 3) at 10 cm depth. The vertical statistics were calculated using the nearest to the
model level data from the radiosonde profile, as the observations are taken with fine (~5 m) resolution
(Table 4). Standard statistical measures—the mean bias (MB) and error (ME), root mean square error
(RMSE), and correlation coefficient (r) are shown together with the mean values and standard deviation.
The indexes of agreement (IA) parameter developed by Willmott [67] is a standardized method to
determine the degree of the model prediction error (see Equation (1))

IA = 1−

N∑
i=1

(Pi −Oi)
2

N∑
i=1

(∣∣∣Pi −O
∣∣∣+ ∣∣∣Oi −O

∣∣∣)2
(1)

where Pi and Oi are the predicted and observed values, respectively, and O is the mean observed value.
The IA values range between zero and 1, with 1 indicating a perfect match.

Three different PBL schemes (i.e., BouLac, MUJ and YSU) were statistically compared. All PBL
schemes provided relatively similar results with excellent performance for the temperature at 2 m
height (Table 2) and for upper levels (Table 4). There were slight negative biases of less than 1 ◦C.
The IA and r values were above 0.95 for all PBL schemes. The soil temperature at 10 cm depth (Table 3)
was also captured well in the city area at Borisova Gradina, with r above 0.9, but not so well at the
Plana site (r > 0.75). Plana is situated on a mountain plateau at a higher elevation in comparison with
Sofia (between 530 and 610 ASL). The simulated soil temperature showed consistent negative biases of
less than 1.5 ◦C at the high elevation, and positive biases around 1–2 ◦C in the Sofia city.

Unlike temperature, the mixing ratio was not in a good agreement with observations, showing a
systematic under-prediction of humidity. The rates of IA were between 0.73–0.75 and the correlation
coefficient was approximately 0.6 (Table 2).

Note that wind speed and wind direction were not evaluated within the city, as the observed
stations were unable to capture the mean city flow characteristics due to obstruction from buildings.
Due to this reason the wind speed was validated only from the upper level air measurements in Table 4.
These statistics in Table 4 are not unexpected, because this study considered weak wind conditions that
led to significant variations, especially in the wind speed, as the probe was flying with the turbulent
eddies, and the actual profile was not an average characteristic (10 min).
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Examples of time series for surface meteorological parameters at selected locations and vertical
profiles are shown in Appendix A. The model captured the vertical profiles of temperature (Figure A2)
and wind direction (Figure A5) well. However, model underestimated the mixing ratios (Figure A3)
and wind speed (Figure A4) within PBL for August 27th and 28th 2015. Generally, differences between
model results applying different PBL schemes are pronounced in the velocity field. BouLac and MYJ
produced the lowest and highest wind speeds respectively for the selected cases (Figure A4b). Even
with 50 vertical levels detailed boundary layer flow structure was not captured well by the model. For
this reason, a new experiment with the relatively best performing YSU PBL scheme was performed
with 99 vertical levels to capture the vertical profile of the wind field (Figure A4, Figure A5). Table 4
shows the significant improvement in model results due to the increase in the number of vertical levels.

Table 2. Statistical measures for near-surface variables for three PBL schemes at all six stations.

All Stations Mean St. Dev. MB ME RMSE IA r

TEMPERATURE (◦C)

Observation 23.9 5.7 - - - - -
BouLac 23.5 5.3 −0.3 1.2 1.5 0.98 0.97

MYJ 23.0 5.7 −0.9 1.4 1.8 0.97 0.96
YSU 22.9 5.5 −1.0 1.5 1.9 0.97 0.96

MIXING RATIO (g/kg)

Observation 7.3 1.04 - - - - -
BouLac 7.0 1.29 −0.30 0.90 1.14 0.73 0.58

MYJ 7.1 1.30 −0.25 0.88 1.11 0.75 0.59
YSU 6.9 1.28 −0.40 0.89 1.12 0.75 0.61

Table 3. Statistical measures for the soil temperature at 10 cm depth for three PBL schemes.

All Stations Mean (◦C) St. Dev.
(◦C)

MB
(◦C)

ME
(◦C)

RMSE
(◦C) IA r

NIMH-Sofia

Observations 24.1 3.2 - - - - -
BouLac 25.8 6.6 1.7 3.6 4.7 0.76 0.82

MYJ 25.2 6.8 1.1 3.7 4.7 0.77 0.82
YSU 26.1 6.8 2.0 3.7 5.0 0.74 0.82

Borisova Gradina

Observations 19.2 1.4 - - - - -
BouLac 21.5 3.3 2.3 2.8 3.1 0.64 0.91

MYJ 21.0 3.4 1.8 2.5 2.8 0.69 0.93
YSU 20.9 3.7 1.7 2.8 3.1 0.67 0.92

Plana

Observations 17.9 3.0 - - - - -
BouLac 16.5 3.0 −1.4 2.0 2.5 0.83 0.77

MYJ 16.4 2.9 −1.4 2.0 2.5 0.83 0.78
YSU 16.7 3.3 −1.2 1.9 2.3 0.86 0.81

The general trend in the diurnal temperature evolution (Figure A6) was captured well by the
model except for the extreme minimum and maximum temperatures values. WRF captured the trend
in the mixing ratio with a decrease in value on August 28th–29th 2015, and an increase at the end of
the study period. Time series for the wind speed and direction are shown only for the official synoptic
station NIMH-Sofia (note, here measurements were not affected significantly by the buildings). The best
performance for wind speed was found for YSU scheme (Figure A8). The main differences occurred
during the night when WRF simulated the quiescent conditions, but measurements were registered as
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the whole numbers, and thus showed zero wind speed. Model predictions for wind are more difficult
to evaluate using measurements taken at a single point, given the sub-grid inhomogeneity of the
velocity vector within a grid area, much more than with temperature and humidity [13,28]. The model
cannot resolve this variability with the 500 m grid.

Table 4. Statistics for the upper model levels (up to 2000 m) at NIMH-Sofia location (12 UTC).

Mean St. Dev. MB ME RMSE IA r

TEMPERATURE (◦C)

Observation–50 lev 25.6 4.1 - - - - -
Model data-BouLac 25.4 4.0 −0.2 0.4 0.5 0.99 0.99

Model data-MYJ 25.5 4.1 0.0 0.4 0.4 0.99 0.99
Model data–YSU 50 lev 25.6 4.0 0.0 0.4 0.5 1.0 0.99

Observation–99 lev 22.8 4.4 - - - - -
Model data–YSU 99 lev 22.8 4.3 −0.1 0.4 0.5 1.0 1.0

MIXING RATIO (g/kg)

Observation–50 lev 7.4 1.2 - - - - -
Model data-BouLac 6.8 1.1 −0.6 0.9 1.1 0.77 0.66

Model data-MYJ 6.8 1.1 −0.6 0.9 1.1 0.77 0.68
Model data-YSU 6.7 1.1 −0.7 1.0 1.2 0.73 0.62

Observation–99 lev 7.2 1.4 - - - - -
Model data–YSU 99 lev 6.6 1.1 −0.6 1.0 1.2 0.75 0.65

WIND SPEED (m/s)

Observation–50 lev 3.4 1.4 - - - - -
Model data-BouLac 3.5 1.3 0.1 1.2 1.4 0.67 0.46

Model data-MYJ 4.1 1.7 0.7 1.6 1.9 0.62 0.39
Model data-YSU 4.0 1.3 0.6 1.2 1.5 0.73 0.49

Observation–99 lev 3.9 1.5 - - - - -
Model data–YSU 99 lev 3.8 1.3 −0.1 1.1 1.3 0.72 0.54

WIND DIRECTION (deg)

Observation–50 lev 102.5 71.4 - - - - -
Model data-BouLac 92.3 66.9 −5.7 23.1 36.7 0.94 0.60

Model data-MYJ 98.3 70.0 −4.5 22.7 38.6 0.93 0.60
Model data-YSU 97.3 65.3 −4.3 22.9 36.4 0.94 0.64

Observation–99 lev 104.7 83.3 - - - - -
Model data–YSU 99 lev 94.6 78.4 −5.6 20.0 30.9 0.96 0.77

The performance of different PBL schemes in simulating the PBLH is critical, as it provides an
integral estimation of the model abilities to describe turbulent processes in PBL. Figure 4 shows a
comparison between simulated PBLH for three PBL schemes and calculated from observations using
different methods. Each PBL scheme itself use different criteria to estimate the PBLH. BouLac is
a 1.5th-order closure scheme, and the non-local transport of heat is considered in the convective
boundary layer, allowing the slightly stable stratification persisting with upward heat flux. The BouLac
scheme defines the PBLH at the height where the virtual potential temperature (θv) is 0.5 K higher
than in the first eta level. MYJ is a 1.5th-order closure scheme considering local vertical mixing process.
A prescribed turbulent kinetic energy (TKE) value of 0.1 m2/s2 is used to define the PBLH. The YSU is a
non-local-K scheme with explicit entrainment layer and parabolic K profile in the unstable mixed layer.
This scheme considers entrainment at the top of the PBL, and different thresholds of bulk Richardson
number (Rib) are used to determine the top of stable and unstable PBLH.

To retrieve PBLH from the radiosonde measurements, different methods have been applied. The
Richardson [68] and Parcel [69] methods overlap almost for all cases (except for September 3rd). For
some days the Lapse rate method also provides similar results to the other described methods. The
variance in PBLH estimation provided by different PBL schemes depends strongly on the criteria that



Atmosphere 2019, 10, 366 10 of 24

they have used. Both schemes (BouLac and YSU) use virtual potential temperature and provide similar
results; the MYJ allows only local transport and prescribes turbulent kinetic energy value ensure lower
PBLH. All PBL schemes overestimated the wind speed on August 27th, 30th and September 2nd–4th
2015 at NIMH–Sofia (see Figure A7). It is likely to affect the surface temperature by cooling and reduce
convective motion, leading to underestimation of PBLH calculated from MYJ for these days (Figure 4).
Many studies [70,71] found that the non-local schemes provide warmer, drier and deeper daytime PBLs
than the local MYJ scheme because non-local transport enhances the vertical mixing and entrainment.
Our study confirmed the previous findings with MYJ underestimating the PBLH in comparison to
other schemes.
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4. Numerical Experiments

The simulation set-up is described in Section 2.2. We selected the YSU scheme for the following
experiments because it is a simple, unique, and widely used scheme that allows nonlocal vertical
transport. All new experiments are performed using more vertical levels (99), thereby ensuring better
model performance (see Table 4 and Figures A2–A5).

Four different built-up categories (high and low-intensity residential areas, medium or industrial
areas, and developed open space—roads, parking, airport, sport and leisure facilities, etc.) were
considered for the urban area in this study for so called further base urban case (Figure 5a). This
case is validated in Section 3.1 as it corresponds to the real present conditions. Two more numerical
experiments were conducted, with the corresponding abbreviation used further: (1) non-urban
case—all urban categories in Sofia area are replaced with the surrounding the city most common land
cover category-Dryland Cropland and Pasture (Figure 5b); and (2) urban-high-intensity case—all four
built-up categories were replaced with high-intensity residential areas (Figure 5c). The difference
in model fields between base urban and non-urban cases provided better understanding of the
effect of urbanization on local meteorological conditions. The changes in model fields between
urban-high-intensity and base urban cases describe the hypothetic city expansion. We realize that the
defined scenarios are exaggerated to some extent, but the goal of this study is to draw attention to
possible adverse effects on our environment due to land use change on one hand, and, on the other, the
expansive building construction in Sofia city during the past couple of decades, producing many very
densely built-up spots.

A box-and-whisker diagram is a descriptive method for graphically depicting groups of numerical
data through their quartiles. Figure 6 presents the differences between base urban and non-urban
scenarios. Plots describe the mean (red dot inside the box), the median (black line inside the box), the
vertical lines correspond to the lowest datum still within 1.5IQR (interquartile range) of the lower
quartile (base of the box) and the highest datum still within 1.5IQR of the upper quartile (top of the
box). Dots present all data outside the adopted criterion. Data, extracted from all grids with built-up
land cover, considering the entire period were used to calculate the statistics.
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Figure 6. Box plots presenting differences between base urban and non-urban scenarios for sensible
heat flux (a), temperature (b), latent heat flux (c), water vapor mixing ratio (d), PBL height (e) and
wind speed at 10 m (f). Data are extracted from all grids with built-up land use and cover the entire
considering period.



Atmosphere 2019, 10, 366 12 of 24

The effect of urbanization (the expansion of the urban landscape) leads to significant disturbance
of the surface geometry and properties. Natural materials are removed, replaced or modified, and
the new environment is often dominated by impermeable manufactured materials. The difference in
sensible heat flux due to surface cover modifications had a maximum mean value more than 100 W/m2

around noon when the maximum solar radiation is expected (Figure 6a). The urbanization led to
an increase of approximately 2.5 ◦C in 2 m temperature during the night, when the urban structures
emit the daytime stored heat, well-known as heat island effect (Figure 6b). The urban landscapes
are the predominant impervious surface cover, and the relative lack of vegetation means there is
relatively little water available for evapotranspiration, so the daytime latent heat flux is significantly
reduced. The decrease in the latent heat flux means value close to 200 W/m2 (Figure 6c) affect the
moisture content in the atmosphere, and the water vapor mixing ratio drops with approximately 1g/kg
(Figure 6d) during the daytime. Data for the PBLH were more scattered out of the datum 1.5IQR
(quartile range) because PBLH depends on many different factors and they have random variations
during the study period. An effect on the increase of the PBL depth due to the presence of buildings
was observed in the late afternoon when the convection is fully developed (Figure 6e). The study
period covered days with calm conditions and weak wind, but a slight decrease in speed was registered
in the late afternoon and early evening hours (Figure 6f).

The second experiment considered all four built-up categories to be replaced with high-intensity
residential areas. A significant difference in sensible heat flux with maximum mean value more than
100 W/m2 was simulated in the morning hours (Figure 7a). The growth of building density and height
led to a slight increase in the near-surface temperature ~1 ◦C in the morning, and a decrease during the
afternoon (after 16 UTC) and night ~2.5 ◦C (Figure 7b). A small growth in the latent heat flux value
with approximately 20 W/m2 (Figure 7c) was simulated in the morning hours. There were no significant
changes for water vapor mixing ratio (Figure 7d), a small increase in morning PBLH (Figure 7e) and
wind speed reduction in the afternoon due to an increase of the surface roughness (Figure 7f).

These results are quite unexpected, considering the behavior related to the temperature and
moisture. A number of previous studies concluded that the high density of building structures increases
the UHI intensity and decrease the soil moisture [54,55,72,73]. UHI is strongly correlated with the
density of urban use, the warmest areas are linked with the greatest conversion to urban development,
especially those densely built-up with deep street canyons [54,73]. Hence, the high-rise, high-density
city experiences a temperature cycle with a small daily temperature range [74].

Diurnal evolution of different variables for all three cases (non-urban, urban base and
urban-high-intensity) are shown if Figure 8. The nocturnal temperature is substantially reduced
for urban-high-intensity in comparison with the urban base case, leading to weakness of the UHI
effect (Figure 8b). Our hypothesis is that higher surface absorptivity during the day (the surface
albedo is reduced) increases the temperature in the morning hours. The higher obstacles produce a
greater amount of mechanically induced turbulence in the late afternoon hours and cool the surface (at
16–17 UTC), which reduced the skin and near surface temperature. The cooling in the afternoon stores
less heat in urban surfaces (different urban categories have the same surface heat capacity according
to Table 1) reducing the surface emissivity during the night for the high-intensity urban category,
that decrease the diurnal amplitude. The water vapor mixing ratio is similar for both urban and
high-intensity urban cases. The moisture during the day is much lower for urban cases in comparison
with the non-urban case (Figure 8d). The increase in sensible and latent heat fluxes, PBL height and
decrease in wind speed are in agreement with previous studies.
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The main reason for the unexpected temperature diurnal evolution is most likely that the
thermal properties for different urban classes are not described properly using the BULK (1D) urban
parameterization, and the modelled thermal response is unrealistic. The surface heat capacity denotes
the ability of a material to store heat, and this parameter is the same for all urban categories in the used
bulk parametrization. In paper of Göndöcs et al. [40] the authors found quite a big difference for the heat
capacity of walls and roofs that is not taken into account with the BULK (1D) urban parameterization.

Figures 9 and 10 show spatial distribution that corresponds to time with a maximum of the mean
value according to plots in Figures 6 and 7. All experiments include the entire period of study (11 days),
and the mean fields represent an hourly average over all days. Examples of the spatial distribution of
differences in average fields of sensible heat and latent fluxes, temperature and water vapor mixing
ratio, PBLH and u* in similarity theory (parameter related to mechanically induced turbulent stress)
are shown.

The results from experiment 1 (the difference between variables from the model output related to
base urban and non-urban cases) are shown in Figure 9, and from experiment 2 (the difference between
variables from the urban-high-intensity and base urban cases) in Figure 10.
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Figure 9. Spatial distribution of maximum observed differences between variables from the model
output related to base urban and non-urban cases for specific selected characteristics.

Maximum effect from the experiment 1 in the fields of sensible heat flux appeared at 1 pm UTC
(3 pm local time), which correspond to strong solar radiation and significant difference in land surface
parameters–decrease in albedo, surface emissivity, thermal inertia, and surface heat capacity for the
urban area (see Table 1). The most substantial was the difference in high-intensity residential areas
and developed open spaces (see Figure 5). The latent heat flux was reduced approximately 200 W/m2

(Figure 9) due to the decrease in soil moisture availability 2–3 times (see SLMO in Table 1) between
different urban categories. The maximum difference was registered at 11 am UTC (1 pm local time).
The urban landscape increased the temperature with 5 ◦C in the central part of the city (at 5 pm
UTC; 7 pm local time), and decreased moisture with 2 g/kg in comparison with the rural area (at
4 pm; 6 pm local time). Built-up areas have very high surface roughness lengths, especially for high
intensity residential and medium or industrial areas (see SFZ0 in Table 1) and an increase in PBLH
with approximately 900 m and higher friction velocity (over the all urban categories, except developed
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open space) is seen (Figure 9). The maximum differences were simulated at 4 pm UTC (6 pm local
time) when the convective boundary layer was fully developed.

High-intensity residential areas, i.e., tall buildings and denser arrangements of buildings,
strengthen the effect of urbanization. An additional increase in sensible heat flux due mainly to
the developed open space category as the differences in land cover parameters were more significant in
comparison with the high-intensity residential area (see Table 1). It is different for the latent heat flux,
where contribution have only medium or industrial and low-intensity residential areas (the developed
open space category has the same soil moisture availability as the high-intensity residential area).
The increase in sensible heat flux was more significant ~180 W/m2 than latent heat flux ~30 W/m2

(Figure 10). Changes in water vapor mixing ratio were minimal, but changes in temperature were
significant in the late afternoon and during the night. Faster cooling of the high-intensity residential
areas in comparison with other categories led to a lower near surface temperature that produce the
negative difference of ~2 ◦C for some areas at 5 pm UTC (7 pm local time). Tall buildings and the
dense, built-up urban environment added to the increase in PBLH, with approximately 400 m for the
central city area and an increase in friction velocity (Figure 10).
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5. Conclusions

Most of the earth’s resources are consumed in the megacities of today, in which most people live.
Numerical modeling techniques are compelling tools that deliver critical data to city planners and
stakeholders for decision making [75,76]. The implementation in our calculations of CORINE 2012
Land Cover data, the most recent dataset, ensured a better description of current urban areas. High
resolution of the land cover data provided the flexibility to increase model horizontal grid resolution
to 500 m and update the land cover, and thus, to accurately represent surface characteristics. Different
land categories have diverse surface thermal properties which are very important for such types of
studies. Model verification showed that resolved configuration provides reliable and trustworthy
model results, and also that increasing the number of vertical levels improve the model results.

Both described experiments provided useful information on the influence of urbanization by
modifying agricultural land to the urban, built-up areas. The first experiment (all urban categories in
Sofia were replaced with the most common land cover category surrounding the city) showed that
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urbanization can increase air temperatures by 5 ◦C and decrease moisture by 2 g/kg in the central area
of Sofia. The sensible heat flux rose by more than 100 W/m2 and the latent heat flux was reduced by
approximately 200 W/m2. Replacing rural with urban land also affected the PBLH (~900 m higher
than over the rural area) and reduced the wind speed in the afternoon. Human activities make our
cities drier, decrease temperature diurnal amplitude, increase turbulent stress and PBLH, and make
our living environment unfavorable.

The second experiment (all four built-up categories were replaced with high-intensity residential
areas), corresponded to a hypothetical city development expansion. It was found that changes in
urban structure, building height, and denser, built-up areas further contribute to the sensible heat
flux by more than 100 W/m2 in the morning hours and to PBLH (~400 m). The latent heat flux also
rose by 30 W/m2 during daytime, showing an additional stress over the urban environment. The
results relating to temperature diurnal evolution were unexpected, and were most likely due to the
improperly described thermal properties for different urban classes that were used with the BULK
(1D) urban parameterization. We are in the process of developing improved urban morphological
properties and characteristics that are missing for small cities, such as Sofia, which have experienced
sudden population and infrastructure growth. We are confident that this study provides motivation
for such datasets to develop detailed urban heat mitigation and assessment studies for small cities
with new urban environmental problems.

Urban environmental challenges need to be solved promptly and in parallel with the city planning
to ensure a sustainable future. To the best of our knowledge, both numerical experiments, together with
the implementation of the most recent dataset, have been done for the first time for Sofia in this paper.
This work is an example of an integrated urban system approach that can help to create well-planned
cities, to support future increasing populations and environmental problems related to human activity,
and to consider health and comfort of the city inhabitants. Green and blue infrastructure (GBI) has
the potential to tackle the issue of environmental protection by maintaining healthy ecosystems,
reconnecting fragmented natural areas and restoring damaged habitats, as well as the social challenges.
Permeable paving using modular blocks, car parking spaces with grass cover, white painted or green
rooftops and green building facades are only a few examples for which the potential of different
designed numerical experiments exists in support of city managers. This approach can allow cities to
avoid costly and harmful mistakes due to a lack of proper expansion planning. Human health and
comfort are very interesting topics that may be the subject of future research.
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Figure A5. Wind direction profiles for the entire modeling domain (a) and in PBL (b) for selected days
at 12 UTC, NIMH-Sofia site.
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