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Abstract: The rapid growth of urbanization significantly influences local atmospheric conditions
and life quality of residents living in urban areas by creating a localized phenomenon known as an
urban heat island. Urban heat island characteristics are strongly formed by prevailing atmospheric
conditions influencing their magnitude and intensity. In this study, we used the Weather Research and
Forecasting model to investigate the effects of different airmass and windspeed characteristics on the
diurnal cycle of the urban heat island phenomenon during four real weather situations presenting typ-
ical scenarios with clear sky conditions. The scenarios consisted of warm dynamic and non-dynamic
situations and cold dynamic and non-dynamic situations identified with respect to temperature
profiles, humidity and wind speed. The comparison of urban heat island intensity between all four
scenarios showed a significant effect of wind speed on urban heat island characteristics and intensity
as well as the role of humidity and airmass temperature in diurnal changes. The results showed that
urban heat island is best defined by conditions with strong radiative heating and weak wind speed
regardless of temperature. Air humidity appears to have significant influence on UHII with cold
non-dynamic situations in dry air showing a very high UHII amplitude during the daylight period
and high intensity during the night. The comparison of warm and cold dynamics situations showed
the influence of vertical heat exchange with strong mixing of air between near-surface levels and
lower levels of the troposphere with a mild effect on UHII during the warm situation and strong
influence on decreasing UHII during the cold scenario.

Keywords: urban heat island intensity; weather research and forecasting; urban canopy model

1. Introduction

An urban heat island represents one of the most significant impacts of urbanization
and anthropogenic modification of microclimates caused primarily by a change in land use
and anthropogenic heat production. Urban areas have a localized and significant effect on
atmospheric conditions and largely influence heat distribution and fluxes in the planetary
boundary layer (PBL) [1-3] creating the urban heat island (UHI) phenomenon [4]. The UHI
is defined as a closed isotherm that indicates an area that is relatively warm compared to
the surroundings [5,6]. The UHI phenomenon influences atmospheric conditions beyond
temperature and has also a considerable effect on cloud development, especially over large
cities with a prolonged duration and increased persistence of low clouds [7]. Urban areas
also influence nighttime relative humidity and consequently reduce fog formation and
increase cloud base height [8]. With an ever growing population in urban areas and climate
change exhibiting an increased frequency of heat waves [9,10], the microclimate of urban
areas and UHI are becoming a major concern for densely populated areas. Heat waves
are amplified by urban areas which significantly increases a thermal stress on inhabitants
living in cities [11]. In the long term, this phenomenon is also reflected in increased
mortality of the population in urban areas [12,13] and negatively influences the comfort of
city inhabitants.
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Current research focuses mainly on the possibilities of modeling and mapping UHI
intensity, as well as influencing factors, in order to better describe the phenomenon and
potentially mitigate the consequences [12,14]. New possibilities of using data from Earth
observation techniques and increasing computational power make it possible to map and
simulate the conditions and energy balance within the urban environment at high spatial
resolution. Earth observation methods can directly record surface temperature [15-18],
but also other physical parameters of the land surface necessary for modeling conditions,
such as albedo or vegetation indexes [19-21]. The use of models to simulate conditions
and energy balance of the UHI is currently the preferred choice for its more detailed
mapping and the quantitative description of its intensity. Good examples are models
developed in GRASS GIS [22,23], models simulating the ground layer of the atmosphere
and energy fluxes within it, such as the Urban Weather Generator [24], or computational
fluid dynamics models used to simulate airflow within built-up areas [25]. Among the
various computational options, urban microclimate models are becoming very popular
and are quickly developing for assessing the UHI and microclimate conditions in urban
areas. The urban microclimate models allow for simulation of the atmospheric conditions
with high precision and resolution. Such models as MUKLIMO, PALM, METRAS and
MITRAS [26-28] are also capable of running simulations with complex urban morphology,
including building geometry and detailed physical parameters of the land surface. Many
of the microclimate models can be coupled with meteorological numerical models, such as
COSMO or ICON [29], which represent another powerful tool for the investigation of urban
microclimates and UHIs. Originally designed for operational weather forecasts and the
study of the state of the atmosphere on a synoptic and mesoscale level, these models were
also gradually developed for microscale applications and for complex land cover in urban
areas. Weather Research and Forecasting (WRF) [30] is an open-source numerical weather
prediction (NWP) model with the capabilities to run detailed simulations over urban areas.
The model currently contains many options for setting up the physical parameterization of
the simulation [31] and built-in surface and urban models derived from input land cover
data [32,33]. Land cover data provide crucial information about the physical characteristics
of the surface, such as surface albedo, surface moisture, surface emissivity, surface rough-
ness and surface thermal inertia [34]. Numerous studies have demonstrated the importance
of new and detailed land cover data in NWP simulations with a grid resolution below
1 km [34-37]. The main advantage of the NWP models is the capability to run simulations
with complex atmospheric physics and surface-atmosphere interactions and include a
wide area to cover the local orographic effects for running real case scenarios. NWP models
can also directly include into the simulation dynamics the development of atmospheric
disturbances and phenomena occurring on the mesoscale level, which is a great advantage
over the localized urban microclimate models when investigating the effects of airmass and
wider atmospheric conditions on UHIs. This also allows for the investigation of various
idealized and real case scenarios with different atmospheric conditions influencing the
characteristics of UHIs and their intensity. The studies evaluating UHIs using the NWP
models are primarily focused on the conditions during heatwave events [38,39] because
of the UHI heat amplification effect, or are focused on evaluating the UHI phenomenon
from a climatological point of view and global warming amplification [40-42], focusing
especially on the wider summertime period or whole year. Several studies have analyzed
the effects of wind on UHIs [43-45], concluding that lowered heat intensity is caused by a
wind-induced vertical mixing within the boundary layer [46]. Humidity was also proven
to be an important factor affecting urban heat island intensity [47], however there is less
knowledge available on the UHI phenomenon during colder and dry conditions with
strong radiative heating taking place during the summer periods. The focus of this study
is to evaluate the effects of various atmospheric conditions on UHI intensity and diurnal
development with respect to airmass characteristics and windspeed in order to describe
UHI dynamics more precisely.
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In this paper, the NWP model WRF 4 parameterized to use the urban canopy model
(UCM) was used to simulate the UHI phenomenon for Kosice, a mid-sized European city
in East Slovakia with typical urban settings. The WRF model was chosen deliberately
because of its ability to include complex atmospheric physics and processes, as well as
its ability to run detailed simulations over urban areas. Different case study scenarios
were selected to cover various clear-sky conditions with consideration of air humidity,
temperature and wind speed. Overall, four situations were identified and compared to
cover warm dynamic, warm non-dynamic, cold dynamic and cold non-dynamic conditions
with prevailing representative conditions during the 24-h period. Section 2 characterizes
the model setup, domains and data preparation required to run the simulation in an urban
environment. This section also contains identification and description of the case study
scenarios, as well as methods to evaluate model accuracy and urban heat island intensity.
Section 3 presents the results of the model accuracy and describe the characteristics of
urban heat island intensity in all four case study scenarios. Section 4 contains the discussion
and main conclusions, and the outlooks for future research are presented in Section 5.

2. Methodology and Data
2.1. Model Parameterization

The WRF model contains a wide range of physical parameters and options for setting
the resolution of the simulation [30]. Basic physical parameterization options include
configuration of surface physics, shortwave and longwave radiation, interactions within the
planetary boundary layer, microphysics and convection [31]. The parameterization of the
model dynamics affects the calculation of air mass kinematics and momentum, including
turbulence, air mass mixing, advection schemes and gravity wave dynamics. Nesting [48]
is also required for simulations at high resolution when using the low-resolution initial
conditions. Using multiple domains in nesting allows us to correctly simulate the boundary
conditions and include a wider area in greater resolution which is also necessary for running
a simulation in areas with rugged topography [36,37,49].

Identical model configuration was used for all four case studies with configura-
tion options presented in Table 1. Three domains were set with a grid resolution of
100 x 100 and 100 vertical levels. The grid size was set in radial units to 0.002 degrees,
which corresponds to about 222 m for the main domain (D3) with a timestep of 1.2 s be-
tween iterations and a history interval of 10 min. The parent domains used in nesting were
set at a 1:5 ratio for the timestep and horizontal grid size. NCEP GDAS/FNL 0.25 Degree
Global Tropospheric Analyses and Forecast Grids [50] were used as initial conditions for
all selected scenarios. The simplified physical parameterization was set for running the
simulation in urban areas using the unified Noah land surface model [51] and a single-
layer urban canopy model [32] for all domains. The Dudhia shortwave scheme [52] was
used for shortwave radiation and the Rapid Radiative Transfer Model (RRTM) longwave
scheme [53] was used to configure a longwave radiation. The microphysics option was set
to the Purdue Lin scheme [54], and the Kain—Fritsch scheme [55] was used for cumulus
physics parameterization for parent domains, while for the nest domain, the cumulus
physics were disabled. The boundary layer option was set to the local turbulent kinetic
energy (TKE) Bougeault-Lacarrere (Boulac) scheme [56]. The model run was set the day
before the case study time interval in order to provide several hours of spin-up from
initial conditions.
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Table 1. WRF-ARW model configuration for nest and parent domains.

Parameter Nest (D3) Parent (D1, D2)
Time step (s) 1.2 6,30
Grid resolution 100 x 100 100 x 100, 100 x 100
Grid size (°) 0.002 0.01, 0.05
Vertical levels 100 100
Shortwave radiation Dudhia Shortwave Scheme Dudhia Shortwave Scheme
Longwave radiation RRTM Longwave Scheme RRTM Longwave Scheme
Microphysics Purdue Lin Scheme Purdue Lin Scheme
Cumulus physics - Kain—Fritsch Scheme
Boundary layer Bougeault-Lacarrere Scheme  Bougeault-Lacarrere Scheme
Surface layer Revised MM5 Scheme Revised MM5 Scheme
Land surface Unified Noah LSM Unified Noah LSM
Urban physics Urban Canopy Model Urban Canopy Model

2.2. Domains and Atmospheric Conditions

Three nested model domains were equally set to cover the surrounding urban area, as
shown in Figure 1a,b. The first domain was set to a horizontal resolution of 0.05 degrees
(~25500 m) covering a wider area of the Carpathian Mountains. The second domain covers a
diverse local topography, which significantly influences the airflow and microclimate in the
Kosice basin. The third the nest domain was set directly over the urbanized area covering
the city of KoSice, scattered settlements, industrial areas and airport with available surface
synoptic observations (SYNOP) for evaluating the model accuracy and identification of
case study scenarios.
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Figure 1. Position of model domains (a) and urban area of Kosice with airport (b).

Four real case scenarios were selected for comparison of the UHI diurnal cycle covering
dynamic and non-dynamic conditions in warm and cold air during the summer period.
All scenarios were carefully selected from vertical profiles [57], SYNOP data and multiple
freely available archived synoptic and model maps with emphasis on minimal cloud cover
during the 24-h period. The period was deliberately set from 3:00 UTC to 3:00 UTC on
the next day to better cover the diurnal cycle of the UHI and to include more appropriate
weather conditions. The skew-t vertical profiles represent a thermodynamic diagram used
to plot the vertical distribution of humidity, temperature and wind of the atmosphere. The
vertical profile shows horizontal pressure lines (isobars) with a logarithmic scale ranging
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from the surface usually up to the 100 hPa level. The solid, dark lines represent the actual
temperature (right line) and dewpoint (left line), while the wind barbs represent wind
speed and direction at a certain level in knots, or, as in this case, in meters per second. The
skewed, straight blue lines are isotherms with a corresponding temperature scale at the
bottom of the diagram, and the skewed, straight purple lines represent the saturation water
vapor mixing ratio in grams of water vapor per kilogram of dry air (g/kg). The green
line corresponds to the dry adiabatic lapse rate or a rate of cooling of a rising unsaturated
parcel of air, while the blue lines skewing to the left represent the moist adiabatic lapse
rate or a rate of cooling of the rising parcel of the saturated air. The grey line is the actual
path of the rising parcel of the air from PBL [58]. The vertical profiles were obtained from
the Ganovce aerological center, the closest available site with data in the region. Given
the greater distance and rugged topography between the observation site and the Kosice
basin, the data represent general windspeed and airmass characteristics for each synoptic
situation. All of the situations were chosen with consideration of more homogenous
atmospheric conditions during the day. A few differences, however, need to be considered
when interpreting the vertical profiles, especially the low level windspeed in dynamic
scenarios. The Kosice basin has an open topography with typically higher windspeeds in
lower levels during situations with a stronger cold advection, while the Ganovce site is
significantly influenced by the Tatra mountains which act as a barrier to airflow in lower
levels and deflect the flowing air from the north. The difference in windspeed can be seen
between the skew-t profile measured from Ganovce in Figure 2b and data measured at the
Kosice airport.

The dynamic warm case scenario was identified during the day of 31 August 2015 with
a peaking heatwave in the warm sector and a close proximity of an advancing cold front,
creating a relatively strong south-west flow in lower levels of the troposphere (Figure 2a).
The maximum temperature in 2 m during that day reached 34.2 °C with measured 8 m/s
maximum wind speed at 10 meters above ground. The second case scenario included
warm, non-dynamic conditions during the heatwave of 30 June 2022. The synoptic situation
was typical for the heatwave event in central Europe [10] with a relatively stable backside
of an upper-level ridge reaching from the south-west and advecting warm tropical air over
the continent. The vertical profile of this situation shows a deep dry profile following a dry
adiabatic lapse rate up to 700 hPa and weak eastern flow at lower levels (Figure 2c). The
maximum temperature during that situation peaked at 36 °C with only 4 m/s maximum
wind speed. The cold dynamic scenario was chosen for the 12 June 2022 with a strong
northern flow advecting cold air behind the cold front and expanding the ridge from the
south-west. The strong northern flow is less defined in the profile because of different
characteristics of the measuring site and its distance but is still clearly visible in the shallow
layer near the surface (Figure 2b). The maximum temperature reached 26.4 °C with 11 m/s
maximum wind speed. The cold non-dynamic situation was harder to identify, since such
conditions during the summer often lead to a diurnally driven convection with numerous
shallow cumilform clouds forming in the afternoon under the inversion layer. One situation
without clouds was identified during the 3 June 2017 with a broad high-pressure area and
very low horizontal pressure gradients. The vertical profile shows little to no wind at the
near-surface level and coldest air in lower levels among all four scenarios (Figure 2d). The
maximum recorded temperature at the KoSice airport reached during this situation was
27.2 °C, with maximum wind speed of 4 m/s in the morning and almost no wind during
the day. Although the first situation was set for late August with different solar radiation
intensity in comparison to the other situations occurring during June, the data were proven
to be sufficient for evaluating summer UHI intensity, as shown in Table 2. The diurnal
heating was still strong enough to make comparisons with situations in June, though it is
of lesser importance than during typical non-dynamic situations. In this case, the ongoing
warm advection and mixing with warmer air in higher levels played a significant role in
temperature development during the day.
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Figure 2. Skew-t vertical profiles from the Ganovce areological center representing the vertical
distribution of humidity (dewpoint, left black line), temperature (right black line) and windspeed
(windbarbs on the right) for (a) 31 August 2015 12:00 UTC, (b) 12 June 2022 12:00 UTC, (c) 30 June
2022 12:00 UTC and (d) 3 June 2017 12:00 UTC.

Table 2. Solar insolation hours measured at the airport for all four scenarios.

Date 31 August 2015

11.6

30 June 2022
13.7

12 June 2022 3 June 2017
14.4 14

Solar insolation (hours)

2.3. Data Preparation

For high-resolution simulations, the preparation of new, more detailed geographic
data is necessary, as the original global datasets do not provide sufficient spatial resolutions
for simulations with a grid smaller than 500 m [36]. New elevation and land cover data
were prepared as a model input for all simulations and domains except the largest parent
domain. For elevation data, the new Japanese Aerospace Agency (JAXA) digital elevation
model was used and resampled to 100 m resolution. The land cover data were derived
from two datasets, the CORINE Land Cover (CLC) 2018 [59], covering a wider area of the
second domain, and Urban Atlas 2018 (UA) [60], providing a detailed urban map for the



Atmosphere 2022, 13, 2057

7 of 20

Kosice region in the nest domain. The data were reclassified according to extended United
States Geological Survey (USGS) land cover classes containing more detailed classification
of urban and built-up areas. This expanded classification contains, in total, 27 land cover
classes, of which 3 are additional classes for urban and built-up areas based on the built-up
area ratio and usage. The new urban classes were defined as class 31 for low intensity
residential zone with 30-80% built-up area, 32 for high intensity residential zone with >80%
built-up area and 33 for commercial, industrial and transport areas. The other land cover
classes were reclassified to the most similar classes [61], as shown in Table A1 for Urban
Atlas and Table A2 for CORINE Land Cover. The reclassified data from both sources were
consequently merged into one high-resolution dataset containing the Urban Atlas data for
the third domain and CORINE Land Cover for the second domain (Figure 3).
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Figure 3. Reclassified land cover classes; key to land cover classes is in Tables A1 and A2.

2.4. Evaluation of Data

For evaluation of the model accuracy, a set of statistical accuracy indicators was used,
including mean bias error (MBE) in Equation (1), average absolute error (MAE) in Equation
(2) and root mean square error (RMSE) in Equation (3) for evaluating model performance
under all four scenarios [62,63]. The model output was compared in hourly steps with the
SYNOP data from the Kosice airport. The airport is located close to the southern part of
the city on flat terrain with identical model elevation and thus no lapse rate correction was
necessary for proper comparison of observations with the model output.

MBE

_E%i (f;—oi)
_1T (1)

2%11 |(f 1—01>|

MAE = N @)
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N

In these formulas, f; is a forecasted value of temperature at 2 m above the ground or
wind speed at 10 m above the ground level and o; corresponds to data measured at the
Kosice airport.

UHI intensity (UHII) is defined as the temperature difference between the urban and
surrounding rural area [64]. The urban and surrounding rural areas often have different
characters, and several methods exist in estimating the UHII considering the study area
morphology, surface observation data availability and weather conditions [65]. KoSice
has the fragmented character of built-up and especially industrial areas, making it more
difficult to use some methods, e.g., rural ring reference which would likely include multiple
built-up areas unevenly scattered on the outskirts of the city. The urban region was thus
defined as all built-up areas within the nest model domain and the rural region as other
areas with the exclusion of water bodies. For the spatial interpretation of UHII, a difference
between daily mean temperature over the whole domain and daily mean temperature of
all values in the rural region was calculated for all four scenarios, as shown in Equation
(4). The overall UHII was calculated by subtracting the difference between mean values
in urban and rural regions, as shown in Equation (5) [65]. Equation (5) was also used to
calculate the time series of UHII for each scenario with a timestep of 10 min, in which the
data were written in the model output for the third domain to give a more detailed view
on the UHII development during the day.

RMSE = @)

m(t) =T(t)— (Trura (t)) 4

<UHH(t)> = <Turban(t)>_ <Trural(t)> @)

In these formulas, T is a temperature at 2 m above the ground over the whole domain,
Turban is @ temperature at 2 m above the ground over the built-up region and Ty, is a
temperature at 2 m above the ground over the rural region.

Given the large elevation differences in the third model domain and for evaluating the
spatial aspect of UHII, a simple lapse rate correction was made [66]. Considering the stable
vertical temperature gradients in lower levels during the day (Figure 2), a dry adiabatic
lapse rate correction was used with a vertical temperature gradient of 9.8 °C/km. The
choice of dry adiabatic lapse rate correction was carefully considered and selected to be
the preferred method given the area topography and available data. During the day, the
vertical profiles follow the dry adiabatic lapse rate in all scenarios, but with nighttime
surface inversion, development the temperature distribution may be different. Especially,
the greatest differences may be recorded over the highest parts of the model domain, but
with only small and localized differences in temperature, as the correction is targeted on
2 m temperature, not temperature of the open atmosphere, which is primarily influenced
by radiative cooling over most parts of the model domain. The corrected values were
calculated for the average elevation of the model domain with 259.67 m above sea level as
shown in Equation (6):

Teorrected= T + (ATdry x Ah) (6)

where Teorrected 1S @ corrected temperature, T is a model temperature, ATq,y is a dry adia-
batic lapse rate and Ah is a difference in elevation between average model domain elevation
and elevation at a given point.

3. Results
3.1. Evaluation of Model Accuracy

The comparisons of the predicted and observed values of temperature and wind speed
are shown in Figures 4 and 5, respectively. The prediction of 2 m temperature shows a
slight underestimation of temperature during the daylight in comparison with the surface
observations, though the difference leading to an overestimation is more significant after
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the sunset with radiative cooling taking place. This difference is caused by the definition
of the land cover class representing the airport area, which is defined as built-up area,
though large part of it including the observation site is covered by grass. The wind speed
was relatively stable with only minor differences between the observed and predicted
values, given the character of the observation site in open and low terrain. The largest
differences were recorded during the warm dynamic scenario of 31 June 2015, with an
average underestimation of wind speed of 3 m/s during the afternoon and overestimation
during the night, which also consequently led to a higher temperature. The statistical
evaluation of 2 m temperature and 10 m wind speed is shown in Table 3. Overall, the
best model performance was observed during the cold dynamic situation of 12 June 2022
with the highest wind speed and strongest temperature mixing of all four scenarios. The
temperature at 2 m above the ground scored MAE = 1.094 and RMSE = 1.411. The 10 m
wind speed MBE was relatively large, but only because of the highest wind speed values in
all four scenarios. The model performance was poorest during the warm dynamic scenario
of 31 August 2015 with the greatest error score in both wind speed and temperature. Non-
dynamic situations scored a relatively high error in 2 m temperature, which is primarily
associated with generalized land cover representation over the observation site.
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Figure 4. Comparison of predicted (WRF) and observed (SYNOP) 2 m temperature at the airport.
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Table 3. 2 m temperature (T2m) and 10 m wind speed (W10m) accuracy evaluation.
Tom 31 August 30 June 12 June 3 June W10m 31 August 30 June 12 June 3 June
2015 2022 2022 2017 2015 2022 2022 2017
MBE 1.731 0.726 0.037 1.059 MBE —0.251 —0.210 0.304 —0.003
MAE 2.544 2.221 1.094 2.548 MAE 1.536 1.157 0.958 0.791
RMSE 3.090 2.635 1411 3.070 RMSE 2.828 2.202 1.647 0.991

3.2. Urban Heat Island Intensity

The results of the model run output are shown in Figure 6, combining the daily average
temperature and wind speed vectors. All model scenarios show clearly a well-defined
UHI within the marked urban region, yet with different character of its intensity (Figure 7).
Figure 8 shows the (UHII) distributed during the day over the urban region represented in a
boxplot for better description of the intensity values. The boxplot shows (UHII) amplitude,
mean and median values calculated from the corrected 2 m temperature from the model
output saved in a 10-min timestep.
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Figure 6. The average temperature at 2 m and average 10 m wind vectors from the third model
domain (D3) with marked built-up areas during the (a) warm dynamic situation of 31 August 2015,
(b) cold dynamic situation of 12 June 2022, (¢) warm non-dynamic situation of 30 June 2022 and
(d) cold non-dynamic situation of 3 June 2017.
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The warm dynamic scenario of 31 August 2015 in Figure 6 represents conditions with
an average daily temperature over the third domain of 27.7 °C and predominant wind
from the south with a daily average wind speed of 2.6 m/s. The UHI is more diffuse
due to advecting air, especially in the eastern parts of the city and in the smaller or less
dense built-up areas. The (UHII) ranges from 2.5 °C to —0.5 °C with an average value of
1.05 °C. The warm dynamic situation with relatively strong and warm south to south-west
flow in lower levels is causing uneven vertical temperature profiles over the high terrain
located over the north-western part of the domain. The temperatures after the lapse rate
correction are thus, in this scenario, slightly higher over the high terrain than over the
other rural areas. In the warm non-dynamic situation during the typical heat-wave event
of 30 June 2022, in which the daily average temperature reached 29.6 °C and daily average
wind speed 2.4 m/s, the UHI is much more defined and is clearly visible even over less
densely built-up areas. In this scenario, the (UHII) reaches the overall maximum intensity
of 4.2 °C with a minimum value of —0.5 °C and average of 1.18 °C. The cold dynamic
situation of 12 June 2022 shows a much more diffuse UHI than the warm dynamic situation,
primarily because of significantly stronger wind, reaching a daily average wind speed
of 5.8 m/s. The daily average temperature during that day was only 21 °C, yet (UHII)
reached a maximum of 2.9 °C and minimum of —0.3 °C. The daily average (UHII) was,
however, the lowest among all four scenarios, with a value of only 0.96 °C. The UHII is
uneven across the urban area and values in the eastern part of the city are slightly lower
in comparison to the western part. The western part is located leeward in this situation
which is also projected in lower wind speed, while the eastern part is in open space with
higher wind speed and with stronger mixing and advection taking place. The last scenario
reflects the cold non-dynamic situation of 3 June 2017. This situation is represented with
a very low wind speed, with a daily average of only 1.7 m/s and average temperature of
21.2 °C. It is also characterized by low air humidity, which is prone to faster temperature
changes caused by the radiative processes. In this scenario, the (UHII) reached a quite large
amplitude with a maximum of 3.3 °C and lowest minimum of the intensity of —1.3 °C,
while the average (UHII) was 1.05 °C. The high amplitude and low, negative (UHII) can be
interpreted as an effect of low humidity causing the rural area with lower heat capacity
to react faster than urban areas to radiative heating and cooling, which also supports
the time series in Figure 9. For the same reason, low density built-up areas are, in this
scenario, on average, indistinctly depicted in comparison with dense built-up urban and
industrial areas.

5
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Figure 9. The development of the corrected (UHII) in time for all four scenarios in 10 min timestep.

3.3. Development of UHII in Time

Figure 9 represents a diurnal cycle of the corrected (UHII) over an urban region in
a 10 min timestep. Overall, the typical course of the UHI during the radiative type of
weather [67] can be seen with low, and even negative, intensity during the morning when
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radiative heating is taking place. In the afternoon, with decreasing intensity of the heating,
the rural region starts to cool down quickly, while in the urban region, the heat remains
trapped and UHII is most prominent. However, there are several differences visible in
dynamics of the UHI among all four model scenarios.

For the situation of 31 August 2015, a shorter duration of day can be seen, which is
also projected in the longer duration of (UHII) during the night in comparison with the
other situations in June. At first, high (UHII) can be seen during the morning, which was
associated with low wind speed and quicker radiative cooling of the rural area. Shortly after
the sunrise, the rural region starts to heat up more quickly, and for a short period of time,
the (UHII) became negative, however, during the day, lower albedo and high heat capacity
of built-up areas accumulate more heat than rural areas, and (UHII) gradually builds up
and eventually spikes up just before sunset. However, in this scenario, a vertical mixing
and advection between the urban and rural region is taking place and the temperature
is more evenly distributed, which can be seen as the highest (UHII) during the radiative
heating and with the lowest (UHII) peak after sunset. The situation of 30 June 2022 follows
a similar pattern at the beginning of the day and even shortly after the sunrise follows
the same values of (UHII) as the warm dynamic scenario, since during the morning in
both scenarios, little to no wind was present, yet during the afternoon, (UHII) remains
low, mostly around zero, as only weak mixing and advection are taking place. During
sunset, the rural region starts to cool down quickly and (UHII) sharply peaks up above
4 °C and remains high in the 3 °C range even during the night. Overall, the situation with
warm non-dynamic conditions led to the highest (UHII) of all four scenarios. However,
the (UHII) of the cold scenarios was also prominent and, in specific situations, higher than
the situation of 30 June 2022. The cold dynamic situation of 12 June 2022 had typically
more diffuse characteristics of UHI, with a strong mixing and heat exchange ongoing
between the urban and rural areas. The temperature is also more evenly distributed in
time, though the (UHII) peak can be seen during sunset, as in other scenarios, yet a bit
weaker, reaching a maximum of 2.9 °C. After sunset, with still significant wind ongoing,
the (UHII) starts to decrease and reach close to 2 °C. Shortly before midnight, the wind
dropped down to near zero speed, the mixing and advection weakened and the rural area
started to radiatively cool faster than urban area, causing the (UHII) to increase in the
2.5 °C range. In contrast, the cold non-dynamic scenario is much more prone to radiatively
induced heat change, especially because of the driest air and weakest wind speed of all
four scenarios. After sunrise, the rural area heated up quickly, causing the negative spike
in (UHII), reaching —1.3 °C. Later in the morning, however, a brief wind speed increase
caused the air to mix and temporarily increased the (UHII) to positive values. After the
morning, the wind speed remained very low with near-zero values and the difference
between urban and quickly heating rural area became clearly visible, with (UHII) dropping
during the radiative heating to the lowest values of all four scenarios. During sunset, the
(UHII) spiked up and followed a similar pattern as in cold dynamic scenario of 12 June
2022. The peak of the UHII, however, reached greater values and was relatively constant in
the 3 °C range during the whole night, even briefly overcoming the intensity of the warm
non-dynamic situation of the 30 June 2022 heatwave.

4. Discussion

In this paper, the WRF model was used to run high-resolution real case simulations
with nested domains over Kosice city under different atmospheric conditions. Four sce-
narios with different conditions, representing warm and cold conditions with high and
low wind speed, were compared over the course of a 24-h period with emphasis on urban
heat island intensity. The results of the study show a comparable diurnal cycle of the
UHI during the heatwave, as found by Nicholson [43] and Kong et al. [38], with an urban
cool island (UCI) forming during the daytime radiative heating, strong nocturnal UHI
and a mitigating effect of wind speed on UHIL The spatial distribution of the UHI also
shows as similar pattern as that investigated by Li et al. [68] and Jin et al. [69] over Berlin
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with high intensity built-up areas being prone to heating, while the low density built-up
and rural residential areas scored an overall lower UHII. However, clear differences in
UHI spatiotemporal characteristics and intensity can be seen when comparing various
atmospheric conditions. Heatwaves apparently amplify UHII, although the effect is only
short lasting, with a sharp peak in UHII during sunset, and with comparable or even lower
values during the night, as in colder and dryer scenarios. The highest peak in intensity
may be linked to an overall greater heat deposition in the built-up area during the day
than in other scenarios. The UHII during the situations with colder and especially dryer
air with a typical radiative type of weather is greater during the night, which is caused
primarily by faster radiative cooling over the rural area caused by dryer air and, at the same
time, high heat capacity and heat retention of built-up areas [70]. Vertical temperature and
wind profile also play a significant role in heat exchange and influence the PBL height and
overall characteristics of the UHI, as found by Seaman et al. [71]. In warm scenarios, the
temperature change caused by vertical mixing of the near-surface level with lower levels is
smaller, while in scenarios with cold lower levels it is greater. Here, the wind speed is the
main factor in defining the magnitude of mixing. Wind speed also significantly affects the
2 m temperature by advection between urban and rural areas, lowering the UHII, which
also confirms Li et al. [68] and Basset et al. [72]. This proves that, along with wind speed,
overall UHII is also significantly influenced by available air humidity and temperature
exchange between near-surface air temperature and lower levels of the troposphere.

Considering the results, theoretically, the weather conditions with clear sky, weak
wind and dry warm air in lower levels (e.g., within the subsidence region of high-pressure
areas) have the greatest potential for strong UHI formation. However, it still needs to be
noted that the results point out UHI dynamics and their intensity in relation to the rural
area, not the magnitude of heat stress in urban areas. From such a point of view, potentially
the strongest heat events may occur during the heatwaves with high air humidity, which is
also confirmed by Basara et al. [73], with considerably longer duration of high humidex
values in urban area in comparison to rural surroundings. The conditions with humid
air which cause a greenhouse effect and reemission of long-wave radiation slows down
the radiative cooling during the night and retains more heat over both rural and urban
areas [74], which may, in contrast, lead to lower UHII, but still more significant amplification
of heat stress in urban areas. High air humidity may also reduce the evaporative cooling
which could potentially reduce the mitigating effects of urban greenery as proposed by
Zhang et al. [75]. Future research focused on the comparison of heatwave events with an
emphasis on air humidity effects on UHII and overall heat stress in urban areas is desirable.
Additionally, higher overall model resolution with a better urban area representation and
more detailed parameterization of the urban environment combined with multilayer urban
models involving the effects of anthropogenic heat and evapotranspiration would lead to
more detailed results. The use of multilayer BEP/BEM containing the parameterization
of anthropogenic heat would be appropriate in future research for more accurate results,
as presented by Ribeiro et al. [76] and Sharma et al. [77]. Adjustment of drag coefficient
also has a considerable influence on wind speed and temperature in urban areas, especially
during dynamic conditions, as Hendricks and Knievel [78] have investigated in a situation
with a strong cold front passage. Other methods of UHII evaluation and definition of
urban/rural areas are also considered for future work, such as the virtual rural reference
proposed by Vogel and Afshari [65], which would give more appropriate results in case of
evaluating the UHI in cities surrounded by rural areas with a high elevation range and a
fragmented built-up landcover.

5. Conclusions

We have presented, in this paper, a series of numerical weather experiments using
a WRF-UCM model focused on an urban heat island under various atmospheric condi-
tions over Kosice city in Eastern Slovakia. The case study scenarios were selected for a
24-h period, with emphasis on synoptic situation, airmass characteristics and windspeed.
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Overall, four clear-sky scenarios were identified with different airmass temperatures, hu-
midity and windspeed, significantly influencing the characteristics of the urban heat island.
The scenarios consisted of a warm non-dynamic situation during a typical heatwave, a
warm dynamic situation in the warm sector close to the advancing cold front, a cold
non-dynamic situation within the cold high pressure and a cold dynamic situation with
strong cold advection ongoing behind the cold front. The model parameterization was
set to use an urban canopy model together with updated elevation and landcover data.
The model runs were carried out with good accuracy and scored a relatively small error
with respect to the measured values. However, the most significant factor influencing the
model accuracy was the land cover data. The anthropogenic land cover classes from the
Urban Atlas were, in most cases, delimitated according to the functionality of the area, not
the physical characteristics of the surface. The largest differences can be seen over Kosice
airport, which is defined as a built-up area, although large parts of the airport are actually
covered by grass, including the observation site, which was the main cause of the higher
temperature in model runs during the night in all scenarios.

The urban heat island was evaluated using the urban heat island intensity calculated
from the 2 m temperature for the interpretation of spatial distribution and time develop-
ment. The results show the amplifying effects of heatwaves and higher humidity on the
urban heat island. High windspeed, however, reduced the urban heat island intensity by
vertical mixing and advection from rural areas in both warm and cold scenarios. This also
proved the spatial interpretation of the urban heat island in Figure 7b, where the intensity
of the urban heat island is stronger in the parts of the city located leeward, with weaker
modelled windspeed. Dry and cold air is causing high temperature amplitudes during
radiative weather which is projected in high urban heat island intensity during the evening,
but also in the well-defined urban cool island during the afternoon when the rural region is
heating faster than the urban area.

Suggested future research should include use of higher resolution model simulations
with better representation of land cover classes. The use of microscale urban models
paired with mesoscale numerical weather prediction models for the inclusion of weather
conditions from a wider area is also advised. Future research should focus further on the
effects of humidity and its potentially limiting factors on mitigating the effects of urban
greenery, as well as the quantification of overall heat stress on populations in urban areas.
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ARW Advanced Research WRF
BEM Building Energy Model
BEP Building Effect Paramaterization

CLC Corine Land Cover

GDAS  Global Data Asimilation System
GIS Geographic Information System
GRASS  Geographic Resources Analysis Support System
JAXA Japanese Aerospace Agency

MAE Mean absolute error

NCEP National Center for Environmental Forecasts

NMM Non-hydrostatic Mesoscale Model

NWP Numerical Weather Prediction

PBL Planetary boundary layer
RMSE Root mean square error

RRTM  Rapid Radiative Transfer Model
SYNOP  Surface Synoptic Observations

TKE Turbulent Kinetic Energy
UA Urban Atlas
UucI Urban cool island

ucMm Urban Canopy Model

UHI Urban heat island

UHII Urban heat island intensity
USGS United States Geological Survey

WRF Weather Research and Forecasting

Appendix A

Table A1. Reclassification of Urban Atlas (UA) classes to United States Geological Survey (USGS)

classes.

UA Class UA Class Description USGS Class USGS Class Description
1 Isolated structures 1 Urban and built-up land
2 Continuous urban fabric (>80% built up) 32 High Intensity residential (80-100% built-up)
3 Pastures 3 Irrigated cropland or pastures
4 Arable land (annual crops) 3 Irrigated cropland or pastures
5 Industrial, Commng1al, pl.lbhc’ military and 33 Commercial/Industrial / Transportation
private units
6 Discontinuous d%?;’f::;; n fabric (50-80% 31 Low Intensity residential (30-80% built-up)
7 Other roads and associated land 33 Commercial/Industrial / Transportation
Discontinuous medium density urban fabric . . . o .
8 (30-50% built-up) 31 Low Intensity residential (30-80% built-up)
9 Land without current use 19 Barren or sparsely vegetated
10 Discontinuous low ii?i{g’pl;rban fabric (10-30% 31 Low Intensity residential (30-80% built-up)
11 Railways and associated land 33 Commercial /Industrial / Transportation
12 Mineral extraction and dump sites 19 Barren or sparsely vegetated
13 Green urban areas 9 Mixed shrubland/cropland
14 Sports and leisure facilities 9 Mixed shrubland/cropland
15 Forests 15 Mixed forest
Discontinuous very low density urban fabric .
16 (<10% built-up) 9 Mixed shrubland/cropland
17 Herbaceous vegetation associations (natural 7 Grassland
grassland, moors...)

18 Airports 33 Commercial /Industrial / Transportation
19 Water 16 Water bodies
20 Construction sites 33 Commercial /Industrial / Transportation
21 Wetlands 17 Herbacous wetland
22 Fast transit roads and associated land 33 Commercial/Industrial/ Transportation
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Table A2. Reclassification of Corine Land Cover 2018 (CLC) classes to United States Geological

Survey (USGS) classes.
CLC Class CLC Class Description USGS Class USGS Class Description
111 Continuous urban fabric 32 High Intensity residential (80-100% built-up)
112 Discontinuous urban fabric 31 Low Intensity residential (30-80% built-up)
121 Industrial or commercial units 33 Commercial /Industrial / Transportation
122 Road and rail networks 33 Commercial/Industrial / Transportation
123 Port areas 33 Commercial/Industrial / Transportation
124 Airports 33 Commercial /Industrial / Transportation
131 Mineral extraction sites 19 Barren or sparsely vegetated
132 Dump sites 19 Barren or sparsely vegetated
133 Construction sites 33 Commercial/Industrial / Transportation
141 Green urban areas 9 Mixed shrubland/cropland
142 Sport and leisure facilities 9 Mixed shrubland/cropland
211 Non-irrigated arable land 3 Irrigated cropland or pastures
212 Permanently irrigated land 3 Irrigated cropland or pastures
213 Rice fields 17 Herbacous wetland
221 Vineyards 9 Mixed shrubland/cropland
222 Fruit trees and berry plantations 6 Cropland /woodland mosaic
231 Pastures 3 Irrigated cropland or pastures
241 Annual crops associated with permanent crops 3 Irrigated cropland or pastures
242 Complex cultivation patterns 3 Irrigated cropland or pastures
243 Land ‘prig'cipally occupied by agricultu.re, with 3 Irrigated cropland or pastures
significant areas of natural vegetation
311 Broad-leaved forest 11 Deciduous broadleaf forest
312 Coniferous forest 14 Evergreen needleleaf forest
313 Mixed forest 15 Mixed forest
321 Natural grasslands 7 Grassland
322 Moors and heathland 17 Herbacous wetland
324 Transitional woodland-shrub 6 Cropland /woodland mosaic
331 Beaches, dunes, sands 19 Barren or sparsely vegetated
332 Bare rocks 19 Barren or sparsely vegetated
333 Sparsely vegetated areas 19 Barren or sparsely vegetated
334 Burnt areas 19 Barren or sparsely vegetated
411 Inland marshes 17 Herbacous wetland
412 Peat bogs 17 Herbacous wetland
511 Water courses 16 Water bodies
512 Water bodies 16 Water bodies
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